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‘Traverse la rivière avant d’insulter le crocodile.’ 

Proverbe kenyan 

 

 

 

 

‘I do not say this lightly; Pristichampsus is widely used. Its 

elimination may lead to confusion in the literature, and, in all 

likelihood, my own violent death at the hands of my colleagues. 

Taxonomic stability should be promoted, and I would rather not be 

killed.’ 

Christopher Brochu, when talking about the taxonomic status of Pristichampsus 
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Taxonomic note 

Following the International Code of Zoological Nomenclature and general guidelines of 

systematic publications, each scientific name used in this thesis main text will be followed by 

its taxonomic authority (author(s) and date) at its first mention.  
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Résumé étendu 

Les crocodiliens actuels, selon la systématique et les méthodes phylogénétiques utilisées, 

comprennent neuf genres et 23 à 28 espèces (McAliley et al., 2006 ; Willis et al., 2007 ; Hekkala 

et al., 2011 ; Oaks, 2011 ; Shirley et al., 2014 ; Murray et al., 2019). Ces organismes sont des 

prédateurs semi-aquatiques que l'on trouve en Afrique, en Asie, en Océanie et en Amérique du 

Nord et du Sud (voir Grigg & Kirshner, 2015). Ces taxons sont classiquement subdivisés en 

trois clades principaux (Brochu, 2003) : Gavialoidea Hay, 1930, Alligatoroidea Gray, 1844 et 

Crocodyloidea Fitzinger, 1826, bien que certains conflits subsistent, notamment entre les 

approches phylogénétiques morphologiques et moléculaires (Poe, 1996 ; Brochu, 1997, 1999, 

2000, 2001 ; Janke et al., 2005 ; Roos et al., 2007 ; Meredith et al., 2011 ; Oaks, 2011 ; Groh 

et al., 2019 ; Milián-García et al., 2020 ; Hekkala et al., 2021 ; Pan et al., 2021 ; Rio & Mannion, 

2021). Ces conflits sont principalement centrés sur le positionnement des gavialidés et de 

Tomistoma Müller, 1846, dans le cadre de la convergence morphologique longirostre (Brochu, 

2003 ; Gatesy et al., 2003 ; Lee & Yates, 2018 ; Groh et al, 2019 ; Rio & Mannion, 2021) et de 

la délimitation entre certaines espèces (Hekkala, 2004 ; Hekkala et al., 2010, 2011, 2015, 2021 

; Shirley et al., 2014, 2018 ; Milián-García et al., 2015, 2020 ; Carr et al., 2021).  

Étant donné qu'ils sont les seuls représentants vivants d'un groupe autrefois beaucoup plus 

important, Crocodylomorpha Hay, 1930, et qu'ils constituent, avec les oiseaux, les deux lignées 

d’archosauriens actuels, les crocodiliens modernes ont souvent été considérés comme des 

fossiles vivants. Cependant, ce n'est pas le cas, et les crocodylomorphes étaient autrefois 

beaucoup plus diversifiés d'un point de vue écologique et taxonomique. Cela inclut des taxons 

entièrement pélagiques (dyrosauridés et la plupart des thalattosuchiens), ainsi que des formes 

terrestres (notosuchiens, planocraniidés, sphénosuchiens et protosuchiens). Depuis le Trias, les 

crocodylomorphes ont survécu à de nombreuses crises biologiques, ce qui en fait un groupe très 

résistant. Par exemple, ils sont les seuls pseudosuchiens à avoir survécu à l'extinction de la fin 

du Trias (Nesbitt, 2011) et certaines lignées sont retrouvées avant et après la crise Crétacé - 

Paléogène (Pol et al., 2012 ; Sellés et al., 2020). 

Des transitions évolutives majeures vers de nouveaux modes et environnements de vie se sont 

produites à de nombreuses reprises dans tous les grands clades d'organismes, et induisent des 

modifications du comportement, de la physiologie et de l’organisation corporelle. Ce type de 

transition est bien connu, par exemple lors du passage des poissons aux tétrapodes 

(Niedźwiedzki et al., 2010), des mammifères terrestres aux cétacés (Gatesy et al., 2013) ou que 
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II 
 

certains dinosaures ont acquis la capacité de voler (Witmer, 2009a, b). Chez les 

crocodylomorphes, le moment exact et le nombre de transitions entre le milieu terrestre et le 

milieu aquatique sont encore inconnus et évoluent au fur et à mesure que de nouveaux fossiles 

sont découverts (Wilberg et al., 2019). L'un des principaux aspects de ces changements à travers 

ces adaptations est la forme du crâne : cette caractéristique est en effet liée au mode de vie 

(Brochu, 2001 ; Wilberg, 2017). Par exemple, le long rostre des thalattosuchiens (Pierce et al., 

2009 ; Ballel et al., 2019 ; aussi appelé morphologie longirostre) est adapté à la vie et à 

l'alimentation en milieu aquatique, tandis que le crâne haut et court des sébécosuchiens et 

d'autres formes terrestres (morphologie altirostre) n'est pas viable dans un tel environnement. Il 

semble en effet plus adapté à la vie terrestre, comme l'indiquent la position des narines et des 

orbites et sa plus grande résistance au stress mécanique (Balouet & Buffetaut, 1987 ; Gasparini, 

1984 ; Gasparini et al., 1993 ; Rossmann et al., 2000). Dans le cadre de cette thèse, je vais donc 

m'intéresser de plus près aux adaptations au mode de vie terrestre de certains 

crocodylomorphes, en me focalisant sur les questions suivantes : comment évaluer le mode de 

vie terrestre chez les formes fossiles de crocodylomorphes ? La terrestrialité est-elle la condition 

ancestrale des crocodylomorphes, ou a-t-elle évolué de manière convergente à travers différents 

clades ? La morphologie altirostre est-elle toujours associée à des taxons entièrement terrestres 

? 

Pour répondre à ces questions, je résumerai tout d'abord les différentes adaptations à un mode 

de vie non semi-aquatique trouvées dans les archives fossiles des crocodylomorphes, en mettant 

l'accent sur la terrestrialité et les informations essentielles pour comprendre et évaluer la 

paléoécologie de ces organismes. Puis, des clarifications phylogénétiques de certaines lignées 

clés seront présentées, car il est important de comprendre les relations entre les taxons terrestres 

pour évaluer la chronologie et l'évolution de ce trait. Ensuite, les structures endocrâniennes 

d'une sélection de taxons supposément terrestres seront étudiées et permettront de nombreuses 

interprétations paléoécologiques, avec un accent particulier sur les implications ontogénétiques, 

phylogénétiques et écologiques de l'oreille interne chez les crocodylomorphes. Ceci sera fait 

avec des données complémentaires provenant de crocodiliens actuels, ainsi que de formes 

fossiles adaptées au domaine aquatique. Une deuxième approche complémentaire sera 

consacrée à des études de cas en géochimie isotopique, impliquant des taxons similaires. Grâce 

à une approche multi-isotopique, les caractéristiques alimentaires, physiologiques et 

écologiques de ces organismes fossiles seront déduites, tout en gardant un point de vue global 

sur l'ensemble de la faune impliquée dans chaque localité et un regard sur des données actuelles. 
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Enfin, une autre approche histologique prometteuse portant sur les ostéodermes sera évaluée 

dans une étude préliminaire, ces résultats devant être confirmés dans de futures études. Les 

données présentées dans cette thèse sont sous la forme de manuscrits publiés ou soumis à des 

revues à comité de lecture, ainsi que de données non publiées. 

Ainsi, dans le 1er chapitre, un examen des différentes adaptations non semi-aquatiques dans le 

registre fossile des crocodylomorphes est proposé. Les crocodylomorphes "primitifs" 

(sphénosuchiens et protosuchiens) étaient ancestralement terrestres, avec une posture érigée. La 

plupart des notosuchiens (uruguaysuchidés, peirosauridés, mahajangasuchidés, sphagésauriens, 

sébécidés et baurusuchidés) sont également considérés comme terrestres, avec diverses 

adaptations à l'omnivorie et à l'herbivorie, ou à un comportement fouisseur. Les adaptations à 

la terrestrialité se retrouvent également chez certains néosuchiens (le clade qui comprend les 

crocodiliens actuels), avec des groupes tels que les atoposauridés, les paralligatoridés, les 

mékosuchinés et les planocraniidés, présentant une morphologie altirostre liée à ce mode de 

vie. D'autre part, tout au long de son histoire évolutive, le clade Crocodylomorpha a également 

inclus des formes entièrement aquatiques, telles que les thalattosuchiens ou les dyrosauridés, 

certains spécimens présentant même des adaptations à un mode de vie entièrement pélagique. 

La déduction du milieu de vie de tous ces organismes est dans la littérature principalement 

basée sur la morphologie de leur crâne (orientation des orbites et des narines externes), la 

morphologie de leurs membres et de leurs ceintures (liée à la posture) et leur dentition (liée aux 

régimes alimentaires possibles). 

Bien que ces observations soient valables, il est nécessaire de mieux comprendre les relations 

phylogénétiques de tous ces organismes, ce qui est une condition préalable à toute comparaison 

à grande échelle et à toute étude des tendances évolutives. Cette question est abordée dans le 

chapitre 2, où je remarque que les relations entre les peirosauridés, les sébécidés et les 

baurusuchidés sont complexes à évaluer. À partir d'une revue bibliographique des analyses 

phylogénétiques réalisées sur le sujet, je conclus que ni le regroupement des sébécidés avec les 

peirosauridés (Sebecia) ni celui des sébécidés avec les baurusuchidés (Sebecosuchia) en tant 

que taxons frères ne sont étayés par des synapomorphies non ambiguës et, comme ces deux 

taxons sont également étayés dans la littérature par une combinaison complète de caractères, il 

est difficile de favoriser l'un ou l'autre. Ensuite, je présente une étude publiée focalisée sur le 

statut et le contenu taxonomique d’Hamadasuchus, un peirosauridé du Crétacé du Maroc. Une 

nouvelle demi-mandibule et des séries ontogénétiques de crocodiliens actuels permettent 

d'amender la diagnose de H. rebouli (la seule espèce valide du genre), ainsi que de réduire son 
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contenu taxonomique. Enfin, une étude complète et une évaluation phylogénétique de nouveaux 

spécimens d'atoposauridés du Crétacé de Thaïlande m’ont permis d’ériger un nouveau taxon, 

Varanosuchus sakonnakhonensis. Il s'agit de la deuxième occurrence d'atoposauridés en 

Thaïlande, qui vient s'ajouter à l'énorme diversité des crocodylomorphes du Crétacé en Asie du 

Sud-Est et permet de réévaluer les relations phylogénétiques de certains clades de néosuchiens. 

L'accent a également été mis sur les adaptations paléoécologiques de ces derniers spécimens, 

dont de nombreuses caractéristiques suggèrent un mode de vie terrestre mais avec des affinités 

semi-aquatiques (soit un mode de vie semi-terrestre). 

Le chapitre 3 est ensuite consacré à une méthode permettant d’évaluer la paléoécologie 

d'organismes éteints : la reconstruction des structures internes du crâne. À partir d'une mise en 

perspective des progrès des techniques de tomodensitométrie, qui ont permis d'obtenir tant de 

données depuis le début du 21e siècle, les structures internes de trois taxons représentatifs de 

trois clades supposément terrestres différents sont étudiées : les sébécidés (Zulmasuchus), les 

peirosauridés (Hamadasuchus) et les atoposauridés (Varanosuchus). Chez les 

crocodylomorphes, l'endocaste et les nerfs crâniens sont associés à plusieurs sens tels que 

l'olfaction ou la vision ; les labyrinthes endo-osseux apportent des informations sur la posture 

de la tête et ses capacités de mouvement, ainsi que sur les capacités auditives ; le développement 

de la pneumaticité crânienne particulière de ces organismes pourrait être lié au mode de vie. 

Par conséquent, en se basant sur ces données, Zulmasuchus est considéré comme un 

notosuchien entièrement terrestre, tandis que Hamadasuchus aurait pu avoir également des 

affinités semi-aquatiques et que Varanosuchus était probablement semi-terrestre. L'oreille 

interne des crocodylomorphes est ensuite examinée de plus près, en utilisant une approche 

morphométrique géométrique en 3D sur un vaste ensemble de données concernant les 

crocodylomorphes existants et éteints, et comprenant la plupart des modes de vie connus de ce 

groupe. Comme l'ont souligné des études récentes, un lien étroit entre la forme et l'ontogenèse 

a été trouvé, ainsi qu'un signal phylogénétique minimal. Cependant, la forme de ces structures 

ne semble pas être en corrélation avec l'écologie. 

Une autre méthode indépendante a ensuite été utilisée dans le chapitre 4, la géochimie 

isotopique, avec un accent particulier sur les sébécidés. La combinaison des compositions 

isotopiques de l'oxygène, du carbone, du calcium et du strontium a été étudiée dans plusieurs 

faunes du Paléogène, dans le but de comprendre comment ce clade s'est adapté à la suite de la 

crise biologique du Crétacé/Paléogène. Les compositions isotopiques de l'oxygène et du 

strontium fournissent des informations sur le milieu de vie d'un organisme, tandis que les 
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compositions isotopiques du carbone et du calcium sont liées à son régime alimentaire. Les 

sébécidés étaient déjà au sommet de la chaîne alimentaire terrestre peu après le début du 

Paléogène, comme le montre la faune de Tiupampa (Bolivie), et ont conservé cette position tout 

au long de cette période, comme le montrent les faunes d'Aumelas et de Réalmont (France). 

Cependant, le mystérieux sébécidé Eremosuchus elkoholicus de la faune d'El Kohol (Algérie) 

se révèle semi-aquatique, ce qui justifie une réévaluation de ce taxon. Bien que ces travaux 

confirment que les sébécidés ont rempli la niche écologique de grand prédateur laissée vacante 

par la disparition des dinosaures théropodes non aviens, les raisons de leur survie à la transition 

Crétacé/Paléogène restent inconnues. De plus, l'enregistrement géochimique de la dentine par 

échantillonnage sérié pourrait aussi être une approche intéressante, notamment pour détecter 

les changements écologiques sur une courte période (c'est-à-dire le temps de développement de 

la dent ou taux de remplacement dentaire). En mesurant les compositions isotopiques de 

l'oxygène et du strontium (indicateur du milieu de vie) et du calcium et de l'azote (indicateur 

du régime alimentaire) de quatre dents appartenant à trois espèces différentes de crocodiliens 

actuels, j'ai observé que ces variations sont anti corrélées entre le calcium et l'azote et corrélées 

entre l'oxygène et le strontium. Le spécimen d'Osteolaemus présente les changements les plus 

drastiques dans les compositions isotopiques, ce qui correspond aux changements saisonniers 

de son mode de vie. Bien que plusieurs limitations doivent être prises en compte, ce protocole 

pourrait apporter des résultats intéressants sur les formes fossiles. 

Enfin, dans le chapitre 5, une étude préliminaire utilisant un autre proxy qui pourrait être 

intéressant pour évaluer la paléoécologie d'un organisme éteint est présentée. Cette étude 

histologique porte sur des ostéodermes d'une sélection de crocodylomorphes ayant des modes 

de vie différents. Un sébécidé présente des structures particulières, correspondant à une 

implantation plus profonde de l'ostéoderme dans le derme chez ce taxon, qui pourrait être liée 

à sa posture et à son mode de vie terrestre. En outre, nous avons observé que l'ornementation 

des ostéodermes avait disparu chez les notosuchiens dérivés, et que son absence pourrait donc 

être liée à un mode de vie terrestre, avec les problèmes de thermorégulation qui y sont associés. 

En tenant compte de tous ces résultats, les principales conclusions qui viennent en réponse aux 

problématiques posées sont les suivantes : 

- En plus des observations morphologiques, le mode de vie peut être évalué indépendamment 

chez un organisme éteint par l'étude de ses structures internes crâniennes et des compositions 

isotopiques de ses éléments squelettiques ; 
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- La terrestrialité est la condition ancestrale des crocodylomorphes, avec plusieurs adaptations 

convergentes ultérieures aux environnements semi-aquatiques et aquatiques (comme les 

crocodiliens actuels, qui ne sont donc pas des "fossiles vivants") tout au long de leur histoire 

évolutive ; 

- Les sébécidés avaient déjà atteint la niche écologique de grand prédateur (remplaçant les 

dinosaures théropodes non aviens) à la suite de la transition Crétacé - Tertiaire, et l'ont 

conservée pendant la plus grande partie du Paléogène ; 

- La morphologie altirostre en elle-même n'est pas nécessairement associée à un mode de vie 

entièrement terrestre, avec des clades présentant une écologie aux affinités semi-aquatiques, 

que l'on pourrait qualifier de semi-terrestre. 

Cette thèse a également mis en lumière plusieurs perspectives intéressantes, qui pourront être 

abordées dans de futures études : 

- Outre la description de nouveaux spécimens et la réévaluation de taxons clés, des données 

alternatives postcrâniennes ou internes pourraient aider à résoudre les conflits phylogénétiques 

et taxonomiques qui subsistent au sein des crocodylomorphes. Les variations ontogénétiques 

doivent également être prises en compte et devraient s'appuyer sur l'étude des représentants 

actuels (en particulier chez les crocodylomorphes) ; 

- La fonction et les implications ontogénétiques, phylogénétiques et écologiques de la 

pneumaticité crânienne et de l'endocaste chez les crocodylomorphes doivent être mieux 

comprises et pourraient potentiellement apporter des preuves supplémentaires aux 

interprétations paléoécologiques des formes fossiles. De même, la relation entre les labyrinthes 

endo-osseux et les oreilles internes (c'est-à-dire les tissus durs par rapport aux tissus mous) doit 

également être étudiée ; 

- Les études multi-isotopiques bénéficieraient de l'inclusion d'un plus grand nombre d'éléments 

indépendants, tels que le zinc, le magnésium, l'azote ou l'hydrogène. De telles études devraient 

être menées sur des faunes terrestres du Crétacé (formation Adamantina du Brésil, groupe Kem 

Kem du Maroc ou faune de Phu Sung de Thaïlande, par exemple), afin de comprendre comment 

les crocodylomorphes se sont intégrés dans des environnements dominés par les dinosaures, 

voir si leurs relations interfaunales étaient les mêmes qu'au cours du Paléogène ou non et 

comment certaines lignées, comme les sébécidés, ont survécu à la crise Crétacé - Paléogène ; 
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- L'amélioration des techniques analytiques et une meilleure compréhension des flux de calcium 

entre les différents tissus des reptiles pourront permettre des études détaillées et précises de 

restes d’organismes éteints pendant une période très courte, correspondant à leur taux de 

remplacement dentaire. 

Mots-clés : Crocodylomorpha – CT scan – géochimie – paléontologie – phylogénie.
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Abstract 

Extant crocodylians are semi-aquatic organisms, but, throughout their evolutionary history, 

crocodylomorphs have adapted to various living environments, such as water or land, and have 

survived numerous biological crises. The lifestyle of those extinct forms has been inferred from 

their postcranial anatomy, their dentition, and their cranial shape. For example, terrestrial 

crocodylomorphs often display an altirostral morphology (i.e., high rostrum).  

In this thesis, a closer look is taken at the adaptations to a terrestrial lifestyle of several clades 

of crocodylomorphs with the following questions in mind: are there any other proxies that can 

be used to assess a terrestrial lifestyle in those organisms? How has terrestriality originated and 

evolved in Crocodylomorpha? Is the altirostral morphology always linked with such a lifestyle?  

First, a review of the different non-semi-aquatic adaptations in the fossil record of 

crocodylomorphs is proposed and I confirm that a terrestrial lifestyle is in fact the ancestral 

condition of the group, with subsequent adaptations to the semi-aquatic and aquatic 

environment. In order to propose a large-scale evolutionary study, the phylogenetic 

relationships of the different taxa must first be understood as best as possible. As a result, I then 

show through a literature review that neither of the phylogenetic hypotheses concerning the 

relationships of some notosuchians clades can be favoured, and this issue would benefit from 

the addition of other data (postcranium, internal structures). A first publication is focused on 

the phylogenetic and taxonomic status of Hamadasuchus, a peirosaurid from the Cretaceous of 

Morocco. New specimens allow to amend the diagnosis of Hamadasuchus rebouli, the only 

species included in Hamadasuchus and reduce its taxonomic content. A second submitted 

manuscript presents new specimens of atoposaurids from the Cretaceous of Thailand, allowing 

to erect the new taxon Varanosuchus sakonnakhonensis. This taxon is shown to be adapted to 

a semi-terrestrial lifestyle. 

A powerful proxy to assess the paleoecology of extinct organisms is the study and 

reconstruction of their internal structures, via CT scan analyses. A review of the different 

structures with their associated ecological implications is presented, and the study of 

Zulmasuchus (Sebecidae), Hamadasuchus (Peirosauridae) and Varanosuchus (Atoposauridae) 

allows to infer their lifestyle (respectively from fully terrestrial to semi-terrestrial). A special 

emphasis is put on the ontogenetic, phylogenetic, and ecological signal of the inner ear, through 

a 3D geometric morphometric study on an extensive dataset of extant and extinct taxa. The 
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shape of this structure is heavily linked to ontogeny and minimally to phylogeny, but not to 

ecology.

A second proxy is then put forward, the isotope compositions of skeletal tissues. Multi-isotopic 

studies of different independent elements allow to understand the lifestyle and dietary habits of 

extinct organisms, as well as the trophic relationships they had with other organisms from the 

same fauna and propose a paleoenvironmental reconstruction. Several faunas from the 

Paleogene of South America, Africa and Europe are studied and confirm that sebecids were 

already apex predators in the aftermath of the Cretaceous - Paleogene transition and throughout 

this period. Furthermore, the geochemical recording of dentine by serial sampling could also 

be an interesting approach, particularly for detecting ecological changes over a short period 

(i.e., tooth development time or tooth replacement rate), as evidenced by measures on extant 

specimens. 

Finally, the osteoderm histology of selected crocodylomorphs is presented and represent an 

interesting prospect for future studies, both internally and externally. 

Keywords: Crocodylomorpha – CT scan – geochemistry – paleontology – phylogeny. 
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General introduction 

 

Extant crocodylians, depending on the systematics and phylogenetic methods used, comprise 

nine genera and 23 to 28 species (McAliley et al., 2006; Willis et al., 2007; Hekkala et al., 

2011; Oaks, 2011; Shirley et al., 2014; Murray et al., 2019). Those organisms are semi-aquatic 

ambush predators and are found in the sub-tropical belt of Africa, Asia, Oceania and North and 

South America (for a complete review, see Grigg & Kirshner, 2015). These taxa are classically 

subdivided in three main clades (Brochu, 2003): Gavialoidea Hay, 1930, Alligatoroidea Gray, 

1844 and Crocodyloidea Fitzinger, 1826, although some conflicts remain, especially between 

morphological and molecular phylogenetic approaches (Poe, 1996; Brochu, 1997, 1999, 2000, 

2001; Janke et al., 2005; Roos et al., 2007; Meredith et al., 2011; Oaks, 2011; Groh et al., 2019; 

Milián-García et al., 2020; Hekkala et al., 2021; Pan et al., 2021; Rio & Mannion, 2021). Those 

conflicts are mainly centered around the placement of gavialids and Tomistoma, within the 

framework of convergence to longirostry (Brochu, 2003; Gatesy et al., 2003; Lee & Yates, 

2018; Groh et al., 2019; Rio & Mannion, 2021) and the delimitation between certain species 

(Hekkala, 2004; Hekkala et al., 2010, 2011, 2015, 2021; Shirley et al., 2014, 2018; Milián-

García et al., 2015, 2020; Carr et al., 2021).  

Because they are the only living representatives of a once much larger group, Crocodylomorpha 

Hay, 1930, and together with Aves constitute the two extant archosaurian lineages, modern 

crocodylians could be seen as living fossils. However, this is not the case, and crocodylomorphs 

were once much more ecologically and taxonomically diverse. This includes fully pelagic taxa 

(dyrosaurids and thalattosuchians), as well as terrestrial forms (notosuchians, planocraniids, 

sphenosuchians and protosuchids). From the Triassic, crocodylomorphs have evolved 

continuously and have survived numerous biological crises, making it a very resilient group. 

For example, they are the only pseudosuchians to survive the end-Triassic extinction (Nesbitt, 

2011) and some lineages are found before and after the Cretaceous-Paleogene crisis (Pol et al., 

2012; Sellés et al., 2020; Fig. 1). 

Major evolutionary transitions into new lifestyles and living environments have occurred 

numerous times in all major clades of organisms, and induce modifications in behavior, 

physiology, and body plan. This type of transition is well known, for example from fishes to 

tetrapods (Niedźwiedzki et al., 2010), terrestrial mammals to cetaceans (Gatesy et al., 2013) or 

when some dinosaurs acquired the ability to fly (Witmer, 2009a, b). In crocodylomorphs,
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the exact timing and number of transitions between land and water is still under investigation 

as new fossils are found (Wilberg et al., 2019; Fig. 1). One of the main aspects of change across 

those adaptations is cranial shape: this characteristic is indeed linked to lifestyle (Brochu, 2001; 

Wilberg, 2017). For example, the long rostrum of thalattosuchians (Pierce et al., 2009; Ballel 

et al., 2019 or longirostral morphology) is adapted to living and feeding in the aquatic 

environment, while the high and short skull of sebecosuchians and other terrestrial forms 

Figure 1: Hypothetic phylogenetic and temporal pattern of ecological shifts in Crocodylomorpha. Arrows indicate 
shifts. Note that the position of Thalattosuchia Fraas, 1901 is subject to debate, see also Chapter 1. Taken from 
Wilberg et al. (2019; fig. 2). 
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(altirostral morphology) is not viable in such an environment. It is more suitable for life on land, 

as indicated by the position of the nares and the orbits and its higher resistance to stress (Balouet 

& Buffetaut, 1977; Gasparini, 1984; Gasparini et al., 1993; Rossmann et al., 2000).  

I will first summarize in Chapter 1 the different adaptations to a non-semi-aquatic lifestyle 

found in the fossil record of crocodylomorphs, with a focus on terrestriality and which further 

information are key to understand and assess the paleoecology of those organisms. 
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Chapter 1: Crocodylomorpha: evolution, taxonomy and 

paleobiology with a focus on non-semi-aquatic adaptations 

Crocodylomorpha Hay, 1930 is a superorder of sauropsids dating back to the Late Triassic 

(Carnian; Irmis et al., 2013; Lecuona et al., 2016; Leardi et al., 2020a), and includes all taxa 

more closely related to crocodylians than to phytosaurs, ornithosuchids, aetosaurs, 

poposauroids, and rauisuchids (Nesbitt, 2009, 2011; Irmis et al., 2013; To et al., 2022; Fig. 1.1). 

Throughout their evolutionary history, members of this clade have adapted to a wide range of 

environments, from fully aquatic (such as metriorhynchids; see Young et al., 2010 for a review) 

to fully terrestrial (such as sebecosuchians; see Rossmann et al., 2000 for a review). Today, 

modern crocodylians are the only representatives of this once much more diverse group, with 

23 to 28 taxa recognized (see Grigg & Kirshner, 2015 for a complete review). Contrary to 

popular belief, extant crocodylians are thus not ‘living fossils’ but rather extremely derived 

representatives of a diverse clade that survived three major biological crises. In this chapter, I 

provide an overview of the taxonomic and ecological occurrences of crocodylomorphs with a 

focus on non-semi-aquatic adaptations, and especially terrestrial ones, which will be important 

in situating the different groups studied in this thesis. 

I- Sphenosuchians 

Sphenosuchia were a diverse group of archosaurs with a global repartition. Hesperosuchus 

agilis Colbert, 1952 was the earliest known member from the late Carnian - early Norian of the 

Chinle Formation (United States; Fig. 1.2; Clark et al., 2001). Other fossils have also been 

found in China (Wu & Chatterjee, 1993; Harris et al., 2000; Clark et al., 2004), Europe (Crush, 

1984; Sereno & Wild, 1992; Knoll & Rohrberg, 2012), South America (Bonaparte, 1969; 

Lecuona et al., 2016; Mamani et al., 2022), and South Africa (Walker, 1990; Clark & Sues, 

2002). The lineage extends until at least the Late Jurassic, with Macelognathus vagans Marsh, 

1884 and Hallopus victor Marsh, 1877 from the Morrison Formation (Kimmeridgian, United 

States; Walker, 1970; Göhlich et al., 2005).  

The phylogenetic relationships and monophyly of the group are still highly debated: several 

synapomorphies could support the clade (Sereno & Wild, 1992; Wu & Chatterjee, 1993); 

however, these characters are secondarily lost in derived crocodylomorphs, effectively reducing 

the support of the clade (Clark et al., 2004). Therefore, in some studies, sphenosuchians are 

retrieved as the sister group of Crocodyliformes (Sereno & Wild, 1992; Wu & Chatterjee, 1993; 
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Sues et al., 2003), whereas in others (Benton & Clark, 1988; Parrish, 1991; Clark et al., 2001; 

Clark & Sues, 2002; Clark et al., 2004; Nesbitt, 2009, 2011; Mamani et al., 2022, Spiekman, 

2023), they are retrieved as paraphyletic taxa, forming the “non-crocodyliforms 

crocodylomorphs”. This issue could be related to outgroup choice, which is very important in 

phylogenetic analyses and influences the obtained topologies (Irmis et al., 2013). As the 

Figure 1.1: Phylogenetic placement of Crocodylomorpha among other archosaurs. Taken from Holliday & 
Schachner (2022; fig. 1). 
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phylogenetic relationships of early archosaurians are poorly understood, there is no consensus 

on which outgroup(s) to choose, resulting in different character polarizations. 

Sphenosuchians are found from the equator (Sues et al., 2003; Nesbitt et al., 2005; To et al., 

2021) to mid paleolatitudes (40-50°) in the southern and northern hemispheres (Bonaparte, 

1969; Walker, 1990; Sereno & Wild, 1992; Clark & Sues, 2002; Lecuona et al., 2016; Mamani 

et al., 2022). This indicates that they were able to withstand various climates: for example, 

during the Late Triassic to Early Jurassic, equatorial regions were warm and humid, middle 

latitudes were warm and arid and high latitudes were cool and humid (Kent & Tauxe, 2005; 

Sellwood & Valdes, 2006; Whiteside et al., 2011). Fossils have also been found in fluvial and 

floodplain depositional environments (Dubiel et al., 1989; Schwartz & Gillette, 1994; Smith & 

Kitching, 1997; Caselli et al., 2001; Hester et al., 2001; Eberth et al., 2001; Arcucci et al., 2004; 

Bordy et al., 2004a, b; Currie et al., 2009; Smith et al., 2009), with the exception of 

Terrestrisuchus gracilis Crush, 1984 (Fraser & Sues, 1994; Whiteside & Marshall, 2008). This 

observation probably has a taphonomic origin, as these environments are ideal for the 

conservation of such organisms but could also indicate a lifestyle with terrestrial affinities.  

Non-crocodyliforms crocodylomorphs display altirostral skulls, adapted to a terrestrial lifestyle 

and Junggarsuchus sloani Clark, Xu, Forster & Wang, 2004, the most derived ‘sphenosuchian’, 

has smaller supratemporal fenestrae and a large area of insertion for the M. pterygoideus on the 

mandible, suggesting powerful biting abilities (Schumacher, 1973). Furthermore, their tooth 

crows are labiolingually flattened and have serrated carinae, indicating a carnivorous diet 

(Abler, 1992). After the decline of ‘rauisuchians’ and their replacement by theropods dinosaurs 

Figure 1.2: Hesperosuchus agilis (CM 29284), skull and cervical region in dorsal view. Modified from Clark et 
al. (2001; fig. 1). an: angular, ar: articular, c: caniniform tooth, d: dentary, en: external nares, f: frontal, m: maxilla, 
n: nasal, p: parietal, pb: palpebral, pm: premaxilla, po: postorbital, prf: prefrontal, q: quadrate, qj: quadratojugal, 
sa: surangular, sq: squamosal. Scale bar is 1 cm. 
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(Nesbitt et al., 2013), early crocodylomorphs were not apex predators, as highlighted by 

Phyllodontosuchus lufengensis Harris, Lucas, Estep & Li, 2000 which displays a heterodont 

dentition with posterior leaf-shaped crowns, implying a diet more inclined towards omnivory 

(Irmis et al., 2013). Abdominal content (Nesbitt et al., 2006) and predation marks (Walker, 

1990; Sues et al., 2003) provide further evidence that early crocodylomorphs were not at the 

top of the food chain. 

Early crocodylomorphs have a limited dorsal armour, elongated slender limbs in an erect 

posture, and procoelous vertebrae with short transverse processes corresponding to a terrestrial 

lifestyle (Parrish, 1987; Clark et al., 2004; Fig. 1.3). In its detailed study of Hallopus, Walker 

(1970) also noted that the narrow distal end of the humerus and the short olecranon process of 

the ulna allowed full extension of the forelimb, with a horizontally-fixed carpal and tarsal region 

(i.e., digitigrade). The absence of a greater trochanter on the femur implies that hindlimb 

movement was restricted to the parasagittal plane. The extended iliac blade (and thus extended 

iliofemoralis and iliotibialis musculature) is further evidence to this stance, maybe even 

allowing the gallop. Recently, Spiekman (2023) showed through a histological study that 

Saltoposuchus had a high growth rate, associated with a high resting metabolic rate and active 

lifestyle. 

 

Figure 1.3: Hypothetical reconstitution of Terrestrisuchus gracilis. Taken from Irmis et al. (2013; fig. 5), modified 
from Currie (1984) and Sereno & Wild (1992; fig. 11). 

II- Protosuchians 

‘Protosuchians’, or non-mesoeucrocodylians crocodyliforms, are also most probably a 

paraphyletic group (Wu & Li, 1994; Clark & Sues, 2002; Pol & Norell, 2004a, b; Pol et al., 

2004, 2013; Fiorelli & Calvo, 2007; Clark, 2011; Buscalioni, 2017; Lio et al., 2018; Martínez 

et al., 2018; Dollman et al., 2021; Melstrom et al., 2022). However, similarly to 



Chapter 1 

9 
 

 
Figure 1.4: Phylogenetic tree of 'protosuchians'. Taken from Dollman et al. (2021; fig. 9). 

‘sphenosuchians’ and probably for the same reasons, some other studies have supported the 

monophyly of the group (Wu et al., 1994a, 1997; Dollman et al., 2018). Recently, Dollman et 

al. (2021) proposed to incorporate those taxa into three monophyletic clades and four families 

(Fig. 1.4).  

The earliest occurrences of the group are from the Norian (early Triassic) of Argentina: 

Coloradisuchus abelini Martínez, Alcober & Pol, 2018 and Hemiprotosuchus leali Bonaparte, 

1969 from the Los Colorados Formation, as well as a putative unnamed specimen from the 

Quebrada del Barro Formation (Martínez et al., 2015). After the Triassic/Jurassic biological 

crisis, ‘protosuchians’ are then quickly widespread throughout the Jurassic: in the south of 

Africa, there are at least three different taxa during the early Jurassic (van Hoepen, 1915; Nash, 

1968; Raath, 1981; Busbey & Gow, 1984; Dollman et al., 2019, 2021); in North America, those 
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organisms are also well-known, with at least five different taxa (Brown, 1933; Colbert & Mook, 

1951; Galton, 1971; Hunt & Lockley, 1995; Sues et al., 1996; Clark & Sues, 2002; Clark, 2011; 

Melstrom et al., 2022); as well as in central Asia (Li et al., 1994; Wu & Sues, 1996a; Kurzanov 

et al., 2003; Peng & Shu, 2005; Wu et al., 2023). One exquisitely preserved specimen is known 

from the Oxfordian of Argentina (Pol et al., 2013) and there could also be some occurrences in 

Europe (Gierliński & Potemska, 1985; Moreau et al., 2019). During the Cretaceous, 

‘protosuchians’ are reported from Asia (Young, 1961; Osmólska, 1972; Osmólska et al., 1997; 

Wu et al., 1994a, 1997; Pol & Norell, 2004 a, b; Pol et al., 2004; Hangjae et al., 2005), Europe 

(Buscalioni, 2017) and South America (Fiorelli & Calvo, 2007; Lio et al., 2018). It is especially 

interesting to see that there is no report of ‘protosuchians’ in North America and the south of 

Africa during the Cretaceous and that Neuquensuchus universitas from South America probably 

had an Asian origin (Fiorelli & Calvo, 2007), implying that ‘protosuchians’ underwent different 

paleobiogeographical processes compared to notosuchians, as will be underlined later. 

Unfortunately, and as will be seen in other crocodylomorph groups, there are most probably a 

plethora of other forms and specimens from the Mesozoic of Central Asia in the Russian and 

Chinese paleontological literature, described in the works of Mikhail Efimov (Paleontological 

Institute, Russian Academy of Sciences) or the early works of Yang Zhongjian (Institute of 

Vertebrate Paleontology and Paleoanthropology). Those references are very hard to obtain and 

are often not translated in English, which is why I could not include most of them in this thesis. 

However, the reassessment of specimens and taxa has begun (Halliday et al., 2013; Turner, 

2015; Kuzmin et al., 2019; Kuzmin, 2022a) and will be amplified. This is for example the case 

of the genera Hsisosuchus Young & Chow, 1953 and Sichuanosuchus Peng, 1995 from the 

Jurassic of the Sichuan basin in China, whose phylogenetic relationships and paleoecological 

traits remain to be ascertained, but have a skull morphology reminiscent of other terrestrial 

forms (Young & Chow, 1953; Li et al., 1994; Wu et al., 1994b, 1997; Peng, 1995; Gao, 2001; 

Peng & Shu, 2005; Wu et al., 2023). 

As for ’sphenosuchians’, ‘protosuchians’ are inferred to have had an erect stance (Fig. 1.5), as 

evidenced by the hinge-like articulations, elongated pubis and long distal carpals of 

Cassissuchus sanziuami (Buscalioni, 2017), the articular heads and shafts of the humerus and 

the development of appendicular osteoderms in Gobiosuchus kielanae (Osmólska et al., 1997) 

and the proportionally long limbs of Protosuchus richardsoni (Colbert & Mook, 1951) and 

Neuquensuchus universitas (Fiorelli & Calvo, 2007; Lio et al., 2018). However, a restricted 

neck flexibility is inferred from the overlapping cervical vertebrae of Neuquensuchus 
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universitas (Lio et al., 2018) and the successive transverse rows of osteoderms (with laterally 

expanded nuchals) and elongated cervical ribs in Gobiosuchus kielanae (Osmólska et al., 1997), 

although it has also been hypothesized to be the results of defence mechanisms (Colbert & 

Mook, 1951).  

In those taxa, we also see the first definitive appearance of a connection between the quadrate 

and the braincase (Pol et al., 2013), which is of pivotal importance in the acquisition of the 

strong bite force observed today in extant crocodylians and gave way to different adaptations, 

as will be seen in notosuchians. ‘Protosuchians’ thus would have displayed several different 

diets. Gobiosuchids, with their sharp and pointed teeth associated with small body size, could 

have fed preferentially on insects or other small invertebrates (Osmólska et al., 1997; 

Buscalioni, 2017), while Edentosuchus could have been herbivorous, with its rounded and 

columnar post canine teeth (Li et al., 1994). Those different ecological adaptations and the 

adaptative plasticity of the group are a good explanation as to why ‘protosuchians’ are known 

until the late Cretaceous, surviving two major biological crises. 

III- Notosuchians 

Notosuchians are a monophyletic clade which has achieved a huge diversity during the 

Cretaceous and is recognized as one of the only two groups of crocodylomorphs to survive the 

end Cretaceous biological crisis, with some taxa found until the Miocene (Paolillo & Linares, 

2007). Here, I will describe with more details the several families that constitute this clade, as 

it is very diversified and especially important when studying the terrestrial adaptations of 

crocodylomorphs and their transition to a semi-aquatic lifestyle in the Cenozoic. 

 

 

Figure 1.5: Reconstruction of Protosuchus richardsoni, based on AMNH 3024. Modified from Colbert & Mook 
(1951; fig. 4). Scale bar is 5 cm. 
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A- Uruguaysuchidae Gasparini, 1971 

Uruguaysuchids form a family of notosuchian crocodylomorphs exclusively known from 

Gondwana during the Cretaceous (Pol & Leardi, 2015). Those little organisms are known 

simultaneously in several Cenomanian to Maastrichtian African deposits (Buffetaut, 1981; 

Turner, 2006; Sereno et al., 2003; Sereno & Larsson, 2009) and Barremian-Santonian of South 

America (Price, 1959; Ortega et al., 2000; Pol & Apesteguía, 2005; Soto et al., 2011; Dumont 

et al., 2020a). Since the early work of Buffetaut (1981), they have thus been taken as great 

examples of the paleobiogeographic vicariance event of terrestrial faunas that occurred between 

South America and Africa during the opening of the South Atlantic Ocean (Barremian to middle 

Albian; Pletsch et al., 2001; Turner, 2004), with subaerial connections that may have existed 

until the late Cretaceous (Sereno et al., 2003). This was also highlighted in other crocodylians 

(Buffetaut & Taquet, 1977; Souza et al., 2020a) and microvertebrate remains (Pochat-

Cottilloux et al., 2022a).  

Although their monophyly is not contested, the relationships of the different uruguaysuchids 

are still subject to debate and the taxonomic affinities of some Araripesuchus members could 

be reassessed. For example, Araripesuchus rattoides Sereno & Larsson, 2009 was erected from 

two dentary fragments of the Kem Kem group (Morocco) with no true diagnostic characters. 

The phylogenetic position of uruguaysuchids also remains enigmatic, either close to 

neosuchians (Buckley & Brochu, 1999; Buckley et al., 2000; Ortega et al., 2000; Brochu et al., 

2002; Turner, 2006) or at the base of Notosuchia (Wu et al., 1997; Pol, 2003; Pol & Norell, 

2004b; Pol & Apesteguía, 2005; Dumont et al., 2020a). 

Recently, Nieto et al. (2022), through a finite element analysis of Araripesuchus gomesii Price, 

1959, proposed that this organism would have suffered less mechanic stress in a head-twist 

feeding movement than a head-shake (as is seen today in Alligator mississippiensis), in relation 

with the difference in snout morphology of the two taxa. Given the size of the specimens, this 

could imply a diet focused on small preys such as insects and small vertebrates, which is 

corroborated by the anatomical dental studies of Ösi (2014) and Figueiredo & Kellner (2021). 

Anatosuchus minor Sereno, Sidor, Larsson & Gado, 2003 has been inferred to be a scratcher 

type feeder, based on its elongate flat-tipped manual unguals, adapted for feeding on small 

vertebrates with its hook-shaped tooth crowns and duck-shaped snout (Sereno & Larsson, 

2009). 
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Considering some exquisitely preserved specimens, relatively little is known about the stance 

of uruguaysuchids. Hecht (1991) figured and interpreted a semi-erect stance for Araripesuchus 

gomesii, adapted from a yet undescribed specimen (AMNH 24450; Fig. 1.6), while Sereno & 

Larsson (2009) infer an upright posture for Anatosuchus minor and Araripesuchus wegeneri 

Buffetaut & Taquet, 1979 based on their straight-shafted bones. A detailed biomechanical 

analysis would help to understand this aspect better.  

B- Peirosauridae Gasparini, 1982 

As uruguaysuchids, peirosaurids have a Gondwanan repartition and are known from Cretaceous 

deposits. The oldest record is Amargasuchus minor from the La Amarga Formation 

(Hauterivian, Argentina; Chiappe, 1988). However not much is known about this taxon, and it 

is very rarely included in phylogenies due to its incompleteness: only the right maxilla is 

preserved. Then, peirosaurids are known from the Aptian to the Maastrichtian in South America 

(Price, 1955; Buffetaut, 1985a; Chiappe, 1988; Gasparini et al., 1991; Carvalho et al., 2004, 

2007; de Vasconcellos, 2006; Leardi & Pol, 2009; Calvo & Porfiri, 2010, Iori et al., 2011) with 

a plethora of new forms described in the last decade (Iori & Garcia, 2012; Martinelli et al., 

2012; Lio et al., 2016; Barrios et al., 2016; Filippi et al., 2018; Pinheiro et al., 2018, 2023; 

Coria et al., 2019; Geroto & Bertini, 2019; Lamanna et al., 2019; Queiroz, 2022). Those 

Figure 1.6: Skeletal reconstruction of Araripesuchus gomesii (from AMNH 24450). Taken from Hecht (1991). 
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organisms are also known from the Aptian to the Maastrichtian of Africa (Buffetaut, 1974a, b, 

1976a, 1994; Larsson & Sidor, 1999; Larsson & Sues, 2007; Rasmusson Simons & Buckley, 

2009; Sertich & O’Connor, 2014; Ibrahim et al., 2020; Nicholl et al., 2021). Finally, teeth from 

the Naskal beds of India (Maastrichtian) could be referred to Hamadasuchus (Prasad & de 

Lapparent de Broin, 2002), but this occurrence would need to be confirmed by additional 

material. The origin of peirosaurids is thus difficult to assess, but it is probably from a 

Gondwanan ancestor that has evolved in separate lineages after the separation of South America 

and Africa (Chiappe, 1988).  

The interrelationships of peirosaurids are poorly understood and subject to numerous debates. 

In his early works, Buffetaut created the clade Trematochampsidae, based on numerous fossils 

from the In Beceten Formation (Niger, Senonian; Buffetaut, 1974a, b, 1976a), however a recent 

revision of those specimens instead advocates for the presence of numerous taxa and for 

Trematochampsa taqueti to be considered as a nomen dubium as it is deemed non 

autapomorphic, warranting the abandon of the family Trematochampsidae as well (Meunier & 

Larsson, 2018). More generally, the taxonomic content of north African peirosaurids is subject 

to debate (Cavin et al., 2010; Ibrahim et al., 2020; Nicholl et al., 2021). Itasuchidae Carvalho, 

Ribeiro & Avilla, 2004 was originally proposed as a clade uniting some south American and 

African forms, but posterior contributions failed to recover this clade and it was thus abandoned. 

However, Pinheiro et al. (2018) has recently reproposed and redefined Itasuchidae, as part of 

the reassessment of “Goniopholis” paulistanus Roxo, 1936, which was confirmed in Pinheiro 

et al. (2023). Numerous taxa of peirosaurids are only known from very fragmentary mandibular 

remains, and many specimens were unfortunately illegally smuggled from South America or 

destroyed in the 2018 fire of Museu Nacional (UFRJ; Pinheiro et al., 2023), so those issues 

remain open. 

Although little is known about the post cranial anatomy of peirosaurids, some exquisitely 

preserved specimens have allowed the assessment of some of their paleobiological traits (Fig. 

1.7). The histological studies of Sena (2017) and Sena et al. (2018, 2023) have highlighted that 

MN 7466-V, a Pepesuchus deiseae specimen, was a mature female individual, which had 

already performed some ovogenetic cycles, as well as having a probable semi-aquatic lifestyle 

because of osteosclerosis observed in the metacarpals. Furthermore, Sharpey’s fibers observed 

perpendicularly to the outer layer of the external cortex on osteoderms of Itasuchus jesuinoi 

Price, 1955 and Uberabasuchus terrificus Carvalho, Ribeiro & Avilla, 2004 indicate a tight 

attachment to the dermis and an overlying layer of skin, increasing the flexibility of their armor. 
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Comparatively to Peirosaurus or Uberabasuchus, Itasuchus has a larger and heavier osteoderm 

skeleton with longitudinal keels, which would make it more fitted to a semi-aquatic lifestyle 

according to Marinho et al. (2006). On the other hand, the study of the post cranium of 

Uberabasuchus indicates an upright posture and terrestrial lifestyle, through a particular 

articular structure between the femur and the ilium and the imbrication of the dorsal osteoderms 

(de Vasconcellos, 2006). The exceptional preservation of this taxon (contrary to other fossils 

from the same assemblage) indicates that it could also have had burrowing habits, as observed 

nowadays on some extant crocodiles (de Vasconcellos & Carvalho, 2006). Osteoderms of 

Montealtosuchus arrudacamposi Carvalho, de Vasconcellos & Tavares, 2007 also indicate a 

lighter armor corresponding with terrestrial habits, as they display a reduced number of dorsal 

osteoderms rows and disarticulated accessory osteoderms (Tavares et al., 2015). A couple of 

years later, Tavares et al. (2017) published an extensive study of the skeletal remains of the 

same taxon, further advocating for the terrestrial lifestyle of this  organism, through the 

rearticulation of its limbs in living position and observation of the cursorial movement 

Figure 1.7: Skeleton of Montealtosuchus arrudacamposi (MPMA-16-0007/04) from the Turonian - Santonian 
of Adamantina Formation (Brazil). A: dorsal view, B: ventral view. Modified from Tavares et al. (2017; fig. 1). 
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necessarily associated, especially because the anterior limbs were interpreted to be in a more 

upright position than in extant crocodiles, as well as the observed elongated metacarpals (as in 

sphenosuchians and some protosuchians). de Vasconcellos et al. (2004) further argue that the 

slender and laminated claws of Uberabasuchus terrificus would have been used for tearing 

carcasses or seize small preys.  

Finally, Roxochampsa paulistanus could have had a more generalist diet (maybe 

durophageous), as evidenced by its posterior molariform teeth that are also observed today in 

alligators and caimans (Pinheiro et al., 2018). On the other hand, bite marks recently found on 

a sauropod epiphysis from the Presidente Prudente Formation (Campanian - Maastrichtian of 

Brazil) could indicate carnivory or necrophagy in itasuchids (Da Costa Pereira et al., 2022). 

C- Mahajangasuchidae Sereno & Larsson, 2009 

There are only two known taxa of mahajangasuchids: Mahajangasuchus insignis Buckey & 

Brochu, 1999 from the Campanian-Maastrichtian Maevarano Formation of Madagascar 

(Buckley & Brochu, 1999; Tuner & Buckley, 2008) and Kaprosuchus saharicus Sereno & 

Larsson, 2009 from the Cenomanian Echkar Formation of Niger (Sereno & Larsson, 2009). 

The first one was originally described on mostly post cranial remains (Buckley & Brochu, 

1999), which were later completed by cranial remains (Turner & Buckley, 2008; Fig. 1.8). The 

occurrence of this taxon corresponds with paleobiogeographical models in which Madagascar 

and Africa were still connected during the Early Cretaceous (Hay et al., 1999). It also provides 

interesting perspectives on the evolution of the crocodylian palate: as this taxon has an 

Eusuchian-style palate (fully pterygoid bound choanae) without being part of Eusuchia, it hints 

to this character being more linked to functional constraints together with the occurrence of 

platyrostry rather than to a phylogenetic signal (Turner & Buckley, 2008).  

Figure 1.8: Skeletal reconstruction of Mahajangasuchus insignis (taken from Turner & Buckley, 2008, fig. 2). 
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The description of Kaprosuchus saharicus allowed to confirm the close links of those taxa, with 

important characters on the cranial, palate and mandibular regions (Sereno & Larsson, 2009). 

Kaprosuchus has sharp-edge hypertrophied caniniform teeth, associated with a retroarticular 

process allowing a rapid opening of the mouth. The fusion of the nasals could also be interpreted 

as an accommodation to a powerful bite. Those characters, along with the lateral orientation of 

the orbits, indicate a terrestrial rather than aquatic predator (Sereno & Larsson, 2009). 

D- Sphagesaurians 

Among notosuchians, sphagesaurians are historically very well-known with the first fossil of 

this clade described, Notosuchus terrestris Woodward, 1896, also being the first ever described 

notosuchian. However, although described in great details with numerous exquisitely preserved 

specimens, a consensus among their intra and inter relationships was only reached quite 

recently, with the proposed clade Sphagesauria Ruiz, Bronzati, Ferreira, Martins, Queiroz, 

Langer & Montefeltro, 2021 (Pinheiro et al., 2021), comprising both the original family 

Sphagesauridae Kuhn, 1968 and a paraphyletic group previously called “advanced 

notosuchians” (Pol et al., 2014).  

The known fossil remains of this clade make it endemic to South America during the Late 

Cretaceous and apart from a taxon in the Turonian - Santonian Cajones Formation in Bolivia 

(Novas et al., 2009; Leardi et al., 2015) and two taxa from the Campanian Los Llanos 

Formation (Fiorelli et al., 2016) and Santonian Bajo de la Carpa Formation (Woodward, 1896; 

Gasparini, 1971; Pol, 2005; Fiorelli & Calvo, 2007; Barrios et al., 2018), most of the 

occurrences are from the Bauru Group of Brazil (Fig. 1.9). At least ten different taxa are found 

in the Campanian - Maastrichtian Adamantina Formation (Price, 1950; Pol, 2003; de 

Vasconcellos & Carvalho, 2005; Nobre & Carvalho, 2006, 2013; Zaher et al., 2006; Nobre et 

al., 2007; Marinho & Carvalho, 2009; Iori & Carvalho, 2009, 2011; Kellner et al., 2011a; Pol 

et al., 2014; Iori et al., 2016, 2018; Martinelli et al., 2018; Cunha et al., 2020), one from the 

Turonian - Campanian Santo Anastácio Formation (Ruiz et al., 2021), one from the Campanian 

Uberaba Formation (Martinelli et al., 2019), one from the Maastrichtian Marilia Formation 

(Kellner et al., 2011b) and one from the Turonian Araçatuba Formation (Pinheiro et al., 2021).  

The relatively high number of specimens has allowed a lot of different paleobiological studies, 

focused on different areas. Using histological proxies, Sena (2017), Sena et al. (2022) and 

Navarro et al. (2023) have showed that Mariliasuchus amarali and Notosuchus terrestris have  
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retained the ancestral moderate growth pattern of archosaurs. The heterodont dentition of those 

organisms has also been extensively studied: for example, Pol (2003), Pol et al. (2014) and Iori 

et al. (2016) infer an herbivorous feeding mode of Sphagesaurus huenei and Caipirasuchus 

through the tooth-tooth occlusion, fore-aft jaw movements and unilateral jaw occlusion pattern 

induced from the wear facets of the teeth. The tooth battery of Caipirasuchus montealtensis, 

together with the concave and ornamented palate, have also been inferred to be the result of an 

herbivorous diet (de Andrade & Bertini, 2008; Fig. 1.10). Fiorelli & Calvo (2008) further 

showed that the specialized dentition (procumbent incisiform and posterior molariform with 

wear facets) and snout morphology (wide central depression of the nasal possibly indicative of 

nasolabial muscles) of Notosuchus terrestris were adapted for an herbivorous diet. The bite of 

Caipirasuchus paulistanus was reconstructed and observed experimentally from the fossil 

remains by Iori & Carvalho (2011) and two regions were observed: the anterior one, in which 

the teeth pierce and seize and the posterior one, where the teeth process the food, inducing a 

propalinal jaw movement. On the other hand, the molariform dentition but without possibility 

of anteroposterior jaw movement of Adamantinasuchus navae could also indicate an adaptation 

to a carnivorous/necrophagous diet (Nobre & Carvalho, 2006). In Morrinhosuchus luziae, Iori 

et al. (2018) infer an omnivorous diet linked with both caniniform teeth with an inferred robust 

bite force and molariform processing teeth. This hypothesis has been further reinforced when 

Nobre et al. (2008) chemically analysed coprolites attributed to Mariliasuchus amarali, 

Figure 1.10: Proposed life reconstruction of Caipirasuchus montealtensis. Top: skull in dorsal and lateral view, 
scale bars are 2 cm. Bottom: restoration of complete specimen. Taken from de Andrade & Bertini (2008; fig. 15). 
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showing the presence of apatite and calcite corresponding to a carnivorous diet (Rodriguez de 

la Rosa et al., 1998) but also potassium that is linked with herbivory and omnivory (Hallgren, 

1987). Indeed, the enamel of Mariliasuchus is truly unique among crocodylomorphs so far, 

with a unique combination of true and false denticles in the same tooth (zipomorph; Augusta & 

Zaher, 2019). This last study further proves that the heterodonty of this taxon is kept in all 

ontogenetic stages. In the histological study of Ricart et al. (2021), the teeth development and 

structure of baurusuchids, Mariliasuchus and a large sphagesaurid were compared. 

Baurusuchids exhibit a thin enamel layer, indicative of a carnivorous diet, whereas the large 

sphagesaurid has much thicker enamel indicative of a more herbivorous diet (Hwang, 2005; 

D’Emic et al., 2013), while Mariliasuchus has an intermediate thickness. Furthermore, enamel 

thickness variation is observed in the large sphagesaurid and the posterior teeth of 

Mariliasuchus but not in the baurusuchids, bringing a further argument to their difference in 

diets (Hwang, 2005; D’Emic et al., 2013). Finally, de Vasconcellos & Carvalho (2005) infer a 

terrestrial lifestyle from the reduced and specialized dental formula of Mariliasuchus amarali. 

This study on an ontogenetic series of this taxon is of particular interest, because it shows a 

thickening of the skull during ontogeny, corresponding to a caudal migration of the 

laterotemporal fenestra and a size increase of the supratemporal fenestra, indicating a stronger 

use of the adductor muscles during feeding in adults, maybe corresponding to different diets 

through the development of the organism and contradicting Augusta & Zaher (2019) 

hypothesis. A definite consensus on the exact ecology throughout ontogeny of Mariliasuchus 

and other sphagesaurians has thus yet to be reached. 

Sphagesaurians were thus not at the top of the food chain, as evidenced in Godoy et al. (2014): 

sphagesaurian remains were found in the stomach of a baurusuchid, a top predator from the 

Adamantina Formation. Iori et al. (2016) hypothesize through the slender limbs of 

Caipirasuchus a cursorial habit, with this form of crocodylomorph relying on speed. The erect 

posture linked with a terrestrial lifestyle of sphagesaurians was also hypothesized through the 

deep acetabulum of Notosuchus terrestris (Pol, 2005), as well as the slender limbs and the 

probable reduction of the dorsal armor of Caipirasuchus mineiri (Martinelli et al., 2018). On 

the other hand, Nobre & Carvalho (2013) attributed a more amphibious lifestyle comparable to 

extant crocodylians to Mariliasuchus amarali, based on the morphology of its ilium and 

acetabular fossa, and robustness of its limb bones, which would be linked to a sprawling rather 

erect posture.  
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Martinelli et al. (2019) described a tetrapod burrow in the Marilia Formation (Brazil) that could 

correspond to the inferred size and habits of a small sized sphagesaurian, such as Labidiosuchus 

amicum, and which would also be linked with the robust forelimb observed in Notosuchus 

terrestris (Fiorelli & Calvo, 2008) and the abrasion pattern of the procumbent incisiform of 

Mariliasuchus amarali (Nobre et al., 2008). This hypothesis, although interesting, will have to 

be evidenced deeper.   

Recently, Dias et al. (2020) have shown the presence of a pterygoid chamber in Caipirasuchus 

which they link to an enhanced vocalization ability (similarly to the pterygoid bulla of the extant 

Gavialis gangeticus; Martin & Bellairs, 1997), and perhaps sociality, as evidenced by other 

observations of egg clutches in association with Yacarerani (Novas et al., 2009).  

E- Sebecidae Savage, 1951 

Sebecids form a family of notosuchians that has been known since almost a century (Astre, 

1931; Simpson, 1937; Colbert, 1946a; Rusconi, 1946). It is mostly known from the Paleogene 

of South America (Simpson, 1937; Colbert, 1946a; Langston, 1965; Buffetaut & Hoffstetter, 

1977; Gasparini, 1984; Busbey, 1986; Buffetaut & Marshall, 1992; Gasparini et al., 1993; 

Paolillo & Linares, 2007; Pol & Powell, 2011; Pol et al., 2012; Kellner et al., 2014; Bravo et 

al., 2021) and Europe (Astre, 1931; Antunes, 1975, 1986; Ortega et al., 1996; Rossmann et al., 

2000; Ortega, 2004; Martin, 2014, 2016; Martin et al., 2023). Eremosuchus elkoholicus was 

also reported from the Eocene of Algeria (Buffetaut, 1982a, 1989) but is quite fragmentary and 

in need of a reassessment, together with a partial dentary from the Eocene Birket Qarun 

Formation in Egypt (Stefanic et al., 2019). Finally, there is also a recent report of a sebecid 

from the Maastrichtian of Spain (Sellés et al., 2020), which is very interesting because it implies 

that this family survived through the Cretaceous/Paleogene biological crisis and allows to ask 

the following question: why and how did these organisms survived through the crisis, whereas 

others with a similar inferred ecology (such as non-avian dinosaurs) did not? 

This last occurrence also reopens another debate which is about the origin and 

paleobiogeographical history of Sebecidae. This family probably originated from 

sebecosuchians common ancestors that have dispersed in Gondwana in the Jurassic 

(Razanandrongobe sakalavae; Maganuco et al., 2006; Dal Sasso et al., 2017) and evolved 

independently in South America and Europe after the splitting of the two continents (Sellés et 

al., 2020), the European forms being linked to the reports from Africa following the 

Eurogondwana model (migration of some Gondwanan groups to Late Cretaceous archipelagos 
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via intermittent land bridges; Ezcurra & Agnolin, 2012; Csiki-Sava et al., 2015; Rabi & Sebök, 

2015). Whether the close phylogenetic affinities of the South American and African/European 

forms are the result of an ecomorphological convergence or can be confirmed (Buffetaut, 

1982a, b; Sellés et al., 2020; Martin et al., 2023) will hopefully be answered by a better 

knowledge of the African forms and sampling of the African Cretaceous strata. 

The lifestyle of sebecids has been extensively studied: terrestriality was inferred once again 

from the long and slender limbs, the lateral compression of the snout with lateral orbits and 

anteriorly directed external nares, the powerful femur and development of the fourth trochanter 

and the ziphodont teeth reminiscent of those of terrestrial non-avian theropods (Gasparini, 1984, 

Buffetaut, 1986, 1989; Gasparini et al., 1993; Rossmann et al., 2000; Pol et al., 2012; Sellés et 

al., 2020). From the altirostral morphology of the skull of Sebecus huilensis Langston, 1965, 

Busbey (1986) further inferred a hypothetic ambush behavior of sebecids, based on comparison 

with the extant Varanus komodoensis Ouwens, 1912, the strongly bent pterygoid allowing a 

rapid closure of the mouth and a powerful bite (Gasparini et al., 1993). This interpretation is 

also supported by the detailed jaw musculature studies of Colbert (1946a) and Molnar (2012) 

on the skull of Sebecus icaeorhinus Simpson, 1937 which infer more powerful jaw adductors 

and a greater mandibular gape (Fig. 1.11). Finally, Bravo et al. (2022) recently showed that the 

morphological disparity of the palatal region of sebecids is higher than in any other notosuchian 

group, which these authors put into perspective with the diet of those organisms: as they exhibit 

palatal conformations between those of sphagesaurians (some of them inferred to be 

herbivorous; Pol, 2003; Fiorelli & Calvo, 2008; Pol et al., 2014; Iori et al., 2016; Ricart et al., 

2021) and baurusuchids (hyper carnivorous; Montefeltro et al., 2020), sebecids would have had 

a carnivorous to omnivorous diet.  

F- Baurusuchidae Price, 1945 

Like sphagesaurians, baurusuchids are known exclusively from the Late Cretaceous of South 

America. At least nine taxa have been found in the Bauru group in Brazil (Price, 1945; Manzini 

et al., 1996; Campos et al., 2001; Riff, 2003; de Vasconcellos et al., 2004; Carvalho et al., 

2005, 2011a,b; Pinheiro et al., 2008; Montefeltro et al., 2011; Nascimento & Zaher, 2010, 2011; 

Geroto & Bertini, 2012; Marinho et al., 2013; Godoy, 2014; Godoy et al., 2014, 2016; Cotts et 

al., 2017; Darlim et al., 2021a,b; Martins, 2021; dos Santos et al., 2022) and two from the Bajo 

de La Carpa Formation, Argentina (Woodward, 1896; Martinelli & Pais, 2008; Leardi et al., 

2018). 
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The terrestrial lifestyle of baurusuchids has been inferred from multiple observations, mainly 

on the skull shape (combined with increased skull resistance during biting; Carvalho et al., 

2005; Marinho et al., 2013; Montefeltro et al., 2020) and position of the external nares and 

orbits (Riff, 2003). The ornamentation of the supraoccipital in Stratiotosuchus maxhechti has 

been linked with a developed nuchal musculature to support the head weight without the 

mitigation brought by water (Riff, 2003). In Baurusuchus, the close articulation of the dorsal 

vertebrae hinting at a robust and rigid dorsal spine, the high and expanded dorsal and sacral 

neural spines related to peculiar muscle attachment, the long and straight limb bones with a 

pronounced fourth trochanter on the femur, the peculiar deltopectoral crest on the humerus, the 

reduced space between the ulna and the radius, the laterally developed supraacetabular crest, 

the well-developed tarsal bones and the light exoskeleton, all point to a limb-driven, erect and 

terrestrial locomotion (de Vasconcellos et al., 2007; Nascimento & Zaher, 2010; Riff & Kellner, 

2011; Godoy et al., 2016; Cotts et al., 2017). The surprising absence of osteoderms in 

Figure 1.11: Jaw musculatures of Crocodylus niloticus (a) and Sebecus icaeorhinus (b). AMEP: adductor 
mandibulae externus profundus, AMESM: adductor mandibulae externus superficialis et medialis, AMP: 
adductor mandibulae posterior, CT: cartilago transiliens, DM: depressor mandibulae, I: pars intramandibularis, 
PA: pterygoideus dorsalis, PP: pterygoideus ventralis, PST: pesudotemporalis. Not to scale. Modified from Molnar 
(2012, fig. 15).  
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Pissarachampsa sera Montefeltro, Larsson & Langer, 2011 could represent a case of extreme 

adaptation to a terrestrial locomotion, where those structures are no longer needed to support 

the body; however, the potential impact of taphonomic processes cannot be ruled out (Godoy 

et al., 2016; Montefeltro, 2019). Nevertheless, the dermal armour conformation in baurusuchids 

is, with unsutured medial osteoderms and a cervicodorsal gap, and warrants future phylogenetic 

and/or ecological assessments (Montefeltro, 2019). Finally, a recent histological study of 

Stratiotosuchus maxhechti Campos, Suarez, Riff & Kellner, 2001, hints at the fast growth of 

this taxon, with a microstructure similar to those of theropods (de Andrade et al., 2023). 

Baurusuchids are inferred to be apex predators. In this regard, their serrated carinae would have 

acted as lethal blades delivering powerful bites (Riff, 2003; Carvalho et al., 2005; Pinheiro et 

al., 2008; Marinho et al., 2013), while their robust and curved claws would be related to prey 

gripping (de Vasconcellos et al., 2004). The size, orientation, and robustness of the pterygoid 

wings, as well as the enlarged supratemporal fenestrae, are, like in sebecids, indicative of a 

powerful and prolonged bite (Pinheiro et al., 2008). Definitive evidence came when Godoy et 

al. (2014) observed sphagesaurian remains in the abdominal cavity of Aplestosuchus sordidus 

Godoy, Montefeltro, Norell & Langer, 2014: baurusuchids were thus part of a complex food 

web (Fig. 1.12). Furthermore, coprolites referred to baurusuchids contain bone fragments, once 

again corroborating their carnivorous diet compared to contemporaneous sphagesaurians (de 

Oliveira et al., 2021). However, de Vasconcellos et al. (2008) and de Vasconcellos & Carvalho 

(2010) report on possible gastroliths found in association with baurusuchids remains, which is 

not in line with a carnivorous diet and are used nowadays by extant crocodylians to increase 

diving duration (Uriona et al., 2019). Bite marks on the tail of Baurusuchus pachecoi were even 

Figure 1.12: Inferred food web reconstruction of the ecosystem from the Adamantina Formation (Brazil) during 
the Late Cretaceous. The red arrow relates to the direct observation of the predatory habits of Aplestosuchus 
sordidus on a sphagesaurian (Godoy et al., 2014). Modified from Godoy et al. (2014; fig. 10). 



Chapter 1 

25 
 

attributed to individuals from the same species, as part of a male-to-male competition (de 

Vasconcellos & Carvalho, 2010).The hypothesis of baurusuchids (and sebecosuchians in 

general) being in competition with large non-avian theropods in South America during the Late 

Cretaceous has been extensively put forward (Gasparini et al., 1993; Carvalho et al., 2005; 

Marinho et al., 2013), based notably on their similarities in term of pelvic and limb anatomy 

(Riff & Kellner, 2011). This approach needs to be nuanced, as taphonomic and time averaging 

processes must also be considered, thus the apparent overabundance of crocodyliforms might 

indeed be a preservation artifact (Aráujo Jùnior & Marinho, 2013; Bandeira et al., 2018; de 

Celis et al., 2021; de Andrade et al., 2023).   

From a developmental point of view, a recent histological study showed that baurusuchids 

alternated between periods of fast and slow growth, possibly correlated to seasonal changes and 

resources availibility (Marchetti et al., 2022), while osteoderm structure indicate an overlying 

thick layer of skin with impact for thermoregulation strategies (Sena et al., 2023). 

G- Other forms 

Some notosuchians cannot be attributed to specific groups, because of peculiar characteristics 

or the limited number of remains assigned to them. In the first case, an interesting clade is the 

taxa assigned to Candidodontidae Carvalho, Ribeiro & Avilla, 2004 from the Early to ‘middle’ 

Cretaceous of Africa (Clark et al., 1989; Gomani, 1997; O’Connor et al., 2010; Martin & de 

Lapparent de Broin, 2016) and Brazil (Carvalho, 1994; Nobre, 2004; Santos et al., 2011; Santos, 

2014), representative of the Gondwanan affinities of notosuchians before the opening of the 

South Atlantic Ocean. The extremely diversified dentition of those small organisms has led to 

infer an omnivorous diet (Ösi, 2014) in a quite similar way to some sphagesaurians, with the 

ability of a fore and aft jaw movement (Clark et al., 1989; Gomani, 1997; O’Connor et al., 

2010; Santos et al., 2011; Ösi, 2014). Martin & de Lapparent de Broin (2016) infer that 

Lavocatchampsa sigogneaurussellae Martin & de Lapparent de Broin, 2016 fed on abrasive 

materials (maybe insects), based on the extreme abrasion of some of its teeth. An erect posture 

was further inferred from the limb bones, cervical and calcaneal anatomy of Malawisuchus 

mwakasyungutiensis Gomani, 1997 and Candidodon itapecuruense Carvalho & Campos, 1988 

(Gomani, 1997; Santos, 2014).  

Another interesting taxon is Simosuchus clarki Buckley, Brochu, Krause & Pol, 2000 from the 

Maastrichtian of Madagascar: the high number of specimens assigned to this taxon allows to 

infer with high confidence an herbivorous diet and a terrestrial lifestyle, through its head 
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posture, peculiar dentition, and mandibular conformation (Kley et al., 2010). Simosuchus 

further possessed appendicular osteoderms and a developed dorsal and ventral armour, further 

indicating its non-aquatic habits and making it similar to armadillos (Hill, 2010; Fig. 1.13).  

The second case highlights taxa such as Doratodon Seeley, 1881 from the Campanian of Europe 

or Pehuenchesuchus Turner & Calvo, 2005 from the Turonian - Coniacian of Argentina, which 

could be allied to Sebecidae but lacks anatomical data to do so (Bunzel, 1871; Company et al., 

2005; Turner & Calvo, 2005; Rabi & Sebök, 2015; Filippi et al., 2021), hinting at a possible 

greater diversity than observed and having important paleobiogeographical implications (Rabi 

& Sebök, 2015). Similarly, Chimaerasuchus Wu, Sues & Sun, 1995 and Wanosuchus Zhang, 

1981 (Zhang, 1981; Wu et al., 1995; Wu & Sues, 1996b) could represent notosuchian remains 

in Asia during the Cretaceous-Paleocene with similar habits to candidodontids (Wu & Sues, 

1996b), but those reports must be confirmed by more better-preserved material. Pabweshi 

pakistanensis Wilson, Malkani & Gingerich, 2001 from the Maastrichtian Pab Formation 

(Wilson et al., 2001) could also be related to baurusuchids but its remains are very scarce. 

IV- Neosuchians 

Neosuchia Benton & Clark, 1988 forms a very widespread clade of crocodylomorphs that are 

all more closely related to extant crocodylians than to notosuchians. They are known since the 

Early Jurassic, with the occurrence of Calsoyasuchus valliceps Tykoski, Rowe, Ketcham & 

Colbert, 2002 (Kayenta Formation, United States). Here, as in notosuchians, I will go into more 

details in several families that constitute this clade, as some of them display adaptations for a 

terrestrial lifestyle. 

 

Figure 1.13: Reconstruction of Simosuchus clarki in lateral view. Light blue: nuchal and paravertebral shield, light 
green: caudal shield, purple: accessory dorsal shield, red: femoral osteoderms, dark blue: tibiofibular and humeral 
osteoderms, orange: radioulnar osteoderms, yellow: gastral shield. Scale bar is 10 cm. Modified from Hill (2010, 
fig. 1). 
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a- Atoposauridae Gervais, 1871 

Atoposaurids are little crocodylomorphs that are known exclusively from the Jurassic and 

Cretaceous of Europe (Buffetaut, 1983; Buscalioni & Sanz, 1990; Brinkmann, 1992; Schwarz 

& Salisbury, 2005; Karl et al., 2006; Martin et al., 2010, 2014a; Tennant & Mannion, 2014; 

Tennant et al., 2016; Young et al., 2016b; Schwarz et al., 2017; Venczel & Codrea, 2019; 

Eijkelboom, 2020) and Southeast Asia (Lauprasert et al., 2011). Brillanceausuchus 

babouriensis Michard, de Lapparent de Broin, Brunet & Hell, 1990 from the Late Cretaceous 

of Cameroon and Theriosuchus morrisonensis Foster, 2018 from the Late Jurassic of the United 

States could also be atoposaurids, although their phylogenetic relationships are highly debated 

and the specimens are in need of a reassessment (Tennant et al., 2016). This is also the case for 

the remains attributed to cf. Theriosuchus sp. from the Early Cretaceous of China (Wu et al., 

1996a). Furthermore, numerous microremains and teeth have been assigned to Atoposauridae 

throughout Europe (Cuny et al., 1991; Kriwet et al., 1997; Thies et al., 1997; Pouech et al., 

2006, 2014; Schwarz et al., 2009; Néraudeau et al., 2012; Knoll et al., 2013; Vullo et al., 2014; 

Allain et al., 2022), Southeast Asia (Cuny et al., 2010), Africa (Haddoumi et al., 2016; Lasseron 

et al., 2020) and North America (Fiorillo, 1999), but those will also have to be confirmed by 

more complete remains.  

The diet of atoposaurids has been inferred from their dentition and analogies with modern 

lizards and iguanas. Since these latter display various diets, paleoecological interpretations have 

been equally various. In the study of Sabresuchus ibericus Brinkmann, 1989, Brinkmann (1991) 

highlights that this organism may have been specialized in eating small vertebrates because of 

its lacertiform dentition, as do Schwarz & Salisbury (2005) and Schwarz et al. (2017) due to its 

small size. Buscalioni & Sanz (1990) assumed an entomophagous diet for Theriosuchus Owen, 

1878, due to the similarity in dentition with iguanas, while Brinkmann (1992) proposed an 

herbivorous diet, although there are no signs of fore-aft jaw movements in the fossils. Thies et 

al. (1997) infer a piscivorous diet through comparisons with the dentition of fossil fishes and 

close occurrences of the two groups in fossil deposits.  

Following their inferred diet, Brinkmann (1992) also proposes a terrestrially oriented lifestyle 

for Theriosuchus, in association with a large palpebral bone that is also found in the extant 

genus Paleosuchus Gray, 1862, one of the most terrestrially adapted extant crocodile (Campos 

& Magnusson, 2013). Although numerous skeletons are well known (Fig. 1.14), no detailed 

locomotor studies have been published, apart from the work of Eijkelboom (2020), which   
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observes that the limb bones of Knoetschkesuchus guimarotae Schwarz & Salisbury, 2005 fall 

into the values of similar semi-aquatic taxa (Rooney, 2018). 

b- Paralligatoridae Konzhukova, 1954 

Paralligatorids are also small neosuchians but have been mostly known and better described 

since the beginning of the 21st century. They are found exclusively in Asia (Efimov, 1975; Wu 

et al., 2001; Pol et al., 2009; Turner, 2015; Kuzmin et al., 2019; Rummy et al., 2022) and North 

America (Adams, 2014, 2019; Noto et al., 2020; Noto, 2022). Batrachomimus pastosbonensis 

Montefeltro, Larsson, França & Langer, 2013 from the Late Jurassic of Brazil (Montefeltro et 

Figure 1.14: Skeleton of Alligatorellus beaumonti (MNHN 15639) in dorsolateral view. Top: line drawing, bottom: 
photograph, scale bar is 1 cm. Modified from Tennant & Mannion (2014; fig. 3). 
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al., 2013) would drastically extend the stratigraphic and geographic range of Paralligatoridae, 

but this occurrence is controversial and in need of a reassessment (Hester et al., 2016).  

Paralligatorids and atoposaurids are either assumed to be sister taxa (Turner, 2015; Turner & 

Pritchard, 2015; Tennant et al., 2016; Schwarz et al., 2017; Leite & Fortier, 2018; Venczel & 

Codrea, 2019; Noto et al., 2020) or more distantly related with atoposaurids at the base of 

Neosuchia (Pol et al., 2009; Martin et al., 2010, 2020a; Adams, 2014), although this is probably 

the result of conflicting datasets being used repeatedly (for example, both results are found with 

two different datasets in Kuzmin et al., 2019). As the remains associated with this clade are 

mostly incomplete, paleoecological interpretations have been scarce. Adams (2019) infers a 

terrestrial lifestyle for Tarsomordeo winkleri Adams, 2019 based on its straight and gracile limb 

bones, compatible with an erect posture (Fig. 1.15). The feeding strategy of Scolomastax 

sahlsteini Noto, Drumheller, Adams & Turner, 2020 is inferred to have relied on an 

omnivorous/durophageous diet corresponding with its heterodont dentition and inferred 

enlarged adductor musculature (Noto et al., 2020; Noto, 2022). Those interpretations need to 

be better supported and broadened to other paralligatorid taxa.     

c- Eusuchians 

Eusuchia Huxley, 1875 is a wide clade comprising extant crocodiles (Alligatoridae, Gavialidae 

and Crocodylidae), as well as numerous fossils forms, with debated phylogenetic relationships 

and origin (Salisbury et al., 2006; Turner & Pritchard, 2015; Tennant et al., 2016; Leite & 

Fortier, 2018; Montefeltro et al., 2019; Martin et al., 2020a). Some of those fossil forms could 

exhibit adaptations to a terrestrial lifestyle. 

1- Crocodylia Owen, 1842 

Among the clade Crocodylia, a specimen from the phosphorites of Quercy (Eocene, France; de 

Stefano, 1905; Kälin, 1939; Rauhe, 1990; Brochu, 2004) is of particular interest. Arambourgia 

Figure 1.15: Reconstruction of Tarsomordeo winkleri, scale bar is 10 cm. Taken from Adams (2019; fig. 11). 
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gaudryi de Stefano, 1905, an inferred alligatoroid consists of a single altirostral specimen (Fig. 

1.16) and could thus exhibit adaptations to a terrestrial lifestyle. However, it is in serious need 

of a reassessment.  

2- Mekosuchinae Balouet & Buffetaut, 1987 

Mekosuchins form a recently reviewed group (Ristevski et al., 2023b), are endemic to 

Australasia and are found in deposits dated from the Eocene (Willis et al., 1993; Salisbury & 

Willis, 1996; Holt et al., 2005; Buchanan, 2008, 2009) to the Holocene (Balouet & Buffetaut, 

1987; Mead et al., 2002). They are known in mainland Australia (Molnar, 1981,                        

1982; Willis et al., 1990, 1993; Willis, 1993; Megirian et al., 1991; Willis & Molnar, 1991; 

Megirian, 1994; Willis & Mackness, 1996; Salisbury & Willis, 1996; Holt et al., 2005; 

Buchanan, 2008, 2009; Stein et al., 2015, 2016; Yates, 2017; Yates & Pledge, 2017; Ristevski 

et al., 2020, 2023a) but also from New Caledonia (Balouet & Buffetaut, 1987), Fiji (Molnar et 

al., 2002) and Vanuatu (Mead et al., 2002) . 

This groups represents taxa with diverse inferred ecologies (Willis, 1997) with different snout 

morphologies and dentition (Fig. 1.17). Balouet & Buffetaut (1987) suggest that the position of 

the external nares, the short rostrum, and the morphology of the post cranium of Mekosuchus 

Figure 1.16: Skull of Arambourgia gaudryi (MNHN QU17155) from the Eocene of Quercy. A: dorsal view, B: 
posterior view, C: lateral view, D: ventral view. Scale bar is 5 cm. 
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inexpectatus Balouet & Buffetaut, 1987 correspond to a terrestrial lifestyle. Willis (1993) also 

observes that the neck musculature in Trilophosuchus rackhami Willis, 1993 implies that the 

cervical vertebrae were positioned more ventrally that in extant crocodylians and provided a 

greater role of the lateral flexion of the head, corresponding with a terrestrial erect posture and 

a specialized feeding strategy. The lack of torsion of the humeri of Kambara Willis, Molnar & 

Scanlon, 1993 specimens compared to extant forms, as well as the differences in condyles 

morphology imply a different resistance to mechanical stress, compatible with both a terrestrial 

or semi-aquatic with enhanced paraxial swimming lifestyle, according to Stein et al. (2012). 

Further specimens of Mekosuchus whitehunterensis Willis, 1997 also indicate an enlarged 

epaxial musculature, facilitating de-fleshing or scavenging in a terrestrial context (Stein et al., 

2016). Stein et al. (2017) observe that the pelvic and pectoral girdles of forms related to 

Quinkana Molnar, 1982 are adapted for an erect, terrestrial lifestyle, notably through the 

enclosed and ventrally oriented acetabulum in the ilium. Those observations were then 

confirmed through a geometric morphometric approach coupled with a finite element analysis, 

clustering mekosuchins forms adapted to a terrestrial lifestyle away from more generalist forms 

(Stein et al., 2020). However, Wroe (2002) disagrees with those hypotheses, pointing out 

methodological issues in estimating body sizes, the lack of postcranial data and the competition 

with large terrestrial mammals and birds. Buchanan (2008) further points out that the 

postcranial anatomy of Kambara taraina Buchanan, 2009 does not show the specializations 

that other inferred terrestrial taxa display, especially regarding the ilium, femur, fibula, tibia 

Figure 1.17: Reconstruction of the skull of Quinkana timara. Top left: preserved parts of the skull, top right and 
bottom: reconstructions. Scale bar is 5 cm. Modified from Megirian (1994, fig. 4).
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and astragalus morphology (Parrish, 1987), and rather attributes a generalized lifestyle to this 

taxon.  

In terms of diet, Kambara taraina could have been a chelonivour, based on taphonomic 

evidence of contemporaneous turtle remains (Buchanan, 2008). On the other hand, Stein et al. 

(2016) put forward a generalist diet for Ultrastenos willisi Stein, Hand & Archer, 2016, based 

on its longirostral morphology.  

3- Planocraniidae Li, 1976 

Planocraniids constitute a clade of crocodylomorphs with ziphodont dentition whose systematic 

and taxonomic content has been recently reassessed in Brochu (2012). It now comprises only 

three genera: Boverisuchus, Kuhn, 1938 from the Eocene of Europe and North America 

(Troxell, 1925; Kuhn, 1938; Langston, 1975; Brochu, 2012), Planocrania Li, 1976 from the 

Paleocene of China (Li, 1976, 1984) and Duerosuchus Santiago & Andrés, 2009 (Santiago & 

Andrés, 2009; Narváez et al., 2021). There may also be the presence of other taxa in those three 

continents, but those need to be confirmed or reassessed (Sacco, 1896; Buffetaut, 1985b; 

Efimov, 1988, 1993; Rauhe & Rossmann, 1995; Rossmann, 1998; Zonneveld et al., 2000; Blas 

et al., 2004; Kotsakis et al., 2004; Brochu, 2012; Venczel et al., 2021). 

Nothing much is known of their paleoecology, apart from their ziphodont dentition, that could 

be related to the slicing of flesh, as in the extant Komodo monitor (Varanus komodoensis; 

D’Amore & Blumenschine, 2009).  

V- Aquatic forms 

Here, I also present crocodylomorphs that are fully adapted to an aquatic lifestyle, as they will 

be widely used as comparisons for assessing terrestriality throughout this thesis. 

a- Thalattosuchians 

Thalattosuchians were already described in the early works of Cuvier, Geoffroy Saint-Hilaire, 

and Eudes-Deslongchamps (father and son) on the French coastlines of the Channel (Cuvier, 

1800, 1808, 1824; Geoffroy Saint-Hilaire, 1825, 1831; Eudes-Deslongchamps & Blainville, 

1853; Eudes-Deslongchamps, 1849, 1866, 1867-1869, 1868a, b, c, 1869, 1870, 1896). As such, 

those organisms are wildly known and described from Jurassic and Cretaceous deposits from 

all over the world (see Young et al., 2021; Wilberg et al., 2022 for recent reviews). 

Thalattosuchia phylogenetic position within Crocodylomorpha, intra-group phylogeny and 
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taxonomy are quite complex and still not fully understood, with many studies published in the 

last two decades tackling difficulties such as redescription of centuries old taxa, sometimes 

erected on non-diagnostic characters, missing holotypes, ontogenetic variation, but also 

application of the International Code of Zoological Nomenclature (Gasparini et al., 2000, 2008; 

Mueller-Töwe, 2005, 2006a; Pierce & Benton, 2006; Wilkinson et al., 2008; Jouve, 2009; Pol 

& Gasparini, 2009; Young & de Andrade, 2009; de Andrade et al., 2010; Young et al., 2010, 

2012a, 2014a, b, 2015a, b, 2021; Cau & Fanti, 2011; Martin & Vincent, 2013; Cau, 2014, 2019; 

Young, 2014; Herrera et al., 2015; Martin et al., 2015a; Wilberg, 2015a; Barrientos-Lara et al., 

2016; Foffa et al., 2018b ; Johnson et al., 2018, 2019, 2020a, b, 2022a; Foffa et al., 2019; 

Johnson, 2019; Sachs et al., 2019, 2020, 2021; Hua, 2020; Hua et al., 2021; Le Mort et al., 

2022; Wilberg et al., 2022).  

Thalattosuchians were adapted to life in the aquatic realm, with two families that coexisted: 

Teleosauridae Geoffroy Saint-Hilaire, 1831 and Metriorhynchidae Fitzinger, 1843 that were 

both adapted to different environments. Although they were mostly longirostrine organisms, 

their skull morphology is unique and non-comparable to other longirostrine clades in 

Crocodylomorpha and well-distinguishable in terms of evolutionary rate (Pierce et al., 2009; 

Ballel et al., 2019). They could even have had a specific thermoregulation strategy, assessed 

through geochemistry (Séon et al., 2020) and computed tomography scans (Young et al., 2023). 

Metriorhynchids possessed salt glands (Fernández & Gasparini, 2000, 2008; Gandola et al., 

2006; Buchy et al., 2007; Herrera et al., 2013b), a uniform skin type (Spindler et al., 2021) and 

likely hunted small invertebrates and fishes, as evidenced by the stomachal content of 

Metriorhynchus von Meyer, 1830 (Hua & Buffetaut, 1997; Walker & Brett, 2002). However, 

detailed biomechanical, body size, dentition and niche partitioning studies show that, in fact, 

different taxa of metriorhynchids were probably adapted to different diets and lifestyles, with 

associated snout length and dentition (Wilkinson et al., 2008; de Andrade et al., 2010; Young 

et al., 2010, 2011a, b, 2012b, 2014b, c, d, 2020b; Cau & Fanti, 2011; Buchy et al., 2013; Foffa 

& Young, 2014; Waskow et al., 2018; Foffa et al., 2018a, b; Madzia et al., 2021; Sachs et al., 

2021). Some taxa are even hypothesized to have had the ability to scavenge on the sea floor 

(Forrest, 2003; Le Mort, 2019) or suction-feed (Young et al., 2012a). These hypotheses are 

associated with a cranial musculature adapted for a quick closure of the mouth, with inferred 

elongated muscles (Buchy, 2008). This group of organisms also displays a progressive 

reduction of the dorsal armour and the fore limbs (forming flippers), with a hypocercal caudal 

fin sometimes developed (Hua & Buffrénil, 1996; Caldwell, 2002; Herrera et al., 2013a; Ösi et 
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al., 2018), progressively posteriorly displaced external nares (Hua et al., 2000; Young et al., 

2020a), and ‘smooth’ dermatocranium to reduce drag (Young et al., 2013a), making them 

adapted to swimming in open sea (Fig. 1.18). Histologically, the long bones of metriorhynchids 

are relatively lighter, which brings further evidence to their fully aquatic adaptation (Talevi et 

al., 2016). Finally, the ventrally deflected sacral ribs and reduced pelvic girdle of 

metriorhynchids could be evidences of viviparity, whereas their oviparity laying eggs out the 

water seems less probable (Herrera et al., 2017). 

This comes in contrast with teleosaurids that could probably lived in more diverse environments 

(Buffetaut & Thierry, 1977; Wilkinson et al., 2008; Wilberg, 2015b; Le Mort, 2019; Fig. 1.19). 

Teleosaurids, based on their reconstructed jaw musculature, had a slightly higher bite force 

compared to similar extant longirostrine taxa and a dentition adapted to piscivory, like Gavialis 

gangeticus Gmelin, 1789 (Mueller-Töwe, 2006a, b). Similar habits are also inferred between 

teleosaurids and Gavialis gangeticus based on comparison of the integument (Spindler et al., 

2021) but also because of the anterodorsal position of the orbit, making it possible to stalk preys 

situated above in the water column (Mueller-Töwe, 2006); remains of fishes were also found 

in the stomachal contents of Pelagosaurus Bronn, 1841 (Pierce & Benton, 2006). However, 

some taxa also display a denticulated dentition, which might indicate a diet directed towards 

flesh slicing (Young et al., 2013b). In a recent study, Johnson et al. (2022b) showed that the 

ecomorphological range of teleosaurids was indeed more diversified than previously thought, 

although it remains less diverse than in metriorhynchids. More generally, their body shape and 

flexibility are very similar to extant crocodiles, although slight differences exist, between 

Steneosaurus and Pelagosaurus for example (Mueller-Töwe, 2006; Pierce & Benton, 2006). 

Their locomotion was based mostly on lateral tail undulation (Frey, 1988), as they could reach, 

as metriorhynchids, large sizes (Johnson et al., 2015, 2018; Young et al., 2016a). Some taxa 

Figure 1.18: Life reconstruction of Dakosaurus maximus Plieninger, 1846, a metriorhynchid from the Late 
Jurassic. Drawing by Dmitry Bogdanov (modified from de Andrade et al., 2010, fig. 4). 
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were probably more adapted to a pelagic lifestyle based on their reduced ornamentation and 

reduced limbs and recovery in deep-water sediments (Foffa et al., 2019), although others, like 

Platysuchus Westphal, 1961, exhibit a curved lateral femoral head and a well-developed iliac 

crest better suited for terrestrial locomotion (Mueller-Töwe, 2006). Little is known about the 

reproductive habits of teleosaurids, and it could either be an egg laying process or a viviparous 

behaviour (Mueller-Töwe, 2006). 

As thalattosuchians were mainly marine organisms, they were probably more sensitive to 

transgressive-regressive phases and changes in marine ecosystem composition, which could be 

the reasons why they went extinct during the Cretaceous (Young et al., 2010), but the two 

families could possibly have disappeared at a different time and for different reasons (Young 

et al., 2014a). 

 

 

Figure 1.19: Skeletal reconstruction of Early Jurassic teleosaurids. Top: Platysuchus multicrobiculatus 
Berckhemer, 1929, bottom: ‘Steneosaurus’ bollensis Cuvier, 1824. From Mueller-Töwe (2006b; fig. 3.24 & 8.9). 
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b- Dyrosauridae de Stefano, 1903 

Dyrosaurids form a clade of mostly exclusively aquatic crocodylomorphs, which thrived during 

the Late Cretaceous (Lamanna et al., 2004; Salih et al., 2022) to Early Paleogene (Jouve, 2005; 

Jouve et al., 2006; Amoudji et al., 2021). As such, they represent one of the few lineages of 

crocodiles to survive the Cretaceous/Paleogene biological crisis. They are known exclusively 

from North America (Denton et al., 1997; Schwarz et al., 2006; Jouve, 2007; Souza et al., 

2020b); South America (Barbosa et al., 2008; Hastings et al., 2010, 2011, 2015; Shiller et al., 

2016; Sena et al., 2017; Jouve et al., 2020; Scavezzoni & Fisher, 2021) and Africa (Buffetaut, 

1976b, 1979; Brochu et al., 2002; Jouve & Schwarz, 2004; Jouve, 2005; Jouve et al., 2005, 

2006, 2008; Schwarz et al., 2006; Jouve, 2007; Hill et al., 2008; Amoudji et al., 2021; Salih et 

al., 2022). There are also reports from Asia, but those are quite scarce and difficult to identify 

(Storrs, 1986; Rana & Sati, 2000; Khosla et al., 2009; Smith et al., 2016). This repartition could 

be explained by an adaptation to a slightly different climate between the Gondwanan and 

Laurasian landmasses dominated by dyrosaurids and gavialoids respectively, as well as a 

marine diversification of dyrosaurids subsequently to the Cretaceous/Paleogene biological 

crisis (Jouve, 2021). 

Dyrosaurids have orbits located more laterally than dorsally, a long and flattened tail (numerous 

high caudal neural spines), an elongate and narrow snout with numerous homodont teeth and a 

light dorsal armour, which make them adapted to the marine environment (Denton et al., 1997; 

Schwarz et al., 2006; Fig. 1.20). The morphology of the ribs, femur and pelvis provides 

expanded musculature for active swimming, while differences in ischium conformation might 

indicate adaptation to fluvial to terrestrial settings in South American dyrosaurids (Hastings et 

al., 2011). This is also evidenced by recent histological studies that observe an open medullary 

cavity and the absence of microstructure specializations into the long bones of dyrosaurids, 

linked with a near-shore marine ambush predator lifestyle (de Andrade & Sayão, 2014; 

Pellegrini et al., 2021).  

Furthermore, their limbs and large transverse processes do not seem adapted for deep 

swimming, contrary to what is seen in thalattosuchians for example, but could have allowed 

part-time access to semi-aquatic environments, probably for reproduction (Denton et al., 1997; 

Scavezzoni & Fisher, 2021). In terms of feeding, the inferred enlarged mandibular muscles and 

observed longer retroarticular process of dyrosaurids induce a quicker and more forceful 

contraction and enhanced capability of movement in the vertical plane (Schwarz, 2014), 
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corresponding to a fish oriented. Gastroliths are found associated with some dyrosaurid 

skeletons, but their use as ballast is controversial (Denton et al., 1997; Martin et al., 2019) and 

there is also evidence of aggressive behaviors between individuals (Martin, 2013).   

VI- Conclusions and perspectives 

As notified throughout this chapter, crocodylomorphs are not living fossils, and, during their 

evolutionary history, they have developed numerous adaptations to drastically different 

environments. The primitive lifestyle of the clade seems to have been a terrestrial one, with 

adaptations to semi-aquatic and completely aquatic environments occurring as derived states, 

with a lot of lineages retaining this ‘primitive’ terrestrial lifestyle, even in ‘advanced’ 

neosuchians.  

However, one must keep in mind that the inferences made above, however strong they might 

seem, remain hypothetical, and the reality was probably much more complex. The shift from 

the terrestrial to the aquatic realm (and vice-versa) is a long process and requires several 

adaptations, that are acquired throughout numerous generations. At some point in their 

evolutionary history, crocodylomorphs lineages must have exhibited lifestyle that were not 

simply fully terrestrial, semi-aquatic or fully aquatic, but rather a mix with subsequent 

adaptations (Wilberg et al., 2019). A good example is the one of extant genera Paleosuchus and 

Osteolaemus Cope, 1860 on one hand, and Gavialis Oppel, 1811 on the other hand. The first 

Figure 1.20: Postcranial reconstructions of dyrosaurids. A: cf. Rhabdognathus Swinton, 1930 (Langston, 1995); 
B: generalized dyrosaurid (Hua, 1997); C: Congosaurus bequaerti Dollo, 1914 (Schwarz, 2003). Scale bar is 0.5 
m. Taken from Schwarz et al. (2006; fig. 1). 
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ones, although they are mainly semi-aquatic, display a terrestrial lifestyle at certain periods, due 

to a shift of resources in their natural environment or different ontogenetic stages (Waitkuwait, 

1989; Magnusson & Lima, 1991; Pauwels et al., 2007; Shirley & Austin, 2017; Shirley et al., 

2017). The second one, although mostly adapted to the aquatic realm and piscivorous, still 

spends some time out of the water (Lang, 2015; Neupane et al., 2020). As a result, the impact 

of climate and temperature throughout time must also be considered in the ecology and 

repartition of fossil crocodylomorphs and their resilience to major biological crisis (Carvalho 

et al., 2010; Stubbs et al., 2013; Bronzati et al., 2015; Puértolas-Pascual et al., 2016; Jouve, 

2021; Stockdale & Benton, 2021; see also subsequent discussion in Benson et al., 2022 and 

Stockdale & Benton, 2022; Aubier et al., 2023). 

The inference of the terrestrial lifestyle of different groups of fossil crocodylomorphs is mainly 

based on their altirostral skull morphology, with subsequent orientation of the orbits and 

external nares, on their limb and girdle morphology, sometimes enabling an erect posture, and 

on their ziphodont dentition, adapted to a meat slicing carnivorous diet. Those observations, 

although robust and valid, call for other, independent proxies to serve as confirmation, so that 

the terrestrial lifestyle of those taxa can be inferred even more robustly, especially for clades 

where studies on those aspects are still needed. Furthermore, there is also the need for the 

phylogenetic relationships of those taxa to be understood better, to enable for large scale 

comparisons and evolutionary trends studies with a robust backbone, as well as to account for 

uncomplete sampling biases (Mannion et al., 2019; de Celis et al., 2021; Aubier et al., 2023). 

In the framework of this thesis, I will thus take a closer look at the adaptations to a terrestrial 

lifestyle of certain crocodylomorphs, asking the following remaining questions: how can a 

terrestrial lifestyle be additionally assessed in fossil forms of crocodylomorphs? Is the altirostral 

morphology always associated with fully terrestrial taxa? 

To answer those questions, I have first summarized in Chapter 1 the different adaptations to a 

non-semi-aquatic lifestyle found in the fossil record of crocodylomorphs, with a focus on which 

information are key to understand and assess the paleoecology of those organisms. Chapter 2 

will be dedicated to phylogenetic clarifications of key lineages, as the understanding of the 

relationships of terrestrial taxa is important to assess the timing and evolution of this trait. In 

Chapter 3, the endocranial structures of a selection of putative terrestrial taxa will be studied 

and allow numerous paleoecological interpretations, with a special emphasis on the 

ontogenetic, phylogenetic, and ecological implications of the inner ear in crocodylomorphs. 
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This will be done with complementary data from extant crocodylians, as well as fossil forms 

adapted to the aquatic realm. Chapter 4 will be devoted to isotopic geochemistry applied to 

paleoecological and paleoenvironmental questions, involving similar taxa than in Chapter 3. 

Through a multi-isotopic approach, the dietary, physiological, and ecological characteristics of 

those organisms will be inferred, and compared with those of the rest of the fauna involved in 

several fossil localities. Furthermore, the geochemical recording of dentine by serial sampling 

could also be an interesting approach, particularly for detecting ecological changes over a short 

period (i.e., tooth development time or tooth replacement rate), as evidenced by measures on 

extant specimens. Finally, in Chapter 5 a preliminary study will show the usefulness of 

osteoderms histology and ornamentation to assess the lifestyle of extinct forms, but will have 

to be confirmed in future studies. I will then put forward general conclusions and perspectives. 

The data used and interpretations presented in this thesis are under the form of published or 

submitted manuscripts to peer-reviewed journals, as well as unpublished data. 

VII- Altirostry: a tentative definition 

During the preparation of this thesis, I realized that there is not a clear definition of the 

altirostrine condition, as well as the brevirostrine (short rostrum of extant alligators and 

caimans), mesorostrine (medium to long and broad rostrum of extant crocodiles) and 

longirostrine (long rostrum of extant gavialids and extinct thalattosuchians and dyrosaurids) 

conditions. The altirostral morphology is sometimes also designated as “oreinirostral” by some 

authors (in contrast with platyrostral skulls of extant crocodylians) which was first put forward 

by Busbey (1997). However, the term “altirostral” was first proposed as a peculiar morphology 

of phytosaur skulls, designating narrow snouts with rostral crests (Hunt, 1989; Hunt et al., 2006) 

and has been widely used in crocodylomorph studies to describe a dorsoventrally tall and 

laterally compressed snout (Salisbury & Willis, 1996; Rossmann et al., 2000; Mead et al., 2002; 

Brochu, 2003, 2007, 2012; Bickelmann & Klein, 2009; Hastings et al., 2013; Rabi & Sebök, 

2015; Stein et al., 2016; Yates, 2017; Yates & Pledge, 2017; Narváez et al., 2021; Ristevski et 

al., 2021, 2023a). Here, I studied three measurements pertaining to the development of the 

rostrum in crocodylomorphs to see if the different conditions are truly different or not (Fig. 

1.21A). The rostrum length (RL) is represented by the length between the anterior tip of the 

premaxilla and the anterior tip of the orbit, the rostrum width (RW) is the width of the skull at 

the anterior level of the orbits, and the rostrum height (RH) is the dorsoventral height of the 

snout anteriorly to the orbits. I then chose several adult specimens representative of the different 

snout morphologies put forward in the literature and compared their RL/RW, RL/RH and 
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RW/RH ratios (Fig. 1.21B & 1.21C); the full dataset of measurements is available here: 

https://mycore.core-cloud.net/index.php/s/vFk8aYpSLa8ihKR . 

The altirostral morphology can be significantly distinguished from the brevirostral, mesorostral 

and longirostral one using the ratio of rostrum length to rostrum height (p-value < 0.02), but 

not significantly using the other metrics (Figure 1.21B & 1.21C). The values of altirostral 

organisms are equal or lower than three, whereas they are higher in the other groups. As a result, 

I propose that the altirostral morphology be defined as a skull possessing a rostrum length equal 

to or lower than three times its height. It is also interesting to observe that, in that case, the 

brevirostrine and mesorostrine condition are statistically undistinguishable, whereas the 

longirostrine condition is distinguished by the extreme length of the skull. Finally, according to 

those metrics, altirostral specimens are therefore not present in the extant crocodylians. 
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Chapter 2: Phylogenetic and taxonomic clarification of key 
lineages with terrestrial-like morphologies 

 

As stated previously, paleoecological inferences on terrestrial crocodylomorphs can only be 

made if the phylogenetic and taxonomic status of those group is understood. Although a 

phylogenetic topology must not be taken for more than it really is, that is to say a hypothesis 

based on morphological observations including all known evidence as best as possible, a 

general consensus of the relationships of the different taxa is necessary to make assumptions 

across different groups, sometimes separated by several million years. In this chapter, I will try 

to tackle this situation in different clades, which will be the subject of the subsequent chapters.  

I- Sebecia Larsson & Sues, 2007 vs sebecosuchians 

Among crocodylomorphs, the phylogenetic position of Sebecidae and Peirosauridae with each 

other as well as with other clades of notosuchians is debated. Two hypotheses are predominant: 

either sebecids and peirosaurids form a clade named Sebecia (Fig. 2.1; Sereno & Larsson, 2009; 

Young & de Andrade, 2009; de Andrade et al., 2011; Riff & Kellner, 2011; Pinheiro et al., 

2018, 2021, 2023; Geroto & Bertini, 2019; Martins, 2021; Ruiz et al., 2021; Queiroz, 2022) or 

they are separated, with sebecids and baurusuchids forming a monophyletic group, 

Sebecosuchia Colbert, 1946a (Fig. 2.2; Gasparini et al., 1991, 1993; Ortega et al., 1996, 2000; 

Gomani, 1997; Buckley & Brochu, 1999; Buckley et al., 2000; Tykosky et al., 2002; Pol, 2003; 

Sereno et al., 2001, 2003; Carvalho et al., 2004; Pol & Norell, 2004a, b; Pol et al., 2004; 

Company et al., 2005; Pol & Apesteguia, 2005; Turner & Calvo, 2005; Turner, 2006; Zaher et 

al., 2006; Fiorelli & Calvo, 2007; Turner & Buckley, 2008; Novas et al., 2009; Pol et al., 2009, 

2012, 2014; Turner & Sertich, 2010; Iori & Carvalho, 2011; Nascimento & Zaher, 2011; Pol & 

Powell, 2011; Soto et al., 2011 ; Adams, 2013, 2014; Iori et al., 2013; Kellner et al., 2014; 

Sertich & O’Connor, 2014; Leardi et al., 2015, 2018; Fiorelli et al., 2016; Godoy et al., 2016; 

Martin & de Lapparent de  Broin, 2016; Dal Sasso et al., 2017; Martinelli et al., 2018; Coria et 

al., 2019; Cunha et al., 2020 ; Dumont et al., 2020a; Sellés et al., 2020; Bravo et al., 2021; 

Nicholl et al., 2021; Marinho et al., 2022; Martin et al., 2023). Although both clades are widely 

used and referred to in the literature, they have never received a formal definition.
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Here, I have undergone a thorough review of all the publications where a phylogenetic analysis 

highlighting either the Sebecia or Sebecosuchia hypothesis has been performed (see Appendix 

1), extracting the phylogenetic datasets that served as the basis of each study and the diagnostic 

characters of either Sebecia or Sebecosuchia. Several points can be noticed:   

1- As can be seen in Figure 2.3, all phylogenetic analyses are mostly based on 

groundbreaking general archosaur phylogeny works from the 1990’s, with subsequent 

additions of new characters in later studies. It is interesting to notice that both 

phylogenetic ‘paradigms’ rely on similar datasets, as there are no clusters based on one 

phylogenetic hypothesis or the other in Figure 2.3. Furthermore, the chosen 

phylogenetic search procedure does not seem to have an impact on the resulting 

phylogenetic hypothesis (see Appendix 1). I would thus argue that the observed 

difference between Sebecosuchia and Sebecia hypotheses most probably comes from 

character and taxon sampling, as well as different or conflicting codings, which 

Figure 2.1: Consensus tree obtained in Pinheiro et al. (2023; fig. 17). 
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unfortunately cannot be resolved without taking a closer look at the data itself and is out 

of scope here. 

2- Based on this thorough review, I identify several conflicting characters that are either 

hypothesized to be synapomorphies of Sebecosuchia or Sebecia but with different states 

in different publications or hypothesized to be synapomorphies of both clades in 

different publications. Those characters thus cannot be considered true synapomorphies 

of either clades and include the serrated carinae of the teeth (Fig. 2.4-1); the constricted 

cheek teeth crown base (Fig. 2.4-2); the size of the anterior dentary tooth opposite to the 

premaxilla-maxilla contact (Fig. 2.4-3); the splenial robust posteriorly to the mandibular 

symphysis (Fig. 2.4-4); the shape of the mandibular symphysis in lateral view (Fig. 2.4-

5); the deep, well-defined groove on the lateral surface of the anterior region of the 

surangular and the posterior section of the dentary (Fig. 2.4-6); the lateral concavity of 

the dentary for the reception of the enlarged maxillary teeth (Fig. 2.4-7); the shape of 

the dorsal edge of the dentary (Fig. 2.4-7); the unsculpted region in the dentary below  

Figure 2.2: Time-calibrated phylogeny topology obtained in Nicholl et al. (2021; modified from fig. 11). 
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the toothrow (Fig. 2.4-8); the premaxillary palate circular paramedian depressions (Fig. 

2.4-9), the shape of the lateral surface of the dentary (Fig. 2.4-8) and the position of the 

jugal portion of the postorbital bar relative to the lateral surface of the jugal (Fig. 2.4-

10). 

3- On the other hand, I can highlight several characters that are consistently retrieved as a 

combination diagnostic of Sebecia using different datasets and phylogenetic search 

procedure. Those include the first and second premaxillary teeth being nearly confluent 

(Fig. 2.5-1); the premaxilla-maxilla lateral fossa excavating the alveolus of the last 

premaxillary tooth (Fig. 2.5-2); the snout sinusoidal in dorsal view (Fig. 2.5-3); the 

maxillae sagittal contact bearing a longitudinal series of foramina (Fig. 2.5-4); the 

quadratojugal posteroventral extension forming a lateral extension until the quadrate 

condyles and participating in the articulation with the mandible, linked with the 

participation of the surangular in the glenoid fossa (Fig. 2.5-5); the anterior half of the 

palatines flared anteriorly between the suborbital fenestrae (Fig. 2.5-6); the primary 

pterygoidean palate forming the posterior, lateral and part of the anterior margin of the 

choanae (Fig. 2.5-7); the pterygoid flanges relatively short and not reaching the level of 

the quadrate medial condyle (Fig. 2.5-6); the mandibular symphysis clearly constricted 

at the fifth-sixth alveoli (Fig. 2.5-8) and the retroarticular process projecting 

posterodorsally (Fig. 2.5-9). However, among those, there are no unambiguous 

synapomorphies (i.e., that only apply to Sebecia among Crocodylomorpha), so this list 

should rather be taken as a diagnostic combination of features.  

Figure 2.4: Different conflicting characters among sebecosuchians/sebecians. 1: serrated carinae of the 
teeth (0: absent, 1: present) in Purussaurus neivensis Mook, 1940 (A: UCMP 38932) and Boverisuchus 
vorax Troxell, 1925 (B: UCMP 170767). Taken from Rio & Mannion (2021; fig. S65B & D). 2: teeth of 
Simosuchus clarki (UA 8679) constricted at crown base. Taken from Buckley et al. (2000; fig. 1I-L). 3: 
hypertrophied fourth dentary teeth of a baurusuchid skull (FEF-PV-R-1/9). Taken from Dumont et al. 
(2020b; fig. 1B). 4: splenial robust posteriorly to the mandibular symphysis of Dentaneosuchus 
crassiproratus Astre, 1931 (MHNT.PAL.2006.0.53). Taken from Martin et al. (2023; fig. 13A). 5: 
mandibular symphysis of Hamadasuchus cf. rebouli Buffetaut, 1994 (MNHN-SAM 136). Taken from 
Pochat-Cottilloux et al. (2023a; fig. 3C). 6: deep, well-defined groove on the mandible of Gavialis 
gangeticus (UCBL WB39). 7: lateral concavity on the dentary and dorsal edge of the dentary with a 
single dorsal expansion of the reconstruction of the skull of Mahajangasuchus insignis. Taken from 
Turner & Buckley (2008; fig. 9). 8: unsculpted region below the dentary toothrow with the lateral surface 
of the dentary vertically oriented on the mandible of Caipirasuchus mineiri (CPPLIP 1463). Taken from 
Martinelli et al. (2018; fig. 14A). 9: premaxillary palate circular paramedian depression on the snout of 
Campinasuchus dinizi Carvalho, Teixeira, Ferraz, Ribeiro, Martinelli, Neto, Sertich, Cunha, Cunha & 
Ferrza, 2011 (CPPLIP 1236). Taken from Carvalho et al. (2011a; plate 5-2). 10: jugal part of the 
postorbital bar inset from the lateral surface of the jugal on the skull of Mariliasuchus amarali (MZSP-
PV 50). Taken from Zaher et al. (2006; fig. 3B). Scale bars are 1mm in 1; 5 cm in 2, 3, 5, 6, 9; 2 cm in 
4, 8; 10 cm in 7; and 1 cm in 10. 
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4- Consequently, I am also able to identify the following combination of characters that is 

diagnostic of Sebecosuchia: an altirostral rostrum (Fig. 2.6-1); a sigmoidal toothrow in 

dorsal view (Fig. 2.6-1); one wave of enlarged maxillary teeth (Fig. 2.6-2); the second 

or third maxillary alveoli enlarged (Fig. 2.6-2); evaginated maxillary alveolar edges 

present as a continuous sheet (Fig. 2.6-2); a notch at the premaxilla-maxilla contact 

ventrally opened as a large fenestra (Fig. 2.6-2); no unsculpted region along the alveolar 

margin on the lateral surface of the maxilla (Fig. 2.6-2); an absence of antorbital fenestra 

(Fig. 2.6-2); the nasal lateral edges nearly parallel (Fig. 2.6-2); infratemporal fenestra 

elongated anteroposteriorly (Fig. 2.6-3); a jugal higher in its antorbital region rather than 

its infrorbital region with a lateral surface not visible in ventral (i.e., straight jugal; Fig. 

2.6-3); the ventral margin of the jugal at the posterior end of the contact with the 

ectopterygoid is separated by a notch from the infratemporal bar of the jugal (Fig. 2.6-

4); a strongly concave palate (Fig. 2.6-5); very large choanae (Fig. 2.6-5); vertical 

pterygoids (Fig. 2.6-5); the outer surface of the squamosal along the site of attachment 

of the ear valve groove reduced and vertically oriented (Fig. 2.6-3); the suture between 

the postorbital and the squamosal is convex anteriorly in lateral view (Fig. 2.6-3); a skull 

roof trapezoidal-shaped in dorsal view (Fig. 2.6-5); a long development of the 

paraoccipital process lateral to the cranioquadrate passage (Fig. 2.6-6); a big, slot-like 

foramen intramandibularis oralis (Fig. 2.6-2) and maxillary teeth that are set in isolated 

alveoli (Fig. 2.6-2). As for Sebecia, none of those characters are unique to Sebecosuchia 

within Crocodylomorpha, thus this list must also be taken as a combination diagnostic 

of Sebecosuchia.  

Figure 2.5: Combination of characters diagnostic of Sebecia. 1: first and second premaxillary teeth of 
Gasparinisuchus peirosauroides Martinelli, Sertich, Garrido & Praderio, 2012 (MOZ 1750 PV) almost confluent. 
Modified from Martinelli et al. (2012; fig. 3B). 2: premaxilla-maxilla lateral fossa excavating the last premaxillary 
alveolus of Kaprosuchus saharicus (UCRC PVC8). Modified from Sereno & Larsson (2009; fig. 33C). 3: 
sinusoidal snout in dorsal view of Araripesuchus buitreraensis Pol & Apesteguía, 2005 (MPCA PV 242). Taken 
from Dumont et al. (2020a; fig. 3A). 4: maxillae sagittal contact of Pissarachampsa sera (LPRP/USP 0019) 
bearing a series of longitudinal foramina. Modified from Montefeltro et al. (2011; fig. 3C). 5: quadratojugal 
reaching the quadrate condyle in Araripesuchus buitreraensis (MPCA PV 243). Taken from Dumont et al. (2020a; 
fig. 4C). 6: anteriorly flared palatines and short pterygoid flanges of Caipirasuchus paulistanus (MPMA 67-
0001/00). Taken from Iori & Carvalho (2011; fig. 2C). 7: pterygoidean palate forming the posterior, lateral and 
part of the anterior margin of the choanae of Malawisuchus mwakasyungtiensis (Mal-45). Modified from Gomani 
(1997; fig. 2B). 8: constricted mandibular symphysis of Campinasuchus dinizi (CPP 1234). Modified from 
Carvalho et al. (2011a; plate 4-2). 9: posterodorsally projecting retroarticular process of Hamadasuchus cf. rebouli 
(MNHN-SAM 136). Modified from Pochat-Cottilloux et al. (2023a; fig. 2D). 
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Figure 2.6: Combination of characters diagnostic of Sebecosuchia. 1: altirostral rostrum with a sigmoidal toothrow 
in dorsal view of Gondwanasuchus scabrosus Marinho, Iori, Carvalho & de Vasconcellos, 2013 (UFRJ DG 408-
R). Taken from Marinho et al. (2013; fig. 2B & D). 2: one wave of enlarged maxillary teeth with third maxillary 
tooth enlarged and evaginated maxillary alveolar edges of Campinasuchus dinizi (CPP 1236). This specimen also 
has a notch at the premaxilla-maxilla contact opened ventrally as a large fenestra, nearly parallel lateral edges of 
the nasals, no antorbital fenestra, maxillary teeth set in isolated alveoli and no unsculpted region along the 
maxillary alveolar margin in lateral view. The other specimen (CPP 1234) has a big, slot-like foramen 
intramandibularis oralis. Modified from Carvalho et al. (2011a; plates 4-2, 4-3 & 6). 3: infratemporal fenestra 
more expanded anteroposteriorly than dorsoventrally with the jugal being higher in its antorbital region than in its 
infraorbital region, the suture between the squamosal and the postorbital anteriorly convex and the outer surface 
of the squamosal along the site of attachment of the ear valve groove reduced and vertically oriented in 
Baurusuchus pachecoi Price, 1945. Reconstruction taken from Nascimento & Zaher (2011; fig. 1). 4: notch at the 
posterior part of the ectopterygoid-jugal contact in Pissarachampsa sera (LPRP/USP 0019). Modified from 
Montefeltro et al. (2011; fig. 4A). 5: strongly concave palate, vertical pterygoids, trapezoidal-shaped skull roof 
and very large choanae of Aphaurosuchus escharafacies Darlim, Montefeltro & Langer, 2021 (LPRP 0697), digital 
reconstruction. Modified from Darlim et al. (2021b; fig. 5A & B). 6: long lateral development of the paraoccipital 
process of Campinasuchus dinizi (CPP 1235). Modified from Carvalho et al. (2011a; plate 2-4). 
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As a result, I cannot favour either phylogenetic hypotheses, as none of them rely on true 

synapomorphies and both are equally supported in the literature and by a complete combination 

of characters. However, it can be noticed that the characters put forward here only rely on 

cranial and mandibular traits, no postcranial or internal features are either used or found 

important. Thus, one way of tackling this conflict might reside in the further addition of such 

characters in the datasets, as they have been proven to also bear phylogenetic signal and could 

thus bring a new light to the debate (Pol et al., 2012, 2014; Godoy et al., 2016; Blanco, 2021).  

II- Scientific publication: ‘A peirosaurid mandible from the Albian/Cenomanian 

(Lower Cretaceous) of Algeria and the taxonomic content of Hamadasuchus 

(Crocodylomorpha, Peirosauridae)’ 

This publication was published in December 2022 in Papers in Palaeontology. Reference: 

Pochat-Cottilloux Y., Perrier V., Amiot R. & Martin J. E. (2023). A peirosaurid mandible from 

the Albian/Cenomanian (Lower Cretaceous) of Algeria and the taxonomic content of 

Hamadasuchus (Crocodylomorpha, Peirosauridae)’. Papers in Palaeontology, 9(2): e1485. 

https://doi.org/10.1002/spp2.1485  
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Abstract 

Peirosaurids form an extinct clade of terrestrial crocodylomorphs known from the Cretaceous 

of Africa and South America. Here, we describe a new mandibular ramus attributable to 

Hamadasuchus cf. rebouli from the Albian - Cenomanian of La Gara Samani (Algeria). We 

propose an emended diagnosis for this taxon, originally described from a left dentary fragment 

from the Kem Kem Group of Morocco and discuss the assignation of the specimens currently 

referred to it. Using ontogenetic series of extant crocodylians, we show that several mandibular 

characters commonly used to differentiate between close taxa instead record intraspecific or 

ontogenetic variability. On the other hand, reliable mandibular characters allow us to propose 

that the current taxonomic content of Hamadasuchus rebouli should be reduced to three 

specimens, pending future description of relatable cranial remains that will confirm or not this 

hypothesis. Finally, we demonstrate the importance of mandibular characters in phylogenies, 

by recovering the new specimen from La Gara Samani as closely related to North African 

peirosaurids on the basis of a data matrix designed solely on mandibular characters. 

Keywords: Algeria – Crocodylomorpha – Hamadasuchus – mandible – middle Cretaceous – 

Peirosauridae. 

Introduction 

Peirosauridae belongs to Crocodylomorpha, and forms an extinct family known at least from 

the Aptian to the Maastrichtian (Price, 1955; Leardi & Pol, 2009). Their relationships to other 

groups of mesoeucrocodylians, as well as the taxonomic content of this group are highly 

debated. Some studies place them as closely related to the uruguaysuchids and the 
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mahajangasuchids from the Cretaceous of South America and Africa (Carvalho et al., 2004; 

Turner & Calvo, 2005; Turner, 2006; Turner & Sertich, 2010; Pol et al., 2012, 2014; Kellner et 

al., 2014; Sertich & O’Connor, 2014; Leardi et al., 2015, 2018; Barrios et al., 2016; Fiorelli et 

al., 2016; Godoy et al., 2016; Martinelli et al., 2018; Coria et al., 2019; Dumont et al., 2020a; 

Nicholl et al., 2021); other studies depict them as closely related to neosuchians (Sereno et al., 

2003; Pol & Norell, 2004b; Company et al., 2005; Pol & Apesteguia, 2005; Zaher et al., 2006; 

Turner & Buckley, 2008; Leardi & Pol, 2009; Sereno & Larsson, 2009; Nascimento & Zaher, 

2011; Pol & Powell, 2011); and they have also been united with sebecids forming the clade 

Sebecia (Larsson & Sues, 2007; Meunier & Larsson, 2017; Geroto & Bertini, 2019; Ruiz et al., 

2021). Inside the peirosaurid clade, relationships are also poorly defined and, depending on the 

inclusion of yet imperfectly understood taxa, such as Stolokrosuchus lapparenti Larsson & 

Gado, 2000 or Miadanasuchus oblita Rasmusson Simons & Buckley, 2009, results do vary. 

Several new taxa have been described recently and attributed to Peirosauridae, mostly on the 

basis of mandibular fragments (Barrios et al., 2016; Lio et al., 2016; Filippi et al., 2018; Coria 

et al., 2019; Lamanna et al., 2019; Nicholl et al., 2021). Such morphological representativity 

could be an explanation as to why this group is still poorly understood in terms of taxonomy 

and systematics. As phylogenetic matrices are mostly defined on cranial characters (only 13% 

of mandibular characters in Leardi et al., 2018 and Ruiz et al., 2021, for example), the unsettled 

relationships of peirosaurids may partly be explained by this lack of information. 

Since the recognition of Hamadasuchus rebouli, from the Kem Kem Group of Morocco, the 

formation has regionally yielded numerous and far more complete peirosaurid specimens 

(Rauhut & Lopez-Arbarello, 2005; Larsson & Sues, 2007; Ibrahim et al., 2020; Nicholl et al., 

2021). African peirosaurids are also known in East Africa, suggesting a wider distribution 

during the Cretaceous (Sertich & O’Connor, 2014). Because the holotype of Hamadasuchus 

consists of a mandibular fragment, taxonomic assignment of subsequent cranial discoveries has 

proven difficult (Cavin et al., 2010; Ibrahim et al., 2020; Nicholl et al., 2021). Moreover, and 

specifically for the Kem Kem Group of Morocco, the uncertain tracing of commercially 

acquired specimens and the high number of fossiliferous localities add difficulties in addressing 

the contemporaneity of the various specimens. 

Here, we describe a left mandibular ramus (MNHN-SAM 136) from regionally slightly older 

stratigraphic deposits of the Albian - Cenomanian of Algeria that we attribute to Peirosauridae. 

Then, we discuss the taxonomic composition of North African peirosaurids in an attempt to 
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clarify the identity of the taxon Hamadasuchus rebouli, propose an emended diagnosis for the 

species and refer this fossil to it. Using a new matrix of mandibular characters only, we also 

attempt to better understand the phylogenetic relationships of peirosaurids from the middle to 

late Cretaceous. 

Geological setting 

The specimen was found at La Gara Samani locality (Algeria), on the north-western border of 

the Tademaït, between Timimoun and El Menia (Fig. 2.7; de Lapparent de Broin et al., 1971), 

during a fieldtrip involving C. Grenot and R. Vernet in 1970. This locality is part of the Saharan 

“Continental Intercalaire” and is considered as late Albian to early Cenomanian in age (de 

Lapparent de Broin et al., 1971; Lefranc & Toutin, 1971; Lefranc & Guiraud, 1990; Busson & 

Cornée, 1991; de Lapparent de Broin, 2002; Meunier & Larsson, 2017; Benyoucef et al., 2022). 

La Gara Samani has provided a diverse fauna including crocodylomorphs (de Lapparent de 

Broin et al., 1971; de Lapparent de Broin, 2002; Meunier & Larsson, 2017), dinosaurs (Taquet 

& Russell, 1998), dipnoi (Busson & Cornée, 1991), osteichthyes and turtles (de Lapparent de 

Broin et al., 1971) and molluscs (Busson & Cornée, 1991). 

Material and methods 

A well-preserved and uncrushed left hemi-mandible (MNHN-SAM 136, Fig. 2.8, 2.9 & 2.10) 

is described here for the first time. A surface scan of the mandible was obtained using an Artec 

Space Spider and the softwares Artec Studio (version 15) and MeshLab (version 2020.07). The 

3D surface model is available in Supplementary File S1 & S2 (the video was made and rendered 

via Blender version 2.91).  

Figure 2.7: Location of La Gara Samani, Algeria and Kem Kem Group, Morocco. Cretaceous outcrops are 
highlighted in green. Modified after Choubert et al. (1976).  
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Phylogenetic analyses 

A matrix of 92 characters and 65 taxa was built on the basis of Pol et al. (2014) and Geroto & 

Bertini (2019) (and references therein; Supplementary File S3 & S4) in order to sample as many 

notosuchian taxa as possible. Dibothrosuchus elaphros Simmons, 1965 was used as the 

operational outgroup and Hamadasuchus rebouli was separated in two different OTU 

(Operational Taxonomic Unit) because of the differences observed between the specimens 

assigned to it (see Discussion and Supplementary File S3). As our aim was to study the impact 

of mandibular characters, the matrix used here includes only this type of characters. We want 

to clarify here that those analyses are not meant to redefine clades or create new ones, but rather 

to assess the impact of mandibular characters on the phylogeny of notosuchians, and more 

precisely of peirosaurids. The results were then compared to those from more “classic” matrices 

(Supplementary file S5). Another set of analyses was then conducted on taxa usually attributed 

to Peirosauridae only, using Kaprosuchus saharicus as the operational outgroup, to better 

understand their relationships. Of the 92 equally weighted characters, 2 are continuous and were 

not discretized because the raw data linked to them did not reveal clear partitions. The matrix 

also has 9 ordered characters. Three new characters on the mandibular symphysis, splenial and 

diastema were formulated based on personal observation of specimens. The definition of 13 

characters were modified and the coding was evaluated and modified when necessary for the 

other 76 characters if the data were available (see Supplementary File S3). The matrix is also 

available on Morphobank (project 4104; http://dx.doi.org/10.7934/P4104). 

The analyses were made in parsimony, without phylogenetically uninformative characters and 

removing taxa with a significant amount of missing data (more than 80%, see also 

Supplementary file S5 for more details).  

Analyses were run on TNT 1.5 (Goloboff & Catalano, 2016). New Technology Search was 

used enabling all search algorithms (Sectorial Search, Ratchet, Drift and Tree Fusing; Goloboff, 

1999; Nixon, 1999). The default settings for these advanced search methods were only changed 

to increase the iterations of each method, it now features 100 sectorial search drifting cycles, 

100 ratchet iterations, 100 drift cycles and 100 rounds of tree fusion per replicate. This tree-

space search procedure was repeated for five different random start seeds (following the 

procedure in Jouve, 2016) using driven search to find the minimum length ten times. Otherwise, 

the default parameters were kept. Extended implied weighting (Goloboff, 2014) was not used 

as its utility remains controversial (Congreve & Lamsdell, 2016; Groh et al., 2019). Bootstrap 
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scores were then calculated. When necessary, the ACCTRAN optimization was used 

(Accelerated Transformation; Farris, 1970; Swofford & Maddison, 1987).  

FigTree 1.4.4 was used to visualize the phylogenetic trees obtained.  

Results 

Systematic paleontology 

 Crocodylomorpha Hay, 1930 

 Crocodyliformes Hay, 1930 (sensu Benton & Clark, 1988) 

 Mesoeucrocodylia Whestone & Whybrow, 1983 

 Notosuchia Gasparini, 1971 

 Peirosauridae Gasparini, 1982 (sensu Geroto & Bertini, 2019) 

 Hamadasuchus Buffetaut, 1994 

Diagnosis – a crocodylomorph characterized by the following unique combination of features: 

at least fifteen dentary alveoli; all alveoli are very close-set; at least four very small alveoli 

posterior to the large fourth alveolus; posterior dentary alveoli visible in lateral view; eleven 

completely involved alveoli in the mandibular symphysis; symphyseal region shallow 

dorsoventrally and narrow mediolaterally; dorsal and ventral dentary-splenial sutures directed 

anteromedially to posterolaterally (V-shaped if both hemimandibles were assembled); 

ventrolateral dentary surface anterior to mandibular fenestra transversely compressed; dentary 

extends posteriorly beneath the mandibular fenestra; anterior alveoli of dentary procumbent; 

concavity for the reception of the enlarged maxillary tooth lateral to the 7th - 8th alveolus of the 

dentary; surangular overlaps dentary above the external mandibular fenestra.  

Locality and horizon – “Hamada du Guir”, near Taouz, southern Morocco, red beds of late 

Albian to early Cenomanian age; La Gara Samani, Algeria, late Albian to early Cenomanian. 

Hamadasuchus cf. rebouli Buffetaut, 1994 

Holotype – incomplete left dentary (MDE C001). 

Referred specimens – MNHN-MRS 3110, mandibular symphysis (Ibrahim et al., 2020, fig. 

82A-C); MNHN-SAM 136 (Fig. 2.8, 2.9, 2.10 & 2.11). 

Revised diagnosis – as for genus + heavily sculpted mandible; seven alveoli completely 

involved in the dentary part of the symphysis; surangular forms lateral margin of articular fossa; 

prominent posterolateral ridge on lateral surface of surangular. 

Locality and horizon – as for genus. 
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Figure 2.8: Pictures of MNHN-SAM 136 in ventral view (A), dorsal view (B), medial view (C) and lateral view 
(D). ang: angular, ar: articular, c: crest, d: dentary, fio: foramen intermandibularis oralis, mf: external mandibular 
fenestra, r: ridge, san: surangular, spl: splenial. Scale bar is 5 cm. 
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 Figure 2.9: Interpretative drawings of MNHN-SAM 136 in ventral view (A), dorsal view (B), medial view (C) and 
lateral view (D). 1-16: alveolus one to sixteen; ang: angular, ar: articular, d: dentary, fio: foramen intermandibularis
oralis, mf: external mandibular fenestra, san: surangular, spl: splenial. Arrows indicate bone sutures. Scale bar is
5 cm. 
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Figure 2.11: Close ups on MNHN-SAM 136 in dorsal view (A & B), ventral view (C & D) and lateral view (E-
H). White circles are dermestid traces. Scale bars are 2 cm.   

Description 

MNHN-SAM 136 is a left mandibular ramus. Apart from the coronoid and the retroarticular 

process, all the bones are preserved and almost complete. The margins of the external 

mandibular fenestra are imperfect in some places, but the general outline is well-preserved. 

This fenestra is directed anteroposteriorly and is triangular-shaped in lateral view, with the 

longest side dorsally and parallel to the dorsal edge of the surangular. In lateral view, the 

mandible is arched anterodorsally. The outer surface of the mandible is ornamented with 

nutrient foramina in its anterior portion and shallow pits in its posterior area, corresponding to 

the ventral margin of the surangular and the angular. The mandible is nearly smooth and devoid 

of ornamentation in the anterior area of the external mandibular fenestra.  

 

Figure 2.10: Pictures of MNHN-SAM 136 in anterior (A) and posterior view (B). ang: angular, ar: articular, d:
dentary, san: surangular. Scale bar is 2 cm. 
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Dentary: 

The mandibular symphysis is extensive and involves completely the first eleven alveoli (Fig. 

2.8B & 2.9B). Both dentaries firmly suture to each other along a medial contact until the level 

of the 7th dentary alveolus (Fig. 2.8B & 2.9B). The symphyseal region is shallow dorsoventrally 

and narrow mediolaterally (Fig. 2.10A). In dorsal view, the suture with the splenial is oblique 

anteriorly (directed posterolaterally to anteromedially) up until the 11th dentary alveolus then it 

straightens posteriorly (Fig. 2.8B & 2.9B). In ventral view, the dentary-splenial suture is oblique 

all the way (Fig. 2.8A & 2.9A). In medial view, it is interdigitated and directed posteroventrally 

(Fig. 2.8C & 2.9C). The dentaries remain uniform in width up to their point of divergence, 

where they begin to taper off. Posteriorly, in lateral view, the dentary bone divides into a long 

posterodorsal process and a shorter posteroventral process (Fig. 2.8D & 2.9D) that contribute 

respectively to the anterodorsal and anteroventral margins of the external mandibular fenestra. 

The posteroventral process lies down against the angular. The posterior end of the toothrow 

seems to connect with one of the anterior processes of the surangular, but it is difficult to assess 

because the area is damaged. There are 17 alveoli, of which the 4th is the largest. Some alveoli 

preserve the root of a tooth, namely the 5th, 9th, and 11th to 13th, which are laterally moderately 

and variably compressed (precise measurements of each alveolus are available in Table 1). The 

first four alveoli are gradually directed anteriorly to anterolaterally and the dentary narrows 

medially at the level of the 8th/9th alveoli. Although this area may be deformed, this anatomical 

trait is still prominent. In lateral view, the mandibular dentition shows a sinuous margin, marked 

by two sets of waves (Fig. 2.8D & 2.9D). The apex of the first wave culminates at the large 4th 

alveolus, whereas the second wave culminates at the 12th/13th alveoli, which are also large. In 

between, dentary alveoli are distinctly but variably small (Table 1). The fourth alveolus is not 

dorsally elevated from the first one. The ventral surface of the dentary of MNHN-SAM 136 is 

anterolaterally curved dorsally and bears small but deep foramina (Fig. 2.8A). The ventrolateral 

margin of the dentary presents a very developed prominence, that stretches anteroposteriorly 

from the 4th alveolus to the ventral margin of the external mandibular fenestra (Fig. 2.8D & 

2.9D). This gives a nearly flat ventral profile to the dentary, as observed in lateral view. 

Splenial: 

The splenial is mostly exposed medially where it forms a vertical plate that sutures with the 

dentary. In its anterior portion, the splenial contributes to the mandibular symphysis and  
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Table 1: Labiolingual and mesiodistal measurements of each mandibular alveolus of peirosaurid taxa (in mm). 
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would have sutured medially with the corresponding right splenial (Fig. 2.8A, 2.8B, 2.8C, 2.9A, 

2.9B & 2.9C). Here, the splenial reaches anteriorly to the level of the 7th alveolus, dorsally and 

ventrally (Fig. 2.8A, 2.8B, 2.9A & 2.9B). The dorsal and ventral exposure of the splenial is 

strictly triangular-shaped and makes more than one third of the mandibular symphysis. In 

posterior view, the foramen intermandibularis oralis is displaced laterally, indicating the paired 

condition for the complete mandibular rami (Fig. 2.8C & 2.9C). Posteriorly, the splenial 

becomes thin and plate-like along the medial surface of the dentary taking part in the medial 

wall for the last seven dentary alveoli, until it tapers off dorsally and probably contacts the 

surangular medially. The area of insertion can be seen in medial view (Fig. 2.8C & 2.9C). The 

splenial also meets with the angular ventrally (Fig. 2.8A, 2.8C, 2.9A & 2.9C). Overall, all the 

surfaces of the splenial are smooth.  

Angular: 

The angular is the ventralmost mandibular element, it makes about two thirds of the mandibular 

ramus. In lateral view, it is elongated and curved posterodorsally (Fig. 2.8D & 2.9D). Medially, 

it is convex with a prominent crest twisting anterodorsally to posteroventrally just ventral to the 

external mandibular fenestra forming the posterodorsal part of the adductor fossa (Fig. 2.8C & 

2.9C). Anteriorly, a long process sutures with the splenial medially and the dentary laterally up 

to the level of the 16th alveolus. The anterior part of the adductor fossa is formed ventrally and 

medially by the angular and medially by the splenial, whereas the posterior part of the medial 

wall of the adductor fossa is missing. The angular forms the ventral margin of the external 

mandibular fenestra laterally (Fig. 2.8D & 2.9D). The foramen intermandibularis caudalis is 

either absent or not preserved on the medial side. Posteriorly to the external mandibular 

fenestra, and for the rest of its length, the angular sutures with the surangular, reaching ventrally 

to the articulation surface of the articular as a sharp process and curving inwards and up (Fig. 

2.8C, 2.9C & 2.10B). The lateral surface of the angular bears the prolongation of the 

pronounced lateral crest observed on the dentary (Fig. 2.8B, 2.8D, 2.9B & 2.9D), which 

becomes a groove in dorsolateral view, just ventral to the external mandibular fenestra. The 

posteroventral margin of the angular shows a developed area for the insertion of the musculus 

pterygoideus, which is visible in lateral and ventral views (Fig. 2.8A, 2.8D, 2.9A & 2.9D). 

Surangular: 

This bone is robust and elongated. Anteriorly, the suture with the dentary is complex: the 

dentary has two posterior processes that interlock with two anterior processes of the surangular 
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(Fig. 2.8B & 2.9B). In lateral view, the surangular curves dorsally at the level of the external 

mandibular fenestra (Fig. 2.8D & 2.9D). The surangular forms the posterior and posterodorsal 

margins of the external mandibular fenestra (Fig. 2.8C, 2.8D, 2.9C & 2.9D). Posteriorly to this 

fenestra, the surangular sutures with the angular for the rest of its length and it also becomes 

thinner mediolaterally and ventrally. The suture is linear anteriorly and curves dorsally toward 

the posterior end. The bone also curves dorsally and forms the lateral margin of the glenoid 

fossa (Fig. 2.8B, 2.10A, 2.10B & 2.11A). Laterally to this, there is a tiny ridge followed by a 

huge depression that is located beneath the level of the glenoid surface corresponding to the 

articulation with the quadratojugal condyle, indicating a double mandibular articulation (Fig. 

2.8B & 2.9B). The posteriormost part of the surangular is broken. The dorsal surface is overall 

convex but flattens considerably just before the glenoid surface with the quadrate. The lateral 

surface is not as well preserved as the other parts of the mandible, but it bears a prominent 

posterolateral ridge (Fig. 2.8D & 2.9D). On the medial surface, the suture with the articular is 

directed posterodorsally to anteroventrally. 

Articular: 

The articular is contained laterally by the posterior parts of the angular and surangular. Only 

the anterior part as well as a part of the dorsal surface of the articular are preserved. The 

anterodorsal surface is separated from the posterodorsal surface by a mediolateral ridge and 

would have articulated with the quadrate. This ridge is tall and dorsally edged (Fig. 2.8B, 2.8C, 

2.9B, 2.9C, 2.10B & 2.11A).  The articular fossa is divided into a lateral and a medial portion 

separated by a small ridge oriented anteroposteriorly. Both seem to be of the same size; 

however, the medialmost part is broken (the foramen aërum is not preserved). The preserved 

part of the posterior surface is concave, curved ventromedially. The retroarticular process is 

broken but would have been directed posterodorsally. Ventromedially, the articular forms the 

posterior wall of the adductor chamber. It sutures with the surangular at its lateral margin and 

with the angular at its ventral margin (Fig. 2.8B, 2.8C, 2.9B, 2.9C, 2.10B & 2.10A). 

Dentition: 

The best partially preserved root is the 13th (Fig. 2.8B & 2.9B). It is broken at the exit of the 

toothrow. The root is compressed laterally (ovoid shape in dorsal view), no carinae can be seen 

and it bears apicobasal striations (Fig. 2.8D & 2.9D).  

 



Chapter 2 

66 
 

Phylogenetic analyses 

The analysis generated 94 most parsimonious trees and a consensus tree with a length of 436 

steps (Fig. 2.12; consistency index = 0.33, retention index = 0.79). Our results show that some 

groups within Crocodylomorpha are retrieved (Fig. 2.12) compared to recent phylogenetic 

studies on this subject (Pol et al., 2014; Godoy et al., 2016; Leardi et al., 2018; Dumont et al., 

2020a; see also Supplementary File S5). Here, based on ACCTRAN optimization, 

Baurusuchidae is separated from all other notosuchians on the basis of lacking posteroventral 

symphyseal depressions (char. 42), an anterior portion of the mandibular symphysis with an 

anteriorly verticalized angle of more than 45° (char. 43), a surangular that does not participate 

in the quadrate articulation (char. 50), a surangular anterior border clearly bifurcated and 

divergent (char. 54), a lateral flange of the retroarticular process that is shorter than the 

mediolateral width of the glenoid facets of the articular (char. 85), a small bulge located 

proximally on the medial flange of the retroarticular process that is absent (char. 88) and an 

anteromedial end of the medial flange of the retroarticular process that projects anteroventrally 

as a deep pendant process (char. 89). Sphagesauridae (and “advanced” notosuchians or 

Sphagesauria; Kuhn, 1968; Pol et al., 2014; Ruiz et al., 2021) are monophyletic on the basis of 

having a posterior region of alveolar margins facing dorsally, forming a broad alveolar shelf 

that is strongly inset medially from the lateral surface of the dentaries (char. 13), middle and 

posterior dentary teeth with a transverse circular to subcircular section without significant 

lateral compression (char. 24), the dentary symphysis tapering anteriorly forming an angle (V-

shaped; char. 36) and having well developed coronoid tuberosities on the medial surface of the 

surangular, forming prominent crests (char. 45). Finally, Uruguaysuchidae (with the inclusion 

of Comahuesuchus brachybuccalis Bonaparte, 1991) is retrieved as monophyletic on the basis 

of an unsculpted region on the dentary below the toothrow (char. 11), a dentary that overlaps 

the surangular above the external mandibular fenestra (char. 16), middle and posterior dentary 

teeth with a transverse section circular to subcircular without significant lateral compression 

(char. 24), a splenial that forms close to 30% of the symphyseal length (char. 29), a straight 

shape of the splenial-dentary suture adjacent to the dentary toothrow (char. 39), an  
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Figure 2.12: Time-calibrated phylogenetic tree on the full set of notosuchian taxa sampled here, result obtained 
with mandibular characters only (colours represent taxa usually attributed to different clades; purple: 
Baurusuchidae, orange: Sebecidae, red: Sphagesauridae and “advanced” notosuchians, green: Uruguaysuchidae, 
blue: Peirosauridae). Bootstrap scores are indicated where superior to 25%. 
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insertion area for the M. pterygoideous posterior that extends on the lateral surface of the 

angular (char. 66) and a retroarticular process that has a rounded surface, is longer than wide, 

flat and is posteroventrally oriented and facing dorsomedially (char. 84). Interestingly, the taxa 

usually attributed to the monophyletic family Peirosauridae are split into two groups: one is 

close to sphagesaurids and “advanced” notosuchians and composed of Barrosasuchus 

neuquenianus Coria, Ortega, Arcucci & Currie, 2019, Bayomesasuchus hernandezi Barrios, 

Paulina-Carabajal & Bona, 2016, Colhuehuapisuchus lunai Lamanna, Casal, Ibiricu & 

Martínez, 2019, H. rebouli (sensu Buffetaut, 1994 and Larsson & Sues, 2007), Kinesuchus 

overoi Filippi, Barrios & Garrido, 2018, Antaeusuchus taouzensis Nicholl, Hunt, Ouarhache & 

Mannion, 2021 & MNHN-SAM 136 whereas the other one is closely related to uruguaysuchids 

and composed of Miadanasuchus oblita Buffetaut & Taquet, 1979, Montealtosuchus 

arrudacamposi, Patagosuchus anielensis Lio, Agnolín, Juarez Valieri, Filippi & Rosales, 2016, 

Uberabasuchus terrificus, Gasparinisuchus peirosauroides, Lomasuchus palpebrosus 

Gasparini, Chiappe & Fernandez, 1991, Itasuchus jesuinoi Price, 1955, Pepesuchus deiseae 

Campos, Oliveira, Figueiredo, Riff, Azevedo, Carvalho & Kellner, 2011 and Stolokrosuchus 

lapparenti (Fig. 2.12).  

The first taxa mentioned are grouped based on having procumbent, anteriorly inclined dentary 

teeth (char. 14), having a surangular that overlaps the dentary above the external mandibular 

fenestra (char. 16), having middle dentary teeth disposed in a groove, originally only separated 

from each other by soft tissue (char. 23), the surangular participating in the quadrate articulation 

and forming approximately one-third of the glenoid fossa with the quadratojugal bearing an 

articular condyle (char. 50) and a surangular-angular suture intersecting with the external 

mandibular fenestra at the posterodorsal angle (char. 59)  

The remaining peirosaurids are related to uruguaysuchids on the basis of having a foramen 

intermandibularis oralis that is small or absent (char. 4), the posterior portion of the external 

mandibular fenestra that is sculpted (char. 7), a pattern of mandibular dentition after the fourth 

dentary teeth that is composed of 3-4 caniniforms, followed by molariforms (char. 22), a 

mandibular symphysis that is shallow and tapering anteriorly in lateral view (char. 37), a 

splenial-dentary suture on the ventral surface that is transverse (char. 38), a surangular posterior 

edge bent downward, forming a convexity (char. 56), a strong pitted pattern on the angular and 

the posterior pat of the surangular (char. 64), a posterior border of the articular glenoid fossa 

that is well developed, with a ridge limiting the posterior mandibular moves (char. 78), a 

retroarticular process that is elongated posteriorly, in triangular shape and facing dorsally (char. 
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84) and a medial edge of the medial flange of the retroarticular process that is straight or slightly 

convex (char. 91).  Another set of analyses were conducted using taxa attributed to 

Peirosauridae only from the complete dataset and using Kaprosuchus saharicus as an outgroup. 

Here, this allows to include for the first time K. overoi, P. anielensis or C. lunai. This analysis 

generated three most parsimonious trees and a consensus tree of 114 steps (Fig. 2.13, see also 

Supplementary File S5; consistency index = 0.66, retention index = 0.53). The same dichotomy 

as in the general analysis is found. Using mandibular characters, the groups Pepesuchinae and 

Peirosaurinae sensu Geroto & Bertini, 2019 are not retrieved. However, S. lapparenti and M. 

oblita, which are two taxa whose position has been greatly debated (de Lapparent de Broin, 

2002; Sereno et al., 2003; Carvalho et al., 2004; Jouve et al., 2006; Larsson & Sues, 2007; 

Turner & Buckley, 2008; Sereno & Larsson, 2009; Turner & Sertich, 2010; Pol & Powell, 2011;  

Bronzati et al., 2012; Pol et al., 2012, 2014; Adams, 2013; Kellner et al., 2014; Sertich & 

O’Connor, 2014; Leardi et al., 2015, Barrios et al., 2016; Fiorelli et al., 2016; Meunier & 

Larsson, 2017; Martinelli et al., 2018; Geroto & Bertini, 2019; Coria et al., 2019; Nicholl et al., 

2021; Ruiz et al., 2021) are retrieved here, using mandibular characters, deeply nested within 

Peirosauridae and, furthermore, the topology presented in Fig. 2.13 does not change if we 

remove one or both taxa from the analysis. These results on mandibular characters reflect a 

methodological choice underlining the close relationships of S. lapparenti, M. oblita and 

peirosaurids but should be confronted to other lines of evidence.  

Discussion 

MNHN-SAM 136 as a peirosaurid 

Cretaceous crocodylomorphs from Africa with a long mandibular symphysis in which the 

splenial contributes and laterally compressed teeth which are procumbent in the anterior part of 

the mandible are restricted to certain notosuchians (de Lapparent de Broin, 2002; Sereno & 

Larsson, 2009; Martin & de Lapparent de Broin, 2016; Meunier & Larsson, 2017; Ibrahim et 

al., 2020). The morphology of MNHN-SAM 136 is very different from that of Anatosuchus 

minor and Laganosuchus Sereno & Larsson, 2009 because the mandible is overall not squared 

in the symphyseal region, as it is in those two taxa. The posterior alveoli are visible in lateral 

view, which allows to distinguish this specimen from Araripesuchus wegeneri (Sereno & 

Larsson, 2009). The medial part of the dentary symphysis does not bear an oval fenestra, so this 

specimen cannot be attributed to Araripesuchus rattoides. Among the remaining taxa, the 

peirosaurids are characterized by a heavily sculpted mandible and two waves of enlarged  
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Figure 2.13: Time-calibrated phylogenetic tree on the Peirosauridae taxa (sensu Geroto & Bertini, 2019) sampled 
here, result obtained with mandibular characters only (branches in dashed lines indicate taxa that are often retrieved 
outside Peirosauridae). Bootstrap scores are indicated where superior to 25%. South America and Africa outlines 
correspond to the geographic occurrences of the taxon. 
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dentary teeth (Gasparini, 1982; Geroto & Bertini, 2019), as reported here in MNHN-SAM 136. 

Comparisons below will thus be made with peirosaurids of similar morphology that preserve 

comparable elements (for the full list of specimens, see Table 2); Hamadasuchus rebouli 

(Buffetaut, 1994; Larsson & Sues, 2007); Montealtosuchus arrudacamposi (Carvalho et al., 

2007; Uberabasuchus terrificus (Carvalho et al., 2004), which will be treated here as such 

although it might be a junior synonym of Peirosaurus tormini Price, 1955; Pepesuchus deiseae 

(Campos et al., 2011; Geroto & Bertini, 2019); Itasuchus jesuinoi (Price, 1955); Patagosuchus 

anielensis (Lio et al., 2016); Bayomesasuchus hernandezi (Barrios et al., 2016); 

Gasparinisuchus peirosauroides (Martinelli et al., 2012); Colhuehuapisuchus lunai (Lamanna 

et al., 2019); Barrosasuchus neuquenianus (Coria et al., 2019); Antaeusuchus taouzensis 

(Nicholl et al., 2021) and Kinesuchus overoi (Filippi et al., 2018). In MNHN-SAM 136, the 

two dentaries separate dorsally at the level of the 7th dentary alveolus (as in K. overoi, B. 

neuquenianus, G. peirosauroides, P. deiseae and I. jesuinoi). The mandibular symphysis 

extends up to the 12th alveolus, as in K. overoi and A. taouzensis, whereas it only extends to the 

11th alveolus in H. rebouli, the 10th alveolus in B. hernandezi, M. arrudacamposi, C. lunai and 

P. deiseae, the 9th alveolus in P. anielensis and to the 8th alveolus in G. peirosauroides and B. 

neuquenianus. In medial view, the symphyseal region is dorsoventrally shallow and, in dorsal 

view, it is narrow mediolaterally (as in B. hernandezi, M. arrudacamposi, I. jesuinoi, H. rebouli 

and K. overoi). 

The first four alveoli are gradually directed anteriorly to anterolaterally and the dentary narrows 

significantly medially at the level of the 8th/9th alveoli (as in P. deiseae and K. overoi). In lateral 

view, the apex of the first wave of enlargement of the toothrow is the large 4th alveolus, whereas 

the second one is formed by the 12th/13th alveoli, which are also large (as in B. neuquenianus, 

K. overoi, M. arrudacamposi, C. lunai, A. taouzensis and H. rebouli). The fourth alveolus is not 

dorsally elevated markedly from the first one (as in M. arrudacamposi, B. neuquenianus, K. 

overoi, I. jesuinoi, A. taouzensis and P. deiseae). The dorsal and ventral dentary-splenial sutures 

are directed anteromedially to posterolaterally (V-shaped if both hemimandibles were 

assembled), as in H. rebouli, B. hernandezi, K. overoi, A. taouzensis and P. deiseae. In posterior 

view, the foramen intermandibularis oralis is displaced laterally, and it thus would have been 

paired. This is also seen in A. taouzensis, probably in C. lunai and K. overoi, although the 

foramen is still close to the splenial symphysis suture in the latter, almost touching it.  

The surangular curves dorsally and forms the lateral margin of the articular fossa (as in B. 

hernandezi, M. arrudacamposi and B. neuquenianus). On the surangular, there is a tiny ridge  



Chapter 2 

72 
 

 

 

Table 2: Global mandibular measurements of peirosaurid taxa (in mm). * Distance between the extremities of the articular 
and the dentary. ** Distance between the extremities of the mandible at the posterior margin of the mandibular symphysis. 

Taxon Specimens Mandibular 
length* 

Mandibular 
fenestra 
heigth 

Mandibular 
fenestra 
width 

Mandibular 
symphysis 
width** 

References 

Hamadasuchus 
rebouli 

ROM 
49282 ? ? ? 42 

Larsson & 
Sues 

(2007) 
Bayomesasuchus 

hernandezi 
MCF 

PVPH-822 ? ? ? 50 Barrios et 
al. (2016) 

Pepesuchus deiseae 

MN 7005-
V, 

? ? ? 36 

Campos et 
al. (2011); 

MCT 
1723-R 

Geroto & 
Bertini 
(2019) 

Uberabasuchus 
terrificus 

CPPLIP 
630 280 60 20 68 Carvalho et 

al. (2004) 

Montealtosuchus 
arrudacamposi 

MPMA-16-
0007-04 220 50 20 57 Carvalho et 

al. (2007) 

Barrosasuchus 
neuquenianus 

MCF-
PVPH-413 383 36 9 100 Coria et al. 

(2019) 

Kinesuchus overoi MAUV-
Pv-CO-583 ? ? ? 50 Filippi et 

al. (2018) 

Lomasuchus 
palpebrosus 

MOZ 4084 
PV 150 ? ? 73 

Gasparini 
et al. 

(1991) 
Patagosuchus 

anielensis 
MAÑE-PV 

1 ? ? ? 60 Lio et al. 
(2016) 

Gasparinisuchus 
peirosauroides 

MOZ 1750 
PV 287 ? ? 87 

Martinelli 
et al. 

(2012) 

Itasuchus jesuinoi DGM-434-
R ? ? ? 78 Price 

(1955) 
Colhuehuapisuchus 

lunai 
UNPSJB-
PV 961 ? ? ? 69 Lamanna et 

al. (2019) 
Hamadasuchus 

rebouli 
MNHN-

SAM 136 460 100 45 90 This study 
       

Antaeusuchus 
taouzensis 

NHMUK 
PV R36829 ? ? ? 87 Nicholl et 

al. (2021) 
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as in M. arrudacamposi. The lateral surface is not as well preserved as the other parts of the 

mandible, but it bears a prominent posterolateral ridge, as in B. hernandezi, B. neuquenianus 

and U. terrificus followed by a huge depression that is beneath the level of the articulation 

surface: this might be for the articulation with the quadratojugal condyle, indicating a double 

mandibular articulation,  

Following this comparison and the phylogenetic analyses, MNHN-SAM 136 can be attributed 

confidently to Peirosauridae sensu Geroto & Bertini, 2019. 

Taxonomic content of North African peirosaurids 

In the Cretaceous of North Africa, a peirosaurid taxon of interest is Hamadasuchus rebouli. It 

was originally described by Buffetaut (1994) on the basis of a left anterior part of a dentary 

(MDE C001; Fig. 2.14C & 2.14D) from the upper Albian - Cenomanian of the Kem Kem 

group, Morocco, as a crocodylomorph with at least 15 closely separated alveoli in the dentary. 

The fourth alveolus is described as huge and the four alveoli posterior to it are small. The teeth 

posterior to the eighth one are tall, laterally compressed and with denticles on the mesiodistal 

carinae. Finally, the symphysis between the dentaries reaches the posterior margin of the 7th 

alveolus.  

Other specimens were then described and attributed to Hamadasuchus rebouli by Larsson & 

Sues (2007) on the basis of a complete skull as well as several skull fragments and another left 

anterior part of a mandible that has more than 15 closely spaced alveoli in the dentary (ROM 

49282; Fig. 2.14G & 2.14H). They also come from the Albian to Cenomanian Kem Kem Group 

of Morocco. Here, the fourth dentary alveolus is the biggest and the four alveoli behind it (at 

least) are small. Behind the 8th alveolus, only the 13th tooth is preserved, and it is laterally 

compressed. However, the symphysis between the dentaries only reaches the posterior margin 

of the 5th alveolus. Two other dentaries were mentioned (ROM 52045 and ROM 52047) but 

were not illustrated.  

Of particular interest, another associated skull with a mandible in connection from the Kem 

Kem Group was briefly illustrated (BSPG 2005 I 83) and attributed to Hamadasuchus by 

Rauhut & Lopez-Arbarello (2005) but awaits a comprehensive description with most of the 

anatomy of the mandible remaining unknown. 

Recently, in their review of the fauna from the Kem Kem Group of Morocco, Ibrahim et al. 

(2020) illustrated two other mandibular symphyses that they also assigned to H. rebouli  
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Figure 2.14: Comparisons of anterior parts of peirosaurid mandibles: MNHN-SAM 136 in dorsal (A) and ventral 
(B) view; MDE C001 in dorsal (C) and ventral (D) view; MNHN-MRS 3110 in dorsal (E) and ventral (F) view; 
ROM 49282 in dorsal (G) and ventral (H) view; NMC 41784 in dorsal (I) and ventral (J) view; NHMUK PV 
R36874 in dorsal (K) and ventral (L) view; NHMUK PV R36829 in dorsal (M) and ventral (N) view. 4: 4th 
alveolus, 7: 7th alveolus. Arrows indicate the suture between the dentary and the splenial in the symphysis. Scale 
bars are 3 cm. 
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(MNHN-MRS 3110; Fig. 2.14E & 2.14F and NMC 41784; Fig. 2.14I & 2.14J). However, these 

authors specify that the current Hamadasuchus diagnosis should be refined with the complete 

description of the skull (BSPG 2005 I 83) illustrated by Rauhut & Lopez-Arbarello (2005). In 

both cases, the dentaries are broken off before the 15th alveolus, but the alveoli are closely 

spaced. The 4th alveolus is the largest in each specimen, however the four alveoli behind it are 

small only in MNHN-MRS 3110, not in NMC 41784. In MNHN-MRS 3110, the teeth behind 

the 8th one are tall and laterally compressed. In MNHN-MRS 3110, the dentary symphysis 

reaches and completely includes the 7th - 8th alveolus (depending on the viewing angle), 

however it only reaches and completely includes the 5th to 6th alveolus in NMC 41784 (also 

depending on the viewing angle).  

Finally, another peirosaurid taxon from the Cretaceous Kem Kem Group of Morocco, North 

Africa, was recently erected by Nicholl et al. (2021): Antaeusuchus taouzensis. This taxon 

closely resembles the Hamadasuchus rebouli holotype mandible and MNHN-SAM 136, but it 

also differs from them by the following traits: wide divergence angle of the mandibular rami 

(40-45°); relatively unornamented surface texture of dentary adorned with narrow, shallow 

ridges; rugose tooth enamel formed by anastomosing grooves and ridges. Two specimens were 

described: NHMUK PV R36829 (Fig. 2.14M & 2.14N) and NHMUK PV R36874 (Fig. 2.14K 

& 2.14L). Both have more than 15 alveoli in the dentary, as well as a large 4th alveolus with 

four small alveoli following posteriorly. In both specimens, the teeth posterior to the eighth one 

are tall, laterally compressed and possessing denticles. In NHMUK PV R36829, the dentary 

symphysis reaches the 7th to 8th alveolus, whereas it only reaches the 5th to 6th one in NHMUK 

PV R36874. Nicholl et al. (2021) also mention that the material described in Larsson & Sues 

(2007) differs from the type specimen (MDE C001; Buffetaut, 1994) and they would assign it 

to another taxon. However, they justifiably refrained from doing so pending complete 

description of BSPG 2005 I 83 (Rauhut & Lopez-Arbarello, 2005). 

All those mandibular characters thus do vary and are summarized in Table 3. Can these 

anatomical traits concerning the mandible be considered as diagnostic of different taxa or could 

they just be due to different ontogenetic stages? To assess this, we used ontogenetic series of 

extant crocodylians, representing different morphotypes (Alligator mississippiensis, Caiman 

crocodilus Linnaeus, 1758, Caiman latirostris, Gavialis gangeticus, Mecistops Gray, 1844 sp., 

Osteolaemus tetraspis Cope, 1860 and Tomistoma schlegelii Müller, 1846, see Supplementary 

file S6 to S9). The total number of alveoli completely involved in the mandibular symphysis as 

well as the number of alveoli completely involved in the dentary part of the mandibular 
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symphysis in dorsal view, do not vary throughout the different ontogenetic stages (apart from 

one specimen of A. mississippiensis and one specimen of O. tetraspis, showing a variation of 

only one alveolus). The number of alveoli involved in the ventral extension of the splenial part 

of the mandibular symphysis does not vary ontogenetically (apart from one alveolus in a 

specimen of G. gangeticus). Finally, the lateral constriction of the dentary at the level of the 6th 

to 10th dentary alveoli does not vary ontogenetically, but this is more subject to caution as a 

constriction was not observed in all the examined specimens of Crocodylia. On the other hand, 

the total number of mandibular alveoli, the number of mandibular alveoli after which the alveoli 

become confluent, the largest alveolus after the 4th one and the angle of divergence of the 

mandibular rami do vary significantly throughout ontogeny and we thus recommend against 

their use as systematic/phylogenetic characters. Moreover, it should be stressed that fossil 

species are represented by a handful of specimens and that ontogenetic series cannot be 

understood yet. These data thus bring important information that should be considered in future 

taxonomic studies looking at mandibular remains in the context of Crocodylomorpha. 

As such, following the original diagnosis of Buffetaut (1994), the specimen ROM 49282 cannot 

be attributed to H. rebouli confidently because it only has five alveoli completely involved in 

the dentary part of the mandibular symphysis rather than seven +/- one. The other (mostly 

cranial) specimens described in Larsson & Sues (2007) also cannot be attributed to H. rebouli 

because no skull fragment is linked with a mandible. As suggested by Cavin et al. (2010), 

Ibrahim et al. (2020) and Nicholl et al. (2021), the specimens assigned to H. rebouli until now 

probably belong to at least two different taxa based on mandibular characters. One group would 

be composed of MDE C001, MNHN-SAM 136 and MNHN-MRS 3110 and another group of 

ROM 49282 (and probably subsequent material) and NMC 41784, the main point of divergence 

being the number of alveoli completely involved in the dentary part of the mandibular 

symphysis. However, we are aware that this hypothesis could be reinforced by diverging cranial 

or postcranial characters as well. That is why we refrain (for now) from creating a new taxon 

for the specimens that we here exclude from H. rebouli. This is pending a complete description 

and reassessment of BSPG 2005 I 83 which is the only fossil known where the mandible is 

linked to the skull and would thus allow to link cranial characters to the diagnosis of H. rebouli 

(or create a new species of Hamadasuchus). One must thus keep in mind that skull parts referred 

to H. rebouli (ROM 52620 for example) cannot be referred to this taxon for now, but they could 

be in the future. 
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Concerning the taxonomic status of the two specimens attributed to Antaeusuchus, we agree 

with Nicholl et al. (2021) in distinguishing NHMUK PV R36829 from all other specimens 

discussed above as another taxon, but solely based on the peculiar ornamentation of the dentary 

and the structure of the tooth enamel (though both characters may be subject to mechanical 

abrasion). The mandibular angle proposed as diagnostic is most probably of ontogenetic nature. 

However, the attribution to a new genus is open to debate, given all the other characteristics 

that make this taxon close to the holotype mandible and all the now referred specimens of H. 

rebouli. We would rather interpret this taxon composed solely of NHMUK PV R36829 for now 

as another species of Hamadasuchus and have adapted the emended diagnosis of the genus 

accordingly. Concerning the second specimen (NHMUK PV R36874), although it also has the 

peculiar ornamentation of the dentary and the structure of the tooth enamel seen in NHMUK 

PV R36829, the number of alveoli totally involved in the dentary part of the mandibular 

symphysis is significantly smaller (5 to 6 depending on the viewing angle) than in NHMUK 

PV R36829 (7 to 8 depending on the viewing angle). This is a crucial difference and makes 

NHMUK PV R36874 more closely related to some specimens referred to Hamadasuchus 

(ROM 49282 and NMC 41784). As a result, we are casting doubt on the current taxonomic 

attribution of this specimen which will hopefully be clarified in future studies. 

As for MNHN-SAM 136, the combination of the following characters link this specimen with 

confidence to the genus Hamadasuchus: at least fifteen dentary alveoli; all alveoli are very 

close-set; four very small alveoli posterior to the large fourth alveolus; posterior dentary alveoli 

visible in lateral view; two waves of enlarged dentary teeth; eleven completely involved alveoli 

in the mandibular symphysis; symphyseal region shallow dorsoventrally and narrow 

mediolaterally; dorsal and ventral dentary-splenial sutures directed anteromedially to 

posterolaterally (V-shaped if both hemimandibles were assembled); ventrolateral dentary 

surface anterior to mandibular fenestra transversely compressed; dentary extends posteriorly 

beneath the mandibular fenestra; anterior alveoli of dentary procumbent; concavity for the 

reception of the enlarged maxillary tooth lateral to the 7th alveolus of the dentary; surangular 

overlaps dentary above the mandibular fenestra (see revised diagnosis, as well as support from 

the phylogenetic analyses). Certainly, we observe little morphological differences between the 

type specimen and the specimen from La Gara Samani. Nevertheless, the type specimen is of 

very limited completeness, so we decide to refer MNHN-SAM 136 to Hamadasuchus cf. 

rebouli. 
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Paleobiogeography and methodological implications 

During the Cretaceous, the Gondwanan landmass separated, and the South Atlantic Ocean 

formed (Granot & Dyment, 2015). The two future continents (South America and Africa) were 

still connected at least until the late Aptian, as highlighted by studies on other crocodylomorphs 

genus: Araripesuchus and Sarcosuchus (Buffetaut & Taquet, 1977; Ortega et al., 2000) and 

then separated, effectively creating a vicariance effect (Turner, 2004). As seen in the 

phylogenetic results, the peirosaurid taxa studied here form two different groups (Fig. 2.13). 

However, these two groups do not represent a geographical separation, suggesting a 

Gondwanan distribution of peirosaurids during the Cretaceous (Sertich & O’Connor, 2014; 

Barrios et al., 2016), which will of course have to be confirmed by more detailed studies 

involving cranial remains as well. 

Terrestrial taxa (probably like peirosaurids) are of particular interest when studying those 

hypotheses because they are constrained by land, and thus in theory cannot disperse in water, 

rendering biogeographic assumptions stronger. Another interesting question resulting from this 

is about the origin of peirosaurids: this clade would seem to have originated in Africa, as the 

oldest known fossils come from this continent (Larsson & Gado, 2000; this study). However, 

although there is a continental fossil record from the lower Cretaceous in South America 

(Gallina et al., 2014), absence of peirosaurid specimens in these strata does not mean that the 

clade did not originate in the continent (for example, Amargasuchus minor could very well be 

a South American peirosaurid from the Hauterivian). Furthermore, the repartition of 

notosuchian taxa has also been showed to be related to climate (Carvalho et al., 2010). This 

question must thus remain open and will hopefully be answered in future studies.  

We have also demonstrated that, for Peirosauridae, mandibular characters bear a phylogenetic 

signal on their own and are important for better resolving phylogenetic relationships. Thus, they 

are of interest when studying the relationships of groups whose remains are fragmentary. As a 

result, we were able here to assess the phylogenetic relationships of some poorly known taxa, 

such as K. overoi, P. anielensis or C. lunai. However, as can be seen on the full 

Crocodylomorpha analysis, the results should be taken with caution, as some groups are 

retrieved in unexpected positions, and it is also probably linked to our character sampling: 

cranial characters remain important and must be included with the mandibular and postcranial 

characters when looking at such a large-scale taxonomic sample. Furthermore, the study of 

ontogenetic series of extant specimens has enabled us to validate some characters for use in 
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taxonomic/phylogenetic works while invalidating others (see Supplementary File S6 to S9). 

This is very important and should be widened whenever possible when dealing with 

fragmentary fossil remains that still have close extant representatives. 

Taphonomy and paleoenvironmental implications  

The external surface of MNHN-SAM 136 preserves at least seven instances of traces of 

bioerosion characterized by shallow gouges affecting the surface of the cortical bone (Fig. 

2.11B-2.11H). These structures are straight to ovoid and centimetric in size. They can be 

attributed to dermestid traces and imply arid conditions with pupae developing on drying 

carcasses (Höpner & Bertling, 2017). As these structures only occur in fresh bone that was 

adjacent to dried tissues, they involve several weeks or months without water, which allows the 

development of such larvae (Martin & West, 1995). The subsequent erosion of the bone occurs 

after the infestation and removes the surface containing the pupation chamber, which explains 

those hollowed-out structures. These observations are consistent with a hot environment 

(Russell & Paesler, 2003; Holz, 2015), however with access to water (presence of aquatic taxa; 

de Lapparent de Broin et al., 1971; Busson & Cornée, 1991; de Lapparent de Broin, 2002; 

Meunier & Larsson, 2017).  

Conclusion 

A new peirosaurid mandibular ramus (MNHN-SAM 136) from the Albian - Cenomanian of 

North Africa is described and compared to other closely related taxa. It is referable to 

Hamadasuchus cf. rebouli of which an emended diagnosis is proposed, on the basis of the 

unique combination of several mandibular characters. The taxonomic content of this taxon is 

reviewed and, using ontogenetic series of extant crocodylians, we put forward some mandibular 

characters as suitable for taxonomic differentiation between specimens, whereas we argue 

against the use of others. As a result, several specimens currently attributed to H. rebouli are 

not congruent with the holotype mandible and probably represent a new peirosaurid taxon from 

the Cretaceous of North Africa. This will be confirmed by the future study of cranial remains 

attributable to Hamadasuchus and the erection of a new taxon if necessary. From these 

considerations, we studied the phylogenetic relationships of MNHN-SAM 136 using a 

mandibular character only matrix. The results show that those data bear a phylogenetic signal 

and are of particular interest in the case of a group mainly composed of taxa defined on 

fragmentary mandibular remains, clustering the fossil studied here with Hamadasuchus rebouli 

sensu Buffetaut, 1994. 
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Abstract 

The origin of modern crocodylians is rooted in the Cretaceous but their evolutionary history is 

obscure because the relationships of outgroups and transitional forms are poorly resolved. Here, 

we describe a new form, Varanosuchus sakonnakhonensis gen. nov. sp. nov., from the Early 

Cretaceous of Thailand that fills an evolutionary gap between Paralligatoridae and 

Atoposauridae, two derived neosuchian lineages with previously unsettled phylogenetic 

relationships. Three individuals, including a complete skull and associated post-cranial remains 

allow for a detailed description and phylogenetic analysis. The new taxon is distinguished from 

all other crocodylomorphs by an association of features, including a narrow oreinostral 

morphology, a dorsal part of the postorbital with an anterolaterally facing edge, a depression 

on the posterolateral surface of the maxilla and fully pterygoid bound choanae. A phylogenetic 

analysis confirms the monophyly and taxonomic content of Atoposauridae and Paralligatoridae, 

and we underline the difficulty of reaching a robust definition of Eusuchia. Furthermore, we 

put forward further arguments related to the putative terrestrial ecology with semi-aquatic 

affinities of atoposaurids based on their oreinostral snout morphology and osteoderm 

ornamentation. 
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Introduction 

Neosuchia is a crocodylomorph clade that appeared during the Jurassic and gave rise during the 

Cretaceous to modern forms (Salisbury et al., 2006). While its major lineages, including 

Goniopholididae Cope, 1875, Pholidosauridae von Zittel & Eastman, 1902, Dyrosauridae, 

Atoposauridae, Paralligatoridae and Eusuchia are generally considered monophyletic (Jouve et 

al., 2006; Turner, 2015; Martin et al., 2016a; Tennant et al., 2016; Meunier, 2017; Ristevski et 

al., 2018), their interrelationships are still heavily debated. One major problem of this situation 

is the poor resolution over the origin and evolutionary processes at the neosuchian-eusuchian 

transition. For example, while Eusuchia is classically defined as possessing pterygoid-bound 

choanae, procoelous vertebral centra and a sagittal segmentation of the paravertebral shield 

(Benton & Clark, 1988; Clark, 1994), this can no longer be considered the norm and their 

evolutionary history is more complex than originally admitted (Salisbury et al., 2006; Turner 

& Buckley, 2008; Pol et al., 2009; Sweetman et al., 2014; Turner, 2015; Turner & Pritchard, 

2015; Tennant et al., 2016; Leite & Fortier, 2018; Martin et al., 2020a). Thus, those issues 

remain highly debated, particularly about the timing of the transition between ‘basal’ 

neosuchians and eusuchians, about which clade(s) are closer to Eusuchia, and which characters 

support those changes.  

Among the fossils of particular interest to these issues are those belonging to the families 

Atoposauridae and Paralligatoridae, which have both been recently redefined (Turner, 2015; 

Tennant et al., 2016; Adams, 2019; Kuzmin et al. 2019; Noto et al., 2020; Rummy et al., 2022). 

Atoposaurids sensu Tennant et al., 2016 only comprise five species from the Late Jurassic of 

France and Germany (Fig. 2.15; Tennant et al., 2016 and references therein), and paralligatorids 

sensu Rummy et al., 2022 comprise at least eleven taxa from the Late Jurassic to the Cretaceous, 

distributed worldwide (Fig. 2.15; Turner, 2015; Tennant et al., 2016; Adams, 2019; Kuzmin et 

al., 2019; Noto et al., 2020; Rummy et al., 2022 and references therein). As those two families 

exhibit several variable morphological characters among those historically considered as 

autapomorphies of Eusuchia (see above), they are thus ideal candidates for illustrating the 

Neosuchia-Eusuchia transition. A better understanding of the relationships of those taxa is 

essential to understand the neosuchian diversification and paleobiogeographic evolution 

through time. Virtually nothing is known about their ecology, although Schwarz & Salisbury  



Chapter 2 

86 
 

 

Figure 2.15: Paleogeographical distribution of putative atoposaurid and paralligatorid taxa. 1: Wannchampsus 
kirpachi Adams, 2014, Tarsomordeo winkleri, Glen Rose Form (Aptian, United States) and Scolomastax sahlsteini 
(Cenomanian, United States); 2: Aprosuchus ghirai Venczel & Codrea, 2019 and Sabresuchus sympiestodon 
Martin, Rabi & Csiki, 2010 (Maastrichtian, Romania); 3: Brillanceausuchus babouriensis (Barremian, 
Cameroon); 4: Sabresuchus ibericus (Barremian, Spain); 5: Montsecosuchus deperiti Vidal, 1915 (Barremian, 
Spain); 6: Shamosuchus djadochtaensis Mook, 1924 and Paralligator gradilifrons Konzhukova, 1954 
(Cenomanian  -  Campanian, Mongolia); 7: Rugosuchus nonganensis Wu, Cheng & Russell, 2001 (Campanian, 
China) and Yangjisuchus longshanensis Rummy, Wu, Clark, Zhao, Jin, Shibata, Jin & Xu, 2022 (Albian - 
Cenomanian, China); 8: Theriosuchus grandinaris Lauprasert, Laojumpon, Saenphala, Cuny, Thirakhupt & 
Suteethorn, 2011 and Phu Sung specimens described here (Barremian, Thailand); 9: Kansajsuchus extensus 
Efimov, 1975 (Santonian - Campanian, Kazakhstan - Tadzhikistan); 10: Knoetschkesuchus langenbergensis 
Schwarz, Raddatz & Wings, 2017 (Kimmeridgian, Germany); 11: Alligatorellus Gervais, 1871 and Atoposaurus 
oberndorferi von Meyer, 1850 (Tithonian, Germany); 12: Alligatorium Gervais, 1871 and Atoposaurus jourdani 
von Meyer, 1850 (Kimmeridgian, Germany); 13: Knoetschkesuchus guimarotae (Kimmeridgian, Spain); 14: 
Batrachomimus pastosbonensis (Oxfordian – Kimmeridgian, Brazil). Maps are from Paleobiology Database. 
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(2005) hypothesized a terrestrial ecology for atoposaurids based on their very scarce fossil 

record, terrestrial environments being less prone to good conservation conditions.   

Here, we describe three new specimens belonging to a new species of atoposaurid from the 

Early Cretaceous Sao Khua Formation of Thailand (early Valanginian - early Hauterivian; 

Tucker et al., 2022). The specimens (Fig. 2.16-2.29; Supplementary Material S1 & S2; 

Supplementary Model S1-S6) come from the Phu Sung locality, a reddish micaceous silty 

mudstone continental deposit, and were found together within a faunal assemblage composed 

of sharks, bony fishes, and turtles (Chanthasit et al., 2019; Ditbanjong et al., 2019). They are 

of particular importance for proposing a new phylogenetic framework close to the Neosuchia - 

Eusuchia transition and highlight that Southeast Asia still holds an under-evaluated fossil record 

for understanding the evolution of neosuchians.  

Material and methods 

Character taxon matrix and coding 

The character taxon matrix (CTM) used in this paper consists of 80 operational taxonomic units 

and 321 multistate characters (Supplementary Material S3 & S4); the outgroup is Gracilisuchus 

stipanicicorum Romer, 1972; all characters involved in the parsimony analysis are equally 

weighted and unordered. This CTM to which we added the scorable osteological characters of 

the specimens described here is taken from the complete dataset of Schwarz et al. (2017), 

modified from Turner (2015), with some adjustments made by Venczel & Codrea (2019). 

Knoetschkesuchus guimarotae scorings were updated following Eijkelboom (2020), 

Shamosuchus ulanicus Efimov, 1983 was removed as it is a junior synonym of Shamosuchus 

djadochtaensis (Turner, 2015) and Pachycheilosuchus trinquei Rogers, 2003 was removed as 

it is represented by a composite skeleton (Rogers, 2003). Brillanceausuchus babouriensis and 

Montsecosuchus deperiti were not included as well, pending future reassessment of those taxa 

(Tennant et al., 2016).  

Although previously recovered nested within neosuchians, we also chose to remove 

thalattosuchians because they most likely branch basally or sister to Mesoeucrocodylia 

(Wilberg et al., 2022) and because the present study focuses on derived neosuchians. 

Tarsomordeo winkleri, Scolomastax salhsteini and Yanjisuchus longshanensis were not added 

in the matrix as they are too incomplete, however, we added Kansajsuchus extensus (Kuzmin 

et al., 2019) and Theriosuchus grandinaris.  Finally, some scorings were updated and those of  
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Figure 2.16: SM-2021-1-97: main part of the skull in dorsal (A), ventral (B), lateral (C & D), anterior (E), posterior 
(F) and lateroventral (G) views. H & I: two teeth visible in external view. an: angular, ar: articular, bo: basioccipital, 
d: dentary, ec: ectopterygoid, f: frontal, fm: foramen magnum, if: infratemporal fenestra, j: jugal, l: lacrimal, m: 
maxillary, n: nasal, o: orbit, ot: otoccipital, p: parietal, pal: palatine, pf: prefrontal, pm: premaxillary, po: 
postorbital, pt: pterygoid, q: quadrate, qj: quadratojugal, sf: supratemporal fenestra, so: supraoccipital, sp: splenial, 
sq: squamosal, sr: surangular, sub: suborbital fenestra. Scale bars are 1 cm. 
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Figure 2.17:SM
-2021-1-97: m

andibular and pterygoid parts of the skull in lateral (A
, B

 &
 H

), m
edial (C

), dorsal (E &
 I) and ventral (D

, F &
 G

) view
s. an: angular, ar: articular, 

bo: basioccipital, d: dentary, ec: ectopterygoid, ic: internal choana, j: jugal, pal: palatine, pt: pterygoid, q: quadrate, sp: splenial, sr: surangular. A
rrow

 in G
 indicates palatine-

pterygoid suture. Scale bars are 1 cm
.
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Figure 2.18: 3D reconstruction of SM-2021-1-97: full skull in dorsal (A), ventral (B), lateral (C & D), anterior 
(E), posterior (F) and anterior ¾ (G) views. an: angular, ar: articular, bo: basioccipital, d: dentary, ec: ectopterygoid, 
f: frontal, if: infratemporal fenestra, j: jugal, l: lacrimal, ld: lower dentition, m: maxillary, n: nasal, o: orbit, ot: 
otoccipital, p: parietal, pal: palatine, pf: prefrontal, pm: premaxillary, po: postorbital, pt: pterygoid, q: quadrate, 
qj: quadratojugal, sf: supratemporal fenestra, so: supraoccipital, sp: splenial, sq: squamosal, sr: surangular, sub: 
suborbital fenestra, ud: upper dentition. Scale bars are 2 cm. 
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Bernissartia fagesii Dollo, 1883 were thoroughly revised on 80 characters, based on Martin et 

al. (2020a; see also Supplementary Material S5). Only the two most complete specimens from 

Phu Sung (SM-2021-1-97/101 and SM-2023-1-16) were scored because the third one is too 

incomplete to warrant a robust phylogenetic assessment.  

Phylogenetic analyses 

The analyses were made in parsimony, on TNT 1.5 (Goloboff & Catalano, 2016). New 

Technology Search was used enabling all search algorithms (Sectorial Search, Ratchet, Drift 

and Tree Fusing; Goloboff, 1999; Nixon, 1999). The default settings for these advanced search 

methods were only changed to increase the iterations of each method, it now features 100 

sectorial search drifting cycles, 100 ratchet iterations, 100 drift cycles and 100 rounds of tree 

fusion per replicate. This tree-space search procedure was repeated for ten different random 

start seeds (following the procedure in Jouve, 2016) using driven search to find the minimum 

Figure 2.19: SM-2021-1-98: cervical vertebrae and osteoderms in dorsal (A), ventral (B), lateral (C), posterior (D) 
and anterior (E) views. C1-7: cervical vertebrae one to seven, D1-D5: dorsal vertebrae one to five, r: rib. Scale
bars are 1 cm. 
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length ten times. Otherwise, the default parameters were kept. Extended implied weighting 

(Goloboff, 2014) was not used as its utility remains controversial (Congreve & Lamsdell, 2016; 

Groh et al., 2019). Bootstrap scores were then calculated. This procedure was further validated 

by a heuristic search of Wagner trees with 1,000 random addition sequences, followed by Tree 

Bisection Reconnection and saving 10 cladograms per rounds (Random seeds – 100).  When 

necessary, the ACCTRAN optimization was used (Accelerated Transformation; Farris, 1970; 

Swofford & Maddison, 1987). FigTree 1.4.4 was used to visualize the phylogenetic trees 

obtained. 

Computed tomography scan 

The CT scan was performed in January 2021 at the Laboratoire Mateis (INSA Lyon, 

Villeurbanne, France) on a DTHE (Double Tomographe Haute Energie by RX Solutions). 

Detailed acquisition parameters are available in Supplementary Material S6. 

 

 

Figure 2.20: SM-2021-1-100: dorsal, sacrum and caudal vertebrae in dorsal (A), lateral (B) and ventral (C) 
views. CD1: caudal vertebra 1, D8 & D10: dorsal vertebrae eight and ten, pub1 & pub2: pubis one and two, S1 
& S2: sacral vertebrae one and two. Scale bars are 1 cm. 
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Figure 2.21: SM-2021-1-99 & SM-2021-1-101: caudal vertebrae and limb bones in dorsal (A & C) and ventral (B 
& D) views. CD12 & CD13: cervical vertebra twelve and thirteen, fib: fibula, met: turtle metatarsal, pha: phalanx, 
r: rib, t: tibia. Scale bars are 1 cm. 
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Figure 2.22: 3D reconstruction of SM-2021-1-97/101 vertebrae in anterior (A) and lateral (B) views. Blue 
vertebrae are cervical, green are dorsal, red are sacral and orange are caudal. c: centrum, dia: diapophysis, ns: 
neural spine, par: parapophyis, poz: postzygapophysis, prz: prezygapophysis, tp: transverse process. Scale bars are 
3 cm.
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Results 

Systematic paleontology 

Crocodylomorpha Hay, 1930 

Crocodyliformes Hay, 1930 (sensu Benton & Clark, 1988) 

Mesoeucrocodylia Whestone & Whybrow, 1983 

Neosuchia Clark, 1986 

Atoposauridae Gervais, 1871  

Varanosuchus gen. nov. 

Type species: Varanosuchus sakonnakhonensis 

Derivation of name – due to its superficial resemblance with a monitor lizard. 

Diagnosis – As for the type and only known species. 

Varanosuchus sakonnakhonensis gen. nov. sp. nov. 

Derivation of name – after the province of Sakon Nakhon, Thailand, where the holotype 

and referred specimens were found. 

Holotype – SM-2021-1-97/101, a three-dimensionally preserved, almost complete skull 

lacking its anteriormost part (anterior part of premaxilla and nasal) with associated mostly  

Figure 2.23: 3D reconstruction of SM-2021-1-97/101 limb bones and girdles in dorsal (A), lateral (B) and ventral 
(C) views. Orange: coracoid, green: pubis, purple: fibula, blue: tibia, white: digit and ungual. Scale bars are 2 cm. 
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Figure 2.24: 3D reconstruction of SM-2021-1-97/101 osteoderms. Dorsal (A) and ventral (B) osteoderm of the 
cervical region. Dorsal (C) and ventral (D) osteoderm of the sacral region. Dorsal (E) and ventral (F) osteoderm 
of the caudal region. Scale bar is 2 cm. 
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Figure 2.25: SM-2023-1-16 in dorsal (A), ventral (B), lateral (C & D), anterior (E), posterior (F) and ventrolateral 
(G) views. IX-XI: foramen for cranial nerve IX-XI, af: antorbital fenestra, bo: basioccipital, bs: basisphenoid, cb:
crest B, cd: crest/depression on the jugal, cq: cranioquadrate groove, dpc: deltopectoral crest, ec: ectopterygoid, 
ef: eustachian foramen, f: frontal, fm: foramen magnum, h: humerus, ic: internal choana, if: infratemporal fenestra, 
im: insertion for the M. teres major, j: jugal, l: lacrimal, m: maxilla, n: nasal, o: orbit, oc: occipital condyle, ot:
otoccipital, p: parietal, pal: palatine, pf: prefrontal, pfp: prefrontal pillar, pm: premaxillary, po: postorbital, ps: 
proximal extremity, pt: pterygoid, q: quadrate, qj: quadratojugal, s: squamosal, sf: supratemporal fenestra, so:
supraoccipital, sqp: squamosal process, sm: sulcus on the maxilla, so: supraoccipital, sub: suborbital fenestra, v:
vertebrae remains. Scale bars are 1 cm. 
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2.26:D

etails of SM
-2023-1-16: tooth (A

), braincase region (B
). V: foram

en for cranial nerve V, bs: basisphenoid, bsr: basisphenoid rostrum
, ec: ectopterygoid, j: jugal, 

ls: laterosphenoid, pro: prootic, pt: pterygoid, s: squam
osal. Scale bars are 1 cm

.
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Figure 2.27: Outlines of the bones of SM-2023-1-16 in dorsal (A), ventral (B), lateral (C & D) and posterior (E) 
views. IX-XI: foramen for cranial nerve IX-XI, af: antorbital fenestra, bo: basioccipital, bs: basisphenoid, cb: crest 
B, cd: crest/depression on the jugal, cq: cranioquadrate passage, dpc: deltopectoral crest, ec: ectopterygoid, ef: 
eustachian foramen, f: frontal, fm: foramen magnum, h: humerus, ic: internal choanae, if: infratemporal fenestra, 
j: jugal, l: lacrimal, m: maxilla, n: nasal, o: orbit, oc: occipital condyle, ot: otoccipital, p: parietal, pal: palatine, pf: 
prefrontal, pfp: prefrontal pillar, pm: premaxillary, po: postorbital, ps: proximal surface, pt: pterygoid, q: quadrate, 
qj: quadratojugal, s: squamosal, sf: supratemporal fenestra, sh: squamosal ‘horn’, sm: maxillary sulcus, so: 
supraoccipital, sub: suborbital fenestra, v: vertebrae remains. Scale bars are 1 cm.
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Figure
2.28:SM

-2023-1-17
in dorsal (A

), ventral (B
), lateral (C

 &
 D

), posterior (E) and anterior (F) view
s. cb: crest B

, f: frontal, ot: otoccipital, p: parietal, po: postorbital, q: 
quadrate, s: squam

osal, sf: supratem
poral fenestra, so: supraoccipital. Scale bars are 1 cm

.
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Figure
2.29:D

ifferent postcranial parts (SM
-2023-1-17): three linked vertebrae centra (A

), tw
o vertebrae centra (B

 &
 C

), upper part of a vertebra in dorsal (D
) and ventral (E) 

view
s and proxim

al part of lim
b bone in anterior (F) and posterior (G

) view
s. tp: tranverse process, V

1: vertebra one, V
2: vertebra tw

o, V
3: vertebra three, zp: zygapophysis. 

Scale bars are 1 cm
.
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complete post cranial skeleton, involving axial column and osteoderms. The specimen lacks 

most of the pectoral girdle (except for the coracoid) and all the forelimb elements. The 

pubis, tibia, fibula, and digit are the only elements known from the pubic girdle and the 

hindlimbs.  

Type locality – Phu Sung locality, near Sakon Nakhon, Sakon Nakhon province, Thailand. 

Stratigraphic horizon and range – The geological strata from where the new taxon originate 

belong to the Early Cretaceous Sao Khua Formation (Khorat Group) of Thailand 

(Chanthasit et al., 2019; Ditbanjong et al., 2019).  

Referred specimens – SM-2023-1-16, a three-dimensionally preserved nearly complete 

skull. SM-2023-1-17, a three-dimensionally preserved partial skull table. Both specimens 

were found in the same strata as the holotype. 

Diagnosis – a crocodylomorph characterized by the following unique combination of 

features: the dorsal part of the postorbital has an anterolaterally facing edge, fully pterygoid 

bound choanae, the quadrate has no fenestrae, the quadratojugal has no ornamentation, the 

outer surface of the squamosal is laterodorsally oriented, reduced and sculpted, there is a 

depression on the posterolateral surface of the maxilla, an altirostral rostrum, external nares 

facing anterolaterally or anteriorly, the posterodorsal corner of the squamosal has an 

unsculptured process, the premaxilla-maxilla suture in palatal view directed 

posteromedially, the ventral part of the lacrimal that does not (or only slightly) contact the 

jugal, the posterior end of the premaxilla is W-shaped with the anterior tip of the maxilla 

wedging between the premaxilla on the dorsal surface of the rostrum, lateral margins of the 

anterior half of the palatines (between suborbital fenestrae) are parallel to subparallel and a 

broad tabular-shaped frontal with the lateral sutures of the prefrontals parallel to each other, 

intertemporal width less than one third of the skull width, opened and ovoid supratemporal 

fenestrae, a supraoccipital exposed on the skull roof, a parietal width less than one third of 

the skull width, the posterior margin of the skull is not scalloped with a median process, the 

parietal-postorbital suture is not visible in dorsal view and the lateral margins of the 

squamosal and postorbital are not concave in dorsal view.  

Description 

Cranium (Fig. 2.16-2.18 & 2.25-2.28) 

The specimens are rather short-snouted: as a result, the rostrum makes up for about half the size 

of the whole skull. The nasal is quite long, reaching the anterior limit of the skull. The braincase 
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occupies the posterior third of the skull. The cranial table is ornamented with circular ovoid pits 

dorsally. 

Premaxilla (Fig. 2.16A, 2.16C-E, 2.18A-E, 2.18G, 2.25A-D & 2.27A-D): 

The premaxilla, together with the anterior part of the nasal, forms the anterior part of the snout. 

It is straight posteriorly, forming an oblique suture with the maxilla in lateral view. In dorsal 

view, the opening for the nares is mostly composed of the premaxilla, with a participation of 

the nasal in its posterior part. On the ventral surface, the foramen incisivum is visible, it is 

unique and completely enclosed by the premaxillae. The contact between the two bones is 

straight anteroposteriorly. The contact between the maxilla and the premaxilla is straight 

lateromedially in ventral view, oblique in lateral view and straight lateromedially in dorsal 

view, with two posteriorly projecting processes of the premaxilla in SM-2021-1-97: one in the 

maxilla and one medially at the contact with the nasal. Medially in dorsal view, the two 

premaxillae do not contact, as they are separated by the nasals. At the contact with the maxilla, 

the posterior part of the premaxilla bears a pit to accommodate for the corresponding large 

dentary tooth: this is especially visible in right lateral view. Some pits are present in the lateral 

surface. Each premaxilla contains at least five teeth (although none are preserved). The 

preserved alveoli are quite large and separated, the third and fourth one being the largest ones 

in SM-2023-1-16. 

Maxilla (Fig. 2.16A, 2.16C-E, 2.18A-E, 2.18G, 2.25A-E, 2.25G, 2.26A & 2.27A-D): 

The two maxillae contact ventrally in an anteroposteriorly straight suture, whereas they are 

separated dorsally by the nasals, also in an anteroposteriorly straight suture. The triple junction 

between the maxilla, the premaxilla and the nasal is situated at the level of the first maxillary 

alveolus. The contact with the jugal is curved anteriorly to oblique in lateral view. Medially, 

there is a suture with the ectopterygoid which is also curved anteriorly. In lateral view, a 

depression for the insertion of a dentary tooth can be seen at the level of the sixth-seventh 

maxillary alveoli, where the maxilla curves medially. Dorsally, the maxilla has two planes, one 

directed dorsomedially to ventrolaterally, and one oriented anteroposteriorly and flat 

dorsoventrally: the specimens have an altirostral skull. The contact between these two planes is 

directed posteromedially until the most developed caniniform maxillary tooth (third alveolus in 

SM-2021-1-97) or the very marked lateral bulge of the maxilla (sixth alveolus on SM-2023-1-

16), then it seems to widen again laterally. The lateral margin of the maxilla forms two convex 

waves, with the maximum curvature at the level of the fourth and penultimate maxillary alveoli. 
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Ventrally, the contact with the palatine is straight lateromedially and the maxilla constitutes the 

anterior and anterolateral margin of the suborbital fenestra. The ventral surface is smooth. From 

the preserved parts of this bone, it can be assessed that the maxilla contains at least twelve teeth. 

The largest alveoli, although separated, are the second and the third ones, then the next few 

alveoli are much smaller, before increasing in size again posteriorly. In ventral view, the 

alveolar rows globally diverge posterolaterally with a concavity at the level of the fifth alveolus. 

The largest tooth is preserved on each side, as well as some other fragments of other teeth. 

Those are caniniform teeth, with no particular carinae or ridges, and they are not compressed 

lateromedially.  

Nasal (Fig. 2.16A, 2.16E, 2.18A, 2.18C, 2.18E, 2.18G, 2.25A, 2.25E, 2.27A & 2.27D): 

The nasals are paired and elongated anteroposteriorly (no more than 1.5 - 2 cm). The sutures 

with the maxilla and the premaxilla are straight anteroposteriorly. The contact between the 

frontal and the nasals is V-shaped, with the frontal projecting anteriorly in the nasals. The 

anterior end of the nasal constitutes the posterior and medial margin of the internal nares. The 

posterior end of the nasals is squeezed between the contact with the frontal and the anterior 

projections of the prefrontals laterally in SM-2021-1-97 or the anterior projection of the 

lacrimal in SM-2023-1-16. The nasal does not contact the lacrimal in SM-2021-1-97, but it does 

in SM-2023-1-16. The bone is not visible in ventral view. 

Lacrimal (Fig. 2.16A, 2.16C-D, 2.18A-E, 2.18G, 2.25A, 2.25D, 2.27A & 2.27C-D): 

The lacrimal is triangular-shaped with one tip directed anteromedially. The posterior curved 

margin forms the anterior margin of the orbit. The medial side is bordered by the prefrontal 

(and the nasal in SM-2023-1-16), whereas the lateral side contacts the posterior part of the 

maxilla. The lacrimal is shorter anteroposteriorly than the prefrontal in SM-2021-1-97, whereas 

it is of the same size in SM-2023-1-16. The ventral surface is too damaged to be described.  

Jugal (Fig. 2.16A, 2.16C, 2.16E-F, 2.17A-C, 2.17G, 2.18, 2.25A, 2.25C-E, 2.25G, 2.27A & 

2.27C-D): 

The jugal is elongate and plate-like (taller than wide). Anteriorly, it is directed straightly 

anteroposteriorly whereas posteriorly it curves mediolaterally (near the contact with the 

quadratojugal). The jugal sends a convex process to connect with the maxilla on the lateral side, 

at the same level as the lacrimal, extending to the penultimate alveolus in SM-2023-1-16. In 

this same specimen, a crest followed by a depression can be seen, both being directed 
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anteroposteriorly. Posteriorly, the bone connects medially with the quadratojugal almost all the 

way to the posterior extremity of the skull and almost participates in the articulation with the 

mandible. The jugal also forms most of the lateral edge of the orbit, however it does not form 

a dorsal bulge in this region. Behind the orbit, the jugal has a dorsomedially angled process 

which sutures with the postorbital in an anterolaterally curved suture. The posterior margin of 

this contact, together with the preserved posterior part of the jugal, forms the lateral and 

anterolateral margins of the infratemporal fenestra. The contact with the quadratojugal is 

straight and no foramina or special ornamentation can be seen. 

Prefrontal (Fig. 2.16A, 2.16C-D, 2.18A-E, 2.18G, 2.25A, 2.25C-E, 2.25G, 2.27A & 2.27C-D): 

The prefrontal is quite thin lateromedially in SM-2023-1-16. It is squeezed between the lacrimal 

laterally and the frontal (and the nasal in SM-2021-1-97) medially, both with straight sutures. 

Its anteromedialmost part connects with the posterolateralmost part of the nasal. It also connects 

anteriorly with the maxilla in a lateromedially straight suture, but only in SM-2021-1-97. It is 

wider anteriorly than posteriorly in SM-2021-1-97, whereas it is wider posteriorly than 

anteriorly in SM-2023-1-16. It makes most of the medial margin of the orbit. Ventrally, it is 

quite damaged, but connects with the palatine through a transversely expanded prefrontal pillar. 

Those pillars meet at the midline, although this might be due to taphonomic deformation.  

Frontal (Fig. 2.16A, 2.16D, 2.18A, 2.18C-E, 2.18G, 2.25A, 2.25C-E, 2.27A, 2.27C-D, 2.28A 

& 2.28F): 

The frontal forms a bridge between the rostrum and the postorbital region of the skull and makes 

for most of the posteromedial margin of both orbits. Those margins are dorsally raised. 

Anteriorly, it connects with the nasals in a V-shaped suture, with an anteriorly projected process 

of the frontal. Posteriorly, it sutures with the parietal and the postorbitals in zigzagged sutural 

surfaces that are overall straight. Laterally, it does not connect with the lacrimal but forms most 

of the medial margin of the prefrontal. It forms the anteromedial margin of the supratemporal 

fenestra. It is slightly concave, but more importantly, it bears a sagittal crest. It is not thick 

dorsoventrally and the ventral surface is smooth. 

Postorbital (Fig. 2.16A, 2.16C-D, 2.18A-E, 2.18G, 2.25A, 2.25C-E, 2.27A, 2.27C-D, 2.28A, 

2.28C-D & 2.28F): 

The postorbital forms the posterior margin of the orbit, the anterolateral margin of the 

supratemporal fenestra and the anterior margin of the infratemporal fenestra. It has a T shape 
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with one branch directed medially, another one posteriorly and the final one ventrally. Medially 

it only contacts the frontal. Posteriorly, the suture with the squamosal is straight (curved 

posteriorly in SM-2023-1-17) and is situated rather anteriorly, at the level of the middle of the 

supratemporal fenestra. Laterally, the postorbital sends a long projection connecting with the 

jugal. As a result, it forms most of the anterior margin of the infratemporal fenestra.  

Parietal (Fig. 2.16A, 2.16F, 2.18A, 2.18F-G, 2.25A, 2.25E, 2.27A, 2.27E, 2.28A, 2.28E): 

This single bone is part of the skull roof. It has a rectangular shape with depressed sides, like 

an hourglass. It is less wide mediolaterally than the posterior part of the frontal in SM-2021-1-

97 but as wide as in SM-2023-1-16. Its anterior edge is smaller than its posterior one in SM-

2021-1-97 and SM-2023-1-17 as well because it widens abruptly posterior to the supratemporal 

fenestrae, but those edges are the same size in SM-2023-1-16. Laterally, the parietal forms the 

medial margin of both supratemporal fenestrae, expending ventrolaterally. Those margins are 

quite elevated dorsally. The parietal also bears a sagittal crest on its posterior part, aligned with 

the one of the frontal. On the posteromedial corner of the supratemporal fenestra, a foramen 

can be seen on each side in SM-2023-1-16. The parietal only contacts the frontal anteriorly, the 

supraoccipital posteriorly and the squamosal laterally. In SM-2023-1-17, the suture with the 

squamosal is raised, making a continuous ridge with the raised medial margin of the 

supratemporal fenestra. 

Squamosal (Fig. 2.16A, 2.16C-D, 2.16F, 2.18A, 2.18C-D, 2.18G, 2.25A, 2.25D, 2.25F, 2.27A, 

2.27D-E, 2.28A & 2.28C-E):   

The squamosal is T-shaped and forms the posterolateral corner of the skull roof. It contacts the 

quadrate on the anterior side of the exit for the cranioquadrate tube and the otoccipital on the 

posterior side in SM-2021-1-97, whereas it contacts both sides of the quadrate in SM-2023-1-

16. This suture is straight anteroposteriorly. The anterior process connecting with the postorbital 

is quite long and forms half of the lateral margin of the supratemporal fenestra. Posteriorly, the 

contact with the parietal is straight anteroposteriorly (curved laterally in SM-2023-1-17) and 

raised dorsally, forming a crest. In the posteriormost part, the squamosal contacts with the 

otoccipital ventrally: it forms the dorsolateral part of the skull. It also contacts the supraoccipital 

posteromedially in SM-2023-1-16 and SM-2023-1-17. Posterolaterally, the squamosal forms 

an elongated process that is directed posterolaterally and on the same plane as the one of the 

cranial table in SM-2021-1-97 or ventrally in SM-2023-1-16. On the lateral surface above the 

ear valve, the squamosal bears a groove directed anteroposteriorly. 
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Quadratojugal (Fig. 2.16A, 2.16C-D, 2.18A, 2.18C-E, 2.18G, 2.25A, 2.27A & 2.27D): 

This bone extends posteriorly from the dorsomedial corner of the infratemporal fenestra. The 

posterior part is thin and squeezed between the quadrate medially and the jugal laterally. It 

extends almost all the way to the posterolateralmost part of the skull but does not participate in 

the articulation with the mandible. The suture with the jugal is straight in SM-2023-1-16 to 

curved medially in SM-2021-1-97/99, whereas the suture with the quadrate is curved laterally. 

The bone is smooth on all sides, thin and plate-like, and of the same width all the way, it is also 

higher mediodorsally than lateroventrally. 

Quadrate (Fig. 2.16A-D, 2.16F-G, 2.17G, 2.18, 2.25A, 2.25D, 2.25F, 2.27 & 2.28B):   

The quadrate has a complex shape. Anteriorly, it does not reach the infratemporal fenestra, but 

it reaches the ventral margin of the supratemporal fenestra and contacts the parietal. Dorsally, 

it contacts the squamosal anteriorly to the exit of the cranioquadrate tube in SM-2021-1-97/99 

or on both sides in SM-2023-1-16. The suture with the quadratojugal is straight anteromedially 

to posterolaterally in SM-2021-1-97/99 whereas it is curved laterally in SM-2023-1-16. The 

quadrate should contact the pterygoid ventrally, but the area is too damaged on all specimens 

to describe. Posteriorly, the contact with the otoccipital is straight, situated posteriorly to the 

external ear valve, and posteroventrally the quadrate is also connected to the basioccipital. A 

preotic foramen, the oval opening leading into the cavity within the quadrate, can be observed 

at the anteromedial margin of the quadrate on SM-2021-1-97/99. The foramen aërum cannot be 

seen because the quadrate is too damaged posteriorly on all specimens. Crest B (Iordansky, 

1973) is extremely developed ventrally, extending closely to the quadrate-quadratojugal suture 

posteriorly and curving anteromedially to medially. Posteriorly, the quadrate articulates with 

the mandible. Its surface is divided in two hemicondyles laterally and medially equal in size. 

The quadrate is bordered almost all the way by the squamosal and the otoccipital on the medial 

side and the quadratojugal on the lateral side. Medially, it sutures with the pterygoid and 

probably the other bones of the braincase, but the area is too damaged in all specimens to be 

described. This bone is 1-1.5 cm tall in cross-section and curved dorsally. 

Supraoccipital (Fig. 2.16A, 2.16F, 2.18A, 2.18F, 2.25A, 2.25F, 2.27A, 2.27E & 2.28E): 

This bone is triangular-shaped in posterior view. It is exposed in dorsal view. Laterally it 

connects with the otoccipital. It also does not participate in the formation of the foramen 
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magnum in SM-2021-1-97. It is more difficult to assess in SM-2023-1-16 and SM-2023-1-17 

as those areas are covered by other fragments. 

Otoccipital (Fig. 2.16F, 2.18A, 2.18C-D, 2.18F-G, 2.25F, 2.27E & 2.28E): 

This bone connects laterally with the quadrate, medially with the supraoccipital and dorsally 

with the squamosal in a straight to curved contact. In posterior view, it extends laterally to the 

lateral edge of the skull (not in SM-2023-1-17). On SM-2021-1-97 there are three foramina: the 

lateralmost one is for the internal carotid artery and the two others are the two exits for cranial 

nerve XII. On SM-2023-1-16, a foramen can be seen dorsolaterally from the occipital condyle, 

it is the foramen for the cranial nerves IX to XI. The otoccipital also connects with the 

basioccipital ventrally. The whole bone is plate-like and gradually protrudes caudally with an 

angle of approximately 30 degrees to the vertical axis, showing a small ridge directed 

mediolaterally. 

Basioccipital (Fig. 2.16B, 2.16D, 2.16F-G, 2.18A-B, 2.18F, 2.25B, 2.25F, 2.27B & 2.27E): 

The basioccipital sutures laterally with the otoccipital (in posterior view), the quadrate (in 

lateral view) and the pterygoid posteroventrally (in SM-2021-1-97/99). It bears a median crest 

and two lateral tubera, and the median eustachian foramen is clearly visible ventrally to the 

central crest. The basioccipital is only preserved posteriorly, it has a plate-like shape directed 

anterolaterally to posteromedially. The occipital condyle is directed posteroventrally. 

Palatine (Fig. 2.16B, 2.16G, 2.17D-E, 2.18B, 2.18G, 2.25B & 2.27B): 

The palatine connects with the maxilla in an anteroposteriorly straight suture in SM-2021-1-

97/99, whereas it is curved anteriorly in SM-2023-1-16. The posterior region is heavily 

damaged and remodelled but it does not include the choanae in SM-2021-1-97/99 (Fig. 2.17G). 

However, this could be the case in SM-2023-1-16, where the palatine would form its anterior 

margin, but, because of the poor state of preservation, it is difficult to assess. The suture with 

the pterygoid is also anteroposteriorly straight just anteriorly to the internal choanae. The paired 

palatines are flat when they meet at the midline. The ventral surface is smooth and raised 

dorsally in SM-2023-1-16. The vomer cannot be seen. 
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Pterygoid (Fig. 2.16B, 2.16D, 2.16F-G, 2.17C-F, 2.18B-D, 2.18F-G, 2.25C, 2.26B & 2.27B-

C): 

The pterygoid is sutured to the palatine anteriorly, the ectopterygoid laterally and the 

basioccipital posteriorly. Each pterygoid connects straightly with the corresponding 

ectopterygoid and tends to be more curved ventrally at that point. The internal choanae are 

ovoid, bordered by prominent anterior margins in ventral view and have no midline process. 

They are totally enclosed by the pterygoids in SM-2021-1-97/99 (their status is unknown in 

SM-2023-1-16) and are anterior to the posterior margin of the suborbital fenestra. Anteriorly, a 

median process of the pterygoid extends to contact the palatine and forms the ventral edge of 

the interorbital septum. The pterygoid is smooth on all surfaces except on the lateralmost sides. 

Ectopterygoid (Fig. 2.16B, 2.16D, 2.17C, 2.17D-F, 2.18B-C, 2.18F-G, 2.25D, 2.26B, 2.27B & 

2.27D): 

This bone contacts the jugal and the maxilla laterally and the pterygoid medially (forming the 

pterygoid flange). The triple junction between the maxilla, the jugal and the ectopterygoid is 

situated at the middle of the anterior process of the ectopterygoid. The ectopterygoid could 

constitute the posterolateral margin of the suborbital fenestra, but it cannot be assessed with 

certainty due to the poor preservation of this area. This bone is curved ventrally and laterally. 

Laterosphenoid (Fig. 2.26B):  

The dorsoposterior ridge of the laterosphenoid connects with the parietal. The ventralmost part 

of the bone contacts the quadrate, forming the foramen for cranial nerve V. 

Basisphenoid (Fig. 2.25C-D, 2.26B & 2.27C-D): 

The basisphenoid is complex. Anteriorly, the basisphenoid rostrum is quite short and not 

dorsoventrally elevated. It does not contact the laterosphenoid, however it does contact the 

prootic and the pterygoid. Posteriorly, it has a plate-like shape directed anterolaterally to 

posteromedially. It contacts the pterygoid ventrally, the quadrate dorsally and the basioccipital 

posteriorly, encircling the eustachian foramen. This part also bears a crest directed 

anteroventrally to posterodorsally. 
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Prootic (Fig. 2.26B):  

This small bone sutures with the laterosphenoid posteriorly on the posterior margin of the 

foramen and the basisphenoid rostrum anteriorly.  

Dentition (Fig. 2.16C-E, 2.16H-I, 2.18C-E, 2.18G & 2.26A): 

A large maxillary caniniform tooth is preserved on each side of the skull. It is conical and 

slightly curved lingually. The base of the tooth crown is ovoid in cross-section and the apex is 

pointed. There are no carinae or crenulations visible in SM-2021-1-97/99, whereas there are 

carinae but with no crenulations in SM-2023-1-16. The enamel, although quite damaged, shows 

thin and basoapically directed striations. This morphotype corresponds to the 

“pseudocaniniform” morphotype described in Schwarz & Salisbury (2005), Lauprasert et al.  

(2011) and Tennant et al. (2016). The upper dentition also preserves a smaller tooth, on the left 

side just anteriorly to the big caniniform tooth. On the mandible, a lot more teeth are present, 

throughout the toothrow, and they belong to both the “pseudocaniniform” and the “lanceolate-

shaped” morphotypes (Schwarz & Salisbury, 2005; Lauprasert et al., 2011; Tennant et al., 

2016). The anterior teeth are strongly procumbent and the fourth one is quite developed, as well 

as the twelfth and thirteenth one.  

Cranial openings 

There are no strict post temporal fenestrae: the sutures between the parietal, the supraoccipital 

and the otoccipital are quite thin anteroposteriorly but there is no clear opening in this region. 

The internal choanae are contained by the pterygoids (and maybe the palatines in SM-2023-1-

16) and are situated just anteriorly to the contact with the palatine, quite anteriorly. No septum 

can be seen. The orbit is large, about half the length of the skull table. It is D-shaped in dorsal 

and lateral views. This opening is surrounded by the jugal, the maxilla, the lacrimal, the frontal, 

the prefrontal and the postorbital. The margins are not raised. 

As in all diapsids, the skull possesses two pairs of temporal fenestrae: the supratemporal and 

infratemporal ones. The supratemporal fenestra is ovoid and flattened with its longest axis 

directed anteroposteriorly and almost the same length as the parietal. The supratemporal fossa 

is absent in SM-2021-1-97/99 and not very wide, whereas it quickly disappears ventrally in 

SM-2023-1-16 and SM-2023-1-17. The infratemporal fenestra is preserved on the left side in 

all specimens: it is not complete but appears triangular, it is bordered by the jugal laterally, the 

postorbital anteriorly and the quadratojugal medially. No spike-like projection inside the 
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fenestra can be seen. There is no antorbital fenestrae so to say, but a depression anterior to each 

orbit in dorsal view which probably corresponds to an antorbital foramen. 

The cranioquadrate canal appears open as a groove in lateral view, just ventrally to the 

squamosal and posteriorly to the tympanic region. The foramen magnum is triangular-shaped, 

about one centimetre at its widest part. 

Mandible (Fig. 2.16B-G, 2.17 & 2.18) 

There is no external mandibular fenestra. Both coronoids are missing. Overall, the mandible is 

ornamented with circular to ovoid pits and grooves. 

Dentary (Fig. 2.16B-E, 2.16G, 2.17B-C & 2.18B-G): 

This bone is the only tooth-bearing element of the mandible, with at least fourteen alveoli. The 

two rami separate at the level of the sixth dentary tooth and are firmly sutured anteriorly. The 

symphyseal region remains quite wide anteriorly and is U-shaped at its anteriormost point. In 

medial view, the dentary is quite thin dorsoventrally and forms an acute angle anteriorly. 

Ventrally and dorsally, the medial suture with the splenial is oblique directed posterolaterally 

to anteromedially. The dentary remains uniform in width up to the point of divergence, where 

it begins to taper off. Posteriorly, the dentary connects dorsally with the surangular from the 

end of the toothrow, and ventrally with the angular at its posteriormost part. The ventral surface 

is smooth and curved dorsally anteriorly. The lateral side shows no groove ventral to the 

toothrow. In lateral view, the dorsal margin is sinusoidal, marked by two sets of waves, that 

culminate at the level of the fourth - fifth and twelfth - thirteenth dentary alveoli. There is also 

a medial depression to accommodate for the largest caniniform maxillary tooth at the level of 

the tenth dentary alveolus, especially visible on the left side. The ventral margin of the dentary 

is straight anteroposteriorly. 

Splenial (Fig. 2.16B, 2.16G, 2.17C & 2.18): 

The splenial is most exposed medially: it forms a vertical plate that sutures with the dentary and 

with the other splenial at the midline anteriorly. It reaches up to the sixth dentary tooth and is 

not exposed ventrally. Posteriorly, it becomes thin and plate-like along the medial surface of 

the dentary (even becoming the medial wall for the last posterior dentary alveoli, from the 

twelfth one) until it disappears posteriorly without meeting with the angular or the surangular. 

In posterior view, the circular foramen intermandibularis oralis is present at the point where 
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the two splenials diverge (not on the medial sides) and is quite small. The mandibular symphysis 

completely involves the first nine alveoli. The dorsal exposure of the splenial is strictly 

triangular-shaped and makes for more than one third of the mandibular symphysis. The dorsal 

surface bears rugosities whereas the medial surface is smooth and flat. 

Angular (Fig. 2.16B-D, 2.16F-G, 2.17A-B, 2.17H, 2.18B-D & 2.18F-G): 

The angular is the ventralmost mandible element (approximately one third of the total length of 

the mandible). In lateral view, it is elongated and curved dorsally posteriorly. Medially, the 

angular sutures with the dentary to form a huge medial depression (abductor chamber; 

Iordansky, 1973). Dorsally, and for all its length, it sutures with the surangular, finishing as a 

sharp process laterally to the retroarticular process and curving inwards and up.  Only the lateral 

surface is ornamented, the others are smooth. The area of insertion of the M. Pterygoideus is 

not very developed and visible only in the posteroventral margin of the angular.  

Surangular (Fig. 2.16C, 2.16F, 2.17A-C, 2.17G-H & 2.18): 

This bone is robust and elongated. Anteriorly, its dorsal process might extend between the 

dentary and the splenial, but the preserved parts of the specimen only show a contact between 

the surangular and the dentary anteriorly, with the surangular dorsal to the dentary. Posteriorly, 

it tends to curve dorsally and sutures with the angular for the rest of its length. It also becomes 

more plate-like. This suture is linear anteriorly and curves dorsally posteriorly. The bone also 

curves medially and forms the lateral margin of the articular fossa. Laterally to this, there is a 

short ridge oriented anteroposteriorly, forming a depression. The dorsal surface is convex, not 

ornamented and flattens before the glenoid surface. On the lateral surface, there is a ridge 

directed posterodorsally to anteroventrally. 

Articular (Fig. 2.16A-B, 2.16D, 2.16F-G, 2.17G-H, 2.18A-B & 2.18D-F): 

The articular is the posteriormost element of the mandible. It has two dorsal surfaces separated 

by a ridge oriented lateromedially. The anterior surface articulates with the quadrate, the ridge 

helping to stabilize this articulation as its posterior wall is tall and dorsally edged.  The articular 

fossa is divided into a lateral and a medial portion of equal sizes by a small ridge oriented 

anteroposteriorly. The posterior surface (retroarticular process) is overall concave and paddle-

shaped. It seems to taper off posteriorly but the posteriormost part is broken on each side. 

Ventromedially, the articular forms the posteromedial wall of the abductor chamber. It sutures 

with the surangular at its lateral margin and with the angular at its ventral margin. 
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Axial skeleton (Fig. 2.19-2.22, 2.24, 2.29A-E) 

There are at least 32 vertebrae consisting of at least seven cervicals, 10 dorsals, two sacrals and 

14 caudals. The proatlas/atlas and axis are missing. All the preserved vertebrae seem to be 

amphicoelous. All processes are described based on the nomenclature of Gomes de Souza 

(2018). 

Cervicals (Fig. 2.19A-C, 2.19E & 2.22): 

The neural arches and spines are quite tall, narrow, and pointed dorsally. The diapophyseal 

processes are longer than the parapophyseal processes. The zygapophyses are quite large 

compared to the centra, with the prezygapophyses being larger than the postzygapophyses. 

These structures become horizontal posteriorly. All the centra are amphicoelous and the lateral 

sides of the centra (between the diapophyseal and parapophyseal processes) are notably 

depressed. The fourth and the fifth vertebrae have the taller neural spines (more than two times 

the height of the centrum). The hypapophyses are broken but their area of insertion on the 

centrum are still visible on all centra. On the fifth visible centrum, the proximal part of the 

hypapophysis is preserved, it is half the size of the centrum. The diapophyseal processes 

gradually increase in size posteriorly and they also migrate from the lateral side of the centrum 

to the lateral side of the neural arch. The parapophyseal processes do not seem to increase in 

size, however they also migrate dorsally, going from the lateroventral margin to the lateral side 

of the centrum posteriorly.  

Dorsals (Fig. 2.19B-D, 2.20B-C & 2.22): 

The neural spines are anteroposteriorly longer than those of the cervicals. The diapophyseal 

and parapophyseal processes are too damaged to be described. The ventral hypapophyses are 

either absent or too damaged to be seen from the second or third centra. The articular facets of 

the pre- and postzygapophyses are more horizontally oriented.  

Sacrals (Fig. 2.20 & 2.22): 

There are two sacral vertebrae of the same size. The base of their neural spine is quite long 

anteroposteriorly for both. On the second vertebra, the transverse processes and their 

articulation surface are more developed, probably because they are less damaged than on the 

second one. The costal caudalis is directed ventrally on the first sacral. The contact between the 

two centra is flat. The anterior articulation surface of the first sacral and the posterior 

articulation surface of the second sacral are both concave.  
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Caudals (Fig. 2.20, 2.21B-D & 2.22): 

The first caudal vertebra is quite large, and its articulation surfaces are concave to flat. The 

other ones are quite damaged, the second has a neural spine that is preserved: it is quite high 

dorsoventrally and long anteroposteriorly.  Some of them have two horizontal ridges on the 

centrum, maybe for the insertion of the chevron. A chevron is preserved: it is triangular-shaped 

and opened in the middle. 

Ribs (Fig. 2.19A & 2.21B): 

Some ribs are preserved, but it is difficult to identify to which vertebra they were attached. 

When those structures are preserved, the tuberculum is less developed than the capitulum. The 

ribs are slightly curved and are rod-like.  

Pectoral girdle (Fig. 2.23) 

Coracoid (Fig. 2.23): 

The left coracoid is preserved. This bone is overall convex. The shaft is triangular, and both 

ends of the bone are extended. The coracoid foramen is visible in the proximalmost part. The 

articulation surface with the scapula is flat and the ventral part of the glenoid fossa is saddle-

shaped and directed posteriorly. The distal end is more developed anteriorly than posteriorly. 

Pelvic girdle (Fig. 2.20B-C & 2.23) 

Pubis (Fig. 2.20B-C & 2.23):  

The two bones are flat. The proximalmost part articulating with the rest of the pelvic girdle is 

missing in both. Overall, it has a round shape with a convex and narrow dorsal margin.  

Forelimb (Fig. 2.25B-C, 2.25G & 2.27B-C) 

Humerus (Fig. 2.25B-C, 2.25G & 2.27B-C): 

The humerus is squeezed between the anterior margin of the suborbital fenestra and the right 

side of the basisphenoid rostrum. Its deltopectoral crest is slender and placed anteroproximally. 

On the proximomedial side, there is a ridge that connects the deltopectoral crest and the 

triangular-shaped humerus head. The humerus is quite straight and not very curved or twisted. 

The humerus head is very well-developed and unusual among crocodyliforms, extending 

posterolaterally. The articulation surface is flat and decreases anteromedially to articulate with 

the glenoid fossa. There is also a lateral projection when the humerus head reaches the shaft. 

The area of insertion for the M. teres major is visible on the posterior side. Distally, on the 
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bicondyle articulation with the zeugopod, the medial condyle for the ulna is larger than the 

lateral condyle for the radius. 

Hindlimb (Fig. 2.21A-B & 2.23) 

Tibia (Fig. 2.21A-B & 2.23): 

The shaft of the left tibia, although deformed taphonomically, appears to be straight 

anteroposteriorly and curved laterally. However, both ends of the bone are on the same plane 

lateromedially. The proximal articulation surface is flat with a posterior concavity. The distal 

articulation surface is ovoid. 

Fibula (Fig. 2.23): 

The fibula is straight and very slender. The proximal end is compressed mediolaterally. The 

distal articulation surface bears two articulation surfaces that are flat to convex: one is 

posteromedial and would have articulated with the calcaneum and the other one is distal and 

would have articulated with the astragalus. 

Digits (Fig. 2.23): 

The preserved metatarsal is concave ventrally. The distal end is separated into two condyles 

with a depression on each side laterally and medially to the hemicondyles. The preserved ungual 

is curved ventrally and pike-shaped. 

Osteoderms (Fig. 2.19-2.21 & 2.24) 

The dermal armor consists of a dorsal shield composed of at least three rows of mediolaterally 

expanded osteoderms and a ventral shield composed of rectangular-shaped osteoderms sutured 

to each other. Some osteoderms bear a longitudinal keel that does not extend on the whole 

surface, but it is difficult to situate them on the body. Appendicular osteoderms could not be 

determined with certainty. 

Dorsal shield (Fig. 2.19, 2.20A-B, 2.21A, 2.21C, 2.24A, 2.24C & 2.24E):  

The osteoderms are more expanded mediolaterally anteriorly than posteriorly however their 

anteroposterior size remains the same. All osteoderms are flat or slightly arched dorsally and 

ornamented with circular pits, as is seen on the cranial table and the posterolateral side of the 

mandible. There is no particular process or spine. The articulation system is as follows: the 

anterior osteoderm overlaps the posterior osteoderm and the left osteoderm tends to overlap the 

right one. The margins are straight.  
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Ventral shield (Fig. 2.19, 2.20C, 2.21B, 2.21D, 2.24B, 2.24D & 2.24F): 

The ventral shield is more damaged; however, it consists of square osteoderms. There are at 

least two rows of osteoderms. The ornamentation is the same as the dorsal shield, it consists of 

flat circular pits. The ventral shield is missing in the sacrum region. 

Phylogenetic analyses 

The analysis generated 41 most parsimonious trees and a consensus tree with a length of 1500 

steps (Supplementary Material S5; consistency index = 0.26, retention index = 0.59). Although 

the support values are quite low (Supplementary Material S5), the main groups inside 

Neosuchia are retrieved and supported by numerous synapomorphies. Those results are also 

retrieved using the heuristic search procedure, although the consensus topology is less 

parsimonious (1513 steps, consistency index = 0.26, retention index = 0.59), hinting at the 

relative robustness of our analysis. 

Based on ACCTRAN optimization, we retrieve Atoposauridae sensu Schwarz et al. (2017) as 

a monophyletic group (including Varanosuchus sakonnakhonensis; Fig. 2.30 node 4) based on 

the following combinations of characters: a broad oreinostral skull (char. 3), little participation 

of the premaxilla in the internarial bar (char. 4), the quadrate, squamosal and otoccipital do not 

meet to enclose the cranioquadrate passage (char. 49), one wave of enlarged maxillary teeth 

(char. 79), dorsal osteoderms with a well-developed process located anterolaterally in dorsal 

parasagittal osteoderms (char. 96), two parallel rows of dorsal osteoderms (char. 97), a 

symmetrically developed lateral compression on the maxillary teeth (char. 140) and a lacrimal 

that tapers ventroposteriorly and does not or only slightly contact the jugal (char. 229). 

Furthermore, Paralligatoridae sensu Kuzmin et al. (2019) forms a monophyletic group (Fig. 

2.30, node 5) defined by the following synapomorphies: no vascular opening on the dorsal 

surface of the postorbital bar (char. 27), the medial quadrate condyle expands ventrally, being 

separated from the lateral condyle by a deep intercondylar groove (char. 170), a sharp ridge 

along the lateral surface of the angular (char. 219), the ulna has a wide and rounded olecranon 

process (char. 260) and a foramen located the palatal premaxilla-maxilla suture near the alveolar 

border (char. 320). 

Eusuchians (including Bernissartia, Atoposauridae, Paralligatoridae, Hylaeochampsidae 

Williston, 1925 and Crocodylia; Fig. 2.30, node 3) are also retrieved as a monophyletic group 

with the following synapomorphies: the choanal groove is undivided (char. 69), the cervical  
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vertebrae are procoelous (char. 92), the dorsal osteoderms have a discrete convexity on the 

anterior margin (char. 96), there are more than two rows of dorsal primary osteoderms (char. 

97) and the supraoccipital is exposed in the skull roof (char. 171).  

Finally, the two specimens from Phu Sung are retrieved as a monophyletic group (Fig. 2.30, 

node 8) with the following synapomorphies: the dorsal part of the postorbital has an 

anterolaterally facing edge (char. 29), the quadrate has no fenestrae (char. 45), there are two 

waves of enlarged maxillary teeth (festooned; char. 79), a quadratojugal with no ornamentation 

(char. 145), the outer surface of the squamosal laterodorsally oriented is reduced and sculpted 

(char. 168) and there is a depression on the posterolateral surface of the maxilla (char. 207).  

Discussion 

Comparisons with other close crocodylomorphs from Thailand 

Cretaceous crocodylomorphs reported from Thailand are restricted for now to certain 

neosuchians (Buffetaut & Ingavat, 1980, 1983, 1984; Lauprasert et al., 2007, 2009, 2011; 

Martin et al., 2014b). SM-2023-1-16 and SM-2021-1-97/101 are clearly not longirostrine, so 

they do not belong to Chalawan thailandicus Buffetaut & Ingavat, 1980 or the poorly known 

eusuchian from Ban Saphan Hin (Kubo et al., 2018). Goniopholis phuwiangensis Buffetaut & 

Ingavat, 1983 consists of an incomplete dentary and is considered by some as rather belonging 

to Sunosuchus Young, 1948 (de Andrade et al., 2011). This fragment of dentary has the third 

and fourth alveoli as the largest one anteriorly and they are almost confluent, whereas it is the 

fourth and the fifth in SM-2021-1-97/101. Siamosuchus phuphokensis Lauprasert, Cuny, 

Buffetaut, Suteethorn & Thirakhupt, 2007 and Khoratosuchus jintasakuli Lauprasert, Cuny, 

Thirakhupt & Suteethorn, 2009 do not have an altirostral snout, so at least the two most 

complete specimens cannot be attributed to either of these taxa. However, Lauprasert et al. 

(2011) described an atoposaurid, Theriosuchus grandinaris from Phu Phok (Sao Khua 

Formation) which has an altirostral snout. This taxon is defined by the following unique 

combination of characters: nasal bone gradually wider posteriorly, weak notch at the suture 

between the premaxilla and the maxilla, combination of pseudocaniniform, lanceolate-shaped 

and labiolingually compressed with crenulated carinae teeth, mandibular symphysis not 

extending beyond the seventh dentary tooth and a slender prefrontal tapering anteriorly. The 

nasal of SM-2023-1-16 does not gradually widen posteriorly, it has a slender prefrontal rounded 

anteriorly and the only tooth preserved is a pseudocaniniform one. SM2021-1-97/101 has a 

nasal bone that is straight posteriorly, no particular notch at the premaxilla/maxilla suture, 
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lanceolate-shaped and pseudocaniniform teeth that do not seem to have carinae or denticles. 

Furthermore, the mandibular symphysis completely involves nine alveoli whereas it only 

involves seven in the holotype of T. grandinaris, and the dentary part of the mandibular 

symphysis completely involves six alveoli whereas it only involves four in T. grandinaris (Fig. 

2.31). Those two last features do not vary ontogenetically and are diagnostic in 

crocodylomorphs (Pochat-Cottilloux et al., 2023a). The prefrontal is not really tapered 

anteriorly but more rounded. 

Comparisons with other close neosuchian taxa 

SM-2023-1-16 and SM-2021-1-97/101 are distinguished from Theriosuchus pusillus Owen, 

1878 because the nasal does not expand abruptly mediolaterally, the minimum infratemporal 

width is less than one-third of the total width of the cranial table and the choanae do not bear a 

septum (Tennant et al., 2016). Furthermore, in SM-2021-1-97/101, the splenial is not inset 

posterodorsally from the ventral surface of the mandible, the specimen does not show low-

crowned teeth, the first caudal vertebra is not biconvex, and the dorsal osteoderms are not 

squared which are further evidence that this specimen cannot be attributed to T. pusillus 

(Tennant et al., 2016).  

The three specimens do not belong to Sabresuchus ibericus because the palatal surface of the 

maxilla is unornamented and the tooth crowns do not have denticulate carinae (Brinkmann, 

1989; 1992; Tennant et al., 2016). Furthermore, SM-2021-1-97/101 has nine alveoli completely 

involved in the mandibular symphysis, its dentary teeth are separated, the occlusal dentary 

surface is not compressed, and the fifth maxillary tooth is not enlarged, which are further 

arguments to distinguish this specimen from S. ibericus (Tennant et al., 2016). 

Finally, the three specimens are distinct from Sabresuchus sympiestodon because the tooth 

enamel bears striations on the labial and lingual surfaces (Martin et al., 2010; 2014a; Tennant 

et al., 2016). Furthermore, SM-2021-1-97/101 does not have a diastema between the seventh 

and the eighth alveoli (Tennant et al., 2016). 

SM-2023-1-16 and SM-2021-1-97/101 are also not attributable to Atoposauridae sensu Tennant 

et al., 2016, that is to say Alligatorium, Alligatorellus and Atoposaurus von Meyer, 1850). For 

example, Alligatorium meyeri Jourdan, 1862 has lateral margins of the nasals that are parallel 

and the lacrimal connects with the jugal (Tennant et al., 2016), Atoposaurus has unsculpted 
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dorsal bones of the cranial table and the snout (Tennant et al., 2016) and Alligatorellus has an 

unopened supratemporal fenestra, a frontal thinner mediolaterally between the orbits than the 

nasals and with a broad anterior process, a squamosal extending to the posterior margin of the 

orbit and a supraoccipital excluded from the skull roof (Tennant & Mannion, 2014; Tennant et 

al., 2016). Furthermore, in SM-2021-1-97/101, there is no contact between the jugal and the 

lacrimal, there is no external mandibular fenestra and the edges of the osteoderms are sculpted 

so it is distinct from A. meyeri. There are osteoderms so it cannot be attributed to Atoposaurus. 

Moreover, the external surface of the mandible is sculpted and the dorsal osteoderms do not 

have a lateral ridge, so it is different from Alligatorellus. 

Montsecosuchus deperiti can also be excluded because this taxon has an intertemporal width 

greater than its interorbital width (which is also the case of Alligatorium paintenense Kuhn, 

1961), a very mediolaterally narrow skull and a flat and ungrooved squamosal-parietal suture. 

SM-2021-1-97/101 has a paddle-shaped retroarticular process, only two sacral vertebrae and 

imbricated rectangular-shaped dorsal osteoderms which are further elements to distinguish it 

from M. depereti (Tennant et al., 2016). 

Brillanceausuchus babouriensis is also different because it has supratemporal fenestrae that are 

longer than the orbits, a fully pterygoidean choana, abruptly widening nasal with sinusoidal 

Figure 2.31: Comparison of the mandibular symphysis of Theriosuchus grandinaris (PRC-2; A) and Varanosuchus 

sakonnakhonensis (SM-2021-1-97/101; B) in dorsal view. Numbers indicate alveoli number. Scale bars are 1 cm 

for A and 2 cm for B. 
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lateral margins, a flat frontal dorsal surface, and a parietal-postorbital suture visible in dorsal 

view (Tennant et al., 2016). In SM-2021-1-97/101, the base of the jugal postorbital process is 

directed posterodorsally, the posterolateral process of the squamosal is not depressed from the 

skull table, the retroarticular process is paddle-shaped and the dorsal osteoderms are rectangular 

which are further arguments to distinguish it from B. babouriensis (Tennant et al., 2016). 

Knoetschkesuchus Schwarz, Raddatz & Wings, 2017 is also different from these specimens 

because there are secondary pterygoidean choanae, the minimum intertemporal width is one 

third of the total width of the cranial table and there is an antorbital fenestra (Schwarz et al., 

2017). Furthermore, SM-2021-1-97/101 does not have an external mandibular fenestra.   

Another recently described taxa is Aprosuchus ghirai. This taxon is defined by having a W-

shaped frontal-nasal suture and a heterodont dentition of at least four tooth morphotypes 

(pseudocaniniforms, pseudoziphodont lanceolate, ziphodont lanceolate and “low-crowned’). 

SM-2023-1-16 and SM-2021-1-97/101 can be distinguished from this taxon because the frontal 

invades the nasals anteriorly and they do not show the four tooth morphotypes.  

Some taxa included in Paralligatoridae also have this altirostral morphology, but the specimens 

described here do not belong to this family (sensu Turner, 2015) because they have at least two 

waves of enlargement of the maxilla and no orbitonasal sulcus on the maxilla. SM-2021-1-

97/101 also has amphicoelous cervical and dorsal vertebrae and the largest maxillary tooth is 

the third one (Shamosuchus djadochtaensis; Turner, 2015); the squamosal does not extend to 

the orbit in lateral view and the maxilla does not extend posteriorly in the palatines 

(Paralligator Konzhukova, 1954; Turner, 2015). 

SM-2021-1-97/101 and SM-2023-1-16 can be further distinguished from Batrachomimus 

pastobonensis because these specimens do not have scalloped lateral margins of the rostrum, 

do not have a long posterodorsal premaxilla process, have sculptured posterior parts of the 

maxilla, do not have laterally expanded posterior part of the nasals, do not have a jugal crest 

and do not have a constricted choanal septum that is hourglass-shaped and that extends 

anteriorly in the palatine (Montefeltro et al., 2013). SM-2021-1-97/101 also does not have an 

angular that extends anteriorly to the orbit (Montefeltro et al., 2013). 

The three specimens from Phu Sung also differ from Rugosuchus nonganensis because the 

median ridge of the frontal continues towards the posterior end of the bone and the median ridge 

of the parietal extends to the anterior end of the bone in the Phu Sung specimens (Wu et al., 
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2001). Furthermore, SM-2021-1-97/101 and SM-2023-1-16 do not have fossae on the dorsal 

surface of the maxilla (Wu et al., 2001). 

Wannchampsus kirpachi can also be excluded because the three specimens have the ventral rim 

of the earflap groove that is not laterally expanded into a sloping shelf (Adams, 2014). SM-

2021-1-97/101 and SM-2023-1-16 do not have an enlarged third maxillary tooth and have 

internal choanae bordered exclusively by the pterygoids. SM-2021-1-97/101 does not have 

procoelous vertebrae. 

The recently described Tarsomordeo winkleri (Adams, 2019) is different from SM-2021-1-

97/101 because the dentary part of its mandibular symphysis completely includes only four 

alveoli whereas it includes six in the Phu Sung specimen. This character has been demonstrated 

to be diagnostic in crocodylomorphs because it does not vary ontogenetically (Pochat-

Cottilloux et al., 2023a). 

Scolomastax sahlsteini (Noto et al., 2020) is also different from SM-2021-1-97/101 because 

this taxon has a dorsal expansion on the anterodorsal part of its surangular, while Yanjisuchus 

longshanensis (Rummy et al., 2022) has a wedge-shaped elevation on the anterior part of the 

frontal, interorbital ridges with a groove in the interorbital region and an anteroposteriorly 

directed ridge on the jugal that distinguish this taxon from SM-2021-1-97/101 and SM-2023-

1-16. SM-2021-1-97/101 is further distinguished from Yanjisuchus because it does not have a 

diastema posterior to the fourth dentary tooth. 

Finally, Kansajsuchus extensus (Kuzmin et al., 2019) is different from SM-2021-1-97/101 and 

SM-2023-1-16 because the premaxilla posterodorsal process is longer and this bone bears 

enlarged neurovascular foramina on its ventral surface; the nasals are separated from the 

external nares and ornamentation is absent on the alveolar margins; there are transverse crests 

with a dorsal groove in the interorbital region; there is a longitudinal ridge on the lateral surface 

of the jugal; and the supratemporal fenestrae are mediolaterally enlarged. In SM-2021-1-

97/101, the enlarged maxillary alveoli are the second and third, whereas they are the fourth and 

fifth in Kansajsuchus, the prefrontal is longer than the lacrimal and the dentary part of the 

mandibular symphysis completely involves six alveoli, whereas it completely involves seven 

to eight in Kansajsuchus. In SM-2023-1-16, the lateral lamina of the squamosal does not cover 

most of the lateral surface of the postorbital, as it does in Kansajsuchus. 
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Comparisons with other small altirostral taxa 

Other small altirostral forms also include Araripesuchus Price, 1959. However, those 

specimens do not belong to this genus because the dorsal surface of the postorbital does not 

have a vascular opening, the anteromedial margins of the palatine are not parallel and they do 

not have parachoanal fossae (Araripesuchus buitreraensis; Pol & Apesteguia, 2005; Dumont et 

al., 2020a); the nasal contacts the lacrimal in SM-2023-1-16, the tenth dentary tooth is not 

hypertrophied in SM-2021-1-97/101 (Araripesuchus tsangatsangana Turner, 2006); the 

parietal width is less than one third of the skull width, and in SM-2021-1-97/101, the postorbital 

bar is not flush with the lateral surface of the jugal (Araripesuchus patagonicus Ortega, 

Gasparini, Buscalioni & Calvo, 2000) and the supratemporal fenestrae are not round, the 

posterior margin of the skull table is not scalloped with a median process, and in SM-2021-1-

97/101, the supratemporal fossa is absent (Araripesuchus wegeneri; Buffetaut 1981; Sereno & 

Larsson, 2009). SM-2021-1-97/101 and SM-2023-1-16 also do not have antorbital fenestrae 

and SM-2021-1-97/101 does not have an external mandibular fenestra whereas the specimens 

assigned to Araripesuchus do (Ortega et al., 2000; Turner, 2006; Dumont et al., 2020a). 

The three specimens from Phu Sung as belonging to the same taxon 

The phylogenetic results highlight that SM-2021-1-97/101 and SM-2023-1-16 share six 

characters (see Results section 3). Among those, SM-2023-1-17 shares with SM-2021-1-97/101 

and SM-2023-1-16 an outer surface of the squamosal laterodorsally oriented reduced and 

sculpted. Furthermore, SM-2023-1-17 also shares with SM-2021-1-97/101 and SM-2023-1-16 

an intertemporal width less than one third of the skull width, opened and ovoid supratemporal 

fenestrae, a supraoccipital exposed on the skull roof, a parietal width less than one third of the 

skull width and the posterior margin of the skull that is not scalloped with a median process, a 

parietal-postorbital suture not visible in dorsal view and the lateral margins of the squamosal 

and postorbital that are not concave in dorsal view. SM-2021-1-97/101 and SM-2023-1-17 both 

have a parietal surface depressed compared with the one of the squamosals and the parietal-

squamosal suture is raised and grooved. As a result, the three specimens from Phu Sung can be 

attributed with confidence to the same taxon. 

Furthermore, all the differences observed in the description between the three specimens are 

part of ontogenetic variations, as highlighted in Supplementary Material S7 using extant 

brevirostrine ontogenetic series for comparison. The associated phylogenetic characters (i.e., 

characters 11, 12, 125, 243, 253, 265, 310) should thus be excluded from the CTM, as they 
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capture ontogenetic rather than phylogenetic variation. When we apply those settings, the 

topology obtained almost does not differ from the one in Figure 2.31, apart from 

Hylaeochampsidae that nests deeply in Crocodylia, Alligatorium that is less closely related to 

Theriosuchus and the position of Boverisuchus Kuhn, 1938 and Asiatosuchus Mook, 1940 

(Supplementary Material S5), hinting at the relative robustness of our analyses. 

The neosuchian-eusuchian transition and a redefinition of Atoposauridae and Eusuchia 

We retrieve Atoposauridae sensu Schwarz et al. (2017) as a monophyletic group. This is 

contrary to what is found in Tennant et al. (2016) and would now include ‘putative 

atoposaurids’ such as Theriosuchus, Knoetschkesuchus and Sabresuchus Tennant, Mannion & 

Upchurch, 2016, as well as Aprosuchus ghirai, and Varanosuchus sakonnakhonensis the new 

taxon described here. However, the intrarelationships of atoposaurids remain difficult to 

interpret. The different genera would appear to be monophyletic (Fig. 2.31), however, they are 

retrieved in a polytomy once phylogenetic characters that capture ontogenetic variation are 

excluded (Supplementary Material S5), apart from Knoetschkesuchus, Aprosuchus Venczel & 

Codrea, 2019 and Varanosuchus.  

On the other hand, Paralligatoridae sensu Kuzmin et al. (2019) is here retrieved in its entirety 

as a monophyletic group, and as a sister taxon to Atoposauridae (Fig. 2.30). This close 

relationship, which had already been highlighted in other studies (Turner, 2015; Turner & 

Pritchard, 2015; Schwarz et al., 2017; Leite & Fortier, 2018; Kuzmin et al., 2019; Venczel & 

Codrea, 2019; Noto et al., 2020) is here strengthened with the addition of Varanosuchus 

sakonnakhonensis. The Glen Rose Form and Wannchampsus Adams, 2014 are retrieved as a 

sister clade to all other paralligatorids, as in Adams (2014), Kuzmin et al. (2019), Noto et al. 

(2020) and Rummy et al. (2022) which confirms the very close relationship of the two OTU 

and warrants a complete description and reassessment of USNM 22039. Furthermore, 

Batrachomimus pastosbonensis also warrants a complete reassessment, as it may instead be a 

notosuchian (Hester et al., 2016). However, if it is truly a paralligatorid, then it implies a lack 

of fossil record of this clade of more than 20 million years. 

Furthermore, we propose a topology where Eusuchia includes Crocodylia, Atoposauridae, 

Paralligatoridae and Hylaeochampsidae. Susisuchidae Salisbury, Frey, Martill & Buchy, 2003, 

on the other hand, is retrieved in a basal position in Neosuchia, as in Turner & Pritchard (2015) 

and Venczel & Codrea (2019). This is not that surprising, as the CTM we used here is mainly 

derived from this last study, however other studies have retrieved this clade as belonging to 
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Eusuchia (Leite & Fortier, 2018; Martin et al., 2020a). Here, they are distinguished from 

Eusuchia partly because of characters that are still debated (choanal region and shape of centra; 

Salisbury et al., 2006; Turner & Prichard, 2015; Leite & Fortier, 2018; Montefeltro et al., 2019), 

so the input of CT scan techniques on those specimens would certainly shed some light on the 

relationships of this family.  

Our phylogenetic hypothesis thus implies a new definition of Eusuchia, relying on characters 

from the choanal, cervical, dermal shield and supraoccipital region (see Results section 3). 

Unfortunately, those characters are either reversed in subsequent clades or absent in some fossil 

forms, which is why we would not qualify them as truly robust for defining Eusuchia. One thing 

is for certain though: we confirm here that some of the characters historically assigned to 

Eusuchia (pterygoid bound choanae and sagittal segmentation of the dorsal shield) are not valid 

anymore with the current knowledge on ontogenetic variations and fossil forms. A striking 

example is that Varanosuchus sakonnakhonensis (depending on the status of Brillanceausuchus 

babouriensis; Michard et al., 1990; Tennant et al., 2016) is now the only definitive known 

atoposaurid that has fully pterygoid bound choanae, which most parsimoniously becomes a 

convergence between this taxon, Hylaeochampsidae and Crocodylia and not an apomorphy of 

Eusuchia, occurring two to three times independently in Eusuchia (Fig. 2.30). Tennant et al. 

(2016) proposed that rather than the palatine and pterygoid bound choanae deriving in fully 

pterygoid bound choanae, the ‘primitive’ condition would be an anterior position of the choanae 

(retrieved in protosuchians for example; Wu et al., 1996b) and the choanae migrating 

posteriorly in derived forms, reaching posteriorly to the posterior margin of the suborbital 

fenestrae in Hylaeochampsidae and Crocodylia (Clark & Norell, 1992; Martin, 2007; Delfino 

et al., 2008a, b; Ösi, 2008; Martin et al., 2016b). Although it is correct that posteriorly-placed 

choanae (i.e., posteriorly to the posterior margin of the suborbital fenestra) occur only in these 

two clades, they do not form a monophyletic group in our main analysis (Fig. 2.30). However, 

once characters depicting ontogenetic variations are removed (Supplementary Material S5), 

hylaeochampsids cluster with crocodylians, which makes their relationships unresolved and so 

a definite answer cannot be reached for now. A deeper sampling and knowledge of fossil forms 

around the Neosuchia-Eusuchia transition will probably allow to have a clearer view on this 

matter. 
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What about the paleoecology of atoposaurids?

Although not much is known about the ecology of atoposaurids, recent studies hint at a possible 

terrestrial lifestyle, partly because of their very poor stratigraphic occurrences (Schwarz & 

Salisbury, 2005) compatible with a terrestrial fossil record as well as their forward-facing nares 

(Martin et al., 2014a). Here we put forward further conflicting arguments towards this 

hypothesis. It has been assessed that altirostral morphology and head posture are directly linked 

to a terrestrial rather than semi-aquatic lifestyle, because of the implied position of the nares 

and binocular vision (Stevens, 2006; Marinho et al., 2013; Pochat-Cottilloux et al., 2022b). 

Varanosuchus sakonnakhonensis has an altirostral snout (as other atoposaurids; Tennant et al.,

2016) and could exhibit those behaviours, making it suitable for a terrestrial lifestyle. This 

would of course be further reinforced when looking at the neuroanatomy of such specimens, 

which to our knowledge remains to be done.

Furthermore, Pochat-Cottilloux et al. (2023b) recently proposed, building on observations from 

Clarac et al. (2018) on thermoregulation mechanisms, that osteoderm ornamentation could be 

linked with lifestyle. Taxa exhibiting osteoderm ornamentation benefit of enhanced 

vascularization because this feature contributes to heat captation and is thus much more needed 

in aquatic environments where the physical properties are different than on land (Schmidt-

Nielsen, 1997; Vogel, 2005). Varanosuchus sakonnakhonensis, as well as other atoposaurids 

(Tennant et al., 2016), do have ornamented osteoderms, which, on the other hand, would point 

to semi-aquatic affinities. 

The postcranial anatomy of Varanosuchus is remarkably well-preserved and allows estimations 

of its posture. Terrestriality is linked with a parasagittal posture (Parrish, 1987): here, 

Varanosuchus has elongated and relatively straight limb elements (Fig. 2.23, 2.25C & 2.27C) 

corresponding to an erect posture (Colbert & Mook, 1951; Pol et al., 2012; Godoy et al., 2016). 

Figure 2.32: Reconstruction of Varanosuchus sakonnakhonensis in its living posture.
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However, using the ratio between the humerus midshaft width and long-axis length (Turner, 

2006; Adams, 2019), we obtain a value of 0.10, which is exactly the value separating 

morphologies considered as ‘gracile’ (i.e., linked with a terrestrial lifestyle) from those 

considered as ‘robust’ (i.e., linked with a semi-aquatic/aquatic lifestyle), so it is difficult to 

conclude on the posture of the organism by looking at the data brought by this bone. We thus 

infer a relatively erect posture for Varanosuchus (Fig. 2.32). 

The various proxies on the paleoecology of Varanosuchus sakonnakhonensis, and atoposaurids 

in general, give conflicting results. However, it is also possible to hypothesize a terrestrial 

lifestyle but with semi-aquatic affinities for those forms, as is seen today in some extant species 

of lepidosaurs (Mebert, 2011; Chan et al., 2020) and would be the most probable explanation 

for the observations we make here.  

The paleobiogeography of paralligatorids compared to atoposaurids 

Although they would seem to be very close phylogenetically, definite atoposaurid and 

paralligatorid occurrences have different paleogeographical and stratigraphic ranges (Fig. 

2.30). Atoposaurids have a Laurasian distribution, whereas paralligatorids are only known in 

Asia and in North America (maybe also in South America but see above).  

In terms of stratigraphic range, atoposaurids are present in Late Jurassic to Early Cretaceous 

strata, with Sabresuchus sympiestodon and Aprosuchus ghirai being the only representatives of 

this family in the Late Cretaceous, implying a lack of fossil record of more than 50 Myr. This 

huge stratigraphic gap could be filled when looking at specimens that may be attributed to 

Atoposauridae in the Cenomanian (Vullo & Néraudeau, 2008) and Campanian - Maastrichtian 

of France (Martin & Buffetaut, 2005; Martin et al., 2014a), Middle Cretaceous of the United 

States (Winkler et al., 1990; Cifelli et al., 1999; Eaton et al., 1999; Fiorillo, 1999; Garrison et 

al., 2007; Oreska et al., 2013; Foster, 2018) and Aptian - Albian of China (Wu et al., 1996a; 

Mo et al., 2016). Finally, the referral of some specimens from the Eocene of Yemen to 

Atoposauridae (Stevens et al., 2013) is very surprising and warrants further investigation as 

well. On the other hand, except for B. pastosbonensis (of which a reassessment might be 

necessary; Hester et al., 2016), paralligators are known from the Middle to Late Cretaceous 

(Fig. 2.30). One interesting thing to notice is that the two families have never been retrieved at 

the same time and the same place, which could be because the competition for resources 

between these two groups of very similar organisms would have been too important for them 

to cohabit, hinting at a similar ecology, or could also be a case of collection bias. However, 
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given how little evidence we currently have, the paleoecology of paralligatorids remains an 

open question. 

Conclusion 

We describe here three new specimens from the Early Cretaceous Phu Sung locality (Sao Khua 

Formation, Thailand) that we refer to Varanosuchus sakonnakhonensis gen. nov. sp. nov. Using 

CT scan data, we can provide an in-depth description, as well as a comparison with other close 

fossil forms. Although we notice some ontogenetic variations, Varanosuchus sakonnakhonensis 

is diagnosed by an altirostral morphology, a dorsal part of the postorbital with an anterolaterally 

facing edge, a depression on the posterolateral surface of the maxilla and a fully pterygoid 

bound choanae, among other traits. 

A phylogenetic analysis confirms that this new taxon belongs to Atoposauridae sensu Schwarz 

et al. (2017), with a close relationship to Aprosuchus ghirai from the Maastrichtian of Romania 

(Venczel & Codrea, 2019). We also manage to distinguish this taxon from Theriosuchus 

grandinaris (Lauprasert et al., 2011) from the same age also in Thailand. Paralligatoridae sensu 

Kuzmin et al. (2019) is retrieved as the sister clade to Atoposauridae, forming Eusuchia with 

Hylaeochampsidae and Crocodylia, while susisuchids are found as basal neosuchians: 

characters historically assigned to Eusuchia, such as fully pterygoid bound choanae for 

example, are not valid anymore. However, a robust definition of Eusuchia must still be 

provided. 

Finally, the altirostral snout morphology and osteoderm ornamentation observed here in 

Varanosuchus sakonnakhonensis (and other atoposaurids) would match the hypothesis of a 

terrestrial lifestyle for those taxa  but with semi-aquatic affinities. Further studies are needed to 

confirm this, for example using neuroanatomic or geochemical proxies. 
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Chapter 3: The study of endocranial structures 

Endocranial structures refer to the internal structures inside the skull of an organism, which in 

fossils is represented by the pneumatic cavities left in the bones by the organs they once housed. 

Their study is thus of the higher interest in fossil organisms, as the shape and morphology of 

those organs (brain, ear system, cranial nerves, arteries, sinuses…) is linked to their function 

and thus allows ecological inferences (Buchholtz & Seyfarth, 1999). Before the advent of 

computed tomography (CT) techniques in the 1990’s, observations of the internal structures 

were based on fortuitous preservation conditions or destructive approaches (Cuvier, 1804; 

Eudes-Deslongchamps, 1863; Marsh, 1874, 1878; Morel de Glasville, 1876; Seeley, 1880; 

Lemoine, 1883-1884; Newton, 1888; Osborn, 1912; Edinger, 1921, 1925, 1926, 1927, 1928, 

1938, 1939, 1940, 1941, 1942, 1948, 1951, 1975; Stensiö, 1963; Jerison, 1969; Galton, 1988, 

1989, 2001). Historically, numerous internal structures were also studied via latex casts 

(Colbert, 1946a; Haight & Murray, 1981; Walker, 1990; Wharton, 2000; Paulina-Carabajal & 

Canale, 2010; Bona & Paulina-Carabajal, 2013), particularly in paleoanthropological studies 

(Radinsky, 1968, 1971; Holloway, 1981a, b, 2018; Falk et al., 1986) but this approach can lead 

to breaks or degradations of the original specimen. However, it is still comparable in terms of 

quality with modern CT techniques (Schoenemann et al., 2007). 

X-rays are known since Röntgen (1896), but technologic advances did not allow to use them in 

paleontological studies until almost a century later (Rydberg et al., 2000; Beckmann, 2006). 

Briefly, the principles of a CT scan can be summarized as follows (Fig. 3.1; Wils, 2020): first, 

the X-rays are emitted from an X-ray source. Those X-rays go through the specimen depending 

on its thickness and density following the Beer-Lambert laws of absorption. Then, remaining 

X-rays hit a detector, opposite to the source, that converts them to digital signal. A CT-scan 

acquisition consists of numerous 2D radiographs of the specimen, under different angular 

positions, that are then stacked as a 3D reconstruction, after corrections for artifacts. The basic 

unit of the 2D images (pixels) are thus converted to 3D basic units (voxels). The output results 

in an image stack in greyscale mode, with black areas usually associated with non-absorbent 

materials (i.e., air) and white areas usually associated with most absorbent materials (i.e., 

sediment or fossilized bones). The degree of absorption of a material, and thus its recovered 

greyscale depends mostly on its structure and chemical composition: as fossils mainly have a 

different composition than their surrounding matrix, a greyscale contrast is expected between 

the two and allows separation using numerical tools. This step is known as segmentation: in 

each 2D image from the 3D image stack, the user selects, manually or through semi-automatic 
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Figure 3.1: Schematic of a CT scan protocol. A: acquisition phase (illustrated CT scan is the Double Tomographe 
Haute Energie or DTHE by RX Solutions) housed at INSA Lyon. B: segmentation phase of an Alligator 
mississippiensis (MHNL 50002667).
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algorithms, the areas of interest.  

When all those selections are put together, 3D volumes are reconstructed, and can then be post-

processed and visualized using various 3D manipulation softwares. In the framework of this 

thesis, the 3D image stacks were first pre-treated using ImageJ (version 1.53e; Schindelin et al., 

2015), to correct contrast or resize the stack if needed. Then, the segmentation was performed 

using the software Avizo (version 7, 7.5, 8 and 9; Thermo Fisher Scientific). 3D post-processing 

softwares used include MeshLab (version 2020.07; Cignoni et al., 2008) and Blender (version 

3.4; Mullen, 2011). 

In crocodylomorphs, the study of the neuroanatomy and paleoneuroanatomy of extant and 

extinct specimens has been intense since the pioneering work of Colbert (1946a) on Sebecus 

icaeorhinus and is a field currently in full expansion with the advent of modern CT scan 

techniques (Holliday & Schachner, 2022). These studies have been recently reviewed in Barrios 

et al. (2023) and are summarized and updated in Table 4. The nomenclature that will be used 

to describe and compare the specimens in this thesis is issued from those studies. 

The knowledge of the neuroanatomy of crocodylomorphs is thus very important and continues 

to be extended. However, it is still limited by several factors: first, some groups are poorly 

known or not at all (protosuchians, sphagesaurians, mahajangasuchids, peirosaurids, 

sebecosuchians, atoposaurids, paralligatorids, hylaeochampsids and fossil crocodylians for 

example). Second, the resolution of the scans is sometimes too limited or the CT scan not 

powerful enough to properly highlight certain structures (inner ears and cranial nerves 

particularly) or the fossil matrix too hard for the X-rays to go through; the matrix and fossil can 

also have the same density making their separation difficult. Third, the sharing of data and good 

scientific practices regarding open data are not always adopted by the community. Fourth, little 

is still known about ontogenetic variation of the endocranial structures of crocodylomorphs, 

apart from the most well-known extant species, and this is of the upmost importance while 

trying to understand their ecological or phylogenetical implications.  

In this chapter, I will first assess current knowledge on the ontogenetic, ecological, and 

phylogenetical interpretations that can be made on the different endocranial structures. Then, a 

closer look will be taken at several specimens of altirostral crocodylomorphs for which the 

neuroanatomy is still unknown. Building on those results, I will finally assess the usefulness of 

the inner ear as an ontogenetic, ecological, and phylogenetical proxy in crocodylomorphs.  
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Table 4: Background of studies and specimens of crocodylomorphs neuroanatomy. Updated from Barrios et al. 
(2023; table 7.1). 

Taxon Specimen(s) Provenance Nature Reference(s) 

Sphenosuchus acutus 

Haughon, 1915 
SAM PK 3014 

Early Jurassic 

of South 

Africa 

Natural 

endocast 
Walker (1990) 

Junggarsuchus sloani IVPP14010 

Middle-Late 

Jurassic of 

China 

CT scan 

Schwab et al. 

(2020); 

Ruebenstahl et 

al. (2022) 

Almadasuchus figarii 

Pol, Rauhut, Lecuona, 

Leardi, Xu & Clark, 

2013 

MPEF-V 3838 
Oxfordian of 

Argentina 
CT scan 

Leardi et al. 

(2020b) 

Eopneumatosuchus 

colberti Bronzati, 

Montefeltro & Langer, 

2012 

MNA V2460 

Early Jurassic 

of United 

States 

CT scan 

Dufeau (2011); 

Schwab et al. 

(2020); 

Melstrom et al. 

(2022) 

Protosuchus 

haughtoni Busbey & 

Gow, 1984 

BP/1/47700, 

4746 

Hettangian of 

United States 
CT scan 

Schwab et al. 

(2020); 

Bronzati et al. 

(2021); Cowgill 

et al. (2022) 

Sebecus icaeorhinus AMNH 3160 
Eocene of 

Argentina 
Latex cast Colbert (1946a) 

Zulmasuchus 

querejazus Buffetaut 

& Marshall, 1992 

MHNC 6672 
Paleocene of 

Bolivia 
CT scan David (2010) 
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Baurusuchus Price, 

1945 sp. 

IFSP-

VTP/PALEO-

0002, 0003; 

FEF-PV-R-1/9: 

FUP-Pv 

000020, 

000021 

Campanian - 

Maastrichtian 

of Brazil 

CT scan 
Dumont et al. 

(2020b) 

Campinasuchus dinizi CPPLIP 1360 

Turonian - 

Santonian of 

Brazil 

CT scan 
Fonseca et al. 

(2020) 

Araripesuchus 

wegeneri 
MNN GAD18 

Aptian - 

Albian of 

Niger 

CT scan 
Sereno & 

Larsson (2009) 

Araripesuchus 

buitreraensis 
MPCA-PV-235 

Cenomanian 

of Argentina 
CT scan Barrios (2021) 

Araripesuchus 

patagonicus 

MUCPv-267, 

269 

Cenomanian 

of Argentina 
CT scan Barrios (2021) 

Anatosuchus minor MNN GAD19 

Aptian - 

Albian of 

Niger 

CT scan 
Sereno & 

Larsson (2009) 

Notosuchus terrestris 

MLP 64-IV-16-

5, 16-31, 16-

30, 16-8, 16-7; 

MACN-PV-

RN-1037; 

MPCA-PV-237 

Santonian of 

Argentina 
CT scan Barrios (2021) 

Simosuchus clarki UA 8679 
Maastrichtian 

of Madagascar 
CT scan 

Kley et al. 

(2010) 

Hamadasuchus sp. ROM 52560 Aptian -  CT scan Dufeau (2011); 
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Cenomanian 

of Morocco 

George & 

Holliday (2013) 

Rukwasuchus 

yajabalijekundu 

Sertich & O’Connor, 

2014 

RRBP 08630 

Aptian - 

Cenomanian 

of Tanzania 

CT scan 

Sertich & 

O’Connor 

(2014) 

Lomasuchus 

palpebrosus 
MOZ-Pv 4084 

Turonian - 

Coniacian of 

Argentina 

CT scan Barrios (2021) 

Gasparinisuchus 

peirosauroides 
MOZ-Pv 1750 

Santonian - 

Campanian of 

Argentina  

CT scan Barrios (2021) 

Pelagosaurus typus 

Bronn, 1841 

BRLSI M1413; 

NHMUK OR 

32599 

Toarcian of 

England 

Sectioned 

braincase 

and CT scan 

Eudes-

Deslongchamps 

(1863); David 

(2010); Dufeau 

(2011); Pierce 

et al. (2017); 

Schwab et al. 

(2020) 

Proexochokefalos 

heberti Morel de 

Glasville, 1876 

MNHN.F 

unnumbered 

Callovian of 

France 

Natural 

endocast 

Morel de 

Glasville 

(1876) 

Charitomenosuchus 

leedsii Andrews, 1909 
LPP.M 35 

Callovian of 

France 

Latex cast 

and CT scan 

Wharton 

(2000); Schwab 

et al. (2020) 

Plagiophthalmosuchus 

cf. gracilirostris 

Westphal, 1961 

NHMUK PV 

OR 3395 

Toarcian of 

England 
CT scan 

Brusatte et al. 

(2016); Schwab 

et al. (2020) 



Chapter 3 

137 
 

Plagiophthalmosuchus 

gracilirostris 

NHMUK PV 

OR 15500 

Toarcian of 

England 
CT scan 

Cowgill et al. 

(2022) 

Macrospondylus 

bollensis Cuvier, 1824 

SNSB-BSPG 

1984 I258; 

MCZ VPRA-

1063; NHMUK 

PV OR 14436 

Toarcian of 

Germany 
CT scan 

Herrera et al. 

(2018); Schwab 

et al. (2020); 

Wilberg et al. 

(2021) ; 

Cowgill et al. 

(2022) 

Eoneustes gaudryi 

Collot, 1905 

NHMUK PV R 

3263 

Bathonian of 

England 
CT scan 

Cowgill et al. 

(2022) 

Teleosaurus 

cadomensis 

Lamouroux, 1820 

SMC J35177; 

MNHN AC 

8746 

Bathonian of 

France 

Sectionned 

braincase 

Eudes-

Deslongchamps 

(1863); Seeley 

(1880); Jouve 

(2009) 

Cricosaurus 

araucanensis 

Gasparini & Dellape, 

1976 

MLP 72-IV-7-

1, 76-XI-19-1; 

MOZ PV 7201, 

7261 

Tithonian of 

Argentina 

CT scan and 

natural 

endocast 

Herrera et al. 

(2013b, 2018); 

Herrera (2015); 

Schwab et al. 

(2020) 

Cricosaurus 

schroederi Kühn, 

1936 

MM 

unnumbered 

Valanginian of 

Germany 
CT scan 

Schwab et al. 

(2020); Cowgill 

et al. (2022) 

Torvoneustes 

coryphaeus Young, de 

Andrade, Etches & 

Beatty, 2013 

MJML K1863 
Kimmeridgian 

of England 
CT scan 

Schwab et al. 

(2020); Cowgill 

et al. (2023) 

Thalattosuchus 

superciliosus de 

MNHN 1870-

133,. F RJN 

Callovian - 

Oxfordian of 

Sectionned 

braincase, 

Wenz (1968); 

David (2010); 
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Blainville, 1853 256; NHMUK 

PV R 11999; 

AMNH 997 

France and 

England 

natural 

endocast and 

CT scan 

Schwab et al. 

(2020); Cowgill 

et al. (2022) 

‘Metriorhynchus’ cf. 

‘M.’ brachyrhynchus 

Eudes-

Deslongchamps, 1868 

NHMUK PV 

OR 32617, 

32618 

Callovian - 

Oxfordian of 

France 

CT scan 
Schwab et al. 

(2020, 2021a) 

‘Metriorhynchus’ cf. 

‘M.’ westermanni 

Gasparini, 1980 

MDA 2 
Oxfordian of 

Chile 
CT scan 

Fernández et al. 

(2011); Herrera 

et al. (2018) 

Dakosaurus cf. 

andiniensis Vignaud 

& Gasparini, 1996 

MOZ-PV 058, 

089 

Late Tithonian 

- early 

Berriasian of 

Argentina 

Natural 

endocast 

Herrera & 

Vennari (2014); 

Herrera (2015); 

Fernández & 

Herrera (2022) 

Pholidosaurus meyeri 

Dunker, 1843 
Unnumbered 

Berriasian of 

Germany 

Natural 

endocast 

Edinger (1938); 

Hopson (1979) 

Pholidosaurus 

schaumburgensis von 

Meyer, 1841 

Unnumbered 
Berriasian of 

Germany 

Natural 

endocast 
Edinger (1938) 

cf. Rhabdognathus 

Swinton, 1930 

CNRST-

SUNY-190 

Maastrichtian - 

Paleocene of 

Mali 

CT scan 
George & 

Holliday (2013) 

Rhabdognathus 

aslerensis Jouve, 2007 

AMNH FARB 

33354 

Maastrichtian - 

Paleocene of 

Mali 

CT scan 
Erb & Turner 

(2021) 

Dyrosaurus 

phosphaticus Thomas, 

1893 

MNHN.F.ALG 

1 

Eocene of 

Africa 
CT scan David (2010) 
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Goniopholis Owen, 

1842 sp. 
Unnumbered 

Berriasian of 

England 

Natural 

endocast 
Edinger (1938) 

Shamosuchus 

djadochtaensis 
IGM 100-1195 

Campanian of 

Mongolia 
CT scan 

Schwab et al. 

(2020) 

Eutretauranosuchus 

delfsi Mook, 1967 
CMNH 8028 

Kimmeridgian 

of United 

States 

CT scan 

Smith et al. 

(2008); Dufeau 

(2011) 

Aegisuchus witmeri 

Holliday & Gardner, 

2012 

ROM 54530 
Cenomanian 

of Morocco 
CT scan 

Holliday & 

Gardner (2012) 

Portugalosuchus 

azenhae Mateus, 

Puértolas-Pascual & 

Callapez, 2019 

ML1818 
Cenomanian 

of Portugal 
CT scan 

Puértolas-

Pascual et al. 

(2023) 

Allodaposuchus hulki 

Blanco, Fortuny, 

Vicente Luján, 

García-Marçà & 

Sellés, 2015 

MCD 5139 
Maastrichtian 

of Spain 
CT scan 

Blanco et al. 

(2015) 

Lohuecosuchus 

megadontos Narváez, 

Brochu, Escaso, 

Pérez-García & 

Ortega, 2015 

HUE-04498 

Campanian - 

Maastrichtian 

of Spain 

CT scan 

Serrano-

Martínez et al. 

(2019a) 

Agaresuchus 

subjuniperus 

Puértolas-Pascual, 

Canudo & Moreno-

Azanza, 2013 

MPZ 2012/288 

Campanian - 

Maastrichtian 

of Spain 

CT scan 

Puértolas-

Pascual et al. 

(2022) 
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Agaresuchus 

fontisensis Narváez, 

Brochu, Escaso, 

Perez-García & 

Ortega, 2016 

HUE-02502 

Campanian - 

Maastrichtian 

of Spain 

CT scan 

Serrano-

Martínez et al. 

(2020) 

Arenysuchus 

gascabadiolorum 

Puértolas, Canudo & 

Cruzado-Caballero, 

2011 

MPZ 2011/184 
Maastrichtian 

of Spain 
CT scan 

Puértolas-

Pascual et al. 

(2022) 

Thoracosaurus 

isorhynchus Pomel, 

1847 

Unnumbered 
Maastrichtian 

of Spain 

Natural 

endocast 

Lemoine 

(1883-1884) 

Gavialis gangeticus 

TMM M5490; 

AMNH 

R81802; MLP 

602; UF 

118998; 

UMZC R5792; 

ZIN 7249; 

YPM HERR 

008438; 

MNHN A-

5312; MHNL 

50001407; 

NHMUK 1873, 

1846.1.7.3 

Extant of India 

Sectionned 

braincase, 

latex 

endocast and 

CT scan 

Owen (1850); 

Wharton 

(2000); David 

(2010); Dufeau 

(2011); Gold et 

al. (2014); 

Pierce et al. 

(2017); Bona et 

al. (2017); 

Serrano-

Martínez et al. 

(2019a, 2020); 

Schwab et al. 

(2020, 2021b); 

Barrios (2021); 

Kuzmin et al. 

(2021); Bourke 

et al. (2022); 

Cerio & 
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Witmer (2022); 

Perrichon et al. 

(2023) 

Gryposuchus 

neogaeus Rusconi, 

1933 

MLP 68-IX-5-1 
Miocene of 

Argentina 
CT scan 

Bona et al. 

(2017) 

Maomingosuchus 

petrolica Yeh, 1958 
IVPP V2303 

Eocene of 

China 

Natural 

endocast 
Yeh (1958) 

Gunggamarandu 

maunala Ristevski, 

Price, Weisbecker & 

Salisbury, 2021 

QMF14.547 

Pliocene - 

Pleistocene of 

Australia 

CT scan 
Ristevski et al. 

(2021) 

Tomistoma schlegelii 

TMM M-6342; 

ZMMU MSU 

R-13859, 9296; 

USNM 

211322; UCMP 

81702; FMNH 

11085, 98874; 

NHMUK 

1893.3.6.14; 

MZS Cro094; 

UM1097 

Extant of 

Southeastern 

Asia 

Sectionned 

braincase 

and CT scan 

Serrano-

Martínez et al. 

(2019a, 2020); 

Schwab et al. 

(2020, 2021b); 

Kuzmin et al. 

(2021); Cerio 

& Witmer 

(2022); Cowgill 

et al. (2022); 

Perrichon et al. 

(2023) 

Tomistoma downsoni 

Fourtau, 1918 

NHMUK PV R 

4769 

Miocene of 

Egypt 
CT scan 

Burke & 

Mannion 

(2023) 

Paludirex vincenti 

Ristevski, Yates, 

Price, Molnar, 

CMC2019-

010-5 

Pliocene - 

Pleistocene of 

Australia 

CT scan 
Ristevski et al. 

(2020) 
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Weisbecker & 

Salisbury, 2020 

Trilophosuchus 

rackami 
QMF16856 

Miocene of 

Australia 
CT scan 

Ristevski 

(2022) 

Crocodylus niloticus 

Mostly 

unnumbered 

specimens 

Extant of 

Africa 

Sectionned 

braincase 

and CT scan 

Eudes-

Deslongchamps 

(1863); Edinger 

(1938); David 

(2010); George 

& Holliday 

(2013); Jirak & 

Janacek (2017); 

Serrano-

Martínez et al. 

(2019a, 2020); 

Barrios (2021); 

Schwab et al. 

(2021b); Cerio 

& Witmer 

(2022); 

Perrichon et al. 

(2023) 

Crocodylus acutus 

Cuvier, 1807 

Mostly 

unnumbered 

specimens 

Extant of 

Africa 

Sectionned 

braincase, 

latex cast, 

CT scan 

Owen (1850); 

Colbert 

(1946b); Gold 

et al. (2014); 

Jirak & Janacek 

(2017); Neenan 

et al. (2017); 

Schwab et al. 

(2020, 2021b); 

Bronzati et al. 
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(2021); Cerio 

& Witmer 

(2022); 

Perrichon et al. 

(2023) 

Crocodylus halli 

Murray, Russo, 

Zorrilla & McMahan, 

2019 

UF herp 

145297 

Extant of New 

Guinea 
CT scan 

Perrichon et al. 

(2023) 

Crocodylus 

intermedius Graves, 

1819 

FMNH 75662 
Extant of 

South America 
CT scan 

Bronzati et al. 

(2021) 

Crocodylus johnstoni 

Krefft, 1873 

OUVC 10425, 

10426; FMNH 

59071; TMM 

M-6807 

Extant of 

Australia 
CT scan 

Witmer et al. 

(2008); George 

& Holliday 

(2013); Schwab 

et al. (2020, 

2021b); 

Bronzati et al. 

(2021); Cerio 

& Witmer 

(2022) 

Crocodylus moreletii 

Dumeril & Bibron, 

1851 

TMM M-4980; 

RVC-JRH-

FMC3 

Extant of 

Central 

America 

CT scan 

Franzosa 

(2004); David 

(2010); Schwab 

et al. (2020, 

2021b); 

Bronzati et al. 

(2021); Cerio 

& Witmer 

(2022) 
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Crocodylus siamensis 

Schneider, 1801 

UCBL WB41; 

MHNL 

50001389 

Extant of 

Southeastern 

Asia 

CT scan 

Kawabe et al. 

(2009); 

Perrichon et al. 

(2023) 

Crocodylus palustris 

Lesson, 1831 

NMS 

Z.1968.13.55; 

MHNL 

50001398 

Extant of 

Southeast Asia 
CT scan 

Schwab et al. 

(2021b); 

Perrichon et al. 

(2023) 

Crocodylus porosus 

Schneider, 1801 

Mostly 

unnumbered 

specimens 

Extant of 

Australia 

Sectionned 

braincase 

and CT scan 

Kundrát et al. 

(2018); 

Bronzati et al. 

(2021); Schwab 

et al. (2021b); 

Cerio & 

Witmer (2022); 

Perrichon et al. 

(2023) 

Crocodylus 

novaeguineae 

Schmidt, 1928 

DVZ M9/13; 

OUVC 10609 

Extant of New 

Guinea 

Sectionned 

braincase 

Kuzmin et al. 

(2021); Cerio 

& Witmer 

(2022) 

Crocodylus rhombifer 

Cuvier, 1807 

MNB 

AB50.0171; 

OUVC 10588 ; 

MHNL 

42006506, 

42006507 

Extant of Cuba CT scan 

Schwab et al. 

(2020, 2021b); 

Cerio & 

Witmer (2022); 

Cowgill et al. 

(2022); 

Perrichon et al. 

(2023) 

Voay robustus 

Grandidier & Vaillant, 
MNHN.F.1908 Holocene of CT scan David (2010) 
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1872 -5 Madagascar 

Osteolaemus tetraspis 

MZB 2006-

0039; DVZ 

M7/13; RVC-

JRH-FDC2, 

FDC3-Se2; 

FMNH 53632, 

98936; UCBL 

2019-1-236; 

MZS Cro040; 

NHMUK 

1862.6.30.5; 

MHNM 9095.0 

Extant of 

Africa 
CT scan 

David (2010); 

Serrano-

Martínez et al. 

(2019a, 2020); 

Schwab et al. 

(2020, 2021b); 

Kuzmin et al. 

(2021); Cerio 

& Witmer 

(2022); 

Perrichon et al. 

(2023) 

Mecistops 

cataphractus Cuvier, 

1825 

DVZ M6/13; 

TMM M-3529; 

MNHN 

1913.0007 

Extant of 

Africa 

Sectionned 

braincase 

and CT scan 

David (2010); 

Schwab et al. 

(2020, 2021b); 

Kuzmin et al. 

(2021) 

Mecistops sp. 

NMS 

Z.1859.13; UM 

N89; AMU 

Zoo-04721; 

MZS Cro083; 

MHNL 

50001393; 

SVSTUA 

022001  

Extant of 

Africa 
CT scan 

Schwab et al. 

(2021b) ; 

Perrichon et al. 

(2023) 

Diplocynodon tormis 

Buscalioni, Sanz & 

Casanovas, 1992 

STUS-344 
Eocene of 

Spain 
CT scan 

Serrano-

Martínez et al. 

(2019b) 
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Diplocynodon ratelli 

Pomel, 1847 

MNHN.F.SG 

557 

Miocene – 

Oligocene of 

Europe 

CT scan David (2010) 

Leidyosuchus Lambe, 

1907? 
UNM B-401 A 

Paleocene of 

United States 

Natural 

endocast 

Storrs et al. 

(1983) 

Leidyosuchus 

canadensis Lambe, 

1907 

ROM 1903 
Campanian of 

Canada 
CT scan 

George & 

Holliday (2013) 

Alligator 

mississippiensis 

Mostly 

unnumbered 

specimens 

Extant of 

United States 

Sectionned 

braincase, 

latex cast, 

and CT scan 

Rabl-Rückhard 

(1878); 

Lemoine 

(1883-1884); 

Edinger (1938); 

Colbert 

(1946b); 

Brochu (1999); 

Klembara 

(2005); Witmer 

& Ridgely 

(2008); Sereno 

& Larsson 

(2009); George 

& Holliday 

(2013); 

Hurlburt et al. 

(2013); Dufeau 

& Witmer 

(2015); Porter 

et al. (2016); 

Fabbri et al. 

(2017); 

Kundrát et al. 
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(2018); 

Serrano-

Martínez et al. 

(2019a, 2020); 

Watanabe et al. 

(2019); Hu et 

al. (2020); 

Schwab et al. 

(2020, 2021b); 

Bronzati et al. 

(2021); Kuzmin 

et al. (2021); 

Cerio & 

Witmer (2022); 

Lessner & 

Holliday 

(2022); Tahara 

& Larsson 

(2022); 

Perrichon et al. 

(2023) 

Alligator sinensis 

Fauvel, 1879 

DVZ M 2/13, 

3/13; TCWC 

86174 

Extant of 

China 

Sectionned 

braincase 

Iordansky 

(1973); Kuzmin 

et al. (2021); 

Cerio & 

Witmer (2022) 

Paleosuchus 

palpebrosus Cuvier, 

1807 

FMNH 22817, 

69867, 69869; 

OUVC 9602; 

CMN AR 

35747 

Extant of 

South America 

Sectionned 

braincase 

and CT scan 

Dufeau (2011); 

Bronzati et al. 

(2021); Cerio 

& Witmer 

(2022) 
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Paleosuchus 

trigonatus Schneider, 

1801 

AMNH 137175 
Extant of 

South America 
CT scan 

Balanoff & 

Bever (2020) 

Mourasuchus nativus 

Bocquentin 

Villanueva, 1984 

MLP 73-IV-15-

9 

Miocene of 

South America 
CT scan 

Bona et al. 

(2013) 

Caiman crocodilus 

FMNH 73438, 

73711; OUVC 

9671, 11786; 

UCMP 42843, 

42844, 123, 

095; RVC-

JRH-FCC1; 

UMMZ herps 

128024, 46112, 

155282 

Extant of 

America 
CT scan 

David (2010); 

Brusatte et al. 

(2016); Jirak & 

Janacek (2017); 

Serrano-

Martínez et al. 

(2019a, 2020); 

Schwab et al. 

(2020, 2021b); 

Bronzati et al. 

(2021); Kuzmin 

et al. (2021); 

Cerio & 

Witmer (2022); 

Perrichon et al. 

(2023) 

Caiman gasparinae 

Bona & Paulina-

Carabajal, 2013 

MLP 73-IV-15-

1 

Miocene of 

South America 
Latex cast 

Bona & 

Paulina-

Carabajal 

(2013) 

Caiman latirostris 

MACN 1420-

7375; MLP 21; 

UMMZ herps 

155283, 

155284, 

Extant of 

South America 
CT scan 

Barrios et al. 

(2023); 

Perrichon et al. 

(2023) 
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155285, 

155286, 

155287, 

155288,  

Caiman yacare 

Daudin, 1802 

MLP 603; 

MACN-He 

43694; ZMMU 

MSU R-6967; 

UMMZ herps 

155289 

Extant of 

South America 

Sectionned 

braincase, 

latex cast, 

and CT scan 

Bona & 

Paulina-

Carabajal 

(2013); von 

Baczko et al. 

(2018); Barrios 

(2021); Kuzmin 

et al. (2021) ; 

Perrichon et al. 

(2023) 

Melanosuchus niger 

Spix, 1825 

UFRGS-PV 

003-Z; RVC-

JRH-FBC1; 

NMS 

Z.1859.13.804; 

MZS Cro073 

Extant of 

South America 
CT scan 

George & 

Holliday 

(2013); 

Fonseca et al. 

(2020); Schwab 

et al. (2021b); 

Cerio & 

Witmer (2022); 

Perrichon et al. 

(2023) 

 

As part of this thesis, 104 further specimens belonging to various groups of crocodylomorphs 

and representing different ontogenetic stages were CT scanned, to get as much data as possible 

on the neuroanatomy of this group and its variations. Those specimens, together with scan 

information, are detailed in Appendix 7. Those data were completed by the study of 40 

specimens scanned in the framework of international collaborations or obtained through open 

data policies. Those specimens, together with provider information, are detailed in Appendix 

8.  
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I- Nomenclature and links between structures and biological traits 

Here, I will detail the different internal structures of the crocodylomorph skull, with 

corresponding ecological interpretations. Illustrations will mainly be based on an exquisitely 

preserved extant Osteolaemus tetraspis skull (UCBL 2019-1-236; Fig. 3.2-3.6), and 3D models 

concerning this specimen can be found here: https://mycore.core-

cloud.net/index.php/s/SKr8x9TgPOX9qGx  

a- Endocast 

As in all amniotes (Romer, 1956; Hopson, 1979), the brain (and thus endocast) of 

crocodylomorphs is divided in three main parts: the forebrain (prosencephalon), the midbrain 

(mesencephalon) and the hindbrain (rhombencephalon; Fig. 3.2A, 3.3). Those three parts are 

organized with one another through two corresponding angles: the cephalic flexure angle 

(anteriorly) and the pontine flexure angle (posteriorly; Fig. 3.3). 

The forebrain contains the olfactory bulb and the cerebral hemispheres, which are linked via 

the olfactory tract (Fig. 3.2A-C, E & F). The soft tissues cerebral hemispheres are separated by 

a deep groove, which houses the dorsal longitudinal venous sinus, that is integrated in the 

segmented endocast (and thus not separated or visible) and extends to the nasal cavity anteriorly 

and the midbrain posteriorly. This tract is compartmentalized dorsally by the internal surface 

of the frontal, but not ventrally, making its segmentation highly subjective. Its extension and 

shape are a direct reflection of the morphology of the individual orbital region. Posteriorly, in 

the posterior part of the forebrain (diencephalon in mature individuals) there is no differentiated 

organ linked with the parietal eye (photoreceptive pineal complex), contrary to several other 

reptiles (Gundy & Wurst, 1976; Engbretson, 1992; Tosini, 1997; Firth et al., 2010; Smith et al., 

2018). Ventrally, the hypothalamus also bears a crest, incorporating cranial nerve II (optic), 

which is included in the endocast during segmentation. A ventral projection, called the pituitary 

or hypophyseal fossa (Fig. 3.2B, C, E & F), contains the pituitary gland and blood vessels 

(Porter et al., 2016).  
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The midbrain endocast incorporates the optic lobes associated with the optic tectum for the 

visual acuity and are usually situated at the ventral flexion of the endocast (Fig. 3.2C & E). The 

forebrain regroups the cerebellum (metencephalon) and associated otic capsule that houses the 

endosseous labyrinths and the medulla oblongata (myelencephalon; Fig. 3.2A & C-E). 

Ventrally, this area also encompasses the ventral longitudinal venous sinus, that is easily 

recognizable in most taxa (Fig. 3.2).  

The endocast is used for several ecological interpretations. First, the olfactory acuity of an 

individual is measured via its olfactory bulb: indeed, it depends on the number and size of mitral 

Figure 3.2: Endocast, endosseous labyrinths and cranial nerves and arteries of UCBL 2019-1-236 (Osteolaemus 
tetraspis) in dorsal (A), anterior (B), ventral (C), anterior 3/4 (D), posterior (E) and lateral (F) views. Blue: 
endocast, yellow: cranial nerves, pink: endosseous labyrinths, dark purple: recessus scalae tympani, red: internal 
carotid arteries, light purple: pituitary fossa. Roman numbers indicate the corresponding number of the cranial 
nerves. cb: cerebral hemisphere, ceb: cerebellum, nTYM: tympanic branch of the trigeminal ganglion, of: olfactory 
tract, ol: optic lobe, pf: pituitary fossa, vlvs: ventral longitudinal venous sinus. Scale bar is 2 cm. 
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cells, odours receptors and olfactory receptor genes, which are correlated with the absolute and 

relative size of the olfactory bulbs (Bang & Cobb, 1968; Healy & Guilford, 1990; Buschhüter 

et al., 2008; Steiger et al., 2008; Zelenitsky et al., 2009, 2011). Those metrics are obtained by 

comparing the greatest diameter of the olfactory bulb to the greatest diameter of the cerebrum 

hemispheres, sometimes normalized by a log transformation, and scaled to body mass 

(Lautenschlager et al., 2012; Serrano-Martínez et al., 2020; Müller, 2022; Burke & Mannion, 

2023). It is especially interesting in crocodylians, which have a developed sense of smell and 

use olfaction to navigate, locate food sources and communicate (Scott & Weldon, 1990; 

Weldon & Ferguson, 1993; Schwenk, 2008). Consequently, a higher ratio (i.e., larger olfactory 

bulbs), could be considered as an adaptation to greater olfactory acuity in terrestrial 

environments (Zelenitsky et al., 2009, 2011; Barrios et al., 2023).  

Visual acuity is linked with the size of the eyeball: larger eyes house more photoreceptive and 

sensorial cells (Hall & Ross, 2006; Schmitz, 2009; Lautenschlager et al., 2012) and plays an 

important role in crocodylian lifestyle (Garrick & Lang, 1977; Nagloo et al., 2016). As that is 

often not preserved in the fossil record, the position of their optic lobes has been proposed as a 

proxy for visual acuity, in the form of a ratio between the volume of those optic lobes to the 

total volume of the endocast (Serrano-Martínez et al., 2019a, 2020; Puértolas-Pascual et al., 

2022, 2023; Burke & Mannion, 2023). This proxy would benefit from further studies, as it does 

not consider body size, ontogeny, or the influence of soft tissues. 

The total brain volume has been used as a proxy of cognitive capabilities (Jerison, 1973; 

Hopson, 1977) using the encephalization quotient: observed brain size is divided by expected 

brain size for a given body mass using regression equations established on extant 

representatives (Jerison, 1973; Hurlburt, 1996; Hurlburt et al., 2013). In crocodylians, as the 

regression used was calculated on extant reptiles, it is called the Reptile Encephalization 

Quotient (REQ). However, the usage of this ratio is problematic for two main reasons: the brain 

shape changes through ontogeny in extant crocodylians (Hurlburt et al., 2013; Jirak & Janacek, 

2017; Watanabe et al., 2019; see also below) and its use on fossils specimens relies on brain 

volume and mass estimations, themselves based on body mass estimations (Webb et al., 1978; 

Farlow et al., 2005; Platt et al., 2011; Cotts et al., 2017; O’Brien et al., 2019; Serrano-Martínez 

et al., 2019a; Dumont et al., 2020b), thus making it highly uncertain.  

The endocast could also be interesting to assess phylogenetic relationships, and some characters 

have been proposed, mainly on birds and dinosaurs (Holtz, 1998; Franzosa, 2004; Smith & 
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Clarke, 2012; Balanoff et al., 2018), mammals (Furusawa, 2004; Macrini, 2006; Macrini et al., 

2006, 2007a; Pusch et al., 2019; Perini et al., 2021) and fishes (Poplin, 1984; Coates, 1999). 

However, the ontogenetic and intraspecific variations of this structure should first be assessed, 

before using it in a phylogenetic analysis (Macrini et al., 2007b; Macrini, 2009; Romick, 2013; 

Danilo et al., 2015; Jirak & Janacek, 2017; Ferreira et al., 2021; Kerber et al., 2021). 

Finally, it is important to assess the relationship between the soft tissues and the structures they 

are housed in: do these organs completely fill the cavities? Can the remaining shape of the 

cavities be interpreted as equivalent to the shape of those organs? In the last few years, with the 

advent of iodine-contrast micro CT approaches that allow visualization of both soft tissues and 

bone structures (Gignac & Cley, 2014; Clement et al., 2015; Porter et al., 2016; Jirak & Janacek, 

2017; Watanabe et al., 2019; Lessner & Holliday, 2022; Holliday et al., 2022; Fig. 3.4), those 

questions are beginning to be answered for several groups of vertebrates, and the results vary 

from one group to another (Balanoff & Bever, 2020). In some groups of vertebrates, a close 

endocast-brain relationship has been put forward, such as in mammals (Langston, 1975; 

Dumoncel et al., 2020), birds (Iwaniuk & Nelson, 2002; Early et al., 2020a, b) and dinosaurs 

(Osmólka, 2004; Evans, 2005), whereas it is not so evident in amphibians (Kim & Evans, 2014; 

Clement et al., 2021; Allemand et al., 2022) and lungfishes (Clement et al., 2015, 2021). 

Jirak & Janacek (2017) showed that the endocast/brain volume relationship was not constant 

throughout ontogeny in crocodylians, with the brain representing only 30% of the endocast 

volume in larger individuals. However, this study was led on numerous taxa, each with a 

different ontogenetic stage, introducing an important taxonomic bias. In other studies (Hurlburt 

et al., 2013; Hu et al., 2020), this bias was corrected, and the results confirmed. However, in 

Watanabe et al., 2019, the same topic was assessed but a strong correlation between endocast 

and brain shape was found on different ontogenetic stages of the same taxon. Paleobiological 

interpretations on endocast shape in crocodylomorphs should thus be made with extreme 

caution (Fig. 3.3). Information on the relationships of other structures and the organs that are 

housed in them are also still needed, such as for the endosseous labyrinths, the pneumatic 

system of crocodylians or the cranial nerves and arteries. 

b- Cranial nerves 

Some cranial nerves in crocodylomorphs are easily identifiable because they are conservatively 

associated with external foramina. However, those structures are especially hard to segment in 

crocodylomorphs because most are not compartmentalized individually or at all. They are 
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numerated with roman letters from I to XII (Fig. 3.5). A recent review of those structures in 

Crocodylia was recently published by Lessner & Holliday (2020) and will be summarized here. 

Cranial nerve I (olfactory) transmits sensory signals via stimuli transmitted from the nasal 

cavity to the olfactory bulbs (Hansen, 2007; Fig. 3.5). Cranial nerve II (optic) transmits visual 

signals from the eye to the midline of the telencephalon (midbrain; Fig. 3.2B-D, F & 3.5). This 

nerve elongates during ontogeny because of the lengthening of the skull and the rostral 

displacement of the orbits. Cranial nerve III (oculomotor; Fig. 3.5) transmits motor signals from 

the ciliary ganglion, which controls the movement of the eye to the midbrain. Cranial nerve IV 

(trochlear) is also a motor nerve from the m. obliquus dorsalis, associated with the movement 

of the eye as well, to the midbrain (Fig. 3.2C, D, F & 3.5). Cranial nerve V (trigeminal) is the 

largest in the crocodylomorph skull and has been the most extensively surveyed (George & 

Holliday, 2013; Lessner & Holliday, 2020; Lessner et al., 2022, 2023; Fig. 3.2A-D, F & 3.5). 

It has several functions: from the common trigeminal fossa housing the trigeminal ganglion, 

the ophthalmic division (V1; Fig. 3.2A, B & D-F) extends anteriorly to connect with the rostral 

integument (sensory receptors); while the maxillary (V2) and mandibular (V3) divisions extend 

Figure 3.3: Sagittal slices through Alligator mississippiensis heads in perinatal (A) and juvenile (B) ontogenetic 
stages. cf: cephalic flexure angle, pf: pontine flexure angle. Scale bars are 1 cm. Modified from Barrios et al. (2023, 
fig. 7.3). 



Chapter 3 

155 
 

laterally and anteriorly to innervate sensory receptors in the maxillary alveoli, jugal, nasal and 

palatine, and the muscles responsible for the articulation of the mandible (m. adductor 

mandibulae externus profondus & medialis, m. adductor mandibulae posterior, m. 

pseudotemporalis superficialis, m. pterygoideyus dorsalis & ventralis and m. 

intermandibularis) respectively. This nerve has a high growth rate and follows an allometric 

trajectory during ontogeny (Lessner et al., 2022). Cranial nerve VI (abducens; Fig. 3.2C, D & 

31) is a motor nerve involved in eye movement and closure of the associated nictitating 

membrane to protect and moisten this organ (Stibbe, 1928) that connects from the posterior 

limit of the pituitary fossa to the m. lateral rectus and the m. quadratus. This nerve also 

lengthens during ontogeny as the skull grows. Cranial nerve VII (facial; Fig. 3.5) transmits 

motor and sensory signals to the midbrain through two divisions: the palatine division that 

reaches the palatine, and the hyomandibular division that innervates muscles associated with 

the lower jaw and the neck (m. depressor mandibulae and m. constrictor colli profundus; Fig. 

3.2E & F). Cranial nerve VIII (vestibulocochlear) is associated with the ampullae of the 

semicircular canals (see below) through sensory signals. It originates from the midbrain (Fig. 

3.5). It decreases in size throughout ontogeny as the ear complex increases. Cranial nerve IX 

(glossopharyngeal) originates from the hindbrain and transmits both motor and sensory signals 

to muscles associated with hyal and branchial structures (m. branchiohyodieus dorsalis & 

ventralis; Li & Clarke, 2015; Fig. 3.2C, F & 3.5). The path of this nerve becomes increasingly 

tortuous throughout ontogeny. Cranial nerve X (vagus) transmits motor and sensory signals 

from the pharynx and the thorax musculature to the hindbrain (m. constrictor larynges, m. 

cricoarytenoid; Li & Clarke, 2015; Riede et al., 2015; Fig. 3.2C, F & 3.5). Like cranial nerve 

IX, this nerve becomes increasingly tortuous throughout ontogeny. Cranial nerve XI 

(accessory) is particular because it is involved in both cranial and cervical musculatures 

(Benninger & McNeill, 2010; Fig. 3.2C, F & 3.5). Finally, cranial nerve XII (hypoglossal) 

transmits motor signals from the hindbrain to the tongue and palate region (Fig. 3.2C, F & 3.5) 

via the m. hyoglossus, m. genioglossus, m. geniohyoideus and m. episternobranchiotendineus 

(Li & Clarke, 2015). Like cranial nerve IX and X, this nerve becomes increasingly tortuous 

throughout ontogeny.  

The autonomic system is represented by two nerves, the sympathetic and the parasympathetic 

one. The sympathetic nerve innervates the same musculature as the maxillary and mandibular 

divisions of cranial nerve V and the parasympathetic nerve innervates the ciliary and sphincter  
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Figure 3.4: Transverse views of the same specimen (Caiman crocodilus UM unnumbered) using different CT 
scan techniques: traditional CT scan (A) and iodine-contrast CT scan (B). Scale bar are 1 cm. 
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muscles of the eyes, the orbital glands and the mucosa of the nasal cavity and palate (Bellairs 

& Shute, 1953). Those systems are unfortunately undistinguishable during segmentation. 

In terms of ecological interpretations, only cranial nerve V has been used so far, to estimate the 

sensory abilities of the rostrum in extant and extinct crocodylomorphs. This could also be 

explained because the cranial nerves are one of the smallest internal structures and are thus 

difficult to segment or are often not preserved. The trigeminal fossa size was not found to be 

correlated with the skull length or endocast volume in a large sample of crocodylomorphs 

(George & Holliday, 2013), hinting at its possible ecological and/or phylogenetical signal. 

However, this was not the case in an ontogenetic series of Alligator mississippiensis (Lessner 

et al., 2022), which calls for caution when interpreting this structure. Nevertheless, as the 

development of integumentary sensory organs (ISO) is linked with adaptations to the aquatic 

Figure 3.5: Cranial nerves, brain, and surrounding braincase bones of Alligator mississippiensis (MUVC AL623, 
301) in lateral (A) and medial (B) views. Modified from Lessner & Holliday (2020, fig. 8). 
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environment (Soares, 2002; Leitch & Catania, 2012; Di-Poï & Milinkovitch, 2013; Grap et al., 

2020), it has been used recently for extinct crocodylomorphs as a proxy for lifestyle (Bowman 

et al., 2021; Lessner et al., 2023). Estimations can be obtained via the use of log transformed 

relations between the trigeminal fossa volume and the maxillomandibular foramen maximum 

diameter on one hand and the facial sensitivity and axon number on the other hand (George & 

Holliday, 2013) but are also subject to caution (Dumont et al., 2020b). 

c- Inner ear 

The inner ear (or endosseous labyrinth) consists of two main parts (Ekdale, 2016a; Fig. 3.6). 

The first one, the vestibular apparatus, is formed by three connected semicircular canals 

(anterior, posterior, and lateral; Highstein et al., 2004). The second one is the posteroventrally 

projected and tubular lagena (or cochlear duct; Manley, 2017). Those two structures are 

respectively innervated by the vestibular and cochlear divisions of cranial nerve VIII (Lessner 

& Holliday, 2020). 

Those two structures are also linked with two different functions: the vestibular apparatus is 

linked with equilibrium, spatial position, and linear and angular acceleration, while the cochlear 

duct is linked with sound perception (Georgi, 2008). The sensory epithelia of those organs can 

be divided in two types: the maculae, which detect linear motions (including head orientation) 

and the cristae, which detect rotational motions. Those organs follow this principle: hair cells 

are deflected from the motion of the surrounding endolymphatic liquid (Ifediba et al., 2007; 

Georgi, 2008). 

The soft tissues of the inner ear are only preserved through the endosseous labyrinths and, 

fortunately, their shape is very close (Curthoys & Oman, 1986, 1987) which makes their study 

in extinct organisms especially interesting.  Furthermore, intraspecific variation seems to be 

limited (Welker et al., 2009; Schellhorn, 2017; Cerio & Witmer, 2019), but this need to be 

confirmed, as opposite results have also been found (Ekdale & Rowe, 2011; Perier et al., 2016; 

Gonzales et al., 2018). Likewise, ontogenetic variation has been observed in crocodylians 

(Schwab et al., 2021b), but not in mammals (Ekdale, 2009, 2010; Mennecart & Costeur, 2016 

but see Alloing-Séguier et al., 2013). 

As a result, estimations of the hearing capabilities of extinct organisms are possible, through 

regressed data on extant representatives (Gleich et al., 2005; Walsh et al., 2009). Coupled with 

the alignment of the maxillary toothrow (Marugán-Lobon et al., 2013) and the endocranial  
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Figure 3.6: Right endosseous labyrinth of UCBL 2019-1-236 (Osteolaemus tetraspis) in dorsal (A), ventral (B), 
medial (C), anterior (D), lateral (E) and posterior (F) views. ASC: anterior semicircular canal, cc: common crus, 
cd: cochlear duct, LSC: lateral semicircular canal, PSC: posterior semicircular canal. Scale bar is 1 cm. 
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surface of the parietal (Kley et al., 2010; von Baczko et al., 2018) with the horizontal plane, the 

orientation of the lateral semicircular canal with the horizontal allows to estimate the alert head 

posture of an organism (Erichsen et al., 1989; Witmer et al., 2003, 2008; Hullar, 2006; Sampson 

& Witmer, 2007; Sereno et al., 2007; Witmer & Ridgely, 2008). The size of the anterior 

semicircular canal is also correlated with head mass (Georgi et al., 2013). Different 

morphologies of the inner ear have been found to be linked with different behaviours and 

locomotions (Hullar, 2006; Sipla, 2007; Grohé et al., 2015; Neenan et al., 2017; Palci et al., 

2017; Costeur et al., 2018; Hanson et al., 2021, but see David et al., 2022 and Hanson et al., 

2022) but also with phylogenetic relationships (Geisler & Luo, 1996; Fox & Meng, 1997; 

David, 2010; Maddin & Anderson, 2012; Alloing-Séguier et al., 2013; Billet et al., 2015; 

Ekdale, 2016b; Grohé et al., 2016; Palci et al., 2017; Costeur et al., 2018; Ladevèze et al., 2020; 

Tambusso et al., 2021). Recently, however this paradigm has begun to shift with independent 

studies finding no links between inner ears morphology and ecology or phylogeny (Foth et al., 

2019; Evers et al., 2022; Latimer et al., 2023). In crocodylomorphs, Schwab et al. (2020) 

proposed that inner ear morphology is linked to lifestyle, with significant differences between 

aquatic and terrestrial forms. However, their analysis was contested by Bronzati et al. (2021), 

which rather argue that variations in inner ears morphology are explained by spatial constraints. 

A definitive answer must thus still be reached. 

It has also been proposed that those difference in morphologies could be linked to body 

temperature, because this parameter has a direct effect on the viscosity of the endolymphatic 

liquid (Araújo et al., 2022), although this also needs to be confirmed.  

Finally, a recent study (Schwab et al., 2022) showed that crocodylians possess otoliths that can 

sometimes be segmented (as in most other vertebrates; Carlström, 1963). This preliminary study 

highlights that those structures are strongly influenced by ontogeny but could also be interesting 

in terms of ecological and phylogenetic interpretations.  

d- Cranial pneumaticity 

The braincase sinuses of crocodylomorphs are very developed and unique to this clade (Kuzmin 

et al., 2021; Kuzmin, 2022b; Perrichon et al., 2023). They consist of diverticula (epithelial soft-

tissue filled with air) which are preserved as recesses in the surrounding bones. The braincase 

pneumaticity can be subdivided into two main structures: the intertympanic sinus system, which 

occupies the dorsal part of the braincase, and the paratympanic sinus system, which is situated 

laterally and ventrally (Colbert, 1946b; Walker, 1990; Wu & Chatterjee, 1993; Dufeau & 
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Witmer, 2015; Brusatte et al., 2016; Pierce et al., 2017; Herrera et al., 2018; Leardi et al., 

2020b; Kuzmin et al., 2021; Perrichon et al., 2023; Fig. 3.7). The intertympanic pneumatic 

recess carves the prootic and the supraoccipital and connects each pharyngotympanic cavity 

through the perilymphatic loop of the prootic. The intertympanic recess is also connected 

anterodorsally with the parietal pneumatic recess (absent in UCBL 2019-1-236; Fig. 3.8) and 

posteroventrally with the otoccipital pneumatic recess via two pairs of opening (Fig. 3.7A, 3.7E, 

3.7F & 3.8). This last recess is connected ventrally to the rhomboidal recess, which is the ventral 

part of the paratympanic sinus system (Fig. 3.7B, 3.7D & 3.7F). The connections between the 

intertympanic pneumatic recess and the parietal pneumatic recess are situated at the level of the 

supraoccipital-parietal suture, and their number and size vary depending on the taxon 

(Perrichon et al., 2023; Fig. 3.8). On most of them, there is an anterolateral one and the parietal 

recess is connected with the intertympanic pneumatic recess through several foramina and 

posteromedial pair of openings (anterolateral and posteromedial pre-parietal processes 

respectively; Fig. 3.8).  Throughout ontogeny, the intertympanic pneumatic recess inflates 

dorsoventrally, the communications between the intertympanic and the pharyngotympanic 

sinus systems diminish and the intertympanic recess becomes indiscernible from the otoccipital 

recess (Perrichon et al., 2023).  

The pharyngotympanic sinus system comprises several structures and is connected to the 

pharynx via the pharyngotympanic tubes (Fig. 3.7B-F). The basioccipital recess (Fig. 3.7C & 

3.7E) has two lateral cavities that connect with the main pharyngotympanic cavity (rhomboidal 

recess) and a central connection with its counterpart.  The recessus epitubaricus is at the base 

of the main pharyngotympanic cavity, anteriorly to the rhomboidal recess (Fig. 3.7B-D & 3.7F). 

Anteriorly, there are the laterosphenoid and prootic recesses (Fig. 3.7A, 3.7B, 3.7D & 3.7F). 

The infundibular and quadrate recesses invade the quadrate (Fig. 3.7) and become separated 

during ontogeny (Kuzmin et al., 2021). From this region, the siphonium (Fig. 3.7B-F) extends 

posteriorly in the quadrate diverticulum (Brochu, 1999; Dufeau & Witmer, 2015) and even 

connects to the pneumatic recess within the articular when the mandible is in connection 

(Dufeau & Witmer, 2015). Ventrally, there is the median pharyngeal recess (Fig. 3.7B) which 

can be subdivided in a median canal, opening ventrally through the median pharyngeal (or 

Eustachian) foramen, and two lateral parabasisphenoid recesses (also named Eustachian tubes; 

Fig. 3.7B-F). This region becomes verticalized during ontogeny and is thus an important marker 

of ontogenetic status (Gold et al., 2014; Dufeau & Witmer, 2015). The pharyngotympanic sinus 

system and median pharyngeal sinus are interconnected to allow pressure equalization between  
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Figure 3.7: Endocast, endosseous labyrinths, cranial nerves and arteries and pneumatic cavities of UCBL 2019-1-
236 (Osteolaemus tetraspis) in dorsal (A), anterior (B), ventral (C), anterior 3/4 (D), posterior (E) and lateral (F) 
views. Blue: endocast, yellow: cranial nerves, pink: endosseous labyrinths, dark purple: recessus scalae tympani, 
red: internal carotid arteries, light purple: pituitary fossa, light green: paratympanic sinus system, dark green: 
intertympanic sinus system, turquoise: meatal chamber, beige: cranioquadrate passages. BoPR: basioccipital 
pneumatic recess, EtPR: recessus epitubaricus, InfPR: infundibular pneumatic recess, LsProPR: laterosphenoid 
and prootic pneumatic recess, MPh: median pharyngeal canal, OtoPR: otoccipital pneumatic recess, PbsPR: 
parabasisphenoid pneumatic recess, pt: pharyngotympanic tubes, QPR: quadrate pneumatic recess, RhPR: 
rhomboidal pneumatic recess, Siph: siphonium. Scale bar is 2 cm. 
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the pharynx, the middle ear, and the environment (Colbert, 1946b; Dufeau & Witmer, 2015) 

through the median pharyngeal valve (Young & Bierman, 2019). Finally, the middle ear cavity 

(meatal chamber (Fig. 3.7) transmits the sound from the environment to the inner ear via the 

columella (soft tissue; Goldby, 1925) and could also allow improve resonance and sound pickup 

(Dufeau & Witmer, 2015). The cranioquadrate passages are part of the quadrate diverticulum 

(Fig. 3.7) and constitute an important character in crocodylomorph phylogenetic matrices (see 

Rio & Mannion, 2021 and Nicholl et al., 2021 for the latest versions).  

Anteriorly, the rostrum houses the nasal cavity, which can be subdivided into three main parts 

(Fig. 3.9): the vestibule; the nasal cavity itself and the nasopharyngeal ducts (Parsons, 1970); 

as well as several paranasal sinuses (Witmer, 1995, 1997). 

Figure 3.8: Intertympanic sinus system of Osteolaemus tetraspis (MHNM 9095.0) in dorsal view, homologous to 
the one of UCBL 2019-1-236 in Fig. 3.7 but with a parietal recess. app: anterolateral pre-parietal process, IntPR: 
intertympanic pneumatic recess, OsInt: ostium between the intertympanic recess and the middle ear, OtoPR: 
otoccipital pneumatic recess, ppp: posteromedial pre-parietal recess, PPR: parietal pneumatic recess, propIntPR: 
prootic part of the intertympanic pneumatic recess. Scale bar is 1 cm. Taken from Perrichon et al. (2023, fig. 1d). 
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It has been observed that the braincase pneumaticity is differently expanded between putative 

terrestrial crocodylomorphs (Fonseca et al., 2020), extant semi-aquatic crocodylians (Witmer 

et al., 2008; Bona et al., 2017; Serrano-Martinez et al., 2019b) and fully aquatic forms such as 

thalattosuchians (Brusatte et al., 2016; Pierce et al., 2017; Herrera et al., 2018; Schwab et al., 

2021a; Wilberg et al., 2021). As such, those structures could be related to the living 

environment (Dufeau & Witmer, 2015) but this hypothesis must be further confirmed. Brusatte 

et al. (2016) proposed that the pneumaticity of the skull could be linked to buoyancy and density 

matters for semi-aquatic and aquatic forms, which can in fact be coupled with the lifestyle 

hypothesis. Finally, Dufeau & Witmer (2015) also proposed that the shape of the skull has an 

impact on the development of these structures, with less available space in longirostral forms 

compared with altirostral forms.   

The nasal pneumaticity has been extensively studied, especially in thalattosuchians, because it 

houses the salt glands associated with a marine environment (Witmer, 1995, 1997; Fernández 

& Gasparini, 2000, 2008; Fernández & Herrera, 2009, 2022), which are also present in some 

extant crocodylians (Taplin & Griggs, 1981; Jackson et al., 1996). Furthermore, evidence of an 

active airflow in the paranasal sinuses of those aquatic fossil forms might be related to the salt 

glands, with pump actions of musculature draining them (Fernández & Herrera, 2022) or 

thermoregulation abilities (Cowgill et al., 2022; Young et al., 2023) although it could also be 

associated with acoustics, as in the extant gharial (Bourke et al., 2022). 

Phylogenetically, the braincase pneumaticity could bear interesting characters, such as the 

presence or absence of the laterosphenoid, prootic and pterygoid recess throughout ontogeny, 

Figure 3.9: Nasal pneumaticity of Gavialis gangeticus (SA91285) in sagittal view. cnp: cavum nasi proprium
(nasal cavity), npd: nasopharyngeal duct, olf: olfactory recess, vest: nasal vestibule. Scale bar is 10 cm. Modified 
from Bourke et al., (222, fig. 1). 
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the number of communications between the parietal and intertympanic recesses, the presence 

or absence of a connection between the infundibular and quadrate recesses throughout 

ontogeny, or the overall shape of those structures (Kuzmin et al., 2021; Kuzmin, 2022b; 

Perrichon et al., 2023) but those characters remain to be tested in a broad phylogenetic 

framework. 

Throughout this chapter, the neuroanatomy of several specimens representatives of different 

clades of putative terrestrial altirostral crocodylomorphs will be studied to better infer their 

ecology and enrich current knowledge about crocodylomorph paleoneuroanatomy. 

Furthermore, I will propose an in-depth geometric morphometric study of the endosseous 

labyrinths using the extensive dataset presented in Appendices 7 & 8 to assess the ontogenetic, 

ecological, and phylogenetical signals of this structure in crocodylomorphs. 

II- Scientific publication: ‘The neuroanatomy of Zulmasuchus querejazus 

(Crocodylomorpha, Sebecidae) and its implications for the paleoecology of 

sebecosuchians’ 

This publication was first published in November 2021 in The Anatomical Record. Reference: 

Pochat-Cottilloux Y., Martin J. E., Jouve S., Perrichon G., Adrien J., Salaviale C., Muizon C. 

d., Cespedes R. & Amiot R. (2021). The neuroanatomy of Zulmasuchus querejazus 

(Crocodylomorpha, Sebecidae) and its implications for the paleoecology of sebecosuchians. 

The Anatomical Record, 305(10): 2708-2728. https://doi.org/10.1002/ar.24826  
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Abstract 
 
The endocranial structures of the sebecid crocodylomorph Zulmasuchus querejazus (MHNC 

6672) from the Lower Paleocene of Bolivia are described in this manuscript. Using computed 

tomography scanning, the cranial endocast, associated nerves and arteries, endosseous 

labyrinths and cranial pneumatization are reconstructed and compared with those of extant and 

fossil crocodylomorphs, representative of different ecomorphological adaptations. 

Zulmasuchus querejazus exhibits an unusual flexure of the brain, pericerebral spines, 

semicircular canals with a narrow diameter, as well as enlarged pharyngotympanic sinuses. 

First, those structures allow to estimate the alert head posture and hearing capabilities of 

Zulmasuchus. Then, functional comparisons are proposed between this purportedly terrestrial 

taxon, semi-aquatic and aquatic forms (extant crocodylians, thalattosuchians and dyrosaurids). 

The narrow diameter of the semicircular canals but expanded morphology of the endosseous 

labyrinths and the enlarged pneumatization of the skull compared to other forms indeed tend to 
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indicate a terrestrial lifestyle for Zulmasuchus. Our results highlight the need to gather new 

data, especially from altirostral forms in order to further our understanding of the evolution of 

endocranial structures in crocodylomorphs with different ecomorphological adaptations. 

Keywords: paleoneuroanatomy, Sebecidae, Zulmasuchus, Crocodylomorpha, Bolivia, 

Paleocene. 

Introduction 
 
Sebecidae is an extinct family of crocodylomorphs, known from the Paleocene to the Miocene 

(Langston, 1965; Paolillo & Linares, 2007; Pol & Powell, 2011). It is considered as the latest 

survivor of the highly diversified notosuchians, a group of terrestrial crocodylomorphs 

(Gasparini, 1971). Most of the phylogenetic analyses retrieve the sebecids as closely related to 

the baurusuchids, another group of large Cretaceous terrestrial predators, forming the 

sebecosuchians (Turner & Sertich, 2010; Pol et al., 2014; Leardi et al., 2015, 2018; Fiorelli et 

al., 2016; Godoy et al., 2016; Martinelli et al., 2018) but this monophyly has been extensively 

discussed and both groups have been sometimes considered as distantly related (Larsson & 

Sues, 2007; de Andrade et al., 2011; Young et al., 2017). 

Sebecids were diverse and widely distributed in South America and were one of the major 

groups of terrestrial predators during the Early Cenozoic (Pol et al., 2012). This family has been 

intensively studied (Colbert, 1946a; Langston, 1965; Gasparini, 1984; Busbey, 1986; Buffetaut 

& Marshall, 1992; Gasparini et al., 1993; Paolillo & Linares, 2007; Molnar, 2010, 2012; Pol & 

Powell, 2011; Pol et al., 2012; Kellner et al., 2014) and is inferred to be terrestrial based on the 

similarity between the skulls of sebecids and those of other terrestrial archosaurian and reptilian 

carnivores (Busbey, 1986; Molnar, 2012) as well as their post-cranial anatomy (proportionately 

long limbs compared to neosuchians and inferred erect limb posture; Pol et al., 2012). Apart 

from an endocranial cast of Sebecus icaeorhinus (Colbert, 1946a), no data are available on the 

neuroanatomy of this group, although this is not the case of other sister taxa (see below). 

Indeed, numerous Computed Tomography (CT) data have been published in the last years on 

the neuroanatomy of crocodylomorphs (apart from the pioneering study of Colbert, 1946a). 

Based on extant crocodylians for comparison (e.g., Witmer et al., 2008; George & Holliday, 

2013; Dufeau & Witmer, 2015; Bona et al., 2017), the paleoneuroanatomy of extinct 

crocodylomorphs has received a lot of attention. These works have mostly been focused on 

eusuchians (Holliday & Gardner, 2012; Bona & Carabajal, 2013, Bona et al., 2013, 2017; 
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Blanco et al., 2015; Serrano-Martínez et al., 2019b) and thalattosuchians (Wenz, 1968; 

Wharton, 2000; Fernández et al., 2011; Brusatte et al., 2016; Pierce et al., 2017; Herrera et al., 

2018; Schwab et al., 2021a; Wilberg et al., 2021). Descriptions of other groups remain scarce 

(Leardi et al., 2020b; Erb & Turner, 2021). There are a few studies on notosuchians (Sereno & 

Larsson, 2009; Kley et al., 2010; Sertich & O’Connor, 2014) and recently the neuroanatomy of 

two baurusuchids, Baurusuchus sp. and Campinasuchus dinizi was published (Dumont et al., 

2020b; Fonseca et al., 2020). On the other hand, Sebecidae, its sister taxon, has not received 

any attention yet.  

We describe here the internal anatomy of a braincase of Zulmasuchus querejazus (MHNC 6672) 

from the lower Paleocene of Bolivia, originally assigned to Sebecidae indet. by Buffetaut 

(1992). Zulmasuchus querejazus was originally described by Buffetaut & Marshall (1992) as a 

more primitive ziphodont form of sebecid than Sebecus Simpson, 1937, another genus of the 

same family first reported by Simpson (1937). The holotype (MHNC-P 3701) is an incomplete 

but well-preserved skull, lacking the premaxillae and the posterior portion. The skull studied 

here is from another specimen and consists mostly of the posterior part of the skull 

(encompassing the frontal dorsally and the pterygoids ventrally). Another complete skull of a 

juvenile specimen is known and is currently under description (MHNC-P 2706; Jouve et al., 

unpublished), which allows to link these two previous specimens as belonging to Z. querejazus.  

All these three specimens were found in the Santa Lucia Formation, in the Tiupampa locality, 

near the Vila Vila village, about 90 km southeast of Cochabamba in the Mizque Province 

(southcentral Bolivia). In a recent review of the age of the Tiupampa beds, Muizon & Ladevèze 

(2020, fig. 4) have confirmed the early Paleocene age of the fauna, which is referred to the early 

Danian and corresponds to the paleomagnetic Chron 28r (ca. 65 Mya). The Tiupampa locality 

has provided a diverse fauna including diapsids (Muizon et al., 1983; Buffetaut & Marshall, 

1992; Rage, 1991a; Jouve et al., 2020), fishes (Gayet, 1988, 1990; Gayet & Meunier, 1992), 

amphibians (Rage, 1991b), turtles (de Lapparent de Broin, 1992) and mammals, which alone 

constitute a large part of the relative abundance of the fossils remains (Marshall et al., 1983; 

Muizon, 1992, 1994, 1998; Muizon & Cifelli, 2000; Muizon et al., 1998, 2015, 2018; Muizon 

& Ladevèze, 2020).  

Using Computed Tomography (CT), we have reconstructed and analysed the cranial endocast 

and associated nerves and arteries, endosseous labyrinths and braincase pneumaticity of Z. 

querejazus. This enabled us to discuss these structures in terms of alert head posture, hearing 
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and other ecomorphological traits, and put it into perspective with what is already known of 

baurusuchids, their probable closest relative (Pol et al., 2014), as well as thalattosuchians, 

dyrosaurids and extant crocodylians (the last three taxa being adapted to a semi-aquatic to 

aquatic environment), to further assess their paleobiology.  

Material and methods 
 
A well-preserved, uncrushed, and undeformed braincase of Zulmasuchus querejazus (MHNC 

6672, Fig. 3.10) had its internal soft anatomy reconstructed. The Computed Tomography scan 

was performed in November 2020 at the Laboratoire Mateis (INSA, Lyon) with a Vtomex 

laboratory X-ray computed tomograph (GE Phoenix X-Ray GmbH). Scanning parameters were 

set to 150 kV tube voltage and 80 μA current; we also used a 0.5 mm copper filter at the source 

exit. Two acquisitions were made, with a voxel size of 75 μm and 30 μm, respectively. The 

exposure time was one second for each projection and there was a total of 1200 of them for the 

global acquisition and 1500 projections for the zoomed acquisition that served for the 

reconstruction of the endosseous labyrinths. Volume rendering and processing of scans of the 

endosseous labyrinths, sinuses and cranial endocasts were obtained using the software Avizo 

Lite (version 9.5.0), MeshLab (version 2020.02) and Blender (version 2.91). Processed volume 

files are available in MorphoMuseum (Pochat-Cottilloux et al., 2021). It is worth noting that 

the inner ear of this specimen has already been briefly illustrated in David (2010), although it 

was only identified as Sebecidae indet. at the time and is thus described for the first time in this 

manuscript.  

Because the brain of nonavian reptiles does not entirely fill the endocranial cavity, the resulting 

endocast should be considered a cast of the dural envelope (including venous sinuses) rather 

than the brain itself (Witmer et al., 2008). We refer to these bone-bounded spaces that house 

soft-tissue structures as if they were the structures themselves. Furthermore, recent studies on 

extant taxa showed that the shape of the endocast and the brain of reptiles and birds is strongly 

correlated (Watanabe et al., 2019; Early et al., 2020a), which further validates this procedure. 

The best mean hearing and hearing range of Z. querejazus were calculated following the 

correlation between these parameters and the minimum length of the cochlear duct (normalized 

to basicranial length), as described in Walsh et al. (2009). The best hearing frequency range is  
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equal to 6104.3  + 6975.2, where  . The best mean hearing 

frequency is equal to 3311.3  + 4000.8, where  . 

Comparative material 

Descriptive data on extinct and extant crocodylomorph taxa used for comparison are 

summarized in Table 5 to avoid over-repetitions of references in the description. We follow the 

anatomical nomenclature published by Colbert (1946a); Kley et al. (2010); Sertich & O’Connor 

(2014); Brusatte et al. (2016); Bona et al. (2017); Pierce et al. (2017); Herrera et al. (2018); 

Serrano-Martínez et al.  (2019b); Fonseca et al. (2020); Dumont et al. (2020b), Erb & Turner 

(2021) & Schwab et al. (2021a); Wilberg et al. (2021) concerning the endocranial structures 

(and references therein). The different measurements in Table 6 were obtained following the 

method of Pierce et al. (2017; fig. 2). 

 

Results 

Cranial endocast and associated nerves and vascular elements (Fig. 3.11-3.13):  

MHNC 6672 lacks the anterior part of the frontal; therefore, the anterior part of the forebrain 

(i.e., optic chiasm and optic and olfactory tracts) could not be reconstructed. The cerebral 

hemispheres are not laterally expanded and do not show the typical round shape of extant and 

of some extinct crocodylians; they are more closely similar in shape to those of baurusuchids 

and to the thalattosuchians belonging to the genus Macrospondylus von Meyer, 1831 and 

Plagiophthalmosuchus Johnson, Young & Brusatte, 2020 (Table 6). They are symmetrically 

developed along the midline in dorsal view. The endocast shows a very well-marked pontine 

and cephalic flexure angle between the midbrain and the hindbrain (sigmoid shape in lateral 

view; Fig. 3.13D, Table 6). The midbrain produces a sharper angle to the hindbrain than in the 

extant species as well as in the baurusuchids and in the notosuchian Simosuchus clarki, even 

more than in thalattosuchians and dyrosaurids (as a result, the pontine flexure angle and the 

cephalic flexure angle are quite low, see Table 6 for comparative measurements). This condition 

is only observed to a lesser degree in Rukwasuchus yajabalijekundu and Sebecus icaeorhinus, 

which would make it a unique trait of Zulmasuchus among crocodylomorphs (although it does 

not differ statistically from the sample under a Wilcoxon test; p-value = 0.2 for the cephalic 

flexure angle and p-value = 0.12 for the pontine flexure angle). The dorsal part of the midbrain 

appears compressed mediolaterally where it accommodates for the labyrinths, as in other  
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Table 5: Comparative material used in this study is reported along with the published references of their associated 
studies. 

Taxon Specimen Publication or database 

Crocodylus porosus OUVC 10899 Morphosource 

Gavialis gangeticus 
MLP 602; UF HERP 

118998 

Bona et al. (2017); Pierce et 

al. (2017); Morphosource 

Caiman crocodilus 
UMMZ HERPS 

128024 
Morphosource 

Diplocynodon tormis STUS-344 
Serrano-Martínez et al. 

(2019b) 

Pelagosaurus typus BRLSI-M1413 Pierce et al. (2017) 

Plagiophthalmosuchus cf. 

gracilirostris 

NHMUK PV OR 

33095 
Brusatte et al. (2016) 

Macrospondylus bollensis 

SNSB-BSPG 1984 

1258;  MCZ VPRA-

1063 

Herrera et al. (2018); 

Wilberg et al. (2021) 

Cricosaurus araucanensis MLP 72-IV-7-1 Herrera et al. (2018) 

‘Metriorhynchus’ cf. 

brachyrhynchus 
NHMUK PV O 32617 Schwab et al. (2021a) 

Rhabdognathus aslerensis 

AMNH FARB 33354 

formerly CNRST-

SUNY 190 

Brochu et al. (2002); Erb & 

Turner (2021)   

Rukwasuchus yajabalijekundu RRBP 08630 Sertich & O’Connor (2014) 

Simosuchus clarki UA 8679 Kley et al. (2010) 

Campinasuchus dinizi CPPLIP 1319, 1360 Fonseca et al. (2020) 
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Baurusuchus sp. 

IFSP-VTP/PALEO-

0002, 0003; FEF-PV-

R-1/9; FUP-Pv 000020 

and 000021 

Dumont et al. (2020b) 

Sebecus icaeorhinus AMNH 3160 Colbert et al. (1946a) 

 

crocodylomorphs but to a lesser degree than the extreme conformation seen in Rhabdognathus 

aslerensis (Fig. 3.13E). When compared with Crocodylus porosus, the dorsal margin of the 

endocast shows a much longer hindbrain in Zulmasuchus querejazus (about two centimetres in 

MHNC 6672). The hindbrain is well-preserved. The medulla oblongata is longer but thinner 

anteriorly compared to that in C. porosus.  

The dorsal longitudinal venous sinus is well-developed anteroposteriorly, bearing a depression 

fully surrounded by pericerebral spines (named as such in this study for the first time) just 

anterior to the flexure between the midbrain and the forebrain (Fig. 3.13E). Rukwasuchus 

Sertich & O’Connor, 2014 and Campinasuchus Carvalho, Teixeira, Ferraz, Ribeiro, Martinelli, 

Neto, Sertich, Cunha, Cunha & Ferraz, 2011 are the only taxa where such a structure has been 

reported (only with lateral ridges in Rukwasuchus and a posterior one for Campinasuchus). 

Recently, it has also been reported in Rhabdognathus, linked with the caudal middle cerebral 

vein, but it differs from the specimen described here because it does not show a depression 

there. Zulmasuchus is thus unique among crocodylomorphs in possessing these structures on 

all the sides of this characteristic depression, accommodating for the internal face of the parietal.  

Cranial nerve VI is developed anteroposteriorly, between the pituitary fossa ventrally and the 

ventral edge of the endocast dorsally. Posteriorly, it emerges from the hindbrain, at the level of 

the posterior edge of cranial nerve V (Fig. 3.13D and 3.13F). 

The passage for cranial nerve V (Fig. 3.12B) is the largest in the neurocranium (as in other 

crocodylomorphs). It is laterally projected from the endocast and is located just anteriorly to 

the endosseous labyrinths (Fig. 3.13D). It was not possible to determine with certainty the 

position of the emerging nerve branches V1, V2 and V3. Cranial nerve VII is not identified. 

Laterally, the hindbrain bears two reliefs on each side: the posteriormost one is the starting point 

of cranial nerve XII (which has a small circumference and is directed posterolaterally); the 

anteriormost one could either be a second passage for cranial nerve XII (as in G. gangeticus) 

or the starting point of cranial nerve IX-XI, but it is difficult to identify because they could not  
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be segmented in their entirety (Fig. 3.13D). Ventrally, the medulla oblongata bears a venous 

sinus, the ventral longitudinal venous sinus, that is clearly visible and well-developed, 

especially anteriorly (Fig. 3.13F). In Zulmasuchus, it is ridge-shaped, whereas it is much more 

rounded and shallower in extant crocodylians and dyrosaurids. The pituitary fossa is well-

developed dorsoventrally when compared with that of C. porosus, but not as much as in 

gavialoids. It is also directed posteroventrally, in an intermediate manner between extant 

crocodylians, ‘Metriorhynchus’, Cricosaurus Wagner, 1858 and Pelagosaurus (where it is 

directed fully anteroposteriorly) and baurusuchids (where it is directed almost ventrally). 

Moreover, this condition is also seen in Macrospondylus, Plagiophthalmosuchus, 

Rhabdognathus and Sebecus. Anteriorly, two structures extending anteroposteriorly could be 

the starting points of the orbital arteries (Fig. 3.12F and 3.13F). In Zulmasuchus, the posterior 

part of the pituitary fossa reaches the level of the anterior margin of the trigeminal fossa, and it 

bears a ventral crest in its anterior portion (Fig. 3.12D and 3.13D). The internal carotid arteries 

enter the posterior end of the pituitary fossa separately at the level of the midline (Fig. 3.13F; 

as in other crocodylomorphs; Witmer et al., 2008). The canals for these arteries are large and 

the segmentation is missing a section at the ventral level of the endosseous labyrinths when 

they pass through the pharyngotympanic sinus and are thus not encased in bone (Fig. 3.13D). 

The posterior section of the carotid artery runs anterodorsally from the foramen for the internal 

carotid artery to below the endosseous labyrinths. On the posterior section, the bifurcation of 

the stapedial artery can be seen (Fig. 3.13). The anterior section of the internal carotid arteries 

extends anteroposteriorly and is curved medially entering the pituitary fossa (the limit between 

the internal carotid arteries and the pituitary fossa was established where the arteries are no 

longer separated and merge into a single structure). 

 

Endosseous labyrinths (Fig. 3.13-3.15): 

The endosseous labyrinths of Z. querejazus are well-preserved, including the cochlear duct and 

the vestibular system. The left labyrinth is better preserved than the right one, the latter lacking 

the distal part of the lateral semicircular canal. The ampullae are not clearly distinguishable 

from the canals, their shape is continuous with those of the semicircular canals. Both the 

anterior and posterior semicircular canals are circular in cross-section (Fig. 3.14) and are 

extremely narrow compared to those of extant crocodylians, and they all have the same 

maximum diameter, which is not the case in gavialoids for example (Fig. 3.15). The common 

crus have a rather narrow diameter, as the semicircular canals. The semicircular canals being  
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narrower in diameter than those of extant crocodylians, the space between them is therefore 

much larger. The lateral semicircular canal is even narrower in diameter than the anterior and 

posterior ones (but this could be due to a preservation bias, as it appears to be filled and therefore 

difficult to distinguish from the bone during the segmentation process). It is curved 

ventrodorsally in lateral view, which is a peculiar characteristic regarding the comparison 

material. In dorsal view, the lateral semicircular canal is somewhat extended laterally (Fig. 

3.14E). The anterior and posterior semicircular canals have a pyramidal shape rather than the 

typical ovoid shape exhibited by extant crocodylians. This shape is the result of the canals rising 

higher from the common crus and therefore also having to turn ventrally more sharply and run 

in a straighter, more direct course toward the anterior (or posterior) end. This morphology is 

consistent with what is found in other extinct crocodylomorphs. Therefore, the angle between 

the anterior and the lateral semicircular canals is higher than in extant crocodylians (70° for 

Figure 3.14: Three-dimensional reconstruction of the left endosseous labyrinth of Zulmasuchus querejazus 
(MHNC 6672) in posterior (A), anterior (B), lateral (C and D), dorsal (E) and ventral (F) views. asc: anterior 
semicircular canal, cc: common crus, cd: cochlear duct, lsc: lateral semicircular canal, psc: posterior semicircular 
canal. 
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Zulmasuchus vs 50° to 60° in modern crocodylians). The angle formed between the anterior 

and the posterior semicircular canals is approximately 90°, as it is in derived eusuchians (Bona 

& Paulina-Carabajal, 2013). The anterior canal is slightly more expanded dorsally than the 

posterior one, as it is in modern crocodylians (Witmer et al., 2008). As a result, the anterior 

semicircular canal area is slightly larger than the posterior one. On the other hand, both canals 

are similarly expanded anteroposteriorly. This condition is seen in thalattosuchians and S. clarki 

but not in extant crocodylians and R. aslerensis (Fig. 3.15). The lagenar section is quite 

developed and appears to be directed anteriorly, although this could be due to incomplete 

segmentation because this area is not enclosed by bone (Fig. 3.16). This part also bears a process 

directed laterally below the lateral semicircular canal, which could be one of the connections 

with cranial nerve VIII, as in extant crocodylians or the contact with the columella which is the 

auditory bone that connects the eardrum to the lateral part of the cochlea. It is difficult to assess 

because this part has never been described in other fossil crocodyliforms, apart from 

Pelagosaurus, where it is only briefly mentioned in Pierce et al. (2017; fig. 4). Therefore, 

comparisons are very scarce. 

Figure 3.15: Three-dimensional reconstructions of the endosseous labyrinths of different reptiles in lateral view: 
A: Zulmasuchus querejazus (left, MHNC 6672); B: Crocodylus porosus (left, OUVC 10899); C: Gavialis 
gangeticus (left, UF herp 118998); D: Viavenator exxoni Filippi, Méndez, Juárez Valieri & Garrido, 2016 (left, 
MAU-Pv-Li-530 from Paulina-Carabajal & Filippi, 2018); E: Baurusuchus sp. (right, FUP-Pv 000021 from 
Dumont et al., 2020b, fig. 9b); F: Pelagosaurus typus (left, BRLSI M1413 from Pierce et al., 2017, fig. 6b); G: 
Parringtonia gracilis von Huene, 1939 (left NMT RB460, from Nesbitt et al., 2018, fig. 11K); H: Platecarpus 
tympaniticus Cope, 1869 (left, AMNH FRAB1645 from Yi & Norell, 2019). All structures are oriented with the 
lateral semicircular canal oriented horizontally. 
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Braincase pneumaticity (Fig. 3.12): 

The pharyngotympanic system and the median pharyngeal system are part of the paratympanic 

sinus system, which serves to enhance acoustic capabilities of the middle ear (Dufeau & 

Witmer, 2015). They are described here following the nomenclature proposed by the same 

authors.  

The intertympanic diverticulum is located along the dorsal margin of the cranial endocast, 

excavating the parietal and the supraoccipital internally (Fig. 3.12A, 3.12B, 3.12C, 3.12D and 

3.12E). Laterally, it is continuous with the pharyngotympanic sinuses, which are located just 

dorsal to the endosseous labyrinths level. They can be separated in three parts: a central core 

and two lateral expansions (as in extant crocodyloids and gavialoids; Fig. 3.12E). In dorsal 

view, the connection between the two large lateral parts is situated more anteriorly than the 

lateral expansions, this part could also be the parietal diverticulum, but we were not able to 

really distinguish it from the intertympanic diverticulum. The whole structure shows a hole at 

the midline (Fig. 3.12E). In C. porosus, the intertympanic diverticulum is much more developed 

posteriorly, reaching the level of the posterior part of the medulla oblongata but it is less 

developed anteriorly. In fact, the condition of Zulmasuchus looks more like that of Caiman 

(Fig. 3.17). These structures are not observed in thalattosuchians. 

The pharyngotympanic sinus is developed laterally to the inner ear region and merges dorsally 

with the intertympanic diverticulum (at the level of the supraoccipital-otoccipital suture; Fig. 

3.12E; Dufeau & Witmer, 2015). It extends ventrally and laterally to the level of the endosseous 

labyrinths, surrounding the middle section of the internal carotid artery (Fig. 3.11B and 3.12B). 

The starting point of the large left cranioquadrate passage is segmented (Fig. 3.11D and 3.12D)  

Figure 3.16: Illustration of one of the problems of segmentation: the limit between the cochlear duct and the 
pharyngotympanic sinus. A: posterior transverse slice where the limit is clear, B: anterior transverse slice where 
the limit is not clear. 
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ventrally to the opening of the middle ear, but not the rest of it nor the siphonium. This is 

different from what is seen in Cricosaurus and other metriorhynchids where it is completely 

separated from the sinus by a thin bony lamina, but similar to what is known in extant 

crocodylians. The lateral expansions of the pharyngotympanic sinus are extremely developed 

and rounded, which is another peculiar characteristic of Zulmasuchus among other 

crocodylomorphs. The pharyngotympanic tubes, connected to the pharynx, are large, expanded 

lateromedially and ventrally directed. Ventrally, the pharyngotympanic sinuses merge 

posteriorly at the level of the basisphenoid diverticulum, bordering the hindbrain (Fig. 3.12F). 

Ventral to this structure is the median pharyngeal sinus (Fig. 3.12A, 3.12B, 3.12C, 3.12D and 

3.12F). It is directed anteroventrally, joins the ventral edge of the basisphenoid diverticulum 

and exits the skull through the median pharyngeal foramen. The ventralmost part could not be 

segmented (Fig. 3.11F). This part does not connect with the pharyngotympanic tubes directly, 

as they are linked through the pharyngotympanic sinus. Dorsally, the median pharyngeal sinus 

bifurcates into two branches: anterodorsally it joins a cavernous sinus located between the 

posterior part of the pituitary fossa and the ventral edge of the forebrain (Fig. 3.12D); 

posterodorsally, it meets with the pharyngotympanic sinus. This splitting suggests that the 

specimen is not a juvenile but rather a subadult, as this canal would then have been more 

horizontal (Fig. 3.12E; Serrano-Martínez et al., 2019b). The basisphenoid diverticulum is 

located between the anterior parts of the anterior section of the internal carotid arteries (where 

they meet at the midline, Fig. 3.12E and 3.13F). It is connected to the median pharyngeal sinus 

ventrally and extends posteriorly to meet with the pharyngotympanic sinuses.  

Discussion 

Comparison of the endocranial cavities of altirostral crocodylomorph taxa 

Zulmasuchus exhibits several characteristics that are also observed in other altirostral taxa such 

as baurusuchids and peirosaurids. The endocast shows a very well-marked angle between the 

midbrain and the hindbrain, that is also seen to a lesser degree in Sebecus icaeorhinus (Colbert, 

1946a) and Rukwasuchus yajabalijekundu (Sertich & O’Connor, 2014), as well as in 

baurusuchids (Dumont et al., 2020b; Fonseca et al., 2020). The dorsal part of the midbrain is 

compressed mediolaterally where it accommodates for the endosseous labyrinths, as in other 

altirostral taxa (and to various degrees in other crocodylomorphs). The cerebral hemispheres 

are not laterally expanded, as in baurusuchids (but also as in Macrospondylus and 

Plagiophthalmosuchus; Brusatte et al., 2016; Herrera et al., 2018; Wilberg et al., 2021). 
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Another peculiar characteristic of Zulmasuchus is the presence of a pair of pericerebral spines 

on the dorsal surface of the longitudinal sinus (Fig. 3.13), which have also been reported to a 

lesser degree in Rukwasuchus (Sertich & O’Connor, 2014, fig. 6). Sebecus and Zulmasuchus 

share the posteroventral orientation of the pituitary fossa (but it is also the case of some 

thalattosuchians and dyrosaurids; Rhabdognathus, Macrospondylus and 

Plagiophthalmosuchus, Brusatte et al., 2016; Herrera et al., 2018; Erb & Turner, 2021; Wilberg 

et al., 2021).  

On the other hand, Zulmasuchus bears up to three apomorphic characters, such as a ventral crest 

on the pituitary fossa (Fig. 3.13), the narrow diameter of the semicircular canals with a lateral 

one curved both laterally and ventrally (Fig. 3.14), as well as an enlarged cranial pneumaticity 

(Fig. 3.12). However, those last two are subject to caution because those parts are not well 

documented yet in altirostral taxa.  

Head posture  

The orientation of the lateral semicircular canal is used in most studies as a proxy for the alert 

head posture where it is thought to be roughly horizontal in reptiles and birds (Erichsen et al., 

1989; Witmer et al., 2003, 2008; Hullar, 2006; Sampson & Witmer, 2007; Sereno et al., 2007; 

Witmer & Ridgely, 2008). This method has been contested by other studies mainly focused on 

dinosaurs (Taylor et al., 2009; Marugán-Lobon et al., 2013), due to interspecific variation in 

orientations. Other proxies involve the alignment of either the maxillary toothrow (Marugán-

Lobon et al., 2013) or the endocranial surface of the parietal (Kley et al., 2010; von Backo et 

al., 2018) with the horizontal plane.  

Depending on the structure selected to align with the horizontal plane, we obtained a very 

different result on the head posture of Zulmasuchus. Considering a horizontal alignment of the 

lateral semicircular canal, the longitudinal axis of the skull makes an angle of 35° with the 

horizontal plane (Fig. 3.18A), whereas it is “only” of 10° if one relies on the orientation of the 

endocranial surface of the parietal (without considering the pericerebral spines; Fig. 3.18B). 

This difference could be explained because the lateral semicircular canal in MHNC 6672 has 

such a peculiar morphology (curved anteroposteriorly as well as mediolaterally), and 

consequently its orientation is more difficult to determine with precision. Although we do not 

have access to the maxillary toothrow of the specimen studied here, this data could be 

extrapolated by combining the holotype (MHNC-P 3701) and the specimen studied here 

(MHNC 6672), as they represent two parts of the skull that almost overlap. This can be seen in  
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Fig. 3.19. This schematic allows to extrapolate the head posture of Zulmasuchus, but in no way 

it does represent an attempt to reconstruct the skull, as it is understood that these two specimens 

are distinct from each other. The value given by this proxy is approximately 7°, which is quite 

close to the alignment with the endocranial surface of the parietal. To avoid any morphological 

bias or individual variation, we have thus chosen to rely on the latter for our reconstruction (Fig. 

3.20). It is also consistent with what is found in other notosuchians (Kley et al., 2010; Dumont 

et al., 2020b; Fonseca et al., 2020).  

The head of Zulmasuchus would thus have been more inclined towards the ground than that of 

extant crocodylians (which are considered to have their longitudinal axis almost parallel to the 

horizontal plane; Witmer et al., 2008; Bona et al., 2017; Serrano-Martínez et al., 2019b, Fig. 

3.20), thus allowing us to infer its ecology. This posture would have indeed allowed the nostrils 

to be closer to the ground and would have provided a better binocular vision over its high and 

narrow snout. These constitute further arguments in favour of terrestrial habits (Stevens, 2006; 

Marinho et al., 2013). Furthermore, this would also imply lower energy costs compared to 

keeping the head on the horizontal plane. It probably had effects on the musculature of the neck  

Figure 3.18: Inferred alert head posture aligning the lateral semicircular canal (A, B and C) and the endocranial 
surface of the parietal (D, E and F) with the horizontal plane of Z. querejazus (MHNC 6672). Drawings are taken 
from Fig. 3.20. 
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of Zulmasuchus although it is difficult to assess because post-cranial elements have not been 

described yet (Buffetaut & Marshall, 1992; Paolillo & Linares, 2007). Such data would also 

enable studies on functional morphology linked to ecology, as it has already been done on 

theropods (Snively & Russell, 2007a, b). This altirostral skull morphology is particularly 

evident in baurusuchids as well (Marinho et al., 2013; Dumont et al., 2020b; Fonseca et al., 

2020) and, to a lesser degree, in some theropods (Stevens, 2006; Schade et al., 2020), and 

Figure 3.20: Interpretative drawings of the posture of Zulmasuchus querejazus (A; inspired by the work of Marco 
Auditore) and Caiman crocodilus (B; drawing by Mohamed Hassan). 

Figure 3.19: Attempted extrapolation of the head posture of Zulmasuchus, obtained by combining the holotype 
MHNC-P 3701 (left part) and MHNC 6672 (right part) and aligning the composite skull achieved with the 
maxillary toothrow, left lateral view. 
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suggests a similar ecology and predatory habits for Zulmasuchus. On the other hand, the body 

of modern crocodylians often floats completely submerged, just leaving their cranial sensory 

organs above the water line, which implies to keep the head in the horizontal plane (Witmer et 

al., 2008; Fig. 3.20). This would also imply a lower energy cost because the head is partially 

held horizontal by its buoyancy (Grigg & Kirshner, 2015). This does not appear to be the case 

in Zulmasuchus, as demonstrated above. 

The anterior semicircular canal is slightly more dorsally elongate, which is in line with what is 

known from most other crocodylomorphs and is correlated with a moderate sensitivity to 

pitching (given its position, the endolymphatic liquid inside the canal moves when the head 

moves up and down in a 3D space, translating information collected by the cristae and allowing 

the brain to control the amount of acceleration of the head in one direction; Hudspeth, 1983; 

Rabbitt et al., 2004). Furthermore, although it has a very narrow cross-sectional diameter 

(David, 2010), the lateral semicircular canal is quite curved and expanded, which is a sign of 

increased sensitivity to yaw movements (again, the endolymphatic liquid inside this canal is 

subject to the movement of the head from side to side). 

This suggests that Zulmasuchus could move its head to the full extent of its capabilities in the 

three axes in relation to its body, which further supports a terrestrial lifestyle. In fact, the 

inferred hunting strategies of sebecids and adaptation to their living environment (Pol et al., 

2012) required Zulmasuchus to have a highly mobile head. On the other hand, semi-aquatic and 

aquatic crocodiles such as thalattosuchians, dyrosaurids or extant crocodylians have less 

expanded canals (Schwab et al., 2020), meaning a decreased sensitivity to pitching and yawing 

(as well as their head being more in line with their body movement; Schwab et al., 2020) which 

could confirm this hypothesis. In addition, although the semicircular canals of teleosaurids, 

dyrosaurids and extant crocodylians are expanded, linked to enhanced agility and aerobatic 

ability (Witmer et al., 2003; Sipla, 2007; Pierce et al., 2017), those of Zulmasuchus are even 

narrower in diameter and more expanded. Thus, it must have had a very agile and fast 

locomotion, which again makes sense if we consider a terrestrial ecology. This is also confirmed 

with what is observed in other large predatory reptiles: theropods and pseudosuchians have a 

strikingly close morphology of the endosseous labyrinths compared with Z. querejazus 

(Sanders & Smith, 2005; Witmer & Ridgely, 2009; Paulina-Carabajal & Succar, 2014; Xing et 

al., 2014; Nesbitt et al., 2018; Paulina-Carabajal & Filippi, 2018; Cerroni & Paulina-Carabajal, 

2019; Paulina-Carabajal & Nieto, 2019), whereas marine reptiles such as metriorhynchids, 
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mosasaurs and plesiosaurs have a more rounded and less expanded morphology (Evans, 1999; 

Yi & Norell, 2019; see also Fig. 3.15). 

Finally, the expanded anterior semicircular canal of Z. querejazus also means that it had an 

important head mass (Georgi et al., 2013): this taxon showing this characteristic high-snouted 

condition (Buffetaut & Marshall, 1992), a heavier head mass can indeed be inferred and would 

have also probably relied on developed neck musculature to hold this mass, in turn making the 

head movements mentioned above easier. 

Hearing 

Hearing in extant crocodylians is challenging to understand because these organisms interact 

with sound waves travelling in both the aquatic and in the aerial environment. Although their 

ear morphology and structures are very similar to those of birds (Gleich & Manley, 2000), and 

would therefore seem to be adapted to aerial hearing, crocodylians spend a lot of time 

submerged. It has been shown that they can hear in similar frequency ranges in both 

environments (Higgs et al., 2002). While they retain the classic scheme of hearing an airborne 

sound as in other reptiles, the way they can hear under water remains hypothetical and difficult 

to assess. The most logical explanation is that sound information underwater is conducted to 

the inner ear via the cranial bones, rather than through the tympanic membrane (Higgs et al., 

2002). In terms of frequency, modern crocodylians globally emit and receive in the low to 

middle range (Wever, 1971). The sounds they emit are mostly used for inter-individual 

communication and social interactions (i.e., reproduction, parental care, and protection of 

juveniles; Beach, 1944; Herzog & Burghardt, 1977; Vliet, 1989; Wang et al., 2007; Vergne et 

al., 2012 and references therein). Recent studies also showed that the middle ear cavities are 

connected in Crocodylia, further enhancing their auditory capability (Bierman et al., 2014 and 

references therein). 

The hearing range of Z. querejazus can be inferred because it is strongly correlated with 

cochlear duct measurements (derived from extant taxa; Walsh et al., 2009). This equation has 

already been applied on thalattosuchians (Brusatte et al., 2016), baurusuchids (Dumont et al., 

2020b), maniraptorans (King et al., 2020) and basal dinosaurs (Ballel et al., 2020). Here, we 

complete this sampling with the addition of the presently described specimen of Zulmasuchus 

and other crocodylomorphs from which the data is available but has not been added yet (i.e., P. 

typus, Pierce et al., 2017; M. bollensis and C. araucanensis, Herrera et al., 2018 and Wilberg 

et al., 2021; R. aslerensis, Erb & Turner, 2021; ‘M.’ brachyrhynchus, Schwab et al., 2021a; see  
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Figure 3.21: Mean hearing range (A, blue trend line: y = 6104.3x + 6975.2; ± 1483 Hz) and best hearing frequency 
(B, blue trend line: y = 3311.3x + 4000.8; ± 764 Hz) for Z. querejazus and other crocodylomorphs, using the 
methods of Walsh et al. (2009).  Yellow crosses: Aves Linnaeus, 1758, purple crosses: Squamata Oppel, 1811; 
green circles: Testudines Batsch, 1788; grey circle: Rhynchocephalia Günther, 1867, red circles: extant 
crocodylians; blue circles: semi-aquatic and aquatic extinct crocodylomorphs; pink circle: Zulmasuchus 
querejazus; black circles: other terrestrial crocodylomorphs (see Supplementary Materia S1 for more information). 
1: Juvenile Baurusuchus sp., 2: Cricosaurus araucanensis, 3: Crocodylus acutus, 4: Zulmasuchus querejazus, 5: 
Adult Baurusuchus sp., 6: Pelagosaurus typus, 7: ‘Metriorhynchus’ cf. brachyrhynchus, 8: Plagiophthalmosuchus 
cf. gracilirostris, 9: Alligator mississippiensis, 10: Rhabdognathus aslerensis, 11: Macrospondylus bollensis, 12: 
Caiman crocodilus. 
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Fig. 3.21). Zulmasuchus displays a hearing range similar to the terrestrial baurusuchids with a 

best mean hearing frequency of 841 Hz and a hearing range of 1150 Hz. As mentioned by 

Dumont et al., (2020b), the juvenile specimen of Baurusuchus has lower values probably 

because the endosseous labyrinth was not segmented as precisely as that of the adult, therefore 

the calculation is potentially not reliable. However, obtained values for these specimens are in 

the range of the hearing capabilities of extant crocodylians (Walsh et al., 2009) and, more 

importantly, are lower than the ones of the semi-aquatic and aquatic extinct crocodylomorphs 

(mean of best hearing ranges: 2149.4 Hz and mean of best mean hearing frequency: 1393.8 Hz; 

Fig. 3.21). This is with the notable exception of the aquatic thalattosuchian Cricosaurus 

araucanensis, probably because the data on which its cochlear duct is reconstructed (Herrera et 

al., 2018) do not allow for a complete reconstruction of this part. 

It also means that Zulmasuchus probably had vocalization frequencies in the same range as its 

hearing faculties, as it is the case in extant crocodylians (Vergne et al., 2009). As a result, 

terrestrial sebecosuchians would have been able to hear and vocalize in mid to low frequencies 

(< 2000 Hz; Dumont et al., 2020b), which is towards the known lower range of extant 

crocodylians. 

Although not statistically significant (p-value = 0.8 for mean best hearing frequency and best 

mean hearing range), this result differs from sampled semi-aquatic and aquatic extinct 

crocodylomorphs which have a much larger hearing range and a higher mean hearing 

frequency, linked to a longer cochlear duct (Brusatte et al., 2016; Pierce et al., 2017; Herrera et 

al., 2018; Erb & Turner, 2021; Wilberg et al., 2021).  

This difference could be explained by different needs in terms of communication. Lower 

frequencies travel further than higher frequencies, so organisms using those lower frequencies 

(such as Zulmasuchus) could have had the need to communicate in long ranges, as is the case 

nowadays with elephants (Garstang, 2004) or cetaceans (Tyack & Clark, 2000 and references 

therein). Other possibilities to be investigated over the processing of low frequencies could also 

be linked with prey acquisition or the phylogeny. 

However, it remains difficult to assess the living environment of an organism based on its 

auditory capacities, as extant birds globally show high frequencies and aquatic turtles exhibit 

the lower values, whereas the semi-aquatic and aquatic thalattosuchians have higher values than 

the terrestrial sebecosuchians, so a specific trend does not emerge there. Furthermore, the 

segmentation of the cochlear duct can also be difficult, as the distinction between the sinus 
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system and the anterior part of this duct is not clearly delimited by bone (Fig. 3.16), so caution 

needs to be exercised when interpreting those values (see also Herrera et al., 2018, Schwab et 

al., 2020, 2021a; Erb & Turner, 2021). 

Cranial pneumaticity 

Zulmasuchus exhibits very developed pharyngotympanic sinuses (as in Campinasuchus; 

Fonseca et al., 2020), whereas these structures are less developed in extant crocodylians 

(Witmer et al., 2008; Bona et al., 2017; Serrano-Martínez et al., 2019b). The intertympanic 

diverticulum is also absent in thalattosuchians (Brusatte et al., 2016; Pierce et al., 2017; Herrera 

et al., 2018; Schwab et al., 2021a; Wilberg et al., 2021). It is difficult to assess the ancestral 

state of this trait, but it would seem to be related to the living environment (semi-aquatic and 

aquatic vs terrestrial; Brusatte et al., 2016). An enlargement of these structures allows improved 

resonance and sound pickup in aerial environments (Dufeau & Witmer, 2015). The selection of 

such structures then appears logical considering a terrestrial ecology for Zulmasuchus as the 

sound is more difficult to capture in the air than in the water (this is also the case or C. dinizi; 

Fonseca et al., 2020). On the other hand, thalattosuchians and dyrosaurids, and to a lesser degree 

extant crocodylians, would not necessarily rely on such developed structures, because the sound 

they capture does not come exclusively from the aerial environment but also from the aquatic 

one, where it travels more easily. Another hypothesis, which could be coupled with the first 

one, is the impact of such structures on the buoyancy and the density of the skull of semi-aquatic 

and aquatic forms (Brusatte et al., 2016). Finally, Dufeau & Witmer (2015) proposed a link 

between the extension of these structures and the shape of the rostrum: long-snouted specimens 

with a specialized diet (gharials, dyrosaurids or thalattosuchians for example, Brusatte et al., 

2016; Erb & Turner, 2021) exhibit smaller structures than feeding generalists with smaller 

snouts such as Hamadasuchus (Dufeau, 2011). This last hypothesis appears controversial 

because on one hand it is reinforced by what is found in Zulmasuchus, which shows a 

combination of a snout of moderate length, with terrestrial habits (so probably a more generalist 

diet than semi-aquatic and aquatic forms), but on the other hand, if we compare the cranial 

pneumaticity between Gavialis gangeticus (longirostre taxon with specialized diet) and Caiman 

crocodilus (brevirostre taxon with generalist diet), they do not differ much when compared with 

other forms such as thalattosuchians or sebecosuchians (Fig. 3.17). Further studies are thus 

needed to assess whether cranial pneumaticity is linked with rostrum morphology and thus diet. 

As longirostrine taxa seem to be mostly semi-aquatic and aquatic, a possible explanation could 

also be linked in the difference in the point of equilibrium of the skull between floating in the 
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water and holding thanks to the neck musculature in an aerial environment. As the constraints 

exercised on a submerged skull are less important than on a non-submerged one, the 

development of “extreme” morphologies would then be facilitated. 

 

The median pharyngeal sinus and the pharyngotympanic sinus are interconnected in extant 

crocodylians (Colbert, 1946b; Witmer et al.; 2008, Bona et al., 2017; Serrano-Martínez et al., 

2019b), thalattosuchians (Wenz, 1968; Brusatte et al., 2016; Pierce et al., 2017; Herrera et al., 

2018; Schwab et al., 2021a; Wilberg et al., 2021) and dyrosaurids (Erb & Turner, 2021), to 

allow pressure equalization between the middle ear, the pharynx and the external environment 

(Colbert, 1946b; Dufeau & Witmer, 2015). In Alligator mississippiensis, this phenomenon has 

been reported to be controlled by the median pharyngeal valve, which opens and closes 

regularly (Young & Bierman, 2019). This mechanism has only been observed in this taxon for 

now, so further studies are needed to assess if it is the rule inside Crocodylia, or even 

Crocodylomorpha. The only difference found so far in all sampled crocodylomorphs comes 

from Pelagosaurus typus, which does not possess a verticalized pharyngeal sinus, because of 

the ventral displacement of the basicranium (Pierce et al., 2017). Zulmasuchus and other 

sebecosuchians (Colbert, 1946a; Fonseca et al., 2020), although having a different ecology, do 

not differ from the general organisation of other crocodylomorphs, thus these structures seem 

to be of low interest when looking at behavioural or phylogenetic inferences. Caution must be 

exercised though, because it is difficult to reconstruct these structures in fossils, so the access 

to exquisitely preserved specimens or more precise work might contradict these observations 

in the future.  

Implications 

The endocranial cavities of crocodylomorphs are understudied and a lot of data are still missing 

to get a more complete view of the diversity and peculiarities of the group. This could prove 

important to better understand both their phylogenetic relationships and paleoecological 

characteristics.  

First, the endocranial structures could bear phylogenetic information and would benefit from 

being incorporated into future phylogenetic studies. New characters would of course need to be 

diagnosed, and their relevance tested, especially regarding ontogeny, but it could bring new 

information in untangling the systematics of Crocodylomorpha, provided that new data are 

published concerning those structures in yet unsampled taxa. For example, it is difficult to tease 
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apart whether the observed short cochlear ducts in sebecosuchians is characteristic of the group 

(i.e., a synapomorphy) or if it is the ancestral condition of a larger taxonomic group that contains 

Sebecosuchia (for example, the middle Triassic suchian Parringtonia gracilis also has a rather 

short cochlear duct; Nesbitt et al., 2018). However, this does not seem to be the ancestral 

condition of the diapsids, as Youngina capensis Broom, 1914, a Permian basal diapsid reptile 

shows an elongated cochlear duct (Gardner et al., 2010). Other peculiar characteristics of Z. 

querejazus are the high flexure observed between the hindbrain and the forebrain, as well as 

the pericerebral spines associated with a depression described on the surface of the dorsal 

longitudinal venous sinus. Could these be considered synapomorphies of this taxon? It is of 

course too early to determine but these characteristics will need to be described with great 

consideration in future studies on other specimens. 

The endocranial structures, by the very nature of the systems they house, are equally important 

when taking into consideration the paleoecology of these taxa. For example, the cochlear duct 

can be used as a proxy to the hearing capabilities of extant taxa (see above), which can already 

be of great use if we aim to know more about the behavior of such taxa. Other structures which 

are of particular interest are the pharyngotympanic sinuses and the intertympanic diverticulum: 

as mentioned above, their development could also be linked with the living environment, 

behavior, and diet. These assumptions again require more data to be collected on other 

terrestrial taxa, and if used in combination with the endosseous labyrinths data, could prove 

very useful to assess the living environment of a fossil taxon for which the data is available (as 

a supporting argument to more traditional inferences). This has allowed to better understand 

and strengthen the terrestrial habits of several sebecosuchians (Dumont et al., 2020b; Fonseca 

et al., 2020; this study), and this approach needs to be generalized to other taxa in this group, 

some of which are nicely preserved and would surely represent a source of high-definition 

reconstructions in future studies. 

Finally, these features must be analysed with caution, to separate properly the ecological and 

phylogenetic signals, so as not to confuse them and thus reach erroneous conclusions (Losos, 

2008). For example, if a given characteristic is thought to be the proof of a specific ecological 

trait, it could also be linked to a taxonomic sampling bias - that it could be a synapomorphy of 

this taxonomic group, rather than an ecological trait as a rule (one should note that it could very 

much be both as well). The same reasoning is valid the other way around (phylogenetic vs 

ecological information). 
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Conclusion 

The endocranial cavities of Zulmasuchus querejazus are described. This taxon exhibits a highly 

curved endocast between the midbrain and the hindbrain, as well as pericerebral spines, the 

combination of both features being observed for the first time inside Crocodylomorpha. The 

endosseous labyrinths of MHNC 6672 are quite expanded but the semicircular canals are very 

narrow in cross-section. Finally, the intertympanic diverticulum and the pharyngotympanic 

sinus are well-developed compared to those of thalattosuchians, whereas the ventral part of the 

brain endocast shows no real difference from what is already known in other extinct and extant 

taxa.  

The alert head posture of this specimen is inferred to be slightly inclined ~10° below horizontal 

based on the alignment of the endocranial surface of the parietal with the horizontal plane. This 

value is higher than that of extant crocodylians (which have a posture parallel to the horizontal 

plane for ecological reasons) and is coherent with what has been inferred in other notosuchians. 

This posture allowed Zulmasuchus to benefit from a binocular vision over his altirostral snout, 

a feature that can be associated with predatory and terrestrial habits.  

Furthermore, the morphology of its endosseous labyrinth further supports a terrestrial lifestyle 

because its expanded canals allow for more mobility of the head, an essential trait in these 

motion methods. The length of the cochlear duct is linked with the hearing capabilities (which 

range among low frequencies in Zulmasuchus), inducing the ability to communicate at long 

distances between individuals. Caution still needs to be exercised because of segmentation 

biases. 

Finally, the enlarged pharyngotympanic sinuses of this specimen, compared with 

thalattosuchians, allow to link these structures with the living environment of the organism they 

belong to. Semi-aquatic and aquatic forms (such as thalattosuchians) may not exploit the 

enhanced aerial perception given by the enlargement of these structures; hence they are more 

likely associated with terrestrial taxa. Other hypotheses are about the effect of the 

pneumatization on buoyancy or on the morphology of the snout (linked with diet). While it is 

difficult to favour one of those hypotheses for now, the differences observed are clearly linked 

to the living environment of the specimens. 

All these observations could be tested and, if proven relevant, for example when considering 

ontogenetic changes, introduced as phylogenetic characters in future studies, to further 
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understand the systematics of this highly diverse group of archosaurs, but caution will need to 

be exercised regarding the conflict between ecological and phylogenetic signal in these 

structures. Further studies in the field of the neuroanatomy of Crocodylomorpha should help 

clarify those issues.  
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Abstract 

We describe the endocranial structures of Hamadasuchus, a peirosaurid crocodylomorph from 

the late Albian - Cenomanian Kem Kem group of Morocco. The cranial endocast, associated 

nerves and arteries, endosseous labyrinths and cranial pneumatization, as well as the bones of 

the braincase of a new specimen are reconstructed and compared with extant and fossil 

crocodylomorphs, which represent different lifestyles. Cranial bones of this specimen are 

identified as belonging to Hamadasuchus, with close affinities with Rukwasuchus 

yajabalijekundu, another peirosaurid from the ‘middle’ Cretaceous of Tanzania. The 

endocranial structures are comparable to those of R. yajabalijekundu, but also to baurusuchids 

and sebecids (sebecosuchians). Paleobiological traits of Hamadasuchus, such as alert head 

posture, ecology and behaviour are explored for the first time, using quantitative metrics. The 

expanded but narrow semicircular canals and enlarged pneumatization of the skull of 

Hamadasuchus are linked to a terrestrial lifestyle. Continuing work on the neuroanatomy of 

supposedly terrestrial crocodylomorphs needs to be broadened to other groups and will allow 

to characterize whether some internal structures are affected by the lifestyle in these organisms. 

Keywords: Morocco – Crocodylomorpha - Kem Kem – paleoneuroanatomy – Peirosauridae – 

Hamadasuchus 
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Introduction 

Peirosaurids represent an extinct family of crocodylomorphs spanning from at least the 

Barremian to the Maastrichtian (Larsson & Gado, 2000; Lamanna et al., 2019). They were 

widely distributed in South America and Africa. However, not much is known about their 

ecology, as the cranial and postcranial elements are rare or remain undescribed. The group is 

diverse, comprising at least 16 different species (see Nicholl et al., 2021 for a complete review), 

but paradoxically, these taxa are mostly represented by mandibular fragments (Barrios et al., 

2016; Lio et al., 2016; Filippi et al., 2018; Coria et al., 2019; Lamanna et al., 2019; Nicholl et 

al., 2021). Their phylogenetic relationships with other groups as well as within Peirosauridae 

are poorly known and subject to numerous debates. In most studies, Peirosauridae are placed 

close to uruguaysuchids and mahajangasuchids (Carvalho et al., 2004; Turner & Calvo, 2005; 

Turner, 2006; Turner & Sertich, 2010; Pol et al., 2012, 2014; Kellner et al., 2014; Sertich & 

O’Connor, 2014; Leardi et al., 2015, 2018; Barrios et al., 2016; Fiorelli et al., 2016; Godoy et 

al., 2016; Martinelli et al., 2018; Coria et al., 2019; Dumont et al., 2020b; Nicholl et al., 2021); 

other studies depict them as united with sebecids, forming the clade Sebecia (Larsson & Sues, 

2007; Meunier & Larsson, 2017; Geroto & Bertini, 2019; Ruiz et al., 2021) or closely related 

to neosuchians (Sereno et al., 2003; Pol & Norell, 2004b; Company et al., 2005; Pol & 

Apesteguia, 2005; Zaher et al., 2006; Turner & Buckley, 2008; Leardi & Pol, 2009; Sereno & 

Larsson, 2009; Nascimento & Zaher, 2011; Pol & Powell, 2011). 

Like notosuchians, peirosaurids are inferred to have had terrestrial habits by extrapolation with 

better known closely related groups (e.g., sebecids; Busbey, 1986; Molnar, 2012; Pol et al., 

2012 and mahajangasuchids; Sereno & Larsson, 2009). However, evidence of a more aquatic 

lifestyle also exists in some specimens (Sena et al., 2018). The study of the neuroanatomy and 

the pneumaticity of the skull could hold relevant data about the neurosensorial capabilities of 

the specimen studied and thus opens the possibility to infer its lifestyle.  

In the last decade, numerous studies using computed tomography (CT) data have been 

published (see Barrios et al., 2023 for a complete review) on eusuchians (Holliday & Gardner, 

2012; Bona & Paulina-Carabajal, 2013; Bona et al., 2013, 2017; Blanco et al., 2015; Serrano-

Martínez et al., 2019a, b, 2020; Erb & Turner, 2021; Puértolas-Pascual et al., 2022, 2023; Burke 

& Mannion, 2023), thalattosuchians (Fernández et al., 2011; Brusatte et al., 2016; Pierce et al., 

2017; Herrera et al., 2018; Schwab et al., 2021a; Wilberg et al., 2021), early crocodylomorphs 

(Leardi et al., 2020; Melstrom et al., 2022; Ruebenstahl et al., 2022) and some notosuchians 
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(Sereno & Larsson, 2009; Kley et al., 2010;  Dumont et al., 2020b; Fonseca et al., 2020; Pochat-

Cottilloux et al., 2022b). Those studies are based on extant crocodylians databases for 

comparison (Witmer et al., 2008; Bona et al., 2017), as well as detailed studies focusing on 

certain parts of the braincase (Klembara, 2005; Dufeau, 2011; George & Holliday, 2013; 

Dufeau & Witmer, 2015; Montefeltro et al., 2016; Porter et al., 2016; Jirak & Janacek, 2017; 

Hu et al., 2020; Lessner & Holliday, 2020; Kuzmin et al., 2021;  Lessner et al., 2022; Schwab 

et al., 2022; Perrichon et al., 2023). The neuroanatomy of Peirosauridae has been investigated 

in a few members of the group such as Rukwasuchus yajabalijekundu (Sertich & O’Connor, 

2014) and Hamadasuchus rebouli sensu Larsson & Sues (2007; ROM 52620) by Dufeau (2011) 

and George & Holliday (2013). However, in both cases, those structures are not described in 

detail, especially the endosseous labyrinths and the cranial pneumaticity, and are not used for 

paleobiological inferences. Therefore, the endocranial structures of peirosaurids deserve an 

augmented treatment. 

Since the recognition of Hamadasuchus rebouli, more complete peirosaurids specimens have 

been discovered, enhancing the diversity of this poorly known genus endemic to Africa (Rauhut 

& Lopez-Arbarello, 2005; Larsson & Sues, 2007; Ibrahim et al., 2020; Pochat-Cottilloux et al., 

2023a). Here, we describe the internal and external anatomy of a new specimen of 

Hamadasuchus (UCBL-FSL 532408) from the late Albian - Cenomanian Kem Kem group of 

Morocco. 

Using the reconstructed internal structures of this specimen (cranial endocast, endosseous 

labyrinths and braincase pneumaticity), we use several proxies to infer associated 

paleobiological traits of Hamadasuchus, putting them into perspective with comparative data 

on sebecosuchians, eusuchians and thalattosuchians. The data are also used to reconstruct the 

braincase osteology, allowing a robust taxonomic assessment of this specimen. 

Material and methods 

CT scan 

The studied material consists of a complete skull of a crocodylomorph (UCBL-FSL 532408; 

Fig. 3.22), currently curated in the geological collections of Université Lyon 1. The specimen 

originates from an unknown location in the Kem Kem group of Morocco (late Albian - 

Cenomanian; Sereno et al., 1996; Martin & de Lapparent de Broin, 2016; Ibrahim et al., 2020). 

The skull was CT scanned in November 2020 at the Laboratoire Mateis (INSA Lyon, 
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Villeurbanne, France) to reconstruct its internal soft anatomy, as well as the bones constituting 

the braincase. We used a Vtomex laboratory X-ray computed tomograph (GE Phoenix X-Ray 

GmbH): scanning parameters were set to 140 kV tube voltage and 80 μA current and a 0.5 mm 

copper filter was used at the source exit. The scan has a voxel size of 86 μm and a one second 

exposure time for each of the 1,200 projections. Avizo Lite (version 9.5.0), MeshLab (version 

2020.07) and Blender (version 2.91.2) were used for the volume rendering and calculations, as 

well as processing of scans of the endosseous labyrinths, sinuses and cranial endocast. 

Processed volumes are available in Pochat-Cottilloux et al. (2023c), see also Supplementary 

Material S1 & S2. Here, we describe the bone-bounded spaces that house soft tissue organs as 

such, given that numerous recent studies on extant taxa have showed that the shape of those 

structures is strongly correlated with their associated organs (Watanabe et al., 2019 on reptiles 

and Early et al., 2020b on birds).  

Comparisons 

To keep the description free of constant repetitions of references, we summarize the data on 

extinct and extant crocodylomorph taxa used for comparison in Table 7. In an effort to 

standardize descriptive studies in paleoneuroanatomy, we follow the anatomical nomenclature 

published by Colbert (1946a, 1946b), Kley et al. (2010), Sertich and O'Connor (2014), Dufeau 

& Witmer (2015), Brusatte et al. (2016), Bona et al. (2017), Pierce et al. (2017), Herrera et al. 

(2018), Serrano-Martínez et al. (2019a, b, 2020), Leardi et al. (2020), Lessner & Holliday 

(2020), Fonseca et al. (2020), Dumont et al. (2020), Erb & Turner (2021), Kuzmin et al. (2021), 

Schwab et al. (2021a), Wilberg et al. (2021), Melstrom et al. (2022), Pochat-Cottilloux et al. 

(2022b), Puértolas-Pascual et al. (2022, 2023), Ristevski (2022), Ruebenstahl et al. (2022), 

Burke & Mannion (2023) and Perrichon et al. (2023) concerning the endocranial structures (and 

references therein). Table 8 compiles several important measurements following Pierce et al. 

(2017; fig. 2). 

Paleobiological inferences 

Brain volume was estimated using the following relation: log BV = log EV * 0.7279 + 0.75624 

where EV: endocranial volume and BV: brain volume (Dumont et al., 2020b and references 

therein; see also Supplementary Material S3). The volume of the sinus system was calculated 

using Blender v2.91 and skull width was measured as the largest skull width (including 

quadrates; see Supplementary Material S3). We chose to use the skull width rather than the 

skull length to prevent us from potential convergence problems related to the size of the  
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Figure 3.22:Skull of H
am

adasuchus(U
C

B
L-FSL 532408) in dorsal (a), ventral (b), lateral (c) anterior (d) and posterior (f) view

s, close up on a tooth (e). IX
-X

I: foram
en for 

cranial nerve IX
-X

I, c: choana, cb: crest B
, if: infratem

poral fenestra, o: orbit, oc: occipital condyle, ot: otoccipital, p: parietal, q: quadrate, sf: supratem
poral fenestra, so: 

supraoccipital, sq: squam
osal. Scale bars for (a), (b), (c), (d) and (f) are 5 cm

 and 1 cm
 for (e).
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Table 7: Comparative material used in this study. MHNC 6672 is here identified as Zulmasuchus mainly for 
consistency with previous studies, although there are conflicting views on the separation of this genus with 
Sebecus (Pol et al., 2012; Leardi et al., 2015, 2018; Fiorelli et al., 2016). 

Taxon Specimen Publication or database 

Alligator mississippiensis UCBL WB35 This study 

Caiman crocodilus UMMZ HERPS 128024 Morphosource 

Crocodylus acutus MZS Cro 055 This study 

Gavialis gangeticus 
MLP 602; UF HERP 

118998 

Bona et al. (2017); Pierce et al. 

(2017); Morphosource 

Mecistops sp. MHNL 50001393 This study 

Osteolaemus tetraspis UCBL 2019-1-236 This study 

Paleosuchus trigonatus MHNL 50003939 This study 

Tomistoma schlegelii TMM M6342 Morphosource 

Tomistoma downsoni NHMUK PV R 4769 Burke & Mannion (2023) 

Diplocynodon tormis STUS-344 Serrano-Martínez et al. (2019b) 

Arenysuchus gascabadiolorum MPZ 2011/184 Puértolas-Pascual et al. (2022) 

Agaresuchus fontisensis HUE-02502; HUE-03713 Serrano-Martínez et al. (2020) 

Agaresuchus subjuniperus MPZ 2012/288 Puértolas-Pascual et al. (2022) 

Trilophosuchus rackhami QMF16856 Ristevski (2022) 

Portugalosuchus azenhae ML1818 Puértolas-Pascual et al. (2023) 

Pelagosaurus typus BRLSI-M1413 Pierce et al. (2017) 

Plagiophthalmosuchus cf. 

gracilirostris 
NHMUK PV OR 33095 Brusatte et al. (2016) 

Macrospondylus bollensis 
SNSB-BSPG 1984 1258;  

MCZ VPRA-1063 

Herrera et al. (2018); Wilberg et 

al. (2021) 

Cricosaurus araucanensis MLP 72-IV-7-1 Herrera et al. (2018) 
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‘Metriorhynchus’ cf. brachyrhynchus NHMUK PV O 32617 Schwab et al. (2021a) 

Rhabdognathus aslerensis 

AMNH FARB 33354 

formerly CNRST-SUNY 

190 

Brochu et al. (2002); Erb & 

Turner (2021) 

 

Rukwasuchus yajabalijekundu RRBP 08630 Sertich & O’Connor (2014) 

Simosuchus clarki UA 8679 Kley et al. (2010) 

Campinasuchus dinizi CPPLIP 1319, 1360 Fonseca et al. (2020) 

Baurusuchus sp. 

IFSP-VTP/PALEO-0002, 

0003; FEF-PV-R-1/9; 

FUP-Pv 000020, 000021 

Dumont et al. (2020b) 

Sebecus icaeorhinus AMNH 3160 Colbert et al. (1946a) 

Zulmasuchus querejazus MHNC 6672 Pochat-Cottilloux et al. (2022b) 

Sphenosuchus acutus SAM 3014 Walker (1990) 

Almadasuchus figarii MPEF-PV 3838 Leardi et al. (2020) 

Junggarsuchus sloani IVPP14010 Ruebenstahl et al. (2022) 

Eopneumatosuchus colberti MNA V2460 Melstrom et al. (2022) 

rostrum, as well as making it possible to include fossil specimens for which the skull length is 

unknown without having to estimate it.  

Results 

General preservation 

The cranium is complete and well preserved. It is altirostral (short and elevated snout) and has 

heterodont ziphodont teeth. In some skull areas, however, the bone surface is not clear and is 

sometimes covered by sediment, which were probably glued to the bones during preparation. 

There are also two areas in which the surface is covered by white plaster, one ventrally in the 

palatal area, and one at the junction of the right jugal and quadratojugal. The braincase occupies 

the posterior third of the skull. For this paper, we will focus only on this part of the skull, while  
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a complete description of the skull and a reappraisal of Hamadasuchus will be the topic of a 

separate study. Overall, in the areas that are visible, the skull is ornamented with circular/ovoid 

pits dorsally. 

Cranial openings:  

There are no post temporal fenestrae to be seen, but the area is quite damaged and there seems 

to be an opening, so the absence of those structures is unsure (Fig. 3.22f & 3.23d).  

The supratemporal fenestra is ovoid with its longest axis directed anteroposteriorly and extends 

posteriorly to more than half the length of the parietal. The supratemporal fossa is small and 

quickly disappears ventrally.  

The foramen magnum is triangular-shaped, about 1.5 centimetres at its widest part and bordered 

by the otoccipital and the basioccipital. 

The internal choanae are contained by the pterygoids and the palatines and are situated at the 

level of the contact between these bones, quite anteriorly relative to the whole skull. 

Braincase 

Frontal (Fig. 3.22a, 3.23a-c & 3.23e-f):  

The frontal forms a bridge between the rostrum and the post-orbital region of the skull, it 

constitutes most of the medial margin of the orbit. Posteriorly, it contacts the postorbital 

obliquely, the parietal transversely and the laterosphenoid ventrally. The sutural surfaces are 

zigzagged. The frontal participates in the formation of the supratemporal fenestra, contributing 

to its anteromedial margin. It is dorsally concave and thick, with a slight depression anteriorly 

between the two orbits. On the midline dorsal surface, the frontal bears an anteroposteriorly 

directed crest (Fig. 3.23a). The ventral surface, although degraded, is smooth and convex 

ventrally to accommodate for the olfactory tract (Fig. 3.23b). 

Postorbital (Fig. 3.22a, 3.22d-e, 3.23a-c & 3.23e-f):  

The postorbital makes for the orbit’s posterior margin, as well as the supratemporal fenestra 

anterolateral margin. The dorsal angle between the medial and posterior parts of the postorbital 

is not of 90°, as there is an anterolaterally facing edge. However, the ventral and posterior parts  
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Figure 3.23:Three-dim
ensional reconstruction of the posterior part of the skull of U

C
B

L-FSL 532408 (H
am

adasuchus) based on segm
ented bones in dorsal (a), ventral (b), 

lateral (c), posterior (d), anterior (e) and ventrolateral (f) view
s. bo: basioccipital, bs: basisphenoid, cb: crest B

, cf: crest on the frontal, f: frontal, ls: laterosphenoid, ot: otoccipital, 
p: parietal, po: postorbital, pt: pterygoid, q: quadrate, qj: quadratojugal, s: squam

osal, so: supraoccipital. Scale bars are 5 cm
.
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do form a 90° angle in lateral view. Medially, it contacts the frontal but not the parietal. 

Posteriorly, it has a lateromedially oriented suture with the squamosal. The ventrolaterally 

descending process sutures with the dorsomedially ascending process of the jugal to form the 

postorbital bar. Posterolaterally, the postorbital extends along the anterior margin of the 

quadratojugal and forms the anteroventral margin of the anterior part of the squamosal (Fig. 

3.22d-e, 3.23c & 3.23f). 

Parietal (Fig. 3.22a, 3.23a & 3.23d-e):  

The unpaired parietal is dorsally thin and elevated but tends to widen ventrally. In dorsal view, 

it is shaped like an hourglass with the posterior part being wider than the anterior one. Laterally, 

the parietal forms the medial margin of both supratemporal fenestrae and fossae. It contacts the 

frontal anteriorly and the squamosal laterally. The parietal is also exposed posteriorly, where it 

sutures with the dorsal margin of the supraoccipital (Fig. 3.22f & 3.23d).  

Squamosal (Fig. 3.22a-b, 3.22d-e, 3.23a, 3.23c-d & 3.23f):  

The squamosal is T-shaped and forms the posterolateral corner of the skull roof. It contacts the 

quadrate on both sides of the auditory meatus. This suture is anteroposteriorly straight. 

Anteriorly, a process connects with the postorbital to form the lateral margin of the 

supratemporal fenestra (Fig. 3.22a & 3.23a). This process is more extended ventrally than 

dorsally. Medially, the contact with the parietal is oblique dorsally and straight anteriorly within 

the supratemporal fossa. At its posteriormost part, the squamosal contacts with the otoccipital 

and the quadrate laterally and with the supraoccipital medially (Fig. 3.22f & 3.23d): the 

squamosal thus forms the posterodorsal part of the back of the skull.  

Quadratojugal (Fig. 3.22a, 3.22c-e, 3.23a-c & 3.23e-f): 

The quadratojugal extends posteriorly from the posterior margin of the infratemporal fenestra, 

connecting all the way with the quadrate on its medial side. The suture with the quadrate is 

straight ventrally and dorsally. This contact does not extend anteriorly beyond the level of the 

postorbital bar. The bone is smooth ventrally and pitted dorsally. It is thin and plate-like, wider 

mediodorsally than lateroventrally.  

Quadrate (Fig. 3.22a-e & 3.23a-f): 

The quadrate has a complex shape. Anteriorly, it goes all the way to the posterolateral margin 

of the supratemporal fenestra and contacts the parietal. Dorsally, it contacts the squamosal on  



Chapter 3 

209 
 

 

both sides of the auditory meatus and extends anteriorly to contact the postorbital (Fig. 3.23c 

& 3.23f). Laterally, the suture with the quadratojugal is straight all the way. The state of 

preservation of the specimen does not allow to state if the quadrate contacts the pterygoid 

ventrally. Posteriorly, it contacts the otoccipital straightly and the basisphenoid ventrally. Crest 

B (Iordansky, 1973; Fig. 3.22c & 3.23b) is clearly visible, extending in parallel to the quadrate-

quadratojugal suture from the ventrolateral margin of the supratemporal fenestra to beyond the 

posterolateral most part of the quadrate. This bone is globally tall in cross-section (almost three 

centimetres maximum), it is flat on the dorsal surface and curved dorsally on the ventral surface.  

Supraoccipital (Fig. 3.22b, 3.23a & 3.23d): 

The supraoccipital has a rounded triangular shape in posterior view. It connects dorsolaterally 

with the squamosal and ventrolaterally with the otoccipital in an oblique suture. It does not 

participate in the formation of the foramen magnum. In dorsal view it does not invade the 

parietal anteriorly but forms two postoccipital processes that are situated on each side of the 

midline. 

Otoccipital (Fig. 3.22b-c, 3.23b & 3.23d): 

This bone forms most of the posterodorsal surface of the skull. It connects laterally with the 

quadrate and the squamosal and medially with the supraoccipital, in an obtuse angle directed 

medially (Fig. 3.22f & 3.23d). Dorsally, the contact with the squamosal is straight 

lateromedially. On the left bone, a foramen is visible corresponding to the exit for the cranial 

nerves IX to XI (Fig. 3.22f). Ventrally, the otoccipital forms the dorsal and lateral margins of 

the foramen magnum, and contacts ventrally with the basioccipital on both sides of the opening. 

Ventrolaterally, the otoccipital also connects with the basisphenoid. The otoccipital is plate-like 

and curved anteromedially. 

Basioccipital (Fig. 3.22b-c, 3.23b, 3.23d & 3.23f): 

The basioccipital sutures dorsally with the otoccipital, laterally with the basisphenoid and 

ventrally with the pterygoids. It forms the ventral margin of the foramen magnum (Fig. 3.22b 

& 3.23d). The occipital condyle is small and directed posteroventrally. Its dorsal surface is 

grooved to accommodate for the central nerve cord. The foramina for the lateral Eustachian 

tubes are not preserved and not visible on the CT slices. 
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Pterygoid (Fig. 3.22b-e & 3.23b-f):  

The pterygoids are fused, they suture with the basisphenoid and the basioccipital 

posterodorsally. The posterior part is directed dorsoventrally, and the pterygoid wings are 

broken. In the otic region, the pterygoid connects with the laterosphenoid and the quadrate 

dorsally (Fig. 3.22f), although this part was quite damaged and could not be segmented very 

accurately. The internal choanae are ovoid with the largest axis directed anteroposteriorly and 

their margins are curved dorsally, which makes for a clear dorsal depression at the midline 

where the two pterygoids meet. There is no midline process, although the posteriormost part is 

damaged (Fig. 3.22c & 3.23b). It is also enclosed anteriorly by the palatines. Overall, it is 

located anteriorly in the bone, almost at the level of the pterygoid-palatine suture. The surface 

of the pterygoid is smooth, although most of it is covered by sediment.  

Laterosphenoid (Fig. 3.22c & 3.23e-f): 

This bone is shaped like an hourglass from a ventral point of view. It connects with the parietal 

to form the internal medial margin of the supratemporal fenestra. It also contacts with the 

pterygoid and the quadrate (Fig. 3.23f). Unfortunately, the prootic and the basisphenoid rostrum 

could not be distinguished because of the poor state of preservation of this part of the specimen 

(even on the CT data). Dorsally, it is also sutured with the postorbital and frontal via the capitate 

process (Fig. 3.23f). 

Basisphenoid (Fig. 3.22b-c & 3.23b, 3.23d & 3.23f): 

Only the posterior part of the basisphenoid could be observed. It contacts the posterior margin 

of the quadrate and the otoccipital but does not participate in the foramen magnum. Medially, 

it connects with the basioccipital along a sagittal suture (Fig. 3.22b & 3.23d). 

Cranial endocast and associated nerves and vascular structures 

The anterior part of the forebrain could be reconstructed up to the anterior part of the frontal. 

This includes the posterior part of the olfactory region (Fig. 3.24a-d, 3.24f, 3.25a-c & 3.25e-f). 

This part has a more tapered profile in this specimen of Hamadasuchus (as in Rukwasuchus) 

than it is in Pelagosaurus, Rhabdognathus, Campinasuchus, Trilophosuchus Willis, 1993, 

Portugalosuchus Mateus, Puértolas-Pascual & Callapez, 2019, Tomistoma downsoni or extant 

crocodylians where it is extremely thin dorsoventrally, although this could be a segmentation  



Chapter 3

211

Figure 3.24:Three-dim
ensional reconstruction of the endocranial cavities w

ithin the braincase of U
C

B
L-FSL 532408 (H

am
adasuchus) in lateral (a), anterior ¾

 (b), dorsal (c), 
anterior (d), posterior (e) and ventral (f) view

s. B
lue: endocast, red: internal carotid artery, yellow

: cranial nerve, purple: pituitary fossa. V
2: m

axillary division of cranial nerve 
V, V

3: m
andibular divisio n of cranial nerve V, V

I: cranial nerve V
I, IX

-X
I: cranial nerve IX

-X
I, X

II: cranial nerve X
II, ch: cerebral hem

isphere, el: endosseous labyrinth, fb: 
forebrain, hb: hindbrain, ic: internal carotid artery, nso: supraoccipital ram

us of cranial nerve V, ntym
: tym

panic branch of cranial nerve V, oa: orbital artery, or: olfactory region, 
ot: olfactory tract,  pf: pituitary fossa, vlvs: ventral longitudinal venous sinus. Scale bar is 3 cm

.



Chapter 3 

212 
 

bias. No grooves are visible, as in other extant and extinct crocodylomorphs, except for Gavialis 

where this structure creates a bulbous expansion and Pelagosaurus and Eopneumatosuchus 

Crompton & Smith, 1980 where it is paired. The olfactory tract (Fig. 3.24a-d, 3.24f, 3.25a-c & 

3.25e-f) is long and flat along its dorsal margin, as is the dorsal margin of the skull bones of the 

interorbital area. This is different from Rukwasuchus, Trilophosuchus, Tomistoma downsoni 

and Simosuchus where it is bent ventrally and Almadasuchus Pol, Rauhut, Lecuona, Leardi, Xu 

& Clark, 2013 where it is bended dorsally. The cerebral hemispheres are laterally expanded in 

an intermediate manner, as in Almadasuchus and Eopneumatosuchus (Fig. 3.24a-d, 3.24f, 

3.25a-c & 3.25e-f) between those of extant crocodylians, Portugalosuchus and Tomistoma 

downsoni (markedly expanded) and those of extinct crocodylomorphs where they are not 

laterally expanded (baurusuchids, Macrospondylus, Plagiophthalmosuchus, Zulmasuchus, 

Sphenosuchus Haughton, 1915; see also Table 8).  

These structures exhibit a typical round shape and are symmetrically expanded along the 

midline in dorsal view. The endocast has a sigmoid shape in lateral view with a pontine and 

cephalic flexure angle that is similar to most extinct and extant crocodylomorphs (Fig. 3.24a-

b), unlike Rukwasuchus, Trilophosuchus and Zulmasuchus, which have lower values, leading 

to more pronounced flexures (Table 8). On the other hand, Almadasuchus, Eopneumatosuchus, 

thalattosuchians (Pelagosaurus, Plagiophthalmosuchus, Macrospondylus, Cricosaurus, 

‘Metriorhynchus’) and dyrosaurids (Rhabdognathus) have higher values, resulting in a “flatter” 

angle. The dorsal part of the hindbrain is compressed mediolaterally to accommodate for the 

endosseous labyrinths, as is seen in other crocodylomorphs with the notable exception of 

dyrosaurids, where this region is heavily compressed (Rhabdognathus for example). There are 

no signs of a depression linked with pericerebral spines (as in Zulmasuchus; Pochat-Cottilloux 

et al., 2022b), the caudal middle cerebral vein (as in Rhabdognathus) or an acute dorsal dural 

peak (as in Trilophosuchus; Ristevski, 2022) in dorsal view. However, this region has a blunt 

dorsal peak, as in allodaposuchids, Almadasuchus and Baurusuchus. The ventral longitudinal 

venous sinus is well expanded and is ridge-shaped, as in Alligator Daudin, 1809, Crocodylus 

Laurenti, 1768, Portugalosuchus, Sphenosuchus and Zulmasuchus (Fig. 3.24e-f). Apart from 

the significant dorsal post cerebral concavity noticed in Rukwasuchus, the overall shape and 

features of UCBL-FSL 532408 are remarkably close to those of this taxon. 

Cranial nerve VI is expanded anteroposteriorly and is situated between the pituitary fossa 

ventrally and the ventral edge of the endocast dorsally. It comes out from the hindbrain just 

ventrally to the overly voluminous cranial nerve V (Fig. 3.24f).  
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Figure 3.25: Three-dimensional reconstruction of the pneumatic cavities within the braincase of UCBL-FSL 
532408 (Hamadasuchus) in anterior (a), anterior ¾ (b), lateral (c), posterior (d), dorsal (e) and ventral view (f). 
Blue: endocast, green: pharyngotympanic sinuses and eustachian system, orange: intertympanic diverticulum, red: 
internal carotid artery, yellow: cranial nerve, purple: pituitary fossa. V: cranial nerve V, VI: cranial nerve VI, IX-
XI: cranial nerve IX-XI, XII: cranial nerve XII, ch: cerebral hemisphere, cq: cranioquadrate passage, eam: external 
auditory meatus, fb: forebrain, hb: hindbrain, ic: internal carotid artery, id: intertympanic diverticulum, od: 
otoccipital diverticulum, or: olfactory region, ot: olfactory tract, pd: parietal diverticulum, pf: pituitary fossa, pr: 
pterygoid recess, ps: pharyngotympanic sinus, pt: pharyngotympanic tube, qd: quadrate diverticulum, rpr: 
precarotid recess, uc: unidentified canal, vlvs: ventral longitudinal venous sinus. Scale bar is 2 cm.
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Cranial nerve V is a large ganglion, laterally projecting from the endocast, anteroventrally to 

the endosseous labyrinths. The maxillary division (V2) is the largest visible and extends 

anteriorly almost until the anterior end of the cerebral hemisphere (Fig. 3.24a-b). The beginning 

of the mandibular division (V3) can be seen but could not be segmented further. Additionally, 

the two branches extending dorsally from the trigeminal ganglion are the tympanic branch 

(anteriorly) and the supraorbital ramus (posteriorly). 

Cranial nerves IX-XI and XII are easily distinguishable (Fig. 3.24a, 3.24c & 3.24e-f). There are 

two canals linked with those nerves, the anteriormost one being for cranial nerve IX-XI and 

probably a part of cranial nerve XII, whereas the posteriormost one is probably for a part or the 

totality of cranial nerve XII (Fig. 3.24a-c & 3.24e-f).  

The pituitary fossa is more extended anteroposteriorly than dorsoventrally. It is directed 

posteroventrally, as in Zulmasuchus, Macrospondylus, Plagiophthalmosuchus, Rhabdognathus 

Arenysuchus Puértolas, Canudo & Cruzado-Caballero, 2011, Agaresuchus Narváez, Brochu, 

Escaso, Perez-García & Ortega, 2016, Sebecus, Trilophosuchus, Sphenosuchus, 

Portugalosuchus, Eopneumatosuchus, Tomistoma downsoni and extant crocodylians whereas 

it is directed anteroposteriorly in ‘Metriorhynchus’, Cricosaurus and Pelagosaurus and 

ventrally in baurusuchids and Rukwasuchus. The starting point of the orbital arteries can be 

seen in the anteriormost part (Fig. 3.24a & 3.24f). 

The internal carotid arteries have the typical shape found in all crocodylomorphs so far: they 

enter the posterior end of the pituitary fossa separately at the level of the midline, and the canals 

enclosing them (carotid pillars sensu Walker, 1990) are large. Those canals then pass through 

the pharyngotympanic sinus so they cannot be segmented. Finally, the posterior section runs 

anterodorsally from the foramen for the internal carotid artery to ventral to the endosseous 

labyrinths. As in Pochat-Cottilloux et al. (2022b), the limit between the internal carotid arteries 

and the pituitary fossa was established where the arteries are no longer separated and merge 

into a single structure.  

Endosseous labyrinths 

Those structures are partially preserved, the cochlear duct being missing. However, the main 

structures are still available, comprising the vestibular apparatus. The right one is the best-

preserved one, so it is displayed here, whereas the left one is missing the lateral semicircular 

canal (Fig. 3.24a-c). The ampullae are not clearly distinguishable from the canals as their shape  
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is continuous with those of the semicircular canals. All the canals are also circular in cross-

section, and narrow compared to those of extant crocodylians and Portugalosuchus, but in a 

less extreme way than in Zulmasuchus, Almadasuchus and Eopneumatosuchus. However, the 

space between those canals is still important compared to other notosuchians (see comparative 

metrics in Table 8). The common crus is elongated dorsoventrally, in a comparable manner to 

what is seen in extant crocodylians and Tomistoma downsoni but less so than in Trilophosuchus, 

where it is especially high. The lateral semicircular canal is straight, whereas the anterior and 

posterior ones are much more bent (Fig. 3.26). As a result, the lateral canal does not extend 

laterally, and the anterior semicircular canal is more expanded dorsally than the posterior one, 

resulting in a larger area of the canal, as in modern crocodylians, Portugalosuchus, 

Junggarsuchus, Eopneumatosuchus, Tomistoma downsoni and Trilophosuchus (Table 8), 

whereas they are equally expanded anteroposteriorly, as in Simosuchus clarki, Tomistoma 

downsoni and thalattosuchians. In other words, the anterior semicircular canal has a pyramidal 

shape (as those of Zulmasuchus, Simosuchus, Junggarsuchus, Eopneumatosuchus and 

Sphenosuchus), whereas the posterior one is more rounded (like the ones of extant crocodylians, 

Tomistoma downsoni and Portugalosuchus). The angle between the anterior and the posterior 

semicircular canals is approximately 80° (Fig. 3.26a), which is less than Caiman Spix, 1825 

and Trilophosuchus (100°; Bona & Paulina-Carabajal, 2013 and 98°; Ristevski, 2022) or 

Zulmasuchus, Eopneumatosuchus and Simosuchus (90°). However, the angle between the 

anterior and the lateral semicircular canal is the same as in all other extant crocodylians, 

thalattosuchians, Trilophosuchus, Eopneumatosuchus and Portugalosuchus (60°; Fig. 3.26a), 

while it is higher in Almadasuchus, Zulmasuchus, Baurusuchus and Simosuchus (70°). The 

lagenar section could not be segmented. 

Braincase pneumaticity 

The braincase of crocodylomorphs is heavily pneumatized with peculiar structures only found 

in this group (Kuzmin et al., 2021). The pharyngotympanic system and the median pharyngeal 

system form the paratympanic sinus system. Dorsally to these structures is the intertympanic 

diverticulum, which is located along the dorsal margin of the endocast. In UCBL-FSL 532408, 

this structure excavates the parietal, creating the parietal diverticulum (Fig. 3.25a-b, 3.25d-e) 

which has a peculiar shape. In dorsal view, it is anteriorly expanded along its midline showing 

two canals that emerge laterally to it (Fig. 3.25e). Those canals extend posterolaterally in the 

parietal, and the central expansion is bifurcated posteriorly. This arrangement is also present in 

Zulmasuchus, Trilophosuchus and extant crocodylians, however it is absent in thalattosuchians. 
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The structure also has a central opening, which is ovoid in shape. The intertympanic 

diverticulum itself is linked dorsally to the parietal diverticulum and links the two 

pharyngotympanic sinuses on each side of the endocast, as in all crocodyliforms (Clark, 1986; 

Leardi et al., 2020).  

The pharyngotympanic sinuses are located just dorsolaterally to the level of the endosseous 

labyrinths (Fig. 3.25b-c). As in Zulmasuchus, they are rounded and expanded laterally, 

surrounding the endocast and the internal carotid arteries. These structures are also 

indistinguishable from the otoccipital diverticula, expanding posteriorly (Fig. 3.25d-e). Both 

quadrate diverticula are segmented, as well as the cranioquadrate passage on each side (Fig. 

3.25b-c & 3.25e-f). These cranioquadrate passages are not separated from the sinus by a thin 

bony lamina, contrary to what is seen in metriorhynchids (Herrera et al., 2018). A canal 

separating from the cranioquadrate passage was also identified in the posterior part of the 

specimen, which has not been observed before in other crocodylomorphs (Fig. 3.25e-f) but 

could simply be vascularization or innervation. The expanded quadrate diverticulum exhibits 

an unidentified canal expanding anteriorly without contacting the rest of the paratympanic 

system or invading the postorbital or the squamosal, especially visible on the left side (Fig. 

3.25b-c & 3.25e). This might be a peculiar structure of Hamadasuchus or due to the lack of 

sampling and reconstruction of this area in other studies. The basisphenoid diverticulum, which 

links the pharyngotympanic system with the median pharyngeal system is also very expanded 

(Fig. 3.25b-c) as in Zulmasuchus. The recessus epitubaricus and the rostral pneumatic recess 

are expanded and were reconstructed on the left side (Fig. 3.25c). The pharyngotympanic tubes 

are not reconstructed in their entirety, but they are ventrally directed and expanded 

mediolaterally. The pterygoid recesses are symmetrically expanded to those structures but have 

a more anterior origin (Fig. 3.25a-c & 3.25f). The median pharyngeal sinus is verticalized and 

connects with the basisphenoid diverticulum anteriorly and the pharyngotympanic system 

posteriorly (Fig. 3.25c & 3.25f), which suggests that the specimen is not a juvenile, otherwise 

it would have been more horizontal (Dufeau & Witmer, 2015; Serrano-Martínez et al., 2019a). 

Discussion 

Attribution to Hamadasuchus and detailed comparison with Rukwasuchus 

yajabalijekundu 

This specimen can be attributed to Crocodylomorpha because it has no descending process of 

the squamosal (Parrish, 1993). It can be further attributed to Crocodyliformes because the 
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squamosals form most of the flat skull roof, the otoccipitals do not participate in the formation 

of the occipital condyle (Pol & Norell, 2004b), there is no incisive foramen on the palate (Pol 

& Powell, 2011), the frontal is sculpted with low ridges and furrows, the parietal has a 

subrectangular shape in dorsal view, there is a strongly concave anterior margin of the otic 

aperture, the quadrate contacts with the squamosal on the posteroventral border of the otic 

aperture, and there is a connection between the pharynx and the dorsal pneumatic system 

(Leardi et al., 2020). 

 Crocodylomorphs from the Cretaceous of Africa are numerous and diverse, but altirostral 

forms with a heterodont dentition are restricted to a handful of notosuchians. Kaprosuchus 

saharicus has posterodorsally projecting parietal-squamosal horns and a squared internal 

choana, which the specimen described here does not have. Uruguaysuchidae sensu Gasparini 

(1971; including Araripesuchus wegeneri and Araripesuchus rattoides) is diagnosed by having 

a vascular opening in the postorbital bar, a non-ornamented quadratojugal and a distinct 

development of the distal quadrate body ventral to the otoccipital-quadrate contact, traits that 

are absent in the specimen studied here. Libycosuchus brevirostris Stromer, 1914 has very small 

choanae and almost round supratemporal fenestrae, which our specimen does not have. 

However, the specimen described here is remarkably similar to ROM 52620, ROM 52509 and 

ROM 54511 described as belonging to Hamadasuchus rebouli (Larsson & Sues, 2007) and 

RRBP 08360 described as the holotype of Rukwasuchus yajabalijekundu (Sertich & O’Connor 

2014). Concerning the ROM specimens, they are in fact not directly referrable to H. rebouli for 

now because the overlapping part of the set of fossils does not correspond with the holotype of 

this taxon, which is a partial dentary (Buffetaut, 1994). However, given the close resemblance 

between the two, those specimens remain in an unresolved specific status, while still belonging 

to the genus Hamadasuchus (for more information, see discussion in Nicholl et al., 2021; 

Pochat-Cottilloux et al., 2023a). A future detailed comparison of UCBL FSL 532408 and other 

specimens attributable to Hamadasuchus will be beneficial on this topic (Rauhut & Lopez-

Arbarello, 2005; Ibrahim et al., 2020). 

Rukwasuchus is diagnosed by having a dorsally upturned tip of the posterior process of the 

squamosal and a ventrally descending process of the postorbital, which all ROM specimens 

assigned to Hamadasuchus and UCBL FSL 532408 lack. On the other hand, all ROM 

specimens are diagnosed by the combination of a thin intertemporal bar, oval rather than round 

supratemporal fenestrae with dorsomedial edges level with the skull table, tapered distal 
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squamosal prong, large posteroventral process on the postorbital that contacts the quadrate and 

quadratojugal, external auditory meatus fossa extending anteriorly over the entire length of the 

postorbital, prominent bilateral projections on the posterodorsal surface of the supraoccipital, 

no dorsal crest on the dorsal distal part of the quadrate and a supratemporal fossa covering most 

of the bony bar between the supratemporal fenestra and the orbit (Larsson & Sues, 2007). 

UCBL FSL 532408 also displays all those features, apart from the last one. We thus argue that 

this specimen can be attributed to Hamadasuchus rather than to Rukwasuchus. Nonetheless, 

those taxa remain remarkably close, as evidenced in Larsson & Sues (2007) and Sertich & 

O’Connor (2014): for example, they both share a depressed posterior parietal border and an 

anteroventrally projected process of the squamosal below the dorsal lamina of the postorbital.  

In terms of neuroanatomy, R. yajabalijekundu exhibits a significant post cerebral concavity 

posteriorly to the cerebral hemispheres (Sertich & O’Connor, 2014; fig 6c) whereas it is not the 

case of the specimen studied here. The pituitary fossa is directed almost ventrally in 

Rukwasuchus whereas it is much more horizontal in UCBL FSL 532408. Furthermore, the 

ganglion of cranial nerve V is more expanded in this specimen than in Rukwasuchus, but this 

could also be due to a preservation or acquisition bias. Further work is needed to understand if 

those differences really highlight taxonomic differences or if they are more linked to 

ontogenetic and ecological differences. 

Paleobiological inferences 

Peirosaurids are almost exclusively known from cranial remains, which can be very 

fragmentary (Barrios et al., 2016; Lio et al., 2016; Lamanna et al., 2019). As such, inferences 

about their ecology and mobility are exceedingly difficult to make. Here we use for the first 

time the internal structures of a peirosaurid to infer several of their ecological and behavioural 

traits. 

Head posture 

Head posture can be inferred using the orientation of the lateral semicircular canal (Erichsen et 

al., 1989; Witmer et al., 2003, 2008; Hullar, 2006; Sampson & Witmer, 2007; Sereno et al., 

2007; Witmer & Ridgely, 2008). However, this method could be subject to interspecific 

variation (Taylor et al., 2009; Marugán-Lobón et al., 2013), so we also estimated it with the 

alignment of the maxillary toothrow (Marugán-Lobón et al., 2013) or the endocranial surface 

of the parietal (Kley et al., 2010; von Baczko et al., 2018) with the horizontal plane. Those 
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three methods recover an angle between the longitudinal axis of the skull and the horizontal 

plane of 7 to 9° (Fig. 3.27), which is in line with other values inferred for other notosuchians 

(Kley et al., 2010; Dumont et al., 2020b; Fonseca et al., 2020; Pochat-Cottilloux et al., 2022b). 

This posture allows the nostrils to be closer to the ground and a better vision over the altirostral 

snout, which is in line with a terrestrial ecology (Stevens, 2006; Marinho et al., 2013) rather 

than a semi-aquatic or aquatic one where the longitudinal axis of the skull is considered parallel 

to the horizontal plane, especially for buoyancy purposes (Witmer et al., 2008; Bona et al., 

2017; Serrano-Martinez et al., 2019a; Fig. 3.27d). This also implies lower energy costs 

compared to keeping the head on the horizontal plane, although this could only be confirmed 

by studying postcranial material. Apart from Uberabasuchus Carvalho, Ribeiro & Avilla, 2004 

(de Vasconcellos & Carvalho, 2006) and osteoderms of Montealtosuchus Carvalho, de 

Vasconcellos & Tavares, 2007 (Tavares et al., 2015), postcranial anatomy is poorly known in 

Peirosauridae. This altirostral skull morphology is present in sebecosuchians as well (Marinho 

et al., 2013; Dumont et al., 2020b; Fonseca et al., 2020), which may be related to peirosaurids 

(Larsson & Sues, 2007; Pol et al., 2014). This morphology is also present in some theropods 

(Stevens, 2006; Schade et al., 2020), which suggests a similar terrestrial ecology and predatory 

habits for all those organisms.  

Endosseous labyrinth 

The anterior semicircular canal of Hamadasuchus is more expanded than the posterior one, as 

in most other crocodylomorphs and corresponds to a moderate sensitivity to pitching (the 

movement of the endolymphatic liquid inside the canal when the head moves up and down is 

transmitted to the brain via the cristae to control the acceleration; Hudspeth, 1983; Rabbitt et 

al., 2004). The same can be said for the lateral semicircular canal, which corresponds to the 

sensitivity of yaw (lateral acceleration) movements. As a result, Hamadasuchus would have 

been able to move its head to the full extent of its capabilities, especially up and down, which 

brings a further argument in favour of a terrestrial ecology. An especially interesting 

comparison to make here is with the internal structures of Zulmasuchus querejazus (Pochat-

Cottilloux et al., 2022b): this crocodylomorph also has an extended anterior semicircular canal 

compared with the posterior one, however its lateral semicircular canal is much more expanded. 

It can thus be hypothesized that this could be the result of a slightly different adaptation of those 

two crocodylomorphs to hunting or moving, with Zulmasuchus also able to perform more 

pronounced lateral movement of the head, whereas it was less the case in Hamadasuchus. The  
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endosseous labyrinth of Hamadasuchus is also close in shape to those of terrestrial predatory 

theropods, pseudosuchians and early crocodylomorphs (Fig. 3.28; Sanders & Smith, 2005; 

Witmer & Ridgely, 2009; Paulina-Carabajal & Succar, 2014; Xing et al., 2014; Paulina-

Carabajal & Filippi, 2018; Nesbitt et al., 2018; Cerroni & Paulina-Carabajal, 2019; Paulina- 

Carabajal & Nieto, 2019). Those hypotheses are strengthened when looking at semi-aquatic and 

aquatic reptiles which have less expanded semicircular canals, linked with a head more in line 

with body movement (Fig. 3.28; Evans, 1999; Yi & Norell, 2019; Schwab et al., 2020). 

Furthermore, dyrosaurids (semi-aquatic to aquatic crocodylomorphs, mainly marine) have very 

expanded vestibules, which could be linked to an otolith-mediated inner ear for underwater 

vibration detection rather than tympanic driven impedance matching (Erb & Turner, 2021). 

This structure is absent in Hamadasuchus (as well as Zulmasuchus) which is a further argument 

for a terrestrial ecology in these taxa. Several studies have looked at the relationship between 

the shape of the endosseous labyrinth and the living environment: Schwab et al. (2020) 

retrieved a significant correlation between those variables using canonical variate analysis 

(CVA), sampling a variety of fossil and extant crocodylomorphs but Bronzati et al. (2021), after 

investigating on a broader archosauriform sample and including phylogenetic relationships a 

priori, concluded that those variations might be more related to constraints from the 

development of the skull. Furthermore, Schwab et al. (2021b) demonstrated that the shape of 

the endosseous labyrinth in extant crocodylians varies a lot throughout ontogeny, bringing more 

complexity to the debate, which thus remains open. As a result, no clear link between the shape 

of the endosseous labyrinth and ecology has been demonstrated so far.  

Relative brain size 

When looking at the endocast of any organism, an idea of its development can be obtained by 

comparing the metrics of the brain it represents to the metrics of the whole body of the 

organism, i.e., relative brain size. It is used to infer cognition and thermoregulation of extinct 

vertebrates, based on extant representatives (Jerison, 1973; Hopson, 1977). It is traditionally 

linked to the reptile encephalization quotient (REQ) in the case of crocodylomorphs, which 

consists of a linear regression between body mass and brain mass (Hurlburt, 1996). This 

approach has been widely used for paleobiological inferences on fossil crocodylomorphs 

(Serrano-Martínez et al., 2019a, b, 2020; Puértolas-Pascual et al., 2022) but, as rightly 

highlighted in Dumont et al. (2020b), this use is problematic because the REQ changes 

throughout ontogeny (corresponding with changes in brain morphology), even between 

different adult stages (Hurlburt et al., 2013). As a result, we completed the dataset of Dumont  
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Figure3.28:Three-dim
ensional reconstructions of the endosseous labyrinths of different reptiles in lateral view
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et al. (2020b; fig. 8), which rather uses the raw log transformed measurements of body and 

brain mass (Fig. 3.29; see also Supplementary Material S3). Body mass is estimated from skull 

measurements in fossil specimens using linear regression between those metrics in extant 

crocodylians (Paiva et al., 2022). Brain mass can be derived from the endocranial volume 

(assuming a brain density of 1) from the following relation: 

 where EV: endocranial volume and BV: brain volume (Dumont et al., 2020b and 

references therein). Potential bias in those estimation methods exist and the results presented 

thereafter should thus be taken with the necessary precautions.  

As can be seen in Fig. 3.29, across 148 extant and extinct specimens, Hamadasuchus (with the 

addition of the data available for ROM 52620 in George & Holliday, 2013) has an 

encephalization quotient in the range of modern crocodylians. With the addition of 

allodaposuchids (Serrano-Martínez et al., 2020; Puértolas-Pascual et al., 2022), the difference 

observed in baurusuchids originally proposed in Dumont et al. (2020b) now does not seem so 

important. The difference remains significant when looking at body mass (Wilcoxon test, p-

value = 0.019) but not for brain mass (Wilcoxon test, p-value = 0.75). Furthermore, 

Campinasuchus dinizi, which is also a baurusuchid, has similar values as other baurusuchids 

(Fonseca et al., 2020). As a result, we argue that not much paleobiological inferences can be 

made using the relative brain size.                                                                                                                         

Cranial pneumaticity 

The pneumaticity of the skull of Hamadasuchus seems to be very expanded, as in Zulmasuchus 

and Campinasuchus (Fonseca et al., 2020; Pochat-Cottilloux et al., 2022b). However, these 

structures are less expanded in extant crocodylians, allodaposuchids, Portugalosuchus and 

Trilophosuchus (Witmer et al., 2008; Bona et al., 2017; Serrano-Martínez et al., 2019a, b, 2020; 

Puértolas-Pascual et al., 2022, 2023; Ristevski, 2022). In fossils that show adaptations to the 

aquatic environment, some of those structures are even absent: for example, the intertympanic 

diverticulum and parietal diverticulum are missing in thalattosuchians (Brusatte et al., 2016; 

Pierce et al., 2017; Herrera et al., 2018; Schwab et al., 2021a; Wilberg et al., 2021). Multiple 

hypotheses have been formulated to explain these differences and are linked to one another: the 

enlargement of the sinuses could improve resonance and allow for better aerial sound pickup, 

whereas soundwaves travel more easily in the aquatic environment (Dufeau & Witmer, 2015; 

Herrera et al., 2018). The impact of those structures on the buoyancy and skull density in semi-

aquatic to aquatic taxa could also be important (Brusatte et al., 2016). Finally, the development  
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of the sinus system seems to also be linked to the shape of the rostrum (and thus the diet), which 

could have direct implications on the internal constraints of the skull and particularly the 

braincase (Dufeau & Witmer, 2015). As we previously stated, this hypothesis could be 

debatable because this pattern is not found in extant specimens (i.e., longirostrine Gavialis and 

brevirostrine Caiman have similar sinuses; Pochat-Cottilloux et al., 2022b, fig. 8). Finally, there 

seems to be a link between the development of the sinus system and the living environment in 

crocodylomorphs, as terrestrial forms, such as Zulmasuchus, have a very expanded cranial 

pneumaticity, whereas among forms showing adaptations to the aquatic environment, such as 

thalattosuchians, cranial pneumaticity is, as stated above, reduced. 

To get a better view of the problem, we introduced the data obtained from the current study on 

Hamadasuchus in a dataset consisting of extant specimens of diverse ecologies, as well as fossil 

representatives such as Diplocynodon Pomel, 1847, Trilophosuchus, Portugalosuchus or 

Zulmasuchus, all adults (see Supplementary Material S3 for more information). To get an 

unbiased idea of the sinus volume of each specimen, we compared the log transformed sinus 

volume (without the cranioquadrate passages) to the log transformed skull width and skull 

length for each specimen (Fig. 3.30).  

First, as can be seen on Fig. 3.30A, sinus volume is in fact strongly correlated with skull length 

(log skull length = 0.438 ± 0.106 * log sinus volume + 0.927 ± 0.126, 2 s.d.; R2 = 0.84, p-value 

= 3.33.10-9), although their overall morphology seems quite similar. However, once sinus 

volume is normalized to skull length for each specimen, the different snout morphologies of 

extant crocodylians (i.e., brevirostrine for Alligator, Caiman and Osteolaemus, mesorostrine 

for Crocodylus and longirostrine for Gavialis, Mecistops and Tomistoma), which should be 

distinguished when considering the previous correlation, are undistinguishable under a 

Wilcoxon test (see Supplementary Material S3). As such, sinus volume is correlated to skull 

length but not to snout morphology. 

Second, as can be seen on Fig. 3.30B, sinus volume is even better correlated to skull width (log 

skull width = 0.418 ± 0.064 * log sinus volume + 0.666 ± 0.078, 2 s.d.; R2 = 0.91; p-value = 

1.61.10-14). Finally, sinus volume could also be associated with lifestyle: when looking at a 

longirostrine extant specimen (Gavialis), Crocodylus and Zulmasuchus (black square), there is 

a difference in sinus volume between the three groups for specimens of the same size, which 

could be associated with their different lifestyle (respectively aquatic, semi-aquatic and 

terrestrial). Trilophosuchus (terrestrial) also has similarly expanded sinuses compared to 
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caimans (semi-aquatic) of the same skull width. This would be linked with the hypotheses 

mentioned above, such as improved resonance and better aerial sound pickup or the impact on 

the buoyancy of such structures. As a result, Hamadasuchus displaying average values of sinus 

volume, would be associated with a terrestrial lifestyle, but with some semi-aquatic affinities, 

which was also recently highlighted using an independent histological approach (Pochat-

Cottilloux et al., 2023b). However, these results come only by considering the sinus structure 

and volume which is still poorly understood and will have to be compared with other proxies 

Figure 3.30: A: Sinus volume vs skull length in different specimens of extant crocodylians and Hamadasuchus, 
B: Sinus volume vs skull width in different specimens of extant and extinct crocodylomorphs. 
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to reach a more robust answer. This method calls for a deeper sampling and remains limited in 

fully aquatic and fully terrestrial fossil forms, mainly because the sinuses as well as skull width 

must be completely preserved. 

Conclusion 

A detailed comparison of the cranial bones allows to identify the specimen described here as 

belonging to Hamadasuchus, pending a future reassessment of other specimens described as 

belonging to this genus. Close affinities with Rukwasuchus yajabalijekundu are also put 

forward.  

The endocranial structures of Hamadasuchus are described here for the first time. The endocast 

has a sigmoidal shape, the endosseous labyrinths are expanded and the pneumaticity of the skull 

is very enlarged, with much higher volume of the sinuses compared to extant semi-aquatic 

representatives or aquatic fossil forms.  

Using the endocranial structures, the alert head posture of the specimen is inferred to be about 

7-9° with the horizontal plane, which is an important clue as to the terrestrial affinities of this 

taxon, linked with a binocular vision over the altirostral snout. Furthermore, the morphology of 

the endosseous labyrinth also brings information about the lifestyle of the organism: its 

expanded semicircular canals are related to enhanced mobility of the head, which is again in 

line with a terrestrial lifestyle. Finally, the enlarged sinus cavities are compared with those of 

some sebecosuchians: the hypotheses of sinus volume related to living environment and snout 

morphology are tested (scaled with skull size). The volume of the sinuses indeed seems to be 

correlated to both skull width and skull length. Although there is no significant link between 

sinus volume and snout morphology, cranial pneumaticity seems to be linked to the lifestyle, 

but these interpretations must be taken with caution, as lack of preservation in fossil forms and 

thus data, especially on terrestrial representatives, could be potential biases. These data indicate 

a more nuanced result concerning the ecology of Hamadasuchus, with semi-aquatic affinities 

more marked than in the sebecosuchians for example. In summary, this peirosaurid taxon is 

inferred to have had a terrestrial lifestyle, as for sebecosuchians, but with probable semi-aquatic 

affinities. 

Another proxy which could be related to the lifestyle is tested: the relative brain size. However, 

it does not seem to bring out relevant information, as all sampled specimens are grouped, and, 

as a further limitation, is based on size estimates for extinct forms.  
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The study and interpretation of the internal structures of crocodylomorphs needs to be amplified 

and applied to other putatively terrestrial groups, such as atoposaurids or sphagesaurians, and 

may be coupled with other geochemical or histological proxies in order to further aid 

paleoecological and paleobiological inferences. 
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IV- Paleoneuroanatomy of Varanosuchus sakonnakhonensis from Thailand: 

paleobiological implications 

This study is based on the most complete specimen of Varanosuchus sakonnakhonensis (SM-

2021-1-97/101), a new taxon that was presented and described in detail in Chapter 2 (III). It is 

especially interesting to study as, to my knowledge, no data on the neuroanatomy of 

atoposaurids has ever been published, so it could bring further evidence to discuss the debated 

lifestyle of this clade. Although some studies hint towards a putative terrestrial lifestyle because 

of their fossil record (Schwarz & Salisbury, 2005) and their skull morphology (Martin et al., 

2014a), in Chapter 2 (III) we proposed arguments in favour of a more contrasted lifestyle (semi-

terrestrial), such as the ornamentation of the osteoderms (Pochat-Cottilloux et al., 2023b) or the 

inferred posture (Chapter 2, III).    

Here, using the reconstructed endocranial structures and their paleobiological implications, I 

will infer several paleoecological traits of this atoposaurid, using the different proxies discussed 

previously in this Chapter and putting them in perspective with other clades representative of 

different lifestyles, described throughout this chapter or in the literature (Table 4, Appendices 

7 & 8).  
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a- CT scan and comparisons 

A complete skull (SM-2021-1-97/101) was found in the locality of Phu Sung (Sakon Nakhon, 

Thailand), in the Early Cretaceous of the Sao Khua Formation (Chanthasit et al., 2019; 

Ditbanjong et al., 2019). It was scanned in January 2022 at the Laboratoire Mateis (INSA Lyon, 

Villeurbanne, France), using the Double Tomographe à Haute Energie (DTHE, RX Solutions): 

scanning parameters were set to 220 kV tube voltage and 129 μA current. The scan has a voxel 

size of 30 μm. Processed volumes are available here: https://mycore.core-

cloud.net/index.php/s/XqER2roioRkmz50. As stated previously, the description is focused on 

the spaces bounded by bones rather than the unpreserved soft tissues. In order not to weight 

down the description, comparisons will be made with the various specimens detailed in Table 

4 and Appendices 7 & 8.  

b- Description 

Below are several important measurements following Pierce et al. (2017; fig. 2): 

- Skull width at cerebrum: 4 cm 

- Endocast length: 3.8 cm 

- Cerebrum width: 0.8 cm 

- Pituitary width: 0.5 cm 

- Pituitary height: 0.7 cm 

- Pituitary length: 1.1 cm 

Cranial endocast and vascular structures 

The endocast is badly preserved and probably does not exhibit its original shape due to 

deformation and taphonomic processes: for example, the pituitary fossa is detached from the 

endocast itself and the anteriormost part is shifted dorsally (Fig. 3.31). As a result, the real 

flexure angles of the endocast and its original volume cannot be estimated, the cranial nerves 

could not be segmented, and caution should be exercised when trying to make interpretations 

on the cranial endocast of this specimen. As such the olfactory tract and olfactory bulbs are 

unfortunately too damaged to be described. The cerebral hemispheres are not laterally expanded 

(Fig. 3.31A, 3.31C & 3.31F), as those of sebecosuchians, metriorhynchids and Sphenosuchus, 

but it is again likely due to a deformation bias. In lateral view (Fig. 3.31F), the endocast has a 

flat shape with high cephalic and pontine flexure values, as do early crocodylomorphs and  
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Figure 3.31:Three-dim
ensional reconstruction of the endocranial cavities w

ithin the braincase of SM
-2021-1-97/101

(Varanosuchus) in dorsal (A
), anterior (B

), ventral (C
), 

anterior ¾
 (D

), lateral (E) and posterior (F) view
s. B

lue: endocast, red: internal carotid artery, purple: pituitary fossa. cb: cerebrum
, vlvs: ventral longitudinal venous sinus. 

Scale bar is 2 cm
.



Chapter 3 

233 
 

thalattosuchians. The dorsal part of the hindbrain is compressed mediolaterally to accommodate 

for the endosseous labyrinths (which could unfortunately not be segmented), as in other 

crocodylomorphs. There are no special structures in the dorsal part of the cerebellum and the 

ventral longitudinal venous sinus is well expanded (Fig. 3.31C & F, as in Alligator, Crocodylus, 

Portugalosuchus, Zulmasuchus, Hamadasuchus and Sphenosuchus.  

The pituitary fossa is more extended anteroposteriorly than dorsoventrally, and it is directed 

posteroventrally to anteroposteriorly, although it is difficult to assess its original orientation. 

Only the anterior part of the internal carotid arteries is preserved, which is the one connected to 

the posterior end of the pituitary fossa through the carotid pillars (sensu Walker, 1990).  

Braincase pneumaticity 

The intertympanic and pharyngotympanic sinus systems are better preserved (Fig. 3.32). In 

Varanosuchus, there does not seem to be a parietal diverticulum (Fig. 3.32A-B & 3.32D), as in 

thalattosuchians, although this might be linked to taphonomic processes. The intertympanic 

diverticulum itself links the two pharyngotympanic sinuses on each side of the endocast, as in 

all crocodyliforms (Clark, 1986; Leardi et al., 2020b). The otoccipital recesses are developed 

posteriorly (Fig. 3.32A & 3.32E) as in adult specimens of extant short-snouted crocodylians 

(Perrichon et al., 2023).  

The rhomboidal pneumatic recess is moderately expanded, between what is observed in modern 

crocodylians, and Zulmasuchus and Hamadasuchus (Fig. 3.32B & 3.32D-E). The 

laterosphenoid and prootic pneumatic recesses are also expanded, in a similar manner to 

Zulmasuchus and Hamadasuchus (Fig. 3.32A & 3.32D). Ventrally, the median pharyngeal 

sinus is verticalized and very expanded, which makes identification of the different recesses 

and canals difficult (Fig. 3.32B-C). Nevertheless, it suggests that this specimen is mature, as it 

would otherwise have been more horizontal (Dufeau & Witmer, 2015; Serrano-Martínez et al., 

2019b). However, on the left side, the parabasisphenoid and basioccipital pneumatic recesses 

are especially visible (Fig. 3.32D & 3.32F). 

c- Paleobiological inferences 

As described before in this chapter, the endocranial structures of Varanosuchus will now be 

used to assess key points of the lifestyle of atoposaurids. Unfortunately, as the CT scan data 

and the preservation of specimen are less exploitable than the two previous forms studied, 

inferences can only be made on its cranial pneumaticity.  
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Figure 3.32: Three-dimensional reconstruction of the pneumatic cavities within the braincase of SM-2021-1 -
97/101(Varanosuchus) in dorsal (A), anterior (B), ventral (C), anterior ¾ (D), posterior (E) and lateral (F) views. 
Blue: endocast, green: cranial pneumaticity, red: internal carotid artery, purple: pituitary fossa. BoPR: basioccipital 
pneumatic recess, LsProPR: laterosphenoid and prootic pneumatic recesses, MPS: median pharyngeal sinus, 
OtoPR: otoccipital pneumatic recess, PbsPR: parabasisphenoid pneumatic recess, RhPR: rhomboidal pneumatic 
recess. Scale bar is 2 cm. 
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The pneumaticity of the skull of Varanosuchus seems to be expanded in an intermediate manner 

between those of Zulmasuchus (Pochat-Cottilloux et al., 2022b), Campinasuchus (Fonseca et 

al., 2020) and Hamadasuchus (Pochat-Cottilloux et al., 2023d), and those of extant 

crocodylians, allodaposuchids and Portugalosuchus (Witmer et al., 2008; Bona et al., 2017; 

Serrano-Martínez et al., 2019a, b; 2020; Puértolas-Pascual et al., 2022, 2023). In fact, the 

cranial pneumaticity of Varanosuchus is highly similar to the one of Trilophosuchus rackhami 

(Ristevski, 2022), a mekosuchine from the Miocene of Australia (Ristevski et al., 2023a). On 

the contrary, as stated previously, fossil forms that show adaptations to the aquatic environment, 

such as thalattosuchians, consistently have some of those structures missing (intertympanic and 

parietal pneumatic recesses; Brusatte et al., 2016; Pierce et al., 2017; Herrera et al., 2018; 

Schwab et al., 2021a; Wilberg et al., 2021).  

As tested on Hamadasuchus, I have updated the dataset of the cranial pneumaticity presented 

in Pochat-Cottilloux et al. (2023d) to get an unbiased idea of the intertympanic and 

paratympanic sinus systems volume of Varanosuchus, compared with extant and extinct 

specimens of diverse ecologies. The log transformed sinus volume (without cranioquadrate 

passages) is compared to the log transformed skull width and skull length for each specimen 

(Fig. 3.33). In Varanosuchus (SM-2021-1-97/101), skull width is 12 centimetres, skull length 

is 17.1 centimetres and braincase pneumaticity volume is 5.4 cm3. 

The addition of Varanosuchus data does not change the correlation between sinus volume and 

skull length (Fig. 3.33A; log skull length = 0.439 ± 0.103 * log sinus volume + 0.925 ± 0.121, 

2 s.d.; R2 = 0.85, p-value = 2.00.10-9). Varanosuchus has similar values than extant brevirostrine 

specimens. Furthermore, sinus volume is also still correlated with skull width (log skull width 

= 0.410 ± 0.064 * log sinus volume + 0.677 ± 0.077, 2 s.d.; R2 = 0.91, p-value = 1.54.10-14). 

Compared with specimens with a similar skull width, Varanosuchus has a small sinus volume 

(which is not the case for Zulmasuchus or Hamadasuchus for example). This could be evidence 

of a more aquatic lifestyle than previously thought, or a taphonomic artifact, as highlighted on 

the endocast. A hypothesis on the lifestyle of atoposaurids through the study of their internal 

structures can thus only be made with the addition of other specimens, and the cranial 

pneumaticity of crocodylomorphs needs to be better understood in terms of ontogeny, ecology 

and phylogeny (Kuzmin et al., 2021; Kuzmin, 2022b; Perrichon et al., 2023). 
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V- Endosseous labyrinths and their links to ontogeny, phylogeny, and ecology in 

Crocodylomorpha 

As previously stated (see I), the endosseous labyrinths of crocodylomorphs have been the 

subject of several recent studies, and their ontogenetic, ecological, and phylogenetic 

implications are currently under debate. Schwab et al. (2020) first detected an ecological signal 

on a sample of crocodylomorphs (n = 32) with a significant change in morphology between 

aquatic (thalattosuchians, n = 13), semi-aquatic (extant crocodylians, n = 14) and terrestrial 

Figure 3.33: A: Sinus volume vs skull length in different specimens of extant crocodylians, Hamadasuchus and 
Varanosuchus, B: Sinus volume vs skull width in different specimens of extant and extinct crocodylomorphs. 
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(sphenosuchians and Protosuchus Brown, 1934, n = 3) forms based on a 3D geometric 

morphometric approach. However, Bronzati et al. (2021) contested those results using a similar 

approach, but including phylogenetically informed statistical tests, on a much larger taxonomic 

sample (n = 82 including birds, turtles, and lizards, but only n = 14 crocodylomorphs and n = 3 

terrestrial forms). Indeed, these authors found no support for an ecological signal in the 

endosseous labyrinths of their sample associated with the transition between habitats but rather 

recovered a link with the shape of the skull, dorsoventrally compressed skulls of 

thalattosuchians being associated with dorsoventrally low labyrinths. Finally, Schwab et al. 

(2021b) showed that ontogenetic variation also played a role, using an extant crocodylian 

dataset (n = 30) with several ontogenetic stages. Two major shifts occur: an increase in size 

throughout ontogeny, and a change in shape, with smaller semicircular canals in juveniles than 

in adults. As a result, they also concluded that the shape of the endosseous labyrinths was 

constrained by the skull, rather than linked to any ecological or phylogenetic signal. 

Throughout this chapter, we have seen that the endosseous labyrinths of Zulmasuchus and 

Hamadasuchus differ in shape from those of extant semi-aquatic and extinct aquatic 

crocodylomorphs. With the addition of those data (and others), I aim to enlarge the taxonomic 

sample of terrestrial forms of crocodylomorphs, as previous studies could only incorporate three 

specimens, thus creating a significant bias. Based on an extensive dataset of extant specimens, 

representing almost all their taxonomic diversity, I will first try to reassess the link between 

endosseous labyrinth shape and ontogeny, before assessing its potential ecological and 

phylogenetic implications incorporating fossil forms. 

Out of the 116 extant specimens studied in the framework of this thesis (see Appendices 7 & 

8), the endosseous labyrinths of 101 of them could be segmented and used here. Those represent 

21 species out of the 23 to 28 species that exist today, with ontogenetic series (at least four 

individuals of diverse size) for 11 of them. Out of the 37 extinct specimens studied in the 

framework of this thesis (see Appendices 7 & 8), the endosseous labyrinths of 22 of them could 

be segmented and used here. Those represent fossils with different inferred lifestyles, such as 

fully aquatic, semi-aquatic or terrestrial.  

As it is especially difficult to identify clear limits between the different ontogenetic stages in 

crocodylians, due to their continuous growth and lack of data (Morris et al., 2019; Schwab et 

al., 2021b), I have decided to classify them in three different size classes. Extant specimens 

were classified as hatchlings, juveniles or adults depending on their skull length and genus 
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(following Perrichon et al., 2023, with subadults and adults regrouped). As ontogenetic 

variation in fossils is very difficult to assess, extinct specimens were defined as adults by 

default, unless proven otherwise. 

In the dataset, some taxonomic uncertainties remain, such as the delimitation between 

Crocodylus porosus and Crocodylus siamensis (Perrichon et al., 2023), or the taxonomic 

content of Crocodylus niloticus and Crocodylus suchus Geoffroy Saint-Hilaire, 1807 (Hekkala 

et al., 2011; Meredith et al., 2011; Nicolaï & Matzke, 2019; Pan et al., 2021). On this last 

matter, here all specimens are assigned to Crocodylus niloticus, pending further morphological 

studies on their possible distinguishability. For now, there are no true morphological differences 

between Mecistops cataphractus and Mecistops leptorhynchus Bennett, 1835, so the specimens 

are designated as Mecistops sp. To detect the subtle morphological differences between 

Mecistops cataphractus and Mecistops leptorhynchus would indeed necessitate a separate 

geometric morphometric analysis of the skull of the specimens studied here (Carr et al., 2021), 

which is out of scope and finally not that useful here. 

a- Geomorphometric analyses 

To infer the shape variation of the dataset of endosseous labyrinths studied here, 3D 

geomorphometric analyses were used. Briefly, these consist in the statistical comparisons of 

the 3D coordinates of homologous points on the 3D volume of each endosseous labyrinth: these 

points are called landmarks. Here, I first used 26 of them, that were placed using the software 

MorphoDig 1.5.3 (Lebrun, 2018), and chosen to reflect the shape and extension of the 

structures, apart from the lagenar region which is a source of segmentation problem (see Pochat-

Cottilloux et al., 2022b). The type I (clearly defined) and type II (maximum curvatures) 

landmarks (Bookstein, 1997) used are detailed in Fig. 3.34 and Table 9. Then, these 26 

landmarks were used as the basis for building landmark curves corresponding to the outline of 

the semicircular canals and the vestibula. On the five landmark curves, 20 sliding semi-

landmarks (Gunz & Mitteroecker, 2013; Bardua et al., 2019) were evenly distributed (i.e., 100 

sliding semi-landmarks in total) to assess whether a different number of landmarks to 

characterize the same shapes had any influence on the statistical interpretations. Furthermore, 

the landmark placement protocol was also tested for any placement bias (i.e., significant error 

of landmark placement because of unclear definitions or difficult structures), by replotting the 

landmarks on the same set of three specimens ten times, each on different days, and comparing 

them statistically.  
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Figure 3.34: Location of the 3D landmarks captured on the specimens. First two rows: 26 type I and II numbered 
landmarks. Last two rows: 100 semi-sliding landmarks in green with landmarks of the first protocol in red for 
comparison. Left endosseous labyrinth from AMU Zoo-04721 (Mecistops sp.) in lateral (A & G), medial (B & H), 
dorsal (C & I), anterior (D & J), posterior (E & K) and ventral (F & L) views. Scale bar is 1 cm. 
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Table 9: Landmarks definition  

Number Definition 

1 Anteriormost point in lateral view 

2 
Dorsalmost point of the anterior semicircular canal external surface in lateral 

view 

3 Ventralmost point of the common crus in lateral view 

4 
Dorsalmost point of the posterior semicircular canal external surface in lateral 

view 

5 Posteriormost point in lateral view 

6 Posteriormost point of lateral semicircular canal external surface in dorsal view 

7 Lateralmost point of lateral semicircular canal external surface in dorsal view 

8 Anteriormost point of lateral semicircular canal external surface in dorsal view 

9 Anteriormost point of anterior semicircular canal internal surface in lateral view 

10 Dorsalmost point of anterior semicircular canal internal surface in lateral view 

11 
Posterodorsalmost point of anterior semicircular canal internal surface in lateral 

view 

12 
Posteroventralmost point of anterior semicircular canal internal surface in lateral 

view 

13 
Posteriormost point of posterior semicircular canal internal surface in lateral 

view 

14 Dorsalmost point of posterior semicircular canal internal surface in lateral view 

15 
Anterodorsalmost point of anterior semicircular canal internal surface in lateral 

view 

16 
Anteroventralmost point of anterior semicircular canal internal surface in lateral 

view 
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17 
Anterolateralmost point of lateral semicircular canal internal surface in dorsal 

view 

18 
Posterolateralmost point of lateral semicircular canal internal surface in dorsal 

view 

19 
Anteromedialmost point of lateral semicircular canal internal surface in dorsal 

view 

20 
Posteromedialmost point of lateral semicircular canal internal surface in dorsal 

view 

21 Anteriormost point in medial view 

22 Anteriormost point of cochlear duct in medial view 

23 Posteriormost point of cochlear duct in medial view 

24 Posteriormost point in medial view 

25 Posterior intersection between common crus and vestibula in medial view 

26 Anterior intersection between common crus and vestibula in medial view 

All analyses were performed in R4.3.0 (R Core Team, 2023) using the packages geomorph 

4.0.5 for geometric morphometric analyses (Adams & Otárola-Castillo, 2013), rgl 1.1.3 (R Core 

Team, 2023) and ggplot2 3.4.2 (Wickham, 2011) for visualization purposes and ape 5.7-1 

(Paradis et al., 2004) and paleotree 3.4.5 (Bapst, 2012) for phylogenetic analyses.  

On each sub-analyses run, the first step was to correct the differences in size and alignment of 

the different specimens through a generalized least-squares Procrustes Analysis (GPA) 

superimposition using the function gpagen (Rohlf & Slice, 1990; Baken et al., 2021). Then, 

principal component analyses (PCA) were used on the Procrustes shape coordinates (function 

gm.prcomp) to find the major axes of variation of each sub-datasets. To enhance the 

visualizations, 3D wireframes were created using the functions PlotRefToTarget and 

shape.predictor. 

The effect of phylogeny on shape can be corrected or prioritized using phylogenetic PCA 

(Revell, 2009) or phylogenetically aligned component analysis (PACA; Collyer & Adams, 

2021) respectively. Other factors, such as ecology (aquatic, terrestrial, semi-aquatic or 
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unknown), size (centroid size) or skull shape (brevirostre, mesorostre, longirostre), can be 

statistically correlated using Procrustes ANOVA for Procrustes shape variable (function 

procD.lm), which corresponds to a non-parametric Permutational Multivariate Analysis of 

Variance (Anderson, 2001). Phylogenies were time-scaled using the function timePaleoPhy. 

The “mbl” method was used (Laurin, 2004), which dates internal nodes by the oldest species 

they include, with a minimum branch of one million years to avoid zero-length branches. 

Stratigraphic ranges of the different species used here were obtained from the Paleobiology 

Database (PBDB; https://www.paleobiodb.org).  

To assess differences between the two landmarking protocols, a correlation test was run only 

on extant adults for each protocol (n = 65), to eliminate any ecological or ontogenetic bias. This 

correlation test was run through the function integration.test, which quantifies the degree of 

morphological integration between modules of Procrustes shape variables.  

Then, the extant sample was studied to assess ontogenetic implications, using ontogenetic series 

of Alligator, Caiman, Crocodylus, Gavialis, Mecistops, Osteolaemus, Paleosuchus and 

Tomistoma. The ontogenetic trajectories were found using a linear regression between the 

Procrustes coordinates of the first axis of major variation and the log transformed centroid size 

of the specimens (function lm). 

Finally, asymmetry between the left and right endosseous labyrinths has already been assessed 

in crocodylomorphs to be minimal (Schwab et al., 2020), so here the left endosseous labyrinth 

was used when available. If only the right endosseous labyrinth was available, it was mirrored 

using Blender v2.91 before landmark placement.  

All necessary landmark files, the meshes used, and the R script are available here: 

https://mycore.core-cloud.net/index.php/s/QnSKKqRu39Tl5UO  

b- Results and interpretations 

First, the two landmarking protocols are found similar under an integration test (R2 = 0.95, p-

value = 0.001) on the extant adult specimens (Fig. 3.35). As a result, and for time saving, the 

first landmarking protocol was replicated on all specimens. The landmarking protocol is further 

validated as the different replications of the three different genera done on different days cluster 

on a PCA (Fig. 3.36) and are significantly separated (the Procrustes coordinated are 

significantly correlated with genus, R2 = 0.76, p-value = 0.001). 
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In the extant sample (n = 103), the Procrustes ANOVA revealed a significant effect of size, 

genus, family, and skull shape (p = 0.001), at various percentages (Table 10). Furthermore, the 

first three principal components of the complete extant morphospace explain 41.8 % of the total 

Figure 3.35: Correlation between the Procrustes coordinates of the two landmarking protocols.

Figure 3.36: Morphospace occupation of endosseous labyrinth shape in the ten different replicates. Extreme shapes
for each PC axes given with wireframes in lateral view. 
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Table 10: Regression tests on the full extant sample (n = 103). Non-significant results highlighted in red. 

Variable 1 Variable 2 p-value R2 

Procrustes coordinates Size 0.001 0.13 

Procrustes coordinates Genus 0.001 0.21 

Procrustes coordinates Family 0.001 0.10 

Procrustes coordinates Skull shape 0.001 0.07 

PC1  Size 0.001 0.17 

PC1  Genus 0.001 0.31 

PC1  Family 0.001 0.22 

PC1  Skull shape 0.006 0.11 

PC2  Size 0.04 0.04 

PC2 Genus 0.001 0.21 

PC2 Family 0.003 0.12 

PC2 Skull shape 0.05 0.05 

PC3  Size 0.14 0.02 

PC3 Genus 0.001 0.35 

PC3 Family 0.45 0.03 

PC3 Skull shape 0.005 0.09 

variance, with changes throughout ontogeny (Fig. 3.37). The remaining components each 

accounted for less than 10% of the total variance and were thus not considered. PC1 is related 

to the anteroposterior compression of the endosseous labyrinth with positive values related to 

an anteroposterior elongation. PC2 characterizes the development of the semicircular canals, 

with positive values related to minimum development. PC3 is associated with the dorsoventral 

development of the endosseous labyrinth with negative values corresponding to a maximum 

dorsoventral development. PC1 and PC2 scores are significantly correlated with size, genus, 
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family, and skull shape, while PC3 scores are only significantly correlated with genus and skull 

shape (Table 10).  

As a result, adult specimens are located towards negative PC1 and PC2 values, juveniles 

towards null values and hatchlings specimens towards positive PC1 and PC2 values. 

Figure 3.37: Morphospace occupation of endosseous labyrinth shape in the extant sample. Extreme shapes for 
each PC axes given with wireframes in lateral view.  
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Alligatorids, Tomistoma and crocodylids are scattered in the extant morphospace, while 

gavialids are restricted to positive PC2 values. 

As Schwab et al. (2021b) noticed, there is a strong ontogenetic signal in the endosseous 

labyrinth of extant crocodylians, with significant correlations in Alligator, Caiman, Crocodylus, 

Gavialis, Mecistops, Osteolaemus and Tomistoma (Fig. 3.38 & 3.39). The trend in Paleosuchus 

is not significant, but this might rather be due to the low number of specimens sampled (n = 4; 

Fig. 3.39C). During ontogeny, the endosseous labyrinth becomes anteroposteriorly compressed 

(PC1) with thinner semicircular canals (PC2). This agrees with the hypothesis put forward in 

Schwab et al. (2021b), that braincase dimensions, and how they change throughout ontogeny 

has a direct effect on the endosseous labyrinth size and shape. This is linked with the 

verticalization of the braincase in the first years of life of crocodylians (Tarsitano et al., 1989), 

resulting in a dorsoventral expansion of the braincase and a flattening of the skull roof (Witmer, 

1995; Gold et al., 2014; Dufeau & Witmer, 2015; Morris et al., 2021). Negative allometries are 

retrieved in the ontogenetic series, meaning that the endosseous labyrinth development is 

slower than that of the skull. Thus, to assess the phylogenetic and ecological implications of the 

endosseous labyrinth, the dataset must consist only of adult specimens, to remove any 

ontogenetic bias (Schwab et al., 2021b). In the sample consisting only of adult specimens 

(extant and extinct, n = 91), the Procrustes ANOVA revealed a significant effect of size, genus, 

family, ecology, and skull shape (p = 0.001), at various percentages (Table 11). Furthermore, 

the first two principal components of the complete adult morphospace explain 26.1 % of the 

total variance, with changes throughout phylogeny and ecology (Fig. 3.40 & 3.41). The 

remaining components each accounted for less than 10% of the total variance and were thus not 

considered. PC1 is related to the anteroposterior compression of the endosseous labyrinth with 

positive values related to an anteroposterior elongation. PC2 is associated with the dorsoventral 

development of the endosseous labyrinth with negative values corresponding to a maximum 

dorsoventral development. PC1 and PC2 scores are significantly correlated with size, genus, 

family, and skull shape, while only PC1 is correlated with ecology. 

Fully aquatic specimens are located towards PC1 negative values, but those specimens are also 

phylogenetically separated from extant crocodylians and terrestrial forms (Fig. 3.40). On the 

other hand, terrestrial and semi-aquatic forms are no separated. As a result, aquatic 

thalattosuchians (which are longirostrine) have an anteroposteriorly developed endosseous 

labyrinths, while semi-aquatic and terrestrial forms (mesorostrine and brevirostrine) have a 

more compressed endosseous labyrinth shape (Fig. 3.41). 
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However, the variations in shape, although they are studied only on adults, are still lightly 

influenced by size (Table 11). In order to remove this bias, the residual shape components 

(RSC) of a regression between the common allometric component (CAC; Mitteroecker et al., 

2004) of the sample and the size was performed using the function plotAllometry. Then, another 

PCA was run on those residual components, which are effectively Procrustes coordinates 

corrected for the effect of allometry. 

Table 11: Regression tests on the full adult sample (n = 91). Non-significant results highlighted in red. 

Variable 1 Variable 2 p-value R2 

Procrustes coordinates Size 0.001 0.04 

Procrustes coordinates Genus 0.001 0.56 

Procrustes coordinates Family 0.001 0.32 

Procrustes coordinates Skull shape 0.001 0.11 

Procrustes coordinates Ecology 0.001 0.15 

PC1 Size 0.002 0.12 

PC1 Genus 0.001 0.81 

PC1 Family 0.001 0.69 

PC1 Skull shape 0.01 0.21 

PC1 Ecology 0.001 0.42 

PC2 Size 0.002 0.12 

PC2 Genus 0.001 0.71 

PC2 Family 0.001 0.52 

PC2 Skull shape 0.03 0.23 

PC2 Ecology 0.08 0.08 
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In the sample consisting only of adult specimens corrected for allometry (extant and extinct, n 

= 91), the Procrustes ANOVA revealed a significant effect of genus, family, ecology, and skull 

shape (p  0.005), at various percentages (Table 12). Furthermore, the first two residual shape 

components of the complete adult morphospace corrected for allometry are linked with changes 

throughout phylogeny and ecology (Fig. 3.42 & 3.43). RSC1 is related to the shape of the lateral 

semicircular canal and the dorsal outline of the endosseous labyrinth with positive values 

related to smaller lateral semicircular canal and a straight dorsal outline of the endosseous 

labyrinth. RSC2 is associated with the size of the anterior and lateral semicircular canals, with 

RSC2 positive values related to smaller semicircular canals. RSC1 and RSC2 scores are 

significantly correlated with genus, family, and ecology, while only RSC1 is correlated with 

skull shape.  

Fully aquatic specimens are located towards RSC1 negative values, but those specimens are 

also phylogenetically separated from extant crocodylians and terrestrial forms (Fig. 3.42). On 

the other hand, terrestrial and semi-aquatic forms are no separated. As a result, aquatic 

thalattosuchians (which are longirostrine) have a large semicircular canal and a small common 

crus (i.e., twisted dorsal outline of the endosseous labyrinth), while semi-aquatic and terrestrial 

forms (mesorostrine and brevirostrine) have smaller semicircular canals (Fig. 3.43). 

In this same dataset of residual shape components coordinates, the phylogenetic signal can be 

assessed, using the multivariate version of the K-statistic (Kmult; Adams, 2014). This value 

varies between 0 and 1 and evaluates the degree of phylogenetic signal in a dataset compared 

to what is expected under a Brownian model of evolution: the higher the phylogenetic signal, 

the closest the value will be of 1. Here, Kmult = 0.13 (p-value = 0.001), which, although 

significant, implies a low impact of phylogeny on the total shape variation of the 

crocodylomorphs sampled here. Thus, I will not try to reconstruct ancestral states or 

evolutionary rates of the endosseous labyrinths in crocodylomorphs. As a result, when 

considering the effect of allometry, the variation of shape of the endosseous labyrinths of 

crocodylomorphs seems to be poorly related to phylogeny and ecology. Through phylogenetic-

PCA, the dataset can also be corrected for the effect of phylogeny.  

In the sample consisting only of adult specimens corrected for allometry and phylogeny (extant 

and extinct, n = 91), the first two residual shape components of the complete adult morphospace 

are linked with none of the remaining variables studied here (Fig. 3.44 & 3.45; Table 13), 

although Phy-RSC1 is significantly linked with ecology but most probably because of the three 
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Table 12: Regression tests on the full adult sample corrected for allometry (n = 91). Non-significant results 

highlighted in red. 

outliers. Phy-RSC1 is related to the size of the endosseous labyrinths, with positive values 

related to smaller endosseous labyrinths. Phy-RSC2 is also associated with the size of the 

endosseous labyrinth, with Phy-RSC2 positive values related to largest endosseous labyrinths. 

It is surprising to see that these axes are linked with size, as the data is supposed to be corrected 

for allometry. This might be an artifact linked with a high loss of shape information due to the 

constraints applied here All the specimens are centered in the middle of the morphospace, 

except for three of them: two Voay robustus (NHMUK 36684 & 36685), which have the most 

positive Phy-RSC1 values and one Paleosuchus trigonatus (MHNL 42003939), which has the 

most positive Phy-RSC2 values. Thus, the endosseous labyrinths of those specimens are much 

larger than the rest of the sample, which is surprising because the effect of size has been 

Variable 1 Variable 2 p-value R2 

Procrustes coordinates corrected for allometry Size 1 < 0.01 

Procrustes coordinates corrected for allometry Genus 0.001 0.54 

Procrustes coordinates corrected for allometry Family 0.001 0.29 

Procrustes coordinates corrected for allometry Skull shape 0.005 0.08 

Procrustes coordinates corrected for allometry Ecology 0.001 0.10 

RSC1 Genus 0.001 0.82 

RSC1 Family 0.001 0.67 

RSC1 Skull shape 0.01 0.16 

RSC1 Ecology 0.001 0.30 

RSC2 Genus 0.001 0.73 

RSC2 Family 0.001 0.47 

RSC2 Skull shape 0.72 0.02 

RSC2 Ecology 0.003 0.15 
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Table 13: Regression tests on the full adult sample corrected for allometry and phylogeny (n = 91). Non-
significant results highlighted in red. 

 

previously corrected (Table 13). This could either be due to very subtle variations in shape, as 

most of the variance has already been considered in previous analyses (ontogeny and 

phylogeny), or because of a wrong taxonomic identification or phylogenetic placement, 

artificially correcting a phylogenetic bias that does not exist and thus displacing those 

specimens in the morphospace. Ecology and skull shape have no impact here on the shape 

variations of the endosseous labyrinths, and I can thus conclude that the endosseous labyrinths 

is not a good structural proxy for lifestyle in crocodylomorphs, as highlighted in Bronzati et al. 

(2021) and contrary to Schwab et al. (2020). 

VI- Conclusions and perspectives 

Recent advances in CT scan technologies have allowed to explore the internal structures of 

numerous crocodylomorphs, and we are beginning to get a more complete picture of the 

variations in extant and extinct forms. Here, the internal structures of Zulmasuchus, 

Variable 1 Variable 2 p-value R2 

Phy-RSC1 Size 0.87 < 0.01 

Phy-RSC1 Genus 0.14 0.54 

Phy-RSC1 Family 0.57 0.05 

Phy-RSC1 Skull shape 0.22 0.04 

Phy-RSC1 Ecology 0.004 0.23 

Phy-RSC2 Size 0.47 < 0.01 

Phy-RSC2 Genus 0.39 0.30 

Phy-RSC2 Family 0.68 0.06 

Phy-RSC2 Skull shape 0.77 0.01 

Phy-RSC2 Ecology 0.10 0.08 
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Hamadasuchus and Varanosuchus are described. These taxa belong to several different clades 

with slightly different ecologies. 

The internal structures of crocodylomorphs are of particular interest because they bear several 

paleoecological implications. The endocast and cranial nerves can be associated with different 

senses such as olfaction or vision. The endosseous labyrinths provide information about the 

alert head posture of the organism and the way it was able to move its skull, as well as its 

hearing capabilities. Finally, the peculiar cranial pneumaticity of crocodylomorphs is 

interesting because it could be linked to lifestyle, with enlarged sinuses corresponding to a 

terrestrial lifestyle, while aquatic forms have a reduced pneumaticity. This type of study still 

needs to be amplified in terrestrial forms, with fossil clades that are still poorly or not at all 

sampled, such as sphenosuchians, sebecosuchians, sphagesaurians, atoposaurids and 

paralligatorids. 

The knowledge of the ecology of fossil forms comes from fundamental studies in extant forms, 

that need to be completed, especially on the function of cranial sinuses, and the relationship 

between the endosseous labyrinths and inner ears (hard versus soft tissues). Here, by taking a 

closer look at the shape variation of this structure on a large sample of crocodylomorphs both 

extant and extinct, I confirm the results of Schwab et al. (2021b): the endosseous labyrinths of 

crocodylomorphs are strongly linked with ontogeny, and follow a global negative allometric 

trend (i.e., inner ears grow continuously during ontogeny, but at a reduced rate compared to the 

skull). This structure also bears a phylogenetic signal, although it seems to be minimal and thus 

was not explored in further details. However, no significant ecological signal was found, 

agreeing with Bronzati et al. (2021) but not with Schwab et al. (2020).  

Similar studies must be performed on the endocast and associated structures (Conedera, 2022), 

as well as cranial pneumaticity (Dufeau & Witmer, 2015; Kuzmin et al., 2021; Perrichon et al., 

2023), to better understand their ontogenetic, ecological, and phylogenetic implications, and 

evaluate if they can help refine the phylogenetic relationships of some groups or better 

understand some fossil forms. 
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Chapter 4: Isotope systematics and the study of paleoecological 
trait and extinct environments 

Another way of assessing the lifestyle of extinct organisms is through the study of their isotopic 

compositions in several chemical elements, that each rely on different mechanisms and can thus 

be linked with different paleoecological traits. In this chapter, those different proxies will first 

be explained, before being applied to case studies of fossil ecosystems representative of the 

clades studied in this work, as well as extant specimens. 

I- Basics, notations, and formalism 

The composition of an organism, and thus of its bones and teeth or scales which are often the 

only remains that will be fossilized, is dependent on the metabolism and physiology of this 

organism, as well as the impact its environment has on it, through biotic (related to living things 

and processes) and abiotic (related to non-living things and processes) factors, as well as the 

behaviour of this organism. Geochemistry is thus all about deciphering and understanding the 

impact of those different processes on the elemental and isotopic compositions of both living 

and fossils remains.  

Bones of living organisms are mainly composed of a mineral matrix made of hydroxyapatite 

Ca10(PO4)6(OH)2 (main formula; Yoshimura & Suda, 1995), as well as an organic matrix made 

of collagen in fibrillar organisation (Viguet-Carrin et al., 2006) and non-collagenous proteins 

(Boskey, 1989), together with an extracellular matrix made of cells and water (Simkiss & 

Wilbur, 1989; Wilson et al., 2006). These last two components are mainly lost during 

fossilization processes after death. Bones are constantly remodelled through the life of an 

individual, through the loss of old bone and replacement by new bone (Frost, 1969; Manolagas, 

2000; Parfitt, 2002, 2013; Hollinger, 2005; Glimcher, 2006; Hedges et al., 2007; Fig. 4.1). 

Teeth are composed of enamel, itself mainly composed of hydroxyapatite (Deakins & Volker, 

1941; Bartlett, 2013); dentin, which has a more heterogenous composition (Tjärderhane et al., 

2009; Goldberg et al., 2011); and cementum which is even less mineralized, highly organic and 

remodelled and thus mostly not preserved in fossil specimens (Bosshardt & Selvig, 1997; Chen 

& Liu, 2014; Yamamoto et al., 2016). Although tooth development occurs in the first years of 

life in most mammals, in most other tooth-bearing vertebrates, tooth replacement occurs much 

more frequently and continuously through the life of an individual (Osborn, 1974; Richman & 

Handrigan, 2011; Whitlock & Richman, 2013; Tucker & Fraser, 2014).
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Figure 4.1: Phases of bone remodelling. Taken from Truesdell & Saunders (2020; fig. 1). 

From its original formula (see above), hydroxyapatite can incorporate several elements through 

chemical substitutions (Cacciotti, 2016), such as minor (Na+, Mg2+) or trace (Sr2+
, K+, Cl-) 

elements. However, the main substitution is the replacement of either hydroxyl ions (type A) 

or phosphate groups (type B) by carbonate groups (Bonel, 1970). Thus, hydroxyapatite contains 

several elements of interest that will need to be isolated for further isotopic analyses. 

Each element is characterized by an atomistic conformation, with the nucleus bearing a positive 

charge (association of protons or positively charged particles and neutrons or neutral particles), 

while electrons, charged negatively, orbit around it (Rutherford, 1911; Fig. 4.2). An element X 

can thus be defined as follows: 

 

with Z: the number of protons and A: its number of nucleons (i.e., A = Z + number of neutrons). 

To maintain the neutrality of the element, there is thus also Z gravitating electrons. Two 

isotopes of a same element have the same number of protons (Z) but a different number of 

neutrons, and thus a different number of nucleons (A). Isotopes can either be stable (i.e., when 

the number of neutrons is not too different from the number of protons) or unstable (when the 

number of neutrons is too different from the number of protons) which will then undergo a 
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radioactive decay, through several processes that will not be explained here (Albarède, 2009). 

Isotopes of the same element have different natural abundances (Table 14), and thus the ratio 

of abundance between two isotopes of the same element (R, or isotopic ratio) can be defined as 

follows: 

where i: heavy isotope (with more neutrons) and j: light isotope (with less neutrons) of the same 

element X. Natural abundance ratios of stable isotopes are modified through several processes, 

that are linked with the behaviour of the element studied, also called isotopic fractionation. 

However, as precise measurements of natural abundance ratios of isotopes are often difficult to 

obtain, due to the precision threshold of detection instruments and numerous other measures 

bias that vary between analytical protocols, sample types and studied elements, the use of the 

delta notation (δ) has been implemented. This consists in the normalization of the ratio of 

abundance measured with that of a reference material, or isotopic standard to allow for 

reproducibility and comparison of measures between different laboratories (Hoefs, 1997; 

Figure 4.2: Schematic representation of an atom with the nucleus and the electrons. Modified from Mathys et al. 
(2002; fig. 4).
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Table 14: Natural abundances of stable isotopes studied in this thesis (Vocke, 1999; Coplen et al., 2002). 

Element Isotopes Abundance (%) 
Associated 

standard 

Carbon 

12C 98.93 Vienna Pee-Dee-

Bee Belemnite 

(V-PDB) 
13C 1.07 

Nitrogen 

14N 99.63 
Air (AIR) 

15N 0.37 

Oxygen 

16O 99.76 Vienne Standard 

Mean Ocean 

Water (V-

SMOW) 

17O 0.04 

18O 0.20 

Calcium 

40Ca 96.94 

Specpure Ca 

plasma standard 

solution (ICP Ca 

Lyon) 

42Ca 0.65 

43Ca 0.14 

44Ca 2.09 

46Ca <0.01 

Strontium 

84Sr 0.56 
No standard as 

ratio of 

abundance is 

directly used 

86Sr 9.86 

87Sr 7.00 

88Sr 82.58 

Albarède, 2009; Coplen, 2011) and can be defined as follows: 

 

where δ is expressed in ‰ (to avoid comparing very small values), Rsample: isotopic ratio 

measured in the sample and Rstandard: isotopic ratio measured in the standard.  
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Isotopic compositions can be measured using mass spectrometers, which allow quantification 

of isotopic abundance ratios (Nier & Hanson, 1936; McKinney et al., 1950; Eiler, 2007). 

Although the processes differ slightly depending on the instrument and the element studied, the 

following general model always apply: first the samples are introduced (in gas phase, solid or 

acid solution), then they are ionized (charged with electricity) and accelerated through an 

electrical potential difference. The ions formed are then focalised using lenses and separated 

under a magnetic field, with their trajectory modified depending on their mass. Finally, the 

separated ions hit detectors and the measured intensity and the electric signal implied is 

converted to a numerical measure (Fig. 4.3). 

 

 

 

Figure 4.3: Schematic diagram of a mass spectrometer (taken from Radauscher, 2015; fig. 2.14). 
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II- Assessing the impact of diagenesis 

During fossilization, numerous processes can alter the isotopic composition of an individual 

tissues. Those processes can occur during its life, between its death and its burying, or during 

the buried phase until its discovery, and are known as diagenetic processes, or diagenesis. They 

can either be abiotic or biotic and are regrouped as follows: absorption of allochthonous 

chemical elements from the surrounding matrix to the fossil, substitution of chemical elements 

between the surrounding matrix and the fossil, dissolution of a part or totality of the fossil or 

formation of new minerals from the elements already present (Kolodny et al., 1996; Blake et 

al., 1997; Kohn et al., 1999; Lécuyer et al., 2003; Trueman et al., 2003; Zazzo et al., 2004a, b; 

Reynard & Balter, 2014; Kendall et al., 2018). Those processes can also be combined, for 

example remineralisation happens when the organism tissues are dissolved and then replaced 

by new minerals, and their intensity depends on several factors, such as chemical stability, 

matrix and sample composition, pressure, temperature and duration of burying and structure of 

the tissue itself.  

When undergoing a geochemical study, it is thus of the upmost importance to first infer the 

impact of diagenesis on the samples studied, as those can significantly modify the measured 

isotopic ratios, and thus alter interpretations. The first factor to take into consideration, when 

possible, is the choice of the tissue studied: as organic material tend to disappear or to be greatly 

altered during fossilization, we will prefer to analyse mineralized tissues (Cowie & Hedges, 

1994; Kramer et al., 2003) and samples constituted of enamel rather than dentin or bone, 

because this tissue is less porous and therefore less likely to be affected by diagenetic processes 

(Nelson et al., 1986; Kohn et al., 1999; Budd et al., 2000; Hedges, 2002; Wopenka & Pasteris, 

2005; Pasteris et al., 2008; Dodat et al., 2023). This enables the reliable study of ecosystems 

that have been extinct for several million years (Wang & Cerling, 1994; Sharp et al., 2000; 

Zazzo et al., 2004a; Goedert et al., 2016a, b; Martin et al., 2017a, b, 2022; Rey et al., 2017; 

Hassler et al., 2018). Secondly, minerals formed during diagenesis are mostly different than 

those formed during the life of the organism. Through elemental analysis and observation 

(microscopy, Raman spectroscopy, inductively coupled plasma spectrometer), those 

differences can be observed and quantified (Shemesh, 1990; Wright & Schwarcz, 1996; 

Reynard et al., 1999; Trueman, 1999, 2013; Metzger et al., 2004; Trueman et al., 2004, 2008; 

Kocsis et al., 2010; Reynard & Balter, 2014; Dal Sasso et al., 2016; Keenan, 2016). For 

example, the calcium/phosphorus ratio has been measured in modern vertebrate samples (2.15 

± 0.26, 2 s.d.; Balter et al., 2001), and so it is expected to find similar ratios in fossils that have 
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undergone moderate diagenetic processes (Hassler et al., 2018; Martin et al., 2022). Rare earth 

elements (REE) are also of interest because they are mostly absent from a living organism and 

are preferentially incorporated after its death, and thus are effectively a marker of early or late 

diagenetic conditions and burial conditions (Reynard et al., 1999; Kocsis et al., 2009; Hinz & 

Kohn, 2010; Suarez & Kohn, 2020). An efficient way of visualizing those processes is through 

an enrichment profile, where the concentration of each element for each sample is normalized 

to the concentration measured in a standard material, the North American Shale Composite 

(NASC; Haskin & Frey, 1966; Gromet et al., 1984; Fig. 4.4).  

As the relative fractionation among the profile is characteristic of the REE incorporation 

process of a sample, several scenarios can occur (Reynard et al., 1999; Reynard & Balter, 2014): 

first, REE can be rapidly incorporated (within a few thousand years) into the fossils (Arrhenius 

et al., 1957; Bernat, 1975; Elderfield & Pagett, 1986) and will thus follow the patterns of 

compositions of either seawater in the marine environment (Shaw & Wasserburg, 1985; 

Elderfield & Pagett, 1986; Elderfield & Sholkovitz, 1987) or groundwater in continental 

environments (Henderson et al., 1983), and adsorption on, or diffusion /recrystallization near 

crystal surfaces is the major process, thus with low fractionation (curves Atlantic, Pacific SE, 

Pacific NW, NFS5 and PEH3 in Fig. 4.4). The second case corresponds to a moderate 

enrichment in ‘middle’ REE elements and may be associated with an incorporation through an 

inorganic adsorption pattern (Reynard et al., 1999), that are particularly relevant in continental 

environments with substantial variation of pH and water composition (Henderson et al., 1983; 

Trueman & Tuross, 2002; Kohn, 2008; Hinz & Kohn, 2010; Kocsis et al., 2010; Trueman et 

al., 2011). This pattern is also associated with low fractionation, although the result of different 

processes (curves Thelodont, Panterodus and P17a in Fig. 4.4). The third case is a large 

enrichment of ‘middle’ REE compared with others and is associated with fractionation patterns 

under strong crystal-chemical control (Reynard et al., 1999), i.e., low-grade metamorphism. It 

involves precipitation-solution mechanisms (curves P1, COU32A-C and COU34 in Fig. 4.4). 

This last pattern is the one most likely to affect isotopic compositions. Furthermore, the study 

of normalized lanthanum/ytterbium (La/Yb) and lanthanum/samarium (La/Sm) ratios can 

indicate the environmental origin and thus the constraints undergone by the samples (Reynard 

et al., 1999; Reynard & Balter, 2014; Fig. 4.5). 

Then, they are also ways to estimate the impact of diagenesis on specific elements: for example, 

in the skeletal tissues of vertebrates (hydroxyapatite), carbonate and phosphate groups 

precipitate in equilibrium with body water, so the oxygen isotopic ratios measured on  
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Figure 4.4: Patterns of REE enrichment profiles observed in the Atlantic and Pacific Ocean waters (data from 
Elderfield & Greaves, 1982; De Baar et al., 1983, 1985), Triassic and Tertiary fishes (respectively P1 and NFS5 
& P17a, data from Grandjean et al., 1987, 1988; Grandjean, 1989; Grandjean & Albarède, 1989), Devonian 
conodonts (COU32A-C and COU34, data from Grandjean et al., 1993), Silurian thelodont fish and conodont 
Panterodus (data from Bertram et al., 1992) and Cretaceous marine reptiles (PEH3, data from Grandjean, 1989). 
Taken from Reynard & Balter (2014; fig. 10).  
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hydroxyapatite with phosphate groups (δ18Op) and the oxygen isotopic ratios measured on 

hydroxyapatite with carbonate groups (δ18Oc) should be correlated if the impact of diagenetic 

processes is moderate. On the other hand, as exchange rates between phosphate-water and 

carbonate-water are different, re-equilibration (and thus diagenetic alteration) of both systems 

should result in an isotopic shift from the expected correlation due to least one of the two 

complexes (Bryant et al., 1996; Iacumin et al., 1996; Zazzo et al., 2004a; Lécuyer et al., 2010; 

Chenery et al., 2012; Fig. 4.6). Concerning calcium isotopes concentrations, given the high 

quantity of calcium in vertebrate samples, it is unlikely that measured isotopic compositions 

Figure 4.5: Normalized La/Yb vs La/Sm ratios observed in Devonian conodonts (khaki green circles, data from 
Grandjean et al., 1993), Silurian conodonts and fishes (brown circles, data from Bertram et al., 1992), Tertiary and 
Mesozoic fishes (green, blue and orange circles, data from Grandjean et al., 1988; Grandjean, 1989; Grandjean & 
Albarède, 1989), Quaternary fishes (yellow circles, data from Elderfield & Pagett, 1986), freshwaters (light blue 
rectangle, data from Elderfield et al., 1990; Giblin & Dickson, 1992; Johannesson & Lyons, 1995), seawaters (dark 
blue rectangle, data from Elderfield et al., 1990; German et al., 1995; Zhang & Nozaki, 1996). Modified from 
Reynard & Balter (2014; fig. 11).   
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can be overprinted by diagenetic processes, even if those were to be important. Finally, 

particular caution has to be put on strontium isotope compositions interpretations, as this 

element is obtained in an organism either from the biopurification of calcium (replacement of 

calcium by sediment strontium or barium through physiological reactions; Comar et al., 1957; 

French, 1961; Balter et al., 2002a) or through diagenetic processes (Nelson et al., 1986; Brand, 

1991; Sillen & Sealy, 1995; Budd et al., 2000; Copeland et al., 2010). An easy way to assess 

those processes is to compare the concentrations of strontium measured in the samples to those 

of other elements that are linked with diagenetic processes, such as lead, uranium, iron, 

manganese or REE: if they are linked, then the impact of diagenetic processes on the samples 

must be considered. 

In the framework of this thesis, the elemental concentrations of major, minor, and rare earth 

elements were measured using a mass spectrometer coupled to an inductive plasma (ICP-MS) 

ICAP™ Q (Thermo Scientific™) and an inductively coupled plasma atomic emission 

spectrometer (ICP-AES) ICAP 7400 Series (Thermo Scientific™). The reliability of 

Figure 4.6: Oxygen isotope ratios measured on phosphate groups (δ18Op) as a function of those measured on 
carbonate groups (δ18Oc) of modern hippopotamus tooth enamel, which have thus not undergone heavy diagenetic 
processes. Modified from Zazzo et al. (2004a; fig. 1). 
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measurements has been controlled through a set of blanks and the reference material NIST-

SRM1400.  

III- Oxygen isotope compositions: thermophysiology and lifestyle 

Oxygen has three stable isotopes: 16O, 17O and 18O (Table 14). In vertebrate teeth, bones, and 

scales, it is contained in hydroxyapatite inside either phosphate groups (PO4
3-) or carbonate 

groups (CO3
2-), as well as hydroxyl groups (OH-). To quantify the relative abundance of oxygen 

isotopes with one another, the following notation is used: 

 

Oxygen isotopic compositions vary because of several processes: first, as this element comes 

from the body fluids of the organism, there is a balanced thermodynamic fractionation process 

between the mineralized tissues and the body fluids, which is only linked to the temperature of 

the structure, i.e. body temperature (Longinelli & Nuti, 1973; Kolodny et al., 1983; Longinelli, 

1984; Luz et al., 1984; Kohn, 1996; Lécuyer et al., 2013). In the case of homeothermic 

organisms (i.e., organisms that maintain the same temperature throughout the whole body), the 

oxygen isotopic compositions of mineralized tissues are thus fractionated with respect to the 

body fluids homogeneously throughout the whole body, but this strong hypothesis must be 

made, and it could not be the case in all organisms (Barrick et al., 1998; Stoskopf et al., 2001; 

Missell, 2004; Séon et al., 2022, but see Barrick & Showers, 1994, 1995; Barrick et al., 1996; 

Coulson et al., 2008; Clauzel et al., 2020). Second, the source of oxygen contained in body 

fluids is either atmospheric oxygen breathed (as well as atmospheric water vapour absorbed by 

the lungs) or water obtained from food and drink (Longinelli, 1984; Luz et al., 1984; Levinson 

et al., 1987; Fig. 4.7). As atmospheric oxygen has a constant and homogenous isotopic 

composition (23.5 ± 0.3 ‰; Dole et al., 1954; Kroopnick & Craig, 1972) and absorbed 

atmospheric water vapour can be considered as negligeable (Nagy & Costa, 1980; Bryant & 

Froelich, 1995), oxygen fluxes that influence oxygen isotopic compositions are thus those 

associated with food and drink. For non-marine organisms, drinking water corresponds to 
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meteoritic water (or rainwater), which is itself derived from the evaporation and precipitation 

of ocean and seawaters (Lécuyer, 2013) and is subject to several constraints, such as latitude, 

altitude, distance from the shore, season, and temperature (Dansgaard, 1964; Rozanski et al., 

1992, 1993; Fricke & O’Neil, 1999), while isotopic fractionation between oxygen isotopic 

compositions of water from food and oxygen isotopic compositions of mineralized tissues 

depends on the diet of the organism (Barbour, 2007; Brettell et al., 2012; Cernusak et al., 2016; 

Pietsch & Tütken, 2016). Measurements of the δ18O of the blood, body water, ambient water 

and mineralized tissues of wild and captive organisms have allowed to establish equations 

linking those parameters in several groups of organisms, which can then be applied to close 

fossil forms. For example, in extant crocodylians, the δ18O of ambient water (δ18Oaw) is linked 

to the δ18O of the phosphate groups of the mineralized tissues (δ18Op) by the following equation 

(Amiot et al., 2007):  

δ18Oaw = 0.82 δ18Op – 19.13 

In mammals, the following equation applies (Amiot et al., 2004): 

δ18Oaw = 1.11 δ18Op – 26.44 

In birds, it is the following equation (Amiot et al., 2017): 

δ18Oaw = 1.12 δ18Op - 24.22 

In fishes, the following equation applies (Lécuyer et al., 2013): 

δ18Oaw = T / 4.5 + δ18Op – 26.09 

Figure 4.7: Oxygen fluxes undergone by a crocodilian individual. Taken from Amiot et al. (2007; fig. 4).   
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where T: temperature of mineralization of the tissues, which corresponds to both the body 

temperature and environmental temperature in fishes. 

Furthermore, an additional fractionation is observed between the δ18Oaw and the δ18O of the 

body water (δ18Obw) in terrestrial vertebrates, such that: 

δ18Obw = δ18Oaw + E 

where E is an enrichment value dependant of the group of organisms studied. For example, it 

is ~ 2 ‰ in semi-aquatic crocodiles (Amiot et al., 2007), ~ 5.1 ‰ in terrestrial tortoises (Barrick 

et al., 1999), ~ 4.7 ‰ in terrestrial mammals (Longinelli, 1984; D’Angela & Longinelli, 1990) 

and ~ 7.1 ‰ in birds (Wolf et al., 2013).  

Finally, the δ18Op and δ18Obw can be linked to the body temperature Tb through the following 

general equation adapted from the phosphate-water temperature scale (Lécuyer et al., 2013): 

Tb = 117.4 – 4.5 (δ18Op – δ18Obw) 

Furthermore, higher water turnover and lower transcutaneous water evaporation in organisms 

having an aquatic lifestyle compared with those having a terrestrial lifestyle (at equivalent body 

temperatures), lead to lower δ18Op values for aquatic organisms compared with terrestrial ones 

(Fricke & Rogers, 2000; Clementz & Koch, 2001; Clementz et al., 2003, 2008; Amiot et al., 

2006, 2010; Cerling et al., 2008; Rey et al., 2020a, b; Fig. 4.8). As a result, oxygen isotopic 

Figure 4.8: Mean δ18Op values for terrestrial and aquatic (marine, estuarine and freshwater) mammals. Taken from 
Clementz & Koch (2001; fig. 5).    
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compositions can be interpreted both in terms of living environment and thermoregulation 

strategy in fossil forms, building on the knowledge on extant organisms.  

Analytically, after being sampled on the teeth or the bones via a Micro-Dremmel™ drill, either 

with an abrasive tip or a diamond head, or a micro-drill, the powders were treated before being 

analysed through different chemical protocols depending on the group of interest (phosphate or 

carbonate). The phosphate groups were extracted following the wet chemistry protocol of 

Crowson et al. (1991), modified in Lécuyer et al. (1993): briefly, it consists in a selective 

extraction of phosphate groups via the use of an ion exchange resin and precipitating them in 

the form of silver phosphate, with prior elimination of calcium (for more details, see Appendix 

5: Supplementary Material S3). Acid pre-treatments were applied to carbonate groups, 

following Koch et al. (1997): briefly, organic matter was removed using NaClO (bleach) and 

secondary deposit of carbonate was removed using CH3COOH (acetic acid; for more details, 

see Appendix 5: Supplementary Material S3). However, the effects of this treatment are 

controversial, and some studies have argued that it could also modify the isotopic signal of 

primary carbonates (Snoeck & Pellegrini, 2015; Pellegrini & Snoeck, 2016; Clauzel, 2022). 

δ18Oc (and δ13C) values presented in this thesis must thus be interpreted with this in mind, and 

we will rely more on δ18Op values for oxygen and couple diet interpretations on δ13C values 

with δ44/42Ca values (see also IV and VI). It was unfortunately impossible to analyse samples 

both with and without carbonate pre-treatment to study its effect, as the mass of powder needed 

would be too important for most of the samples measured in this thesis. 

δ18Op values were obtained with a continuous flow high temperature pyrolysis method (Lécuyer 

et al., 2007; Fourel et al., 2011). Whenever possible, five replicates (280-320 μg each) of each 

sample were mixed with pure graphite powder in excess and loaded in silver foil capsules. 

Pyrolysis was performed at 1450°C using a vario PYRO cube™ elemental analyser, where the 

carbon monoxide CO formed by pyrolysis was selectively trapped by a ‘Purge & Trap” system, 

before being analysed in the coupled Isoprime™ isotopic ratio mass spectrometer (Elementar 

UK). These measurements were made at the Plateforme d’Ecologie Isotopique du Laboratoire 

d’Ecologie des Hydrosystèmes Naturels et Anthropisés (LEHNA, UMR5023, Université Lyon 

1). Oxygen isotopic compositions were then corrected for drift and subtraction of blanks to 

account for analytical variability. Measurements have finally been calibrated against both silver 

phosphates prepared from the NBS120c (internal standard for each chemistry; δ18Op = 21.7 ‰ 

V-SMOW; Lécuyer et al., 1993; Chenery et al., 2010; Halas et al., 2011), as well as NBS127 

(9.3 ‰ V-SMOW; Hut, 1987; Halas & Szaran, 2001). 
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δ18Oc values were measured using an iso-FLOW system connected on-line in continuous flow 

mode to a precisION mass spectrometer (Elementar UK). For each sample, three aliquots of 

one or two mg of pre-treated apatite powder were loaded in LABCO Exetainer 3.7 mL soda 

glass vials, round bottomed with Exetainer caps (LABCO UK), and reacted with anhydrous 

phosphoric acid at 90°C. The CO2 gas generated during the acid digestion was then transferred 

to the mass spectrometer via the centrION interface. The materials used for calibration were 

Carrara marble (δ18Oc V-PDB = - 1.95 ‰; Fourel et al., 2016), NBS18 (δ18Oc V-PDB = -23 ‰) and 

NBS120c (δ18Oc V-PDB = -1.13 ‰; Passey et al., 2007). 

IV- Carbon isotope compositions: diet and food webs 
To quantify the relative abundance of carbon isotopes with each other, the following notation 

is used: 

 

In terrestrial vertebrates, as carbonates are in isotopic equilibrium with body fluids, mineralized 

carbon mainly comes from the food and the metabolic activity of the intestinal microbiota (Lee-

Throp et al., 1989; Cerling & Harris, 1999; Passey et al., 2005). An individual will always have 

higher δ13C values compared to its food and, although the isotopic fractionation induced from 

meat consumption is low (0 to 2 ‰; Bocherens & Drucker, 2003), it is higher between 

herbivores/omnivores and plants and will also be accounted in the total isotopic fractionation 

of carnivores: this mechanism is known as trophic enrichment (DeNiro & Epstein, 1978; 

Schwarcz & Schoeninger, 1991). Carbon isotopic fractionation between plants at the base of 

the food web and tissues of the organisms that feed on them is thus specific to each group of 

organisms: for example, it is approximately 9 ‰ in crocodiles (Lee-Thorp et al., 1989; Tieszen 

& Fagre, 1993; Stanton, 2006), whereas it is approximately 12 ‰ in mammals (Passey et al., 

2005). In aquatic environments, this relationship is more complex, as the primary producers 

that constitute organism diet have δ13C values that can vary because of differences in 

productivity, dissolved CO2 concentration or bicarbonate utilization (Osmond et al., 1981; Fry 
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& Sherr, 1984; Rau et al., 1992; Hemminga & Mateo, 1996; MacLeod & Barton, 1998; 

Clementz & Koch, 2001). 

The carbon isotopic fractionation between plants and their direct or indirect consumers is also 

different depending on their metabolism of organic matter synthesis (Bender, 1971; Smith & 

Epstein, 1971; O’Leary, 1988; Dawson et al., 2002). C3 plants, in which the Calvin cycle during 

photosynthesis is initiated by the RubisCO enzyme, have δ13C values between -37 and -20 ‰ 

(O’Leary, 1988; Kohn, 2010) whereas C4 plants, in which the Calvin cycle is initiated by the 

PEP carboxylase and that appeared during the Oligocene (Pyankov et al., 2001a, b; Freitag & 

Stichler, 2002; Schütze et al., 2003; Sage, 2004; Niklaus & Kelly, 2019), have δ13C values 

between -21 and -9 ‰ (O’Leary, 1988; Tieszen, 1991) and CAM (Crassulean Acid 

Metabolism) plants, adapted to the desert environment, have δ13C values including both those 

of C3 and C4 plants (Messerschmid et al., 2021).  Finally, the δ13C value of atmospheric CO2 

must also be estimated in the period of interest, as it is the main source of the carbon isotopic 

composition of plants (Fricke, 2007).  

Analytically, carbonate groups were pre-treated using the previously described protocol (see 

III) and δ13C values were measured in the same way as δ18Oc (see also III), with the same 

calibration materials: Carrara marble (δ13C V-PDB = 1.96 ‰; Fourel et al., 2016), NBS18 (δ13C 

V-PDB = -5.01 ‰) and NBS120c (δ13C V-PDB = -6.27 ‰; Passey et al., 2007). 

V- Strontium isotope compositions: a proxy for lifestyle and environment 
Strontium has four stable isotopes: 84Sr, 86Sr, 87Sr and 88Sr. Unlike other isotopic systems 

studied in this thesis, its isotopic composition is measured as the ratio 87Sr/86Sr as the quantity 

of 86Sr does not vary in a closed system, while 87Sr is radiogenic (from the radioactive 

disintegration of 87Rb). As the β- radioactive disintegration has a half-life of 49.109 years, 87Sr 

has varying abundances throughout geological times and depends on the original concentration 

of 87Rb before the closure of the system (Bentley, 2006). Furthermore, different behaviours 

during phase changes of rubidium and strontium induce variability in Rb/Sr and thus 87Sr/86Sr 

ratios, which is dependent on the geological substrate. Through subsequent leaching and 

erosion, strontium is transferred in the environment and will be available to be integrated in 

organisms, where it is not produced otherwise (Schulert et al., 1959; Price et al., 2002; Bentley, 

2006; Pemmer et al., 2013; Lazzerini et al., 2021).  

Strontium undergoes negligeable isotopic fractionation between systems (Graustein, 1989; 

Capo et al., 1998; Sillen et al., 1998; Price et al., 2002) or trophic levels (Flockhart et al., 2015; 
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Lewis et al., 2017) because this element is quite heavy. As a result, strontium isotopic 

compositions of the mineralized tissues of an organism are characteristic of its living 

environment. Although it has been widely used to trace the origin of individuals and their 

migration processes, for example in bioarcheological studies (Price et al., 1994a, b; Evans et 

al., 2006a, b; Knudson et al., 2009; Brettell et al., 2012; Linscott et al., 2023), here it will simply 

be used as a lifestyle proxy between different substrates belonging to aquatic or terrestrial 

environments.  

Analytically, before the measurements, strontium needs to be purified through an acid 

digestion, using ultrapure, concentrated nitric acid (15 N) at 130°C for one hour, to get rid of 

any organic matter. Then, a wet chemistry protocol was applied to separate the element from 

the matrix, following protocols from Tacail et al. (2014; see also Appendix 5: Supplementary 

Material S3). The reliability of this process was controlled by also analysing NIST-SRM1486 

(mean 87Sr/86Sr = 0.709292 ± 3.98.10-5, 2 s.e.; Galler et al., 2007; De Muynck et al., 2009; 

Weber et al., 2017; Brazier et al., 2019; Guiserix et al., 2022) and column blanks. 87Sr/86Sr 

ratios were then measured using a Neptune Plus multi-collector ICP-MS (MC-ICP-MS) 

following previously described methods (Tacail et al., 2014, 2016), with monitoring of the 

standard NIST-SRM987 (mean 87Sr/86Sr = 0.710256 ± 5.18.10-5; Clemens et al., 1993; 

McArthur et al., 2001; Faure & Mensing, 2005; Galler et al., 2007; De Muynck et al., 2009; 

Weber et al., 2017; Brazier et al., 2019; Guiserix et al., 2022). 

VI- Calcium isotope compositions: diet and food webs 

With the advent of new spectrometers technologies, calcium isotopes have received growing 

attention since the end of the 20th century (Gussone et al., 2016; Martin et al., 2017a; Tacail et 

al., 2020) especially in archeology (Chu et al., 2006; Reynard et al., 2010, 2013; Wright, 2014; 

Tacail et al., 2017, 2019, 2020; Martin et al., 2020b; Li et al., 2020; Dodat et al., 2021) and 

paleoecology (Clementz et al., 2003; Reynard et al., 2010; Clementz, 2012; Melin et al., 2014; 

Martin et al., 2015b, 2017b, 2018, 2020b, 2022; Hassler et al., 2018; Balter et al., 2019; Tacail 

et al., 2020). 
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Calcium has five stable isotopes: 40Ca, 42Ca, 43Ca, 44Ca, 46Ca and the abundance of two of those 

different calcium isotopes is studied with the following equation: 

In the formation of bones and teeth, light calcium isotopes from blood are preferentially 

incorporated (Skulan & DePaolo, 1999; DePaolo, 2004; Chu et al., 2006; Reynard et al., 2010; 

Heuser et al., 2011, 2016). Furthermore, the kidneys reinject light calcium isotopes in the blood 

through the filtration of urine (Heuser & Eisenhauer, 2010; Morgan et al., 2012; Tacail et al., 

2014, 2017, 2020; Channon et al., 2015; Heuser et al., 2016, 2019). Those two processes induce 

lower δ44/42Ca values both in blood and further in mineralized tissues compared to food in an 

organism. 

An isotopic fractionation between the δ44/42Ca values of mineralized tissues and food of an 

organism has been consistently observed in a wide array of vertebrates (Skulan & DePaolo, 

1999; Clementz et al., 2003; DePaolo, 2004; Chu et al., 2006; Reynard et al., 2010; Heuser et 

al., 2011; 2016; Clementz, 2012), with δ44/42Ca values of an organism lower than its food (offset 

of 0.3 to 0.5 ‰; Martin et al., 2017b, 2018, 2022; Tacail et al., 2020; Fig. 4.9). This offset is 

slightly lower in marine ecosystems, as those organisms also incorporate calcium from the 

water (Blätter et al., 2011; Martin et al., 2015b).  

Analytically, before the measurements, calcium needs to be purified through an acid digestion, 

using ultrapure, concentrated nitric acid (15 N) at 130°C for one hour, to get rid of any organic 

matter. Then, a wet chemistry protocol was applied to separate the element from the matrix, 

following protocols from Tacail et al. (2014; see also Appendix 5: Supplementary Material S3). 

The reliability of this process was controlled by also analysing NIST-SRM1486 (mean δ44/42Ca 

ICP Ca Lyon = -1.03 ± 0.04 ‰, 2 s.e.; Martin et al., 2015b; Hassler et al., 2018, 2021a, b) and 

column blanks. δ44/42Ca values were then measured using a Neptune Plus multi-collector ICP-

MS (MC-ICP-MS) following previously described methods (Tacail et al., 2014, 2016). The 

relationship: δ43/42Ca = a δ44/42Ca + b, where a is between 0.501 and 0.512 (Tacail, 2017) must 

be respected if there are no interferences.  The whole protocol is summarized in Figure 4.10. 
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δ44/42Ca and δ44/40Ca measurements provide the same information as the isotopic fractionation 

are mass dependent (Gussone et al., 2016). However, as the mass difference is higher between 
44Ca and 40Ca than between 44Ca and 42Ca, differences in δ44/40Ca values will also be higher 

than differences in δ44/42Ca values. As δ44/40Ca values are generally measured with thermal 

ionization mass spectrometers (TIMS), they are also much more chronophageous to obtain and 

thus will not be used here (Russell et al., 1978; Skulan et al., 1997; Skulan & DePaolo, 1999) 

whereas δ44/42Ca values measured on inductively coupled plasma mass spectrometers and multi-

collector (MC-ICP-MS) are just as precise but less time consuming (Halicz et al., 1999; Wieser 

et al., 2004; Chu et al., 2006; Reynard et al., 2010; Morgan et al., 2011; Tacail et al., 2014; 

Channon et al., 2015; He et al., 2019). Furthermore, measurements of δ44/42Ca values that 

involve inductively coupled plasma mass spectrometers and multi-collector (MC-ICP-MS) also 

induce an interference on the atomic mass 40 using argon (40Ar) as vector and so make δ44/40Ca 

values invalid. As a result, δ44Ca values presented in this thesis will be those of δ44/42Ca. 

Figure 4.9: Simplified model of isotopic fractionation in a terrestrial food web. Modified from Hassler (2021; fig. 

I.6). 
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The isotopic fractionation of calcium between different tissues has been poorly studied so far, 

and would greatly benefit from further studies, especially in reptiles in which almost no data 

exist. Hassler et al. (2021b) measured no variation in δ44/42Ca values between cervid teeth and 

bone, while Heuser et al. (2011) measured a variation of + 0.50 ‰ in δ44/40Ca values (i.e., + 

0.25 ‰ in δ44/42Ca values) between the enamel and bone of Plateosaurus von Meyer, 1837, but 

it is the only specimen on which the different tissues were sampled. In the framework of this 

thesis, when the same type of tissue could not be sampled for all organisms of the same fauna, 

both hypotheses concerning their δ44/42Ca enamel values will be made: no variation or a + 0.25 ‰ 

variation between the δ44/42Ca value of enamel and bone. 

Figure 4.10: General steps for the processing of samples and the measurements of δ44/42Ca values. Taken from 
Hassler (2021, fig. II.1). 
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VII- Scientific publication ‘A multi-isotopic study reveals the paleoecology of a 

sebecid from the Paleocene of Bolivia’ 

This publication was published in June 2023 in Palaeogeography, Palaeoclimatology, 

Palaeoecology. Reference: Pochat-Cottilloux Y., Martin J. E., Faure-Brac M. G., Jouve S., 

Muizon C. d., Cubo J., Lécuyer C., Fourel F. & Amiot R. (2023). A multi-isotopic study reveals 

the paleoecology of a sebecid from the Paleocene of Bolivia. Palaeogeography, 

Palaeoclimatology, Palaeoecology, 625, 111667. 

https://doi.org/10.1016/j.palaeo.2023.111667  
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Abstract 

Sebecids constitute a family of notosuchian crocodylomorphs of probable terrestrial habits. 

They are notable for having survived the Cretaceous-Paleogene mass extinction and are known 

until the Miocene in South America. However, ecological traits that favoured their resilience in 

continental ecosystems remain unknown. Here, using a multi-isotopic approach, we infer 

several paleoecological traits of a sebecid from the locality of Tiupampa (Bolivia), which 

contains a diverse vertebrate fauna of the Early Paleocene. After having constrained the effects 

of diagenesis, the study of the oxygen isotope compositions of apatite phosphate allows the 

identification of water resources for the various studied taxa and to infer an ectothermic 

thermoregulation strategy for the sebecids. A terrestrial lifestyle is also supported by different 

oxygen isotope compositions observed between sebecids and aquatic dyrosaurid 

crocodylomorphs. The radiogenic strontium isotope compositions confirm the continental 

affinities of this fauna, with no marine input in the paleoenvironment frequented by the different 

faunal elements. The calcium and carbon isotope compositions show that the sebecids from 

Tiupampa were at the top of a C3-based food web. Finally, a local dry environment with tropical 

temperatures for those specimens is inferred both from oxygen and carbon isotope compositions 

of their hard tissues. 
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Introduction 

Sebecidae is an extinct family of large supposedly terrestrial crocodylomorphs, known from the 

Maastrichtian to the Miocene (Langston, 1965; Paolillo & Linares, 2007; Pol & Powell, 2011; 

Sellés et al., 2020). They are the last survivors of the remarkably diverse group known as 

Notosuchia. Sebecids were distributed in South America and Europe and were one of the major 

groups of terrestrial predators during the Early Cenozoic (Pol et al., 2012; Martin, 2016; Martin 

et al., 2023). They are inferred to be terrestrial based on numerous traits: the skull of sebecids 

is similar to those of terrestrial sauropsid carnivores (Busbey, 1986; Molnar, 2012); their 

postcranial anatomy (proportionately long limbs) implies an erect posture compatible with a 

terrestrial lifestyle (Pol et al., 2012; Martin et al., 2023); and their neuroanatomy displays 

several terrestrial characteristics (inner ear and pneumaticity of the skull; Pochat-Cottilloux et 

al., 2022b). Through histological studies, they are further hypothesized to have been ectotherms 

(Cubo et al., 2020, 2022a).  

While this ecology was inferred thanks to the study of morpho-anatomical characters, the use 

of stable isotope geochemistry could bring other evidence to assess their paleoecology and the 

numerous related issues. This has started to be applied recently, when Klock et al. (2022) 

assessed the diets of two South American notosuchians. The oxygen isotope compositions of 

apatite phosphate (δ18Op) and carbonate (δ18Oc) from vertebrate bones, teeth and scales are 

linked to the animal body temperature and the oxygen isotope composition of body water, 

which is mainly derived from ingested ambient water (Kolodny et al., 1983; Longinelli, 1984; 

Luz et al., 1984; Faure-Brac et al., 2022). Physiological adaptations to a specific lifestyle 

(aquatic or terrestrial) affect the δ18O of the body water by controlling the amount of input and 

output of oxygen, as well as the associated isotopic fractionations (Luz & Kolodny, 1985; 

Bryant & Froelich, 1995; Kohn, 1996). As a result, differences in δ18O values between different 

vertebrate groups are linked to differences in either thermoregulation strategy, diet (e.g., 

herbivorous vs carnivorous) and/or living environment (Fricke & Rogers, 2000; Clementz & 

Koch, 2001; Clementz et al., 2003; Amiot et al., 2006, 2010).  

The carbon isotope composition of vertebrate apatite constitutes a proxy of the animal diet. As 

the magnitude of 13C-enrichments between vertebrate apatite and diet is known for several 
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extant groups, it allows the estimation of the carbon isotope composition of the base of the food 

web for fossil specimens. Furthermore, there is a trophic 13C isotope enrichment between meat 

consumers and their food (i.e., lower δ13C values) of 0 to 2 ‰ (Bocherens & Drucker, 2003). 

There are different expected values between C3 and C4-based food webs (Lee-Thorp et al., 

1989; Tieszen & Fagre, 1993; Sillen & Lee-Thorp, 1994; Koch, 1998; Cerling & Harris, 1999; 

Passey et al., 2005; Stanton, 2006). This is done while keeping in mind that C4 plants did not 

appear before the Oligocene (Niklaus & Kelly, 2019). In aquatic environments, the relationship 

is more complex, as the primary producers that constitute organism diets have δ13C values that 

can vary because of differences in productivity, dissolved CO2 concentration or bicarbonate 

utilization (Clementz & Koch, 2001 and references therein). 

Calcium isotope compositions (δ44/42Ca) are also of interest because calcium is almost 

exclusively derived from food in terrestrial vertebrates (Skulan & DePaolo, 1999; Martin et al., 

2018; Tacail et al., 2020). The observed change between the recorded isotopic value of their 

food relative to their mineralized tissues has allowed trophic levels to be inferred from 

continental food webs of the Cretaceous (Hassler et al., 2018; Martin et al., 2022).  

Finally, the 87Sr/86Sr ratio of the mineralized tissues is a direct reflection of the geological 

substrate the animal lived on as it is not produced metabolically and is thus ingested through 

alimentation and water (Price et al., 2002; Lazzerini et al., 2021). It is hence possible to 

distinguish organisms living in different environments that are linked to different substrates 

(whether soils or waters).  

Here, using a multi-isotopic approach involving those four isotopic systems, we discuss the 

impact of diagenetic processes on the preservation of the different geochemical proxies and 

infer several ecological traits of the sebecid from the locality of Tiupampa in terms of 

thermoregulation strategy, feeding habits and lifestyle, as well as a paleoenvironmental 

reconstruction of this Paleocene locality. 

Material and methods 

Sample collection 

Seventeen samples of fossil tooth enamel (and dentine when not enough material was available) 

of crocodylomorphs, fish and mammals and two samples of fish scale enameloid were analysed 

for their oxygen isotope composition of apatite phosphate (δ18Op), oxygen (δ18Oc) and carbon 

(δ13C) isotope composition of apatite carbonate, calcium isotope composition (δ44/42Ca), 
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radiogenic strontium isotope ratio (87Sr/86Sr) and elemental concentrations. Crocodylomorphs 

samples most probably come from adult individuals as the teeth are longer than one centimetre 

(Supplementary Material S1), compared with known fossil specimens (Buffetaut & Marshall, 

1992; Paolillo & Linares, 2007; Jouve et al., 2020). Mammal samples belong to the taxon 

Alcidedorbignya inopinata Muizon & Marshall, 1987 which is inferred as agile, plantigrade, 

terrestrial and probably scansorial (Muizon et al., 2015). The sampled tooth type is unknown. 

The fish samples might either come from siluriforms (Gayet, 1988, 1990) or polypteriforms 

(Gayet & Meunier, 1992), but their referral is complex as the specimens described in previous 

studies from Tiupampa are not associated with teeth.  Oxygen isotope compositions of 

phosphate (δ18Op) of the samples have already been published in Faure-Brac et al. (2022), 

except for sebecid values. The details of the samples are given in Supplementary Material S1. 

All the samples come from the locality of Tiupampa in the Santa Lucia Formation near the Vila 

Vila village about 90 km southeast of Cochabamba in the Mizque Province (southcentral 

Bolivia; Supplementary Material S2). This fauna dates back to the Early Paleocene (Early 

Danian, paleomagnetic Chron 28r, 65 Mya; Muizon & Ladevèze, 2020, fig. 4; Muizon & Billet, 

2022) and has yielded a rich and diverse fauna including diapsids (Muizon et al., 1983; Rage, 

1991a; Buffetaut & Marshall, 1992;  Jouve et al., 2020; Pochat-Cottilloux et al., 2022b), fishes 

(Gayet, 1988, 1990; Gayet & Meunier, 1992), amphibians (Rage, 1991b), turtles (de Lapparent 

de Broin, 1992) and mammals, which constitute a large part of the relative abundance of the 

fossils (Marshall et al., 1983, 1995; Marshall & Muizon, 1988; Muizon & Marshall, 1991, 1992; 

Muizon, 1992, 1994, 1998; Muizon & Cifelli, 2000; Muizon et al., 1998, 2015, 2018, 2019; 

Muizon & Ladevèze, 2020, 2022; Muizon & Billet, 2022). 

Analytical techniques 

Oxygen isotope analysis of biogenic apatite phosphate 

The vertebrate apatite powders were treated following the protocol described in Crowson et al. 

(1991) and Lécuyer et al. (1993) (see also Supplementary Material S3). Oxygen isotope 

compositions were measured using a vario PYRO cube™ elemental analyser coupled with an 

Isoprime™ isotopic ratio mass spectrometer (Elementar UK) in continuous flow mode at the 

Plateforme d’Ecologie Isotopique du Laboratoire d’Ecologie des Hydrosystèmes Naturels et 

Anthropisés (LEHNA, UMR5023, Université Lyon 1). For each sample (whenever possible), 

five replicates of 300 μg of Ag3PO4 were mixed with pure graphite powder in excess and loaded 

in silver foil capsules. Pyrolysis was performed at 1450°C. Measurements have been calibrated 
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against silver phosphate prepared from the NBS 120c (δ18Op = 21.7 ‰ V-SMOW; Lécuyer et 

al., 1993) and NBS 127 (δ18Op = 9.3 ‰ V-SMOW; Hut, 1987; Halas & Szaran, 2001). Isotopic 

compositions are reported in the δ notation relative to V-SMOW. 

Oxygen and carbon isotope analysis of biogenic apatite carbonate 

Potential organic contaminants as well as secondarily precipitated calcite were removed from 

the vertebrate apatite powder following the protocol of Koch et al. (1997; see also 

Supplementary Material S3 for more details). Stable isotope compositions were measured using 

an iso-FLOW system connected on-line in continuous flow mode to a precision mass 

spectrometer (Elementar UK). For each sample, three aliquots of 2 mg of pre-treated vertebrate 

apatite powder were loaded in LABCO Exetainer 3.7 mL soda glass vials, round bottomed with 

Exetainer caps (LABCO UK), and reacted with anhydrous phosphoric acid at 90°C. The CO2 

gas generated during the acid digestion was then transferred to the mass spectrometer via the 

centrION interface. The materials used for calibration were Carrara marble (δ18Oc V-PDB = -1.95 

‰, δ13C V-PDB = 1.96 ‰; Fourel et al., 2016), NIST 8543 (δ18Oc V-PDB = -23 ‰, δ13C V-PDB = -

5.01 ‰) and NIST 120c (δ18Oc V-PDB = -1.13 ‰, δ13C V-PDB = -6.27 ‰; Passey et al., 2007). 

Isotopic compositions are reported in the δ notation relative to V-SMOW for oxygen and V-

PDB for carbon.  

Calcium and strontium isotope analysis of vertebrate apatite 

For these two elements, fifteen samples were duplicated and placed in Teflon beakers. The first 

duplicate was submitted to a leaching procedure following the protocol described in Balter et 

al. (2002b; see also Supplementary Material S3), to remove potential secondary calcite. The 

second one was left without leaching. All samples were then digested using ultrapure, 

concentrated nitric acid (15N) at 130°C for one hour, before being evaporated and re-dissolved 

in a dilute solution of ultrapure nitric acid (0.5N). Calcium and strontium from samples were 

chemically purified following previously described protocols (Tacail et al., 2014; see also 

Supplementary Material S3). The reliability of elutions has been controlled by also processing 

and analysing the standard material NIST-SRM1486 (mean δ44/42Ca ICP Ca Lyon = -1.03 ± 0.04 ‰, 

2 s.e.; Martin et al., 2015b; Hassler et al., 2018, 2021a,b and references therein; Dodat et al., 

2021; Martin et al., 2022; mean 87Sr/86Sr = 0.709292 ± 3.98.10-5, 2 s.e.; Galler et al., 2007; De 

Muynck et al., 2009; Weber et al., 2017; Brazier et al., 2019; Guiserix et al., 2022). Calcium 

and radiogenic strontium isotope abundance ratio (44Ca/42Ca and 87Sr/86Sr) were measured 

using a Neptune Plus multi-collector ICP-MS (MC-ICP-MS) following previously described 
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methods (Tacail et al., 2014, 2016). All calcium isotope compositions are expressed using the 

‘δ’ notation defined as follows: 

where (44Ca/42Ca) sample and (44Ca/42Ca) ICP Ca Lyon are the calcium isotope abundance ratios 

measured in sample and ICP Ca Lyon reference standard, respectively. The ICP Ca Lyon, which 

is used as a bracketing standard, is a Specpure calcium plasma standard solution (Alfa Aesar; 

Tacail et al., 2014, 2016, 2017; Martin et al., 2015b, 2017a). To assess the accuracy of the 

strontium isotope abundance ratios, the standard NIST-SRM987 was monitored (mean 87Sr/86Sr 

= 0.710256 ± 5.18.10-5; Clemens et al., 1993; McArthur et al., 2001; Faure & Mensing, 2005; 

Galler et al., 2007; De Muynck et al., 2009; Weber et al., 2017; Brazier et al., 2019; Guiserix 

et al., 2022). 

Elemental concentrations 

Concentrations of major and trace elements were measured respectively on an inductively 

coupled plasma atomic emission spectrometer (ICP-AES; ICAP 7400 Series, Thermo 

Scientific) and on an inductively coupled plasma mass spectrometer (ICP-MS; ICAP-Q, 

Thermo Scientific). The reliability of measurements has been controlled through a set of blanks 

and the reference material NIST-SRM1400.  

Thermophysiological inferences 

The calculation of sebecid body temperatures was performed as follows: 

The apatite phosphate δ18Op value is linked to the mineralization temperature (here body 

temperature Tb) and the δ18O value of the body water (δ18Obw) by the following equation 

adapted from the phosphate-water temperature scale (Lécuyer et al., 2013): 

(1) Tb = 117.4 – 4.5 * (δ18Op – δ18Obw) 

Furthermore, the δ18O of body water is linked to the δ18O of ambient water and an enrichment 

value as follows: 

(2) δ18Obw = δ18Oaw + E 

where δ18Oaw: δ18O of ambient water and E: enrichment value. 
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In semi-aquatic to aquatic crocodylians, the δ18O measured in the phosphate is linked to the 

δ18O of ambient water by the following equation (Amiot et al., 2007): 

(3) δ18Oaw = 0.82 * δ18Op – 19.13 

In mammals, it is the following equation (Amiot et al., 2004):  

(4) δ18Oaw = 1.11 * δ18Op – 26.44 

The enrichment of sebecid body water relative to ambient water would be ~ 2 ‰ if this taxon 

was semi-aquatic to aquatic (as in extant crocodylians; Amiot et al., 2007) or ~ 5.1 ‰ if this 

taxon was terrestrial (value for terrestrial tortoises; Barrick et al., 1999).  

Results 

Oxygen isotope compositions of apatite phosphate 

The phosphate oxygen isotope compositions of all samples are reported in Supplementary 

Material S4. Sebecid teeth have δ18Op values ranging from 20.1 to 21.5 ‰ (mean 2 s.d. = 0.3 

‰, n = 4), which are the highest values measured compared to dyrosaurids (17.5 to 20.4 ‰, 

mean 2 s.d. = 0.5 ‰, n = 4), fishes (15.0 to 20.0 ‰, mean 2 s.d. = 0.4 ‰, n = 3) and mammals 

(18.5 to 19.3 ‰, mean 2 s.d. = 0.3 ‰, n = 4; see also Fig. 4.11 & 4.12). 

Oxygen and carbon isotope compositions of apatite carbonate 

The isotopic compositions of all samples are reported in Supplementary Material S4. Analysed 

samples have δ18Oc values ranging from 22.4 to 29 ‰ (mean 2 s.d. = 0.5 ‰, n = 13) and δ13C 

values ranging from -12.6 to -9.5 ‰ (mean 2 s.d. = 0.1 ‰, n = 13). Sebecid teeth have δ18Oc 

values that are significantly higher than those of the other sampled organisms (Wilcoxon test, 

p-value = 0.01; Fig. 4.11) and mammal teeth have δ13C values that are significantly lower than 

those of other sampled organisms (Wilcoxon test, p-value = 0.02; Fig. 4.13). 
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Calcium isotope compositions of vertebrate apatite 

Blanks realized during purification protocols have been analysed with the MC-ICP-MS 

Neptune Plus. All blanks contained less than 120 ng of calcium. Thus, considering our 

measurement precision, our isotopic measurements are not affected by this nano-pollution. The 

mass dependency curve of the isotopic measurements follows the expected relation for calcium 

(Fig. 4.14): the slope value is 0.504 ± 0.020 (2 s.e., n = 36), which agrees with the 0.5067 slope 

predicted by the linear approximation of exponential mass-dependent fractionation and is in 

line with previously published values (Tacail et al., 2014, 2016, 2017; Martin et al., 2015, 

2017a, b, 2022; Hassler et al., 2018, 2021a, b), supporting the accuracy of the measurements. 

The composition of all samples is reported in Supplementary Material S4. The standard NIST-

SRM1486 has a δ44/42Ca mean value of -0.98 ± 0.05 ‰ (2 s.e., n = 26), which is also in line 

with previously published values (see Material & Methods). The δ44/42Ca values of the 

vertebrates sampled from Tiupampa range from -1.32 to -0.35 ‰ (mean 2 s.d. = 0.10 ‰, n = 

31; Fig. 4.13). Mammal teeth have the highest values (mean value = -0.51 ± 0.24 ‰, 2 s.d., n 

= 9) and differ significantly from the other organisms (Wilcoxon test, p-value = 5.64.10-5) 

whereas sebecid teeth display the lower values (mean value = -1.24 ± 0.15 ‰, 2 s.e., n = 8) and 

also differ significantly from the other organisms (Wilcoxon test, p-value = 3.58.10-5). 

Figure 4.11: Oxygen isotope compositions of apatite phosphate reported against their corresponding oxygen 
isotope compositions of apatite carbonate. 2 s.d. for each sample are represented by bars. Black circles correspond 
to sebecids, blue squares to mammals, green triangles to fishes and red diamonds to dyrosaurids. Dashed line as a 
theoretical slope of 1. The shapes of the organisms are from phylopic.org. 
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Strontium isotope compositions of vertebrate apatite 

The composition of all samples is reported in Supplementary Material S4. The standard NIST-

SRM1486 has a mean 87Sr/86Sr value of 0.709225 ± 3.34.10-4 (2 s.e., n = 6), and the standard 

NIST-SRM987 has a mean 87Sr/86Sr value of 0.710201 ± 2.68.10-4 (2 s.e., n = 37) which in line 

with previously published values (see Material & Methods). The 87Sr/86Sr values of the different 

organisms sampled range from 0.715554 to 0.717602 (mean 2 s.d. = 5.12.10-4, n = 29), and 

none of the groups of sampled organisms statistically differ from one another (Fig. 4.12). 

Elemental concentrations 

The full dataset compiling all the elemental and rare earth element concentrations measured in 

this study is reported in Supplementary Material S4 and Figure 4.14 & 4.15. An important result 

is that the mean ratio of calcium versus phosphorus is 2.12 ± 0.20, 2 s.d., n = 17 (molar ratio = 

1.64 ± 0.14, 2 s.d., n = 17), suggesting that the stoichiometry of bioapatite is preserved. 

Figure 4.12: Oxygen isotope compositions of apatite phosphate reported against their corresponding strontium 
isotope compositions of vertebrate apatite. 2 s.d. for each sample are represented by bars. Black circles correspond 
to sebecids, blue squares to mammals, green triangles to fishes and red diamonds to dyrosaurids. Filled shapes and 
plain bars are leached samples, whereas empty shapes and dotted bars are unleached samples. The shapes of the 
organisms are from phylopic.org. 
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 Figure 4.14: δ43/42Ca values plotted against δ44/42Ca values for all samples (black circles) and standards (white 
circles) studied. 

Figure 4.13: Calcium isotope compositions of vertebrate apatite reported against their corresponding carbon 
isotope compositions of apatite carbonate. 2 s.d. for each sample are represented by bars. Black circles correspond 
to sebecids, blue squares to mammals, green triangles to fishes and red diamonds to dyrosaurids. Filled shapes and 
plain bars are leached samples, whereas empty shapes and dotted bars are unleached samples. The shapes of the 
organisms are from phylopic.org. 
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Discussion

Assessing the impact of diagenesis on the isotope compositions

First, we must assess the state of isotopic preservation of the fossil samples studied as a 

prerequisite to interpret isotopic data in terms of paleoecological inferences. Although biotic 

and abiotic processes during taphonomy always have an impact on the measured compositions 

of fossil samples (secondary precipitation, ion adsorption, dissolution-recrystallization; 

Figure 4.15: Diverse graphs highlighting the negligible impact of diagenesis on the samples. A: NASC normalized 
REE profiles of each sample from Tiupampa. Concentrations are plotted on a logarithmic scale. Black: sebecids, 
blue: mammals, green: fishes, red: dyrosaurids. Strontium concentration plotted against lead (B), uranium (C), iron 
(D), manganese (E) and sum of REE (F) concentrations. Black circles: sebecids, blue squares: mammals, green 
triangles: fishes, red diamonds: dyrosaurids.
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Kolodny et al., 1996; Blake et al., 1997; Lécuyer et al., 2003; Trueman et al., 2003; Zazzo et 

al., 2004a, b), there are several ways to assess their impact on the original preservation of the 

isotope compositions of the sample. 

In the skeletal tissues of vertebrates, carbonates and phosphates precipitate in equilibrium with 

body water, such that δ18Op and δ18Oc values are correlated. As exchanges rates between 

phosphate-water and carbonate-water are different, re-equilibration (and thus diagenetic 

alteration) of both systems is unexpected and altered samples should show an isotopic shift 

from the expected correlation in at least one of the two complexes. On the other hand, minimally 

altered samples should have δ18Op and δ18Oc values that are correlated and display a slope close 

to unity, as established in other studies (Bryant et al., 1996; Iacumin et al., 1996; Zazzo et al., 

2004b; Lécuyer et al., 2010; Chenery et al., 2012). Here, the correlation between the δ18Op and 

δ18Oc values is significant (R2 = 0.73, p-value = 4.79.10-3; Fig. 4.11) so the isotope compositions 

measured are preserved to a certain degree. One sample (GA1, fish scale enamel) greatly 

diverges from this slope. As it may have undergone some diagenetic processes modifying its 

oxygen and carbon isotope compositions, it will not be considered in the interpretations of these 

values. 

Furthermore, using the elemental concentrations measured on each sample (Supplementary 

Material S4), we obtain a calcium/phosphorus ratio of 2.12 ± 0.2 (2 s.d., n = 17) which is in 

line with those measured in modern animals (2.15 ± 0.26, 2 s.d.; Balter et al., 2001) and other 

studies on fossil dinosaurs (2.3 ± 0.2, 2 s.d.; Hassler et al., 2018; 2.3 ± 0.12, 2 s.d.; Martin et 

al., 2022), bringing a further argument supporting the preservation of the fossils sampled here. 

Rare earth elements content (REE) can also indicate the state of preservation of our samples: 

as those elements are almost absent from a living organism, they can only be incorporated in 

reasonable quantity after its death, making it a marker of early or late diagenetic conditions as 

well as burial conditions (Reynard et al., 1999; Kocsis et al., 2009; Hinz & Kohn, 2010; Suarez 

& Kohn, 2020). Among fossils from Tiupampa, REE enrichment profiles (normalized to 

NASC, Haskin & Frey, 1966 and Gromet et al., 1984; Fig. 4.15A) are similar for each sample, 

meaning that those fossils can be considered as autochthonous (Trueman, 2013). Furthermore, 

none of those patterns are bell-shaped, indicating that the recrystallization processes were 

limited (Reynard et al., 1999; Lécuyer et al., 2004; Reynard & Balter, 2014). Strontium 

concentrations are not correlated with lead, uranium, iron, manganese, or the sum of REE (Fig. 

4.15B-F), meaning that this element was not preferentially incorporated after the death of the 

organisms: the radiogenic strontium isotope compositions can thus be considered as reflecting 



Chapter 4 

294 
 

those of the substrates or waters where the organisms lived. Finally, lanthanum/ytterbium 

(La/Yb) and lanthanum/samarium (La/Sm) ratios for all samples fall within the range of modern 

freshwater samples (Fig. 4.16), indicating a moderate intensity of adsorption and substitutions 

processes (Reynard et al., 1999; Reynard & Balter, 2014). 

Finally, the fact that we have mainly sampled enamel rather than dentine (whenever possible), 

hints to isotopic compositions less subject to diagenesis, because this tissue is highly 

mineralized and exhibit a lower porosity than dentine or bone (Wang & Cerling, 1994; Heuser 

et al., 2011; Martin et al., 2017a, b; Dodat et al., 2023). Furthermore, in the four isotopic 

systems studied here, there is no clear differences between enamel samples and enamel + 

dentine samples in the different groups of organisms, bringing further evidence to the low 

impact of diagenetic processes on the primary preservation of stable isotope compositions. 

Given the high quantity of calcium in vertebrates samples (at least 15% of mass here, see 

Figure 4.16: La/SmN plotted against La/YbN values (normalized to NASC; Haskin & Frey, 1966; Gromet et al., 
1984) for multiple fossil and extant apatite samples, as well as modern waters (Reynard & Balter, 2014, and 
references therein). Squares: conodonts, crosses: fishes, triangles: waters, circles: fossil faunas. Brown: Devonian, 
light green: Silurian, blue: Mesozoic - Cenozoic, yellow: Quaternary, dark purple: freshwaters, purple: estuarine 
and coastal waters, pink: ocean waters, red: Gadoufaoua fauna (Niger, middle Cretaceous; Hassler et al., 2018), 
beige: Kem Kem fauna (Morocco, middle Cretaceous; Hassler et al., 2018), grey: dinosaur communities (USA, 
late Cretaceous; Martin et al., 2022), black: Tiupampa. 
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Supplementary Material S4), it is unlikely that the measured calcium isotopic compositions 

have been entirely overprinted by diagenetic processes, even if those were important. Also, 

leached and non-leached samples display the same values in calcium and radiogenic strontium 

isotope compositions (Wilcoxon test, p-value = 0.57, n = 14 and p-value = 0.98, n = 13 

respectively), which is another argument for the weak impact of diagenesis on our samples.  

In summary, there is no evidence for important diagenetic alteration of the elemental 

compositions of the samples analysed here, in all the different isotopic systems used (apart for 

GA1). As a result, associated isotope compositions reported here are interpreted in terms of 

paleotrophic networks, paleoenvironments and thermophysiological abilities. 

Paleobiological inferences 

Thermophysiology 

Using equations (2) to (5), Faure-Brac et al. (2022) calculated that mammals have ingested 

ambient waters having an average δ18Oaw value of -5.4 ± 0.9 ‰ (2 s.e.). In the present study, 

we add that dyrosaurids have ingested an ambient water having a δ18Oaw value of -3.5 ± 2.2 ‰ 

(2 s.e., n = 4), which is in line with the other source of drinking water previously identified in 

Faure-Brac et al. (2022) (turtle sample: -2.1 ‰). As a result, it is a reasonable assumption that 

sebecids either consumed the same drinking water as dyrosaurids (and turtles and fishes) or as 

mammals, and that they either have a semi-aquatic (with an enrichment value of around 2 ‰) 

or terrestrial lifestyle (with an enrichment value of around 5.1 ‰). Those hypotheses are 

summarized in Figure 4.17. In the first case (Fig. 4.17A; semi-aquatic lifestyle), we obtain a 

mean body temperature ranging from 5 to 12°C with the δ18Oaw value of mammals (Fig. 4.17A, 

green dot; mean value = 8 ± 6°C, 2 s.e., n = 4), or a mean body temperature ranging from 14 to 

20°C with the δ18Oaw value of dyrosaurids (Fig. 4.17A, red dot; mean value = 16 ± 6°C, 2 s.e., 

n = 4). Those values are both too low to be realistic. In the second case (Fig. 4.17B; terrestrial 

lifestyle), we obtain a mean body temperature ranging from 19 to 26°C with the δ18Oaw value 

of mammals (Fig. 4.17B, green dot; mean value = 22 ± 6°C, 2 s.e., n = 4) or a mean body 

temperature ranging from 28 to 34°C with the δ18Oaw value of dyrosaurids (Fig. 4.17B, red dot; 

mean value = 30 ± 6°C, 2 s.e., n = 4), which is in both cases much more realistic and implies 

an ectothermic thermoregulation strategy for the sebecids. Although, the source of drinking 

water for sebecids cannot be directly identified so far, we confirm here the interpretations 

obtained from an independent histological approach performed on notosuchians (Cubo et al.,  
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Figure 4.17: Sebecid oxygen isotope compositions of apatite phosphate are plotted against their possible ambient 
water values (δ18Oaw) within a frame showing expected vertebrates δ18Op - δ18Oaw relationships for a range of body 
temperatures (black lines). The blue area represents the expected body temperatures range for ectotherm modern 
crocodylians, whereas the red area represents the expected body temperatures range for modern endotherms. Green 
dots:  considering the δ18Oaw value of mammals; red dots: considering the δ18Oaw value of dyrosaurids.  A: 
considering a semi-aquatic lifestyle, i.e., an enrichment value of 2 ‰, B: considering a terrestrial lifestyle, i.e., an 
enrichment value of 5.1 ‰.
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2020, 2022a), which also estimated ectothermic thermoregulation strategies in representatives 

of this clade. 

Lifestyle 

The oxygen isotope composition of the samples studied here is mainly controlled by the body 

temperature and the drinking water. As we have assessed that the sebecids from Tiupampa were 

most probably ectotherms, which would put them in the same temperature range as the 

dyrosaurids sampled (25 - 38°C; Faure-Brac et al., 2022), the almost significant difference 

between the δ18Op of these two groups (mean δ18Op for dyrosaurids: 19 ± 2.7 ‰, 2 s.d., n = 4; 

mean δ18Op for sebecids: 20.9 ± 1.3 ‰, 2 s.d., n = 4; p-value = 0.06 under a Wilcoxon test) 

could be interpreted as a difference in lifestyle, especially if those two groups had the same 

drinking water, i.e., δ18Oaw value of -3.5 ‰. Indeed, the difference between these two groups is 

due to higher water turnover and lower transcutaneous water evaporation in aquatic forms 

compared to terrestrial ones, which in turn translates to lower δ18Op values for aquatic forms 

compared to terrestrial ones with an equivalent body temperature. Furthermore, those 

differences are similar to those observed in Mesozoic and modern ecosystems (Cerling et al., 

2008; Amiot et al., 2010). Unfortunately, this hypothesis cannot be confirmed by another 

independent proxy: strontium isotope compositions could have highlighted different substrates 

between the two groups, however the 87Sr/86Sr values are not significantly different from one 

another. Nonetheless, the strontium isotope compositions bring an interesting information about 

the global environment of Tiupampa: the 87Sr/86Sr value of seawater just after the end of the 

Cretaceous was 0.7079 ± 4.83.10-5 (2 s.e., n = 10; Martin & Macdougall, 1991), which is much 

less than the values obtained for the Tiupampa fauna. Thus, as highlighted in Faure-Brac et al. 

(2022), Tiupampa can be considered as a strictly continental deposit and the dyrosaurids 

sampled here were not marine: they either belong to a yet unknown species or they represent 

marine individuals that had been living in the fluviatile system for at least a dental generation. 

The freshwater origin for the Tiupampa sediments was previously suggested (Gayet & Meunier, 

1992; Muizon et al., 2015; Jouve et al., 2020) based on the sedimentology and fauna. The 

present work provides new arguments in this way, as well as evidence of a freshwater lifestyle 

for the dyrosaurids of Tiupampa. 

Diet 

Sebecids show depleted Ca isotope compositions in contrast to dyrosaurids, fishes and 

especially mammals which have the highest δ44/42Ca values (Fig. 4.13). This is in line with the 
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fractionation that occurs within the body resulting in tissues being depleted in 44Ca compared 

with the food source (Skulan & DePaolo, 1999; Chu et al., 2006; Tacail et al., 2014), indicating 

that sebecids were at the top of the food chain in this environment. The trophic pyramid would 

thus have been supported both by fishes and mammals, these last ones probably being 

herbivores given both their high δ44/42Ca and δ13C values. Those two groups would have thus 

represented two potential primary sources of calcium for predators. Considering a carnivore-

herbivore offset of 0.3 to 0.5 ‰, as reported in other studies (Martin et al., 2018, 2022; Tacail 

et al., 2020), dyrosaurids (δ44/42Ca values ranging from -0.68 to -1.06 ‰, mean 2 s.d. = 0.08 ‰, 

n = 8) would have preferentially fed on fishes (δ44/42Ca values ranging from -0.64 to -0.96 ‰, 

mean 2 s.d. = 0.09 ‰, n = 6) or mammals (δ44/42Ca values ranging from -0.35 to -0.75 ‰, mean 

2 s.d. = 0.11 ‰, n = 9). However, given their long rostrum with sharp teeth, they were more 

likely adapted for piscivory (Jouve et al., 2020). Data obtained on sebecids are more difficult 

to interpret: applying a 0.3 to 0.5 ‰ offset corresponds to the values obtained for the 

dyrosaurids and fishes, however this does not necessarily fit with a terrestrial lifestyle, as 

inferred from other independent proxies (Pol et al., 2012; Pochat-Cottilloux et al., 2022b) and 

oxygen isotope compositions here. Thus, either sebecids did feed on dyrosaurids and fishes, 

possibly making them more semi-aquatic than previously thought and contradicting our results 

on oxygen isotope compositions, or there is another explanation for the observed distribution 

of δ44/42Ca values. First, δ44/42Ca values of prey mammals (-0.51 ± 0.24 ‰, 2 s.e., n = 9) could 

be modified by lactation and/or gestation processes with an offset of up to -0.3 ‰ (Hassler et 

al., 2021b), which would in turn make them suitable preys for sebecids. Though this is only 

applicable to female individuals, this could fit with the mortality profile observed in Tiupampa, 

which may indicate a breeding ground (Muizon & Billet, 2022) and be in line with a 0 to 2 ‰ 

trophic enrichment when looking at δ13C values between sebecids and mammals (Bocherens & 

Drucker, 2003). Second, the preferred prey of sebecids could simply not have been sampled 

during our study, among the diverse fauna of the Tiupampa locality. Third, sebecids being at 

the top of the trophic network, could have possibly ingested a significant amount of bone 

material (Baquedano et al., 2012), modifying the measured calcium isotope compositions 

(Dodat et al., 2021). Interestingly, we notice an offset of ~ 0.1 ‰ between the δ44/42Ca values 

of dyrosaurid samples composed exclusively of enamel (D1 & D3) and those composed of 

enamel and dentine (D2 & D4). This would seem to confirm the observation by Heuser et al. 

(2011) of an offset of ~ 0.14 - 0.18 ‰ in δ44/42Ca values between samples made out exclusively 

of enamel and those made out exclusively of dentine. However, this trend is not retrieved in the 
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sebecid samples (S1, S3 & S4 vs S2 respectively), so the mechanisms at play here might be 

more complex. 

Sebecids and dyrosaurids display respectively mean δ13C values of -11.3 ± 1.8 ‰ (2 s.e., n = 

4) and -12.5 ± 0.4 ‰ (2 s.e., n = 2), which, using an isotope fractionation of 9 ‰ between 

crocodile apatite and diet (Lee-Thorp et al., 1989; Tieszen & Fagre, 1993; Stanton, 2006), 

indicate a diet with a δ13C value of -20.7 ± 1.8 ‰ (2 s.e., n = 6). Furthermore, using the data 

from Passey et al. (2005), we estimate a δ13C apatite-diet offset of 12.3 ± 4.2 ‰ (2 s.e.) in 

mammals. Mammal samples thus display a δ13C diet value of -22 ± 0.5 ‰ (2 s.e., n = 4). We 

then must estimate the δ13C value of atmospheric CO2 in the early Paleocene, as it has a direct 

effect on the stable carbon isotope composition of plants (Fricke, 2007). Through carbon and 

oxygen isotope compositions of benthic foraminifera in the literature (Cramer et al., 2009), we 

estimate the δ13CCO2 during the Early Paleocene at -5.7 ± 0.8 ‰ (2 s.e., n = 83; see also 

Supplementary Material S5, equation 3 to 7), in contrast with modern δ13CCO2 of -7 to -8 ‰ 

(Gröcke, 2002). Thus, C3 plants δ13C range during this period should shift towards values 1.8 

‰ higher, i.e., -35.5 to -18.5 ‰ (O’Leary, 1988; Kohn, 2010). The values calculated here for 

the Tiupampa fauna do match this expectation, although they belong to the higher part of the 

δ13C range of plants, which would indicate an arid environment, as assessed in the Bauru Group 

(Upper Cretaceous of Brazil; Klock et al., 2022). The δ13C values measured in Tiupampa 

vertebrates cluster in two groups: one with δ13C values lower than -11.0 ‰ and one with δ13C 

values higher than -10.5 ‰ (Fig. 4.13). Although this difference is significant (p-value = 0.005 

under a Wilcoxon test), it is difficult to interpret as both clusters include samples belonging to 

the same taxonomic group (fishes and sebecids). More analyses would be needed to assess the 

potential ecological consequences of this clustering. Finally, it is interesting to observe that the 

δ44/42Ca and δ13C values of sebecids and dyrosaurids do not overlap (Fig. 4.13). This could 

either be due to a different source of alimentation (as hypothesized above) or a different 

digestive physiology leading to a different apatite-diet 13C enrichment. 

Paleoenvironmental reconstruction 

δ18Oaw values calculated from δ18Op values measured from different group of organisms using 

equations (4) and (5) range from -2.4 to -5.8 ‰ (mean value: -4.4 ± 2.5 ‰, 2 s.e., n = 8), which 

corresponds to continental surface water values measured today at tropical to equatorial 

latitudes (IAEA, 2022). As fish body water is not fractionated from the ambient water, their 

body temperature reflects the water temperature of their living environment. Using equation (2) 
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and the δ18Oaw values calculated from turtles and crocodylians, those temperatures range from 

12 to 22°C (mean value: 17 ± 10°C, 2 s.d., n = 2), which would be expected of a freshwater 

tropical environment and further indicates that those fish were also autochthonous. The 

measured δ18Op values in Tiupampa fauna are high and comparable to those measured in the 

terrestrial ecosystems of the Songliao basin (mean δ18O = 22.20 ± 1.65 ‰, 2 s.d., n = 57; Huang 

et al., 2013; Gao et al., 2015; Zhang et al., 2018) and Nanxiong basin (mean δ18O = 24.53± 

1.92 ‰, 2 s.d., n = 6; Yin et al., 2023), but not as high as those measured in desertic 

environments (Lécuyer et al., 1999; Schoeninger et al., 2000), therefore being more in line with 

a dry environment. The δ18Oaw values are also in accordance with climatic conditions measured 

nowadays in Pakistan or South China, with a mean annual temperature around 20°C and a mean 

precipitation of a few hundred millimetres per year (IAEA, 2022). Finally, this is also confirmed 

when looking at δ13C values measured here: those correspond to C3 plants with mean δ13C 

values ranging from -20.5 to -21.7 ‰. These values indicate dry ecosystems today, with annual 

precipitation of less than 200 mm/year (Kohn, 2010, see also Supplementary Material S5). It 

would thus appear from two independent elements that the specimens sampled here were living 

in a dry environment, albeit with the presence of freshwater, contrary to what was hypothesized 

in other studies (Woodburne et al., 2014 and references therein). This is further confirmed by 

large scale studies that infer a global warming at the beginning of the Paleogene (Sewall & 

Sloan, 2001; Sewall, 2004; Quillévéré et al., 2008; Gilabert et al., 2022), and some regional 

scale studies in China (Gao et al., 2021) or France (Cojan & Moreau, 2006). In any case, those 

interpretations must thus be taken with caution as the data we use here is merely a local snapshot 

rather than a long-term interpretation. 

Conclusion 

Using a multi-isotopic proxy approach, we highlight several ecological traits of the sebecids 

from Tiupampa, as well as a paleoenvironmental reconstruction of this locality. After assessing 

the impact of diagenesis on our samples from numerous methods, we reconstruct a local dry 

environment with tropical temperatures for the specimens sampled here, inferred both from 

oxygen and carbon isotope compositions. 

The calcium and carbon isotope compositions of vertebrate apatite indicate that the sebecids 

were at the top of the C3-based food web, although their main source of alimentation remains 

elusive. The dominance of those terrestrial organisms in post-Cretaceous ecosystems is here 

ascertained, probably because of the disappearance of competitors, such as dinosaurs. Using 
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the oxygen isotope compositions of apatite phosphate, their inferred body temperature is 

consistent with those of extant ectotherms, such as crocodylians, as were also the dyrosaurids 

living in the same locality. We thus imply that the difference measured in δ18Op values between 

the two groups most probably reflects a difference in lifestyle, with aquatic dyrosaurids and 

terrestrial sebecids.  

Those results would be especially interesting to compare to future multi-isotopic studies with a 

focus on similar communities living before the K/Pg crisis, as has already been done on 

dinosaurs using calcium isotope compositions (Martin et al., 2022) and to a lesser extent on 

other notosuchians using carbon and oxygen isotope compositions (Klock et al., 2022). Finally, 

the study of the strontium isotope compositions allows to clearly discard the marine influence 

from the environment sampled in this study, which is especially interesting due to the presence 

of dyrosaurids in the sampled organisms, which have until now mainly been inferred as a marine 

group. 
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VIII- A multi-isotopic landscape of Paleogene sebecosuchians from African and 

European localities 

Following the results of Tiupampa (see VII), the same set of analyses was conducted on three 

other localities from the Eocene of France and Algeria. Those localities were chosen because 

of their younger ages and also their availability, to study if the same interpretations could be 

made on sebecids from younger strata, which are of the upmost importance to understand their 

resilience to the K/Pg biological crisis and their subsequent disappearance during the 

Paleogene. However, as will be regularly highlighted throughout the section, the results 

presented here need to be taken with caution, mainly because of the low number of samples 

studied, and must be taken more as preliminary interpretations. One of the reasons to explain 

that is that the successful analyses of complete fossil faunas require a thorough sampling of the 

fossil organisms, which mostly depends on the accessibility to those remains, as well as 

efficiency in pre-treatment chemical protocols. Furthermore, the samples analysed must not be 

diagenetically altered to be able to make paleoecological interpretations. Finally, it is also very 

time-costly: for example, the chemical preparation of silver phosphates associated with the 

measurements of δ18Op values lasts four days for eight to sixteen samples and the pre-treatment 

protocol of samples for the measurements of calcium and strontium isotope compositions also 

lasts four days for up to 24 samples. Finally, the measurement phase can also be time-

consuming especially for calcium isotope compositions where the setting of the MC-ICP-MS 

(i.e., before any measurements can be made) often takes several days as well. The datasets with 
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all the values measured in the three localities are available here: https://mycore.core-

cloud.net/index.php/s/7mCKw8rLbck2qh3 and all details for the samples are available in 

Appendix 6. 

a- Presentation of the localities 

The locality of Réalmont is in the Paleogene basin of the Castrais Area, along the eastern margin 

of the Castrais Area, in southwestern France (Fig. 4.18). This fauna dates back to the Bartonian 

(Mammal Paleogene or MP16; Escarguel et al., 1997; Martin, 2014, 2016; Remy, 2015) and 

has yielded mammals (Vasseur, 1894; Remy, 2015), turtles and diapsids (Vasseur, 1894; Martin 

et al., 2023).  

Figure 4.18: Geographical and geological context of the locality of Réalmont (France). Top: area of interest in 
southern France. Bottom: simplified geological map of the area. Plain gray: basement rock; blue dashes: marine 
Jurassic deposits; green points: continental Cretaceous deposits; orange crosses: Paleogene deposits; yellow 
oblique lines: Neogene deposits; white: Quaternary deposits. Modified from Martin et al. (2023; fig. 1). 
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The locality of Aumelas is in the lacustrine limestones of Montpellier, in southern France (Fig. 

4.19). This fauna dates back to the Ypresian/Lutetian boundary (before MP13; Remy et al., 

2019; Luccisano et al., 2020) and has yielded a diverse fauna of vertebrates (Hartenberger, 

1963; Sudre, 1980; Remy et al., 2016, 2019; Luccisano et al., 2020). 

The locality of El Kohol is in the Paleogene of Algeria, near the city of Brezina (Fig. 4.20). 

This fauna dates back to the Ypresian (between -52 and -51 Ma; Coster et al., 2012) and has 

yielded invertebrates (Mahboubi et al., 1984a), mammals (Mahboubi et al., 1984a, b, 1986, 

2014; Court, 1994), turtles, fishes, amphibians, as well as a putative sebecid Eremosuchus 

elkoholicus Buffetaut, 1989 (Buffetaut, 1982a, 1989) and a diverse flora (Mahboubi et al., 

1984a). Furthermore, some oxygen and carbon stable isotope compositions of carbonate apatite 

have already been measured on Numidotherium koholense Mahboubi, Ameur, Crochet & 

Jaeger, 1986 (Mahboubi et al., 2014).  

b- Sample collections 

In Réalmont, six samples of fossil tooth enamel of mammals and four samples of fossil bone of 

crocodylomorphs and turtles were analysed for their oxygen isotope composition of apatite 

phosphate (δ18Op), oxygen (δ18Oc) and carbon (δ13C) isotope composition of apatite carbonate, 

calcium isotope composition (δ44/42Ca), radiogenic strontium isotope ratio (87Sr/86Sr) and 

elemental concentrations. One crocodylomorph sample comes from the splenial of a recently 

redescribed sebecid (Dentaneosuchus crassiproratus; Martin et al., 2023), while the other 

comes from a fragment of an unidentified crocodylomorph (possibly planocraniid). Mammal 

samples belong to the taxa Palaeotherium Cuvier, 1804 sp. and Lophiodon Cuvier, 1822 sp. 

Figure 4.19: Map of Hérault (southern France) showing the location of the Aumelas locality. Modified from 
Luccisano et al. (2020; fig. 1). 
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which are inferred as browsers (Joomun et al., 2008). The tooth type sampled is unknown but 

most probably corresponds to molars. The taxonomic attribution of the turtle samples is also 

unknown.  

In Aumelas, five samples of fossil tooth enamel (and dentine when not enough material was 

available)  of mammals, three samples of fossil bone of crocodylomorphs and turtles and four 

samples of scale enamel and tooth enamel (and dentine when not enough material was 

available) of fishes were analysed for their oxygen isotope composition of apatite phosphate 

(δ18Op), oxygen (δ18Oc) and carbon (δ13C) isotope composition of apatite carbonate, calcium 

isotope composition (δ44/42Ca), radiogenic strontium isotope ratio (87Sr/86Sr) and elemental 

concentrations. The crocodylomorph sample comes from the osteoderm of an unknown 

crocodylomorph (possibly planocraniid). Mammal samples belong to the taxa 

Propalaeotherium Gervais, 1849 sp. and Pachynolophus Pomel, 1847 sp. which are inferred as 

browsers (Hellmund, 2005; Joomun et al., 2008). The tooth type sampled is unknown. The 

taxonomic attribution of the fish samples is also unknown. The two samples of turtle bone 

belong to Podocnemididae Cope, 1868 and Palaeoemys Schleich, 1994 which are both living 

in aquatic environment (Mayerl et al., 2016).  

In El Kohol, three samples of fossil tooth enamel of mammals and two samples of fossil bone 

of crocodylomorph and turtle were analysed for their oxygen isotope composition of apatite 

phosphate (δ18Op), oxygen (δ18Oc) and carbon (δ13C) isotope composition of apatite carbonate, 

Figure 4.20: Location of the El Kohol locality indicated with a star among sedimentary basins and tectonic 
elements of North Africa. Modified from Coster et al. (2012; fig. 1). 
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calcium isotope composition (δ44/42Ca), radiogenic strontium isotope ratio (87Sr/86Sr) and 

elemental concentrations. The crocodylomorph sample comes from Eremosuchus elkoholicus 

which has been inferred to be terrestrial based mainly on its ziphodont dentition (Buffetaut, 

1982a, 1989; see also Chapter 1, IIIe). Mammal samples belong to the taxa Numidotherium 

koholense which is reconstructed with a plantigrade, semi-sprawling gait (Court, 1994) and a 

terrestrial lifestyle (Mahboubi et al., 2014). The tooth type sampled is unknown. The taxonomic 

attribution of the turtle sample is also unknown.  

c- Results 

1- Oxygen isotope compositions of apatite phosphate 

In Réalmont, Dentaneosuchus Astre, 1931 and mammals have significantly higher δ18Op values 

(ranging from 21.0 to 23.0 ‰, mean 2 s.d. = 0.4 ‰, n = 7) than the other unidentified 

crocodylomorph and turtles (ranging from 18.2 to 19.0 ‰, mean 2 s.d. = 0.3 ‰, n = 3) under a 

Wilcoxon test (p-value = 0.02; Fig. 4.21 & 4.22). 

In Aumelas, δ18Op values measured on mammals and the unknown crocodylomorph range from 

19.3 to 21.4 ‰ (mean 2 s.d. = 0.3 ‰, n = 6) and differ significantly from those of turtles and 

fishes (ranging from 17.8 to 19.9 ‰, mean 2 s.d. = 0.3 ‰, n = 6) under a Wilcoxon test (p-

value = 0.009; Fig. 4.23 & 4.24). 

In El Kohol, mammals have the higher δ18Op values measured, ranging from 21.5 to 25.7 ‰ 

(mean 2 s.d. = 0.3, n = 3) but do not differ significantly from measured values in Eremosuchus 

Buffetaut, 1989 and the turtle (ranging from 17.8 to 18.8 ‰, mean 2 s.d. = 0.3 ‰, n = 2) under 

a Wilcoxon test (p = 0.2; Fig. 4.25 & 4.26). 

2- Oxygen and carbon isotope compositions of apatite carbonate 

In Réalmont, analysed samples have significantly different δ18Oc values between mammals 

(ranging from 28.0 to 30.8 ‰, mean 2 s.d. = 0.5 ‰, n = 6) and the other groups of organisms 

(ranging from 25.0 to 27.5 ‰, mean 2 s.d. = 0.8 ‰, n = 4) under a Wilcoxon test (p-value = 

0.01). δ13C values range between -10.4 and -8.4 ‰ (mean 2 s.d. = 0.3 ‰, n = 10; Fig. 4.27). 

In Aumelas, analysed samples have significantly different δ18Oc values between mammals and 

turtles (ranging from 27.7 to 29.0 ‰, mean 2 s.d. = 0.7 ‰, n = 6) and the unknown 

crocodylomorph and fishes (ranging from 24.9 to 26.4 ‰, mean 2 s.d. = 0.6 ‰, n = 3) under a 

Wilcoxon test (p-value = 0.02). δ13C values between mammals and the unknown 
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crocodylomorph (ranging from -10.4 to -7.2 ‰, mean 2 s.d. = 0.3 ‰, n = 6) and turtles and 

fishes (ranging from -6.7 to -4.7 ‰, mean 2 s.d. = 0.2 ‰, n = 3; Fig. 4.29) are significantly 

different under a Wilcoxon test (p-value = 0.02). 

In El Kohol, analysed samples have δ18Oc values ranging from 23.6 to 31.4 ‰ (mean 2 s.d. = 

0.4 ‰, n = 5) with none of the groups of organisms sampled differing significantly from the 

others (Fig. 4.25). It is interesting to note that the δ18Oc values measured for N. koholense are 

similar to those measured on tooth enamel in Mahboubi et al. (2014; ranging from 28.7 to 32.8 

‰) Although δ13C values of mammals are higher (ranging from -8.2 to -7.2 ‰, mean 2 s.d. = 

0.6 ‰, n = 3) than those of the turtle and the crocodylomorph (ranging from -11 to -11.6 ‰, 

mean 2 s.d. = 0.2 ‰, n = 2; Fig. 4.31), the difference is not significant under a Wilcoxon test 

(p-value = 0.2). It is also interesting to note that the δ13C values measured in N. koholense are 

higher than those measured on tooth enamel in Mahboubi et al. (2014; ranging from -10.6 to -

8.2, n = 9), and differ significantly under a Wilcoxon test (p-value = 0.03). 

Figure 4.21: Oxygen isotope compositions of apatite phosphate reported against their corresponding oxygen 
isotope compositions of apatite carbonate in Réalmont. 2 s.d. for each sample are represented by bars. Black circle 
corresponds to Dentaneosuchus crassiproratus, blue squares to mammals, red diamond to the unknown 
crocodylomorph and purple triangles to turtles. Dashed line as a theoretical slope of 1. The shapes of the organisms 
are from phylopic.org. 
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Figure 4.22: Oxygen isotope compositions of apatite phosphate reported against their corresponding strontium 
isotope compositions of vertebrate apatite in Réalmont. 2 s.d. for each sample are represented by bars. Black circle 
corresponds to Dentaneosuchus crassiproratus, blue squares to mammals, purple triangles to turtles and red 
diamond to the unknown crocodylomorph. Filled shapes and plain bars are leached samples, whereas empty shapes 
and dotted bars are unleached samples. The shapes of the organisms are from phylopic.org. 

Figure 4.23: Oxygen isotope compositions of apatite phosphate reported against their corresponding oxygen isotope 
compositions of apatite carbonate in Aumelas. 2 s.d. for each sample are represented by bars. Black circle 
corresponds to the unknown crocodylomorph, blue squares to mammals, green triangles to fishes and purple triangle 
to the turtle. Dashed line as a theoretical slope of 1. The shapes of the organisms are from phylopic.org. 
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Figure 4.24: Oxygen isotope compositions of apatite phosphate reported against their corresponding strontium 
isotope compositions of vertebrate apatite in Aumelas. 2 s.d. for each sample are represented by bars. Black circle 
corresponds to the unknown crocodylomorph, blue squares to mammals, purple triangles to turtles and green 
triangles to the fishes. The shapes of the organisms are from phylopic.org. 

Figure 4.25: Oxygen isotope compositions of apatite phosphate reported against their corresponding oxygen 
isotope compositions of apatite carbonate in El Kohol. 2 s.d. for each sample are represented by bars. Black circle 
corresponds to Eremosuchus, blue squares to mammals, and purple triangle to the turtle. Dashed line as a 
theoretical slope of 1. The shapes of the organisms are from phylopic.org. 
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3- Calcium isotope compositions of vertebrate apatite  

Blanks realized during purification protocols have been analysed with the MC-ICP-MS 

Neptune Plus. All blanks contained less than 150 ng of calcium. Thus, considering our 

measurement precision, our isotopic measurements are not affected by this nano-pollution. The 

mass dependency curve of the isotopic measurements follows the expected relation for calcium 

(Fig. 4.28, 4.30 & 4.32): in Réalmont, the slope value is 0.571 ± 0.06 (2 s.e., n = 20); in 

Aumelas, the slope value is 0.505 ± 0.05 (2 s.e., n = 12); and in Aumelas, the slope value is 

0.471 ± 0.05 (2 s.e., n = 6). Those values agree with the 0.5067 slope predicted by the linear 

approximation of exponential mass-dependent fractionation and are in line with previously 

published values (Tacail et al., 2014, 2016, 2017; Martin et al., 2015, 2017a, b, 2022; Hassler 

et al., 2018, 2021a, b), supporting the accuracy of the measurements. The standard NIST-

SRM1486 has a δ44/42Ca mean value of -0.95 ± 0.06 ‰ (2 s.e., n = 11) in Réalmont; -1.07 ± 

0.01 ‰ (2 s.e., n = 3) in Aumelas; and -0.88 ± 0.10 ‰ (2 s.e., n = 3) in Aumelas. Those values 

are also in line with previously published values (Martin et al., 2015b; Hassler et al., 2018, 

2021a, b; Dodat et al., 2021; Martin et al., 2022).  

Figure 4.26: Oxygen isotope compositions of apatite phosphate reported against their corresponding strontium 
isotope compositions of vertebrate apatite in El Kohol. 2 s.d. for each sample are represented by bars. Black circle 
corresponds to Eremosuchus, blue squares to mammals and purple triangle to the turtle. The shapes of the 
organisms are from phylopic.org. 
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In Réalmont, mammal samples have δ44/42Ca values (ranging from -1.21 to -0.88 ‰, mean 2 

s.d. = 0.10 ‰, n = 12) that are significantly lower than the others (ranging from -0.86 to -0.53 

‰, mean 2 s.d. = 0.11 ‰, n = 6; Fig. 4.27) under a Wilcoxon test (p-value = 8.7.10-4).  

In Aumelas, the δ44/42Ca values of the samples range from -1.64 to -0.68 ‰ (mean 2 s.d. = 0.12 

‰, n = 11) with none of the sampled groups of organisms significantly differing from the others 

(Fig. 4.29). 

In El Kohol, the δ44/42Ca values of the samples range from -1.26 to -0.61 ‰ (mean 2 s.d. = 0.06 

‰, n = 5) with mammals having lower values than the turtle and Eremosuchus (Fig. 4.31), 

although this difference is not significant under a Wilcoxon test (p-value = 0.2). 

4- Radiogenic strontium isotope compositions of vertebrate apatite  

The standard NIST-SRM1486 has a mean 87Sr/86Sr value of 0.709200 ± 3.13.10-5 (2 s.e., n = 2) 

in Réalmont; 0.708489 ± 1.47.10-3 (2 s.e., n = 1) in Aumelas; and 0.709344 ± 2.17.10-4 (2 s.e., 

n = 1) in El Kohol. The standard NIST-SRM987 has a mean 87Sr/86Sr value of 0.710256 ± 

8.53.10-6 (2 s.e., n = 10) in Réalmont; 0.710256 ± 3.08.10-4 (2 s.e., n = 33) in Aumelas; and 

0.710256 ± 3.91.10-5 (2 s.e., n = 27) in El Kohol. Those values are in line with previously 

published values (Clemens et al., 1993; McArthur et al., 2001; Faure & Mensing, 2005; Galler  

Figure 4.27: Calcium isotope compositions of vertebrate apatite reported against their corresponding carbon 
isotope compositions of apatite carbonate in Réalmont. 2 s.d. for each sample are represented by bars. Black circles 
correspond to Dentaneosuchus crassiproratus, blue squares to mammals, purple triangles to turtles and red 
diamond to the unknown crocodylomorph. Filled shapes and plain bars are leached samples, whereas empty shapes 
and dotted bars are unleached samples. The shapes of the organisms are from phylopic.org. 
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Figure 4.28: δ43/42Ca values plotted against δ44/42Ca values for all samples (black circles) and standards (white 
circles) studied in Réalmont. 

Figure 4.29: Calcium isotope compositions of vertebrate apatite reported against their corresponding carbon 
isotope compositions of apatite carbonate in Aumelas. 2 s.d. for each sample are represented by bars. Black circle 
corresponds to the unknown crocodylomorph, blue squares to mammals, purple triangle to the turtle and green 
triangle to the fish. The shapes of the organisms are from phylopic.org. 
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Figure 4.30: δ43/42Ca values plotted against δ44/42Ca values for all samples (black circles) and standards (white 
circles) studied in Aumelas.

Figure 4.31: Calcium isotope compositions of vertebrate apatite reported against their corresponding carbon 
isotope compositions of apatite carbonate in El Kohol. 2 s.d. for each sample are represented by bars. Black circle 
corresponds to Eremosuchus, blue squares to mammals and purple triangle to the turtle. The shapes of the 
organisms are from phylopic.org.
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et al., 2007; De Muynck et al., 2009; Weber et al., 2017; Brazier et al., 2019; Guiserix et al., 

2022). 

In Réalmont, the 87Sr/86Sr values of vertebrate apatites range from 0.709514 to 0.712857 (mean 

2 s.d. = 5.98.10-4, n = 22) and a value measured on a turtle bone can be considered as an 

analytical outlier because it has a huge standard deviation. Statistically, there are two groups of 

mammals which have significantly different 87Sr/86Sr values under a Wilcoxon test (p-value = 

0.004) but those are not taxonomical groups.

In Aumelas, the 87Sr/86Sr values of fishes (ranging from 0.708325 to 0.708535, mean 2 s.d. = 

7.86.10-5, n = 3) are significantly different from those of the other groups of organisms (ranging 

from 0.707624 to 0.708131, mean 2 s.d. = 8.23.10-5, n = 8) under a Wilcoxon test (p-value = 

0.01).

The 87Sr/86Sr values measured in El Kohol range from 0.708472 to 0.708861 (mean 2 s.d. = 

2.73.10-4) and none of the groups of organisms sampled differ significantly from the others.

5- Elemental concentrations

An important result is that mean ratio of calcium versus phosphorus is 2.15 ± 0.32 2 s.d., n = 

10 (molar ratio = 1.68 ± 0.25 2 s.d., n = 10) in Réalmont; 2.19 ± 1.00 2 s.d., n = 12 (molar ratio 

Figure 4.32:  δ43/42Ca values plotted against δ44/42Ca values for all samples (black circles) and standards (white 
circles) studied in El Kohol.
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= 1.69 ± 0.77 2 s.d., n = 12) in Aumelas; and 1.89 ± 0.59 2 s.d., n = 5 (molar ratio = 1.47 ± 0.46 

2 s.d., n = 5) in El Kohol. This suggests that the stoichiometry of bioapatite is preserved. 

d- Interpretations 

1- Assessing the impact of diagenesis on the isotope compositions 

As a prerequisite to interpret isotopic data, we first must assess the state of isotopic preservation 

of the fossil samples studied. In Réalmont, the correlation between the δ18Op and δ18Oc values 

is significant (R2 = 0.82, p-value = 1.31.10-6); in El Kohol, the correlation between the δ18Op 

and δ18Oc values is also significant (R2 = 0.94, p-value = 8.81.10-5). The slopes are close to 

unity, so the isotope compositions measured are preserved to a certain degree. In Aumelas, the 

correlation between the δ18Op and δ18Oc values is significant (R2 = 0.86, p-value = 0.003) if 

sample Aum1761 (podocnemidid bone) is removed. The isotope compositions of all the other 

samples are thus preserved to a certain degree, while Aum1761 will not be used in oxygen and 

carbon isotope interpretations.  

Using the elemental concentrations measured on each sample, we obtain a calcium/phosphorus 

ratio of 2.15 ± 0.32 (2 s.d., n = 10) in Réalmont (except Rea 7 whose elemental concentrations 

could not be measured); 2.19 ± 1.00 (2 s.d., n = 12) in Aumelas; and 1.89 ± 0.59 (2 s.d., n = 5) 

in El Kohol. Those values are in line with those measured in modern animals (2.15 ± 0.26, 2 

s.d.; Balter et al., 2001), fossil dinosaurs (2.3 ± 0.20, 2 s.d.; Hassler et al., 2018; 2.30 ± 0.12, 2 

s.d.; Martin et al., 2022), Paleolithic remains (2.32 ± 0.19, 2 s.d.; Dodat et al., 2021) and 

samples from Tiupampa (2.12 ± 0.20, 2 s.d.; see II), bringing a further argument supporting the 

preservation of the fossils sampled here.  

Among fossils from Réalmont, REE enrichment profiles (normalized to NASC, Haskin & Frey, 

1966; Gromet et al., 1984; Fig. 4.33) are similar for each sample, except for Rea 4 and Rea 5 

with anomalies in caesium and neodymium (Fig. 4.33A). Those samples are thus considered as 

allochthonous and not considered in all interpretations, while the others can be considered as 

autochthonous (Trueman, 2013). Among fossils from Aumelas and El Kohol, REE enrichment 

profiles (normalized to NASC, Haskin & Frey, 1966; Gromet et al., 1984; Fig. 4.34A & 4.35A) 

are similar for each sample. These can thus be considered as autochthonous (Trueman, 2013). 

Furthermore, none of those patterns are bell-shaped, indicating that the recrystallization 

processes were limited (Reynard et al., 1999; Lécuyer et al., 2004; Reynard & Balter, 2014).  
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In Réalmont, strontium concentrations are not correlated with lead, uranium, iron, manganese, 

or the sum of REE (Fig. 4.33B-F), and only with uranium in El Kohol (Fig. 4.35B-F), meaning 

that this element was not preferentially incorporated after the death of the organisms: the 

radiogenic strontium isotope compositions of those two faunas can thus be considered as 

reflecting those of the substrates or waters where the organisms lived. However, in Aumelas, 

although strontium concentrations are not correlated with lead, uranium, iron, they are 

correlated with manganese and the sum of REE (Fig. 4.34B-F), meaning that this element was 

also incorporated after the death of the organisms: the radiogenic strontium isotope 

compositions thus cannot be considered as reflecting entirely those of the substrates or waters 

where the organisms lived, and will thus not be interpreted in terms of living environments in 

Figure 4.33: Diverse graphs highlighting the negligible impact of diagenesis on the samples in Réalmont. A: NASC 
normalized REE profiles of each sample from Réalmont. Concentrations are plotted on a logarithmic scale. 
Strontium concentration plotted against lead (B), uranium (C), iron (D), manganese (E) and sum of REE (F) 
concentrations. Black circles: Dentaneosuchus crassiproratus, blue squares: mammals, purple triangles: turtles. 
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this fauna. Finally, lanthanum/ytterbium (La/Yb) and lanthanum/samarium (La/Sm) ratios for 

all samples fall within the range of modern freshwater samples (Fig. 4.36), indicating a 

moderate intensity of adsorption and substitutions processes (Reynard et al., 1999; Reynard & 

Balter, 2014). 

Given the high quantity of calcium in vertebrates samples (at least 15% of mass here), it is 

unlikely that the measured calcium isotopic compositions have been entirely overprinted by 

diagenetic processes, even if those were important. Also, in Réalmont, leached and non-leached 

samples display the same values in calcium and radiogenic strontium isotope compositions 

Figure 4.34: Diverse graphs highlighting the impact of diagenesis on the samples in Aumelas. A: NASC normalized 
REE profiles of each sample from Aumelas. Concentrations are plotted on a logarithmic scale. Strontium 
concentration plotted against lead (B), uranium (C), iron (D), manganese (E) and sum of REE (F) concentrations. 
Black circles: unknown crocodylomorph, blue squares: mammals, purple triangles: turtles, green triangles: fishes.
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(Wilcoxon test, p-value = 0.40, n = 8 and p-value = 0.86, n = 9 respectively), which is another 

argument for the weak impact of diagenesis on the samples from this fauna.

In summary, in Réalmont, there is no evidence for important diagenetic alteration of the 

elemental compositions of the samples analysed, in all the different isotopic systems used, 

except for Rea 4 and Rea 5. In Aumelas, while a single sample shows evidence of diagenetic 

alteration of its elemental compositions (Aum1761), the others do not. In El Kohol, there is no 

evidence for important diagenetic alteration of the elemental compositions of the samples 

analysed, in all the different isotopic systems used. As a result, associated isotope compositions 

Figure 4.35: Diverse graphs highlighting the moderate impact of diagenesis on the samples in El Kohol. A: NASC 
normalized REE profiles of each sample from El Kohol. Concentrations are plotted on a logarithmic scale.
Strontium concentration plotted against lead (B), uranium (C), iron (D), manganese (E) and sum of REE (F) 
concentrations. Black circles: Eremosuchus elkoholicus, blue squares: mammals, purple triangles: turtle.
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reported for those faunas are interpreted in terms of paleotrophic networks, paleoenvironments 

and thermophysiological abilities. 

2- Thermophysiology 

Using the equations presented in III, in Réalmont, I calculated that mammals and turtles have 

ingested the same ambient waters, with an average δ18Ow value of -2.4 ± 1.3 ‰ (2 s.e., n = 6). 

As a result, when looking at the crocodylomorph samples studied here, it is a reasonable 

assumption that Dentaneosuchus crassiproratus and the unknown crocodylomorph either had 

a semi-aquatic (with an enrichment value between δ18O values of ambient water and body water 

of 2 ‰) or a terrestrial lifestyle (with an enrichment value around 5.1 ‰). Those hypotheses 

are summarized in Figure 4.37. In the first case (Fig. 4.37A; semi-aquatic lifestyle), a mean 

body temperature ranging from 8 to 20°C (mean value = 14 ± 12°C, 2 s.d., n = 1) is inferred for 

Figure 4.36: La/SmN plotted against La/YbN values (normalized to NASC; Haskin & Frey, 1966; Gromet et al., 
1984) for multiple fossil and extant apatite samples, as well as modern waters (Reynard & Balter, 2014, and 
references therein). Squares: conodonts, crosses: fishes, triangles: waters, circles: fossil faunas. Light brown: 
Devonian, light green: Silurian, light blue: Mesozoic - Cenozoic, yellow: Quaternary, dark purple: freshwaters, 
purple: estuarine and coastal waters, pink: ocean waters, red: Gadoufaoua fauna (Niger, middle Cretaceous; Hassler 
et al., 2018), beige: Kem Kem fauna (Morocco, middle Cretaceous; Hassler et al., 2018), grey: dinosaur 
communities (USA, late Cretaceous; Martin et al., 2022), green: Tiupampa, dark blue: Réalmont, dark brown: 
Aumelas, black: El Kohol. 
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Dentaneosuchus crassiproratus, which is too low to be realistic, while a mean body temperature 

ranging from 23 to 37°C (mean value = 31 ± 12°C, 2 s.d., n = 1) is inferred for the unknown 

crocodylomorph and implies an ectothermic thermoregulation strategy for this specimen. In the 

second case (Fig. 4.37B; terrestrial lifestyle), a mean body temperature ranging from 22 to 34°C 

(mean value = 28 ± 12°C, 2 s.d., n = 1) is inferred for Dentaneosuchus crassiproratus and 

implies an ectothermic thermoregulation strategy for this specimen, while a mean body 

temperature ranging from 39 to 51°C (mean value = 45 ± 12°C, 2 s.d., n = 1) is inferred for the 

unknown crocodylomorph, which is too high to be realistic. Here, concerning Dentaneosuchus, 

the ectothermic regulations strategies inferred with independent histological approaches 

performed on notosuchians are once again confirmed (Cubo et al., 2020, 2022a), as well as the 

inferences made on the sebecids from the fauna of Tiupampa (see VII). 

In Aumelas, I calculated that mammals and the turtle have ingested the same ambient water 

with an average δ18Ow value of -3.2 ± 1.0 ‰ (2 s.e., n = 6). As a result, when looking at the 

crocodylomorph sample studied here, it is a reasonable assumption that it either had a semi-

aquatic (with an enrichment value between δ18O values of ambient water and body water of 2 

‰) or a terrestrial lifestyle (with an enrichment value around 5.1 ‰). Those hypotheses are 

summarized in Figure 4.38. In the first case (Fig. 4.38A; semi-aquatic lifestyle), a mean body 

temperature ranging from 18 to 27°C (mean value = 22 ± 10°C, 2 s.d., n = 1) is inferred for this 

crocodylomorph, implying an ectothermic thermoregulation strategy for this specimen. In the 

second case (Fig. 4.38B; terrestrial lifestyle), a mean body temperature ranging from 32 to 41°C 

(mean value = 37 ± 10°C, 2 s.d., n = 1) is inferred for the crocodylomorph and would rather 

imply an endothermic thermoregulation strategy for this specimen. Here, the thermoregulation 

strategy of the crocodylomorph from Aumelas would thus depend on its lifestyle, but those 

interpretations must be taken with extreme caution, given the very limited number of samples 

considered, and would benefit from further analyses. 

In El Kohol, two sources of ambient water are identified: one involving two mammals with an 

average δ18Ow value of 1.9 ± 0.7 ‰ (2 s.e., n = 2) and one involving a turtle and a mammal 

with an average δ18Ow value of -2.5 ± 0.2 ‰ (2 s.e., n = 2). As a result, when looking at the 

sample from Eremosuchus studied here, it is a reasonable assumption that it either consumed 

one of the two sources of drinking water, and that it either had a semi-aquatic (with an 

enrichment value between δ18O values of ambient water and body water of 2 ‰) or a terrestrial 

lifestyle (with an enrichment value around 5.1 ‰). Those hypotheses are summarized in Figure 
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4.39. In the first case (Fig. 4.39A; semi-aquatic lifestyle), a mean body temperature ranging 

from 34 to 36°C (mean value = 35 ± 2°C, 2 s.d., n = 1) is inferred for this crocodylomorph with 

the δ18Oaw value of -2.5 ‰, implying a thermoregulation strategy at the limit between 

ectothermy and endothermy for this specimen, while a mean body temperature ranging from 52 

to 58°C (mean value = 55 ± 6°C, 2 s.d., n = 1) is inferred with the δ18Oaw value of 1.9 ‰, which 

Figure 4.37: Crocodylomorph oxygen isotope compositions of apatite phosphate are plotted against their possible 
ambient water values (δ18Oaw) within a frame showing expected vertebrates δ18Op - δ18Oaw relationships for a range 
of body temperatures (black lines) in Réalmont. The blue area represents the expected body temperature range for 
ectotherm modern crocodylians, whereas the red area represents the expected body temperatures range for modern 
endotherms. Black dot: Dentaneosuchus crassiproratus, red dot: unknown crocodylomorph. A: considering a 
semi-aquatic lifestyle, i.e., an enrichment value of 2 ‰, B: considering a terrestrial lifestyle, i.e., an enrichment 
value of 5.1 ‰. 
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is too high to be realistic. In the second case (Fig. 4.39B; terrestrial lifestyle), a mean body 

temperature ranging from 48 to 50°C (mean value = 49 ± 2°C, 2 s.d., n = 1) is inferred for the 

crocodylomorph with the δ18Oaw value of -2.5 ‰, while a mean body temperature ranging from 

66 to 72°C (mean value = 69 ± 6°C, 2 s.d., n = 1) is inferred with the δ18Oaw value of 1.9 ‰. 

Those two ranges of values are also too high to be realistic. Here, the thermoregulation strategy 

of Eremosuchus is thus at the limit between ectothermy and endothermy, but, as in Aumelas, 

Figure 4.38: Crocodylomorph oxygen isotope compositions of apatite phosphate are plotted against their possible 
ambient water value (δ18Oaw) within a frame showing expected vertebrates δ18Op - δ18Oaw relationships for a range 
of body temperatures (black lines) in Aumelas. The blue area represents the expected body temperature range for 
ectotherm modern crocodylians, whereas the red area represents the expected body temperatures range for modern 
endotherms. Black dot: unknown crocodylomorph from Aumelas. A: considering a semi-aquatic lifestyle, i.e., an 
enrichment value of 2 ‰, B: considering a terrestrial lifestyle, i.e., an enrichment value of 5.1 ‰. 
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those interpretations must be taken with extreme caution, given the very limited number of 

samples considered, and would benefit from further analyses. 

3- Lifestyle 

As both crocodylomorphs from Réalmont are inferred to be ectotherms, their difference in δ18Op 

values could be interpreted as a difference in lifestyle, with Dentaneosuchus crassiproratus 

Figure 4.39: Crocodylomorph oxygen isotope compositions of apatite phosphate are plotted against their possible 
ambient water value (δ18Oaw) within a frame showing expected vertebrates δ18Op - δ18Oaw relationships for a range 
of body temperatures (black lines) in El Kohol. The blue area represents the expected body temperature range for 
ectotherm modern crocodylians, whereas the red area represents the expected body temperatures range for modern 
endotherms. Purple dots: Eremosuchus elkoholicus with the δ18Oaw value of -2.5 ‰, blue dots: Eremosuchus 
elkoholicus with the δ18Oaw value of 1.9 ‰. A: considering a semi-aquatic lifestyle, i.e., an enrichment value of 2 
‰, B: considering a terrestrial lifestyle, i.e., an enrichment value of 5.1 ‰. 
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having higher values in line with a terrestrial lifestyle and the unknown crocodylomorph having 

lower values in line with a semi-aquatic lifestyle. This is also seen in Mesozoic and modern 

ecosystems (Cerling et al., 2008; Amiot et al., 2010) and in the Tiupampa fauna (Pochat-

Cottilloux et al., 2023e). This difference in lifestyle unfortunately cannot be confirmed with the 

strontium isotope compositions because the measured 87Sr/86Sr values of the two 

crocodylomorphs are not significantly different. However, the 87Sr/86Sr value of seawater 

during the Bartonian was 0.7077 ± 1.01.10-4 (2 s.e., n = 20; Hess et al., 1986; Denison et al., 

1993; Mead & Hodell, 1995), which is much less than the values obtained for the Réalmont 

fauna. Thus, there are no marine influences here. Finally, the significant difference in the 
87Sr/86Sr values of mammals clustering them into two groups could be interpreted as a 

difference in living substrate (and thus environment), but this difference is unfortunately not 

reflected in δ18Op values. 

The crocodylomorph from Aumelas either has an ectothermic or endothermic thermoregulation 

strategy depending on its lifestyle. If it has an ectothermic thermoregulation strategy, the 

difference in δ18Op values between this organism and the turtle sample (Fig. 4.23 & 4.24), which 

would be both ectotherm organisms, could be interpreted as a difference in lifestyle, with the 

crocodylomorph having a higher value in line with a terrestrial lifestyle and the turtle having a 

lower value in line with a semi-aquatic lifestyle. This is also seen in Mesozoic and modern 

ecosystems (Cerling et al., 2008; Amiot et al., 2010) and in the Tiupampa and Réalmont fauna. 

If the crocodylomorph has an endothermic thermoregulation strategy, then the similitude in 

δ18Op values between this organism and mammals (Fig. 4.23 & 4.24), which would both be 

endothermic organisms, could be interpreted as a similitude in lifestyle, compatible with a 

terrestrial lifestyle. As a result, while I am not able to conclude on the thermoregulation strategy 

of the crocodylomorph from Aumelas, it is inferred to be terrestrial. Unfortunately, the 

strontium isotope compositions cannot be interpreted in terms of lifestyle, as this element seems 

to have been affected by diagenetic processes. 

Eremosuchus elkoholicus from El Kohol has a high ectothermic or low endothermic 

thermoregulation strategy. If it has a more ectothermic thermoregulation strategy, the similitude 

in δ18Op values between this organism and the turtle sample (Fig. 4.25 & 4.26), which would 

be both ectotherm organisms, could be interpreted as a similitude in lifestyle, compatible with 

a semi-aquatic environment. If Eremosuchus has a more endothermic thermoregulation 

strategy, then the difference in δ18Op values between this organism and mammals (Fig. 4.25 & 

4.26), which would both be endothermic organisms, could be interpreted as a difference in 
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living environment. Mammals with higher values are in line with a terrestrial lifestyle while 

Eremosuchus has a lower value in line with a semi-aquatic lifestyle. As a result, while I am not 

able to conclude on the thermoregulation strategy of Eremosuchus, it is inferred to be semi-

aquatic. Unfortunately, the strontium isotope compositions between the different groups of 

organisms have no significant differences, thus this interpretation cannot be supported with 

another independent proxy. However, the 87Sr/86Sr value of seawater during the Ypresian was 

0.7076 ± 1.00.10-5 (2 s.d., n = 1; Denison et al., 1993), which is much less than the values 

obtained for the El Kohol fauna. Thus, there are no marine influences here either. 

4- Diet 

As stated in VI, there could be an offset in an organism between the δ44/42Ca values of bone and 

those of tooth enamel: to compare the different groups of organisms, we must thus account for 

this offset in the samples. In Réalmont, under the first hypothesis (no variation), the two 

crocodylomorphs do not have the lowest δ44/42Ca enamel values (ranging from -0.77 to -0.86 ‰, 

mean 2 s.d. = 0.11 ‰, n = 3) and probably fed on turtles (δ44/42Ca values ranging from -0.53 to 

-0.60 ‰, mean 2 s.d. = 0.11 ‰, n = 3), although the difference is not significant. This result 

seems strange for Dentaneosuchus, given its large size (Martin et al., 2023) and terrestrial 

habits. Following the second hypothesis (variation of -0.25 ‰ between bone and enamel), the 

crocodylomorphs from Réalmont could have still preferentially fed on turtles if their calcium 

isotope compositions followed the same variation, but still not on mammals.  Indeed, 

considering a carnivore - herbivore offset of 0.3 to 0.5 ‰, as reported in other studies (Martin 

et al., 2018, 2022; Tacail et al., 2020), crocodylomorphs (mean δ44/42Ca enamel = -1.07 ± 0.09 

‰, 2 s.e., n = 3) have similar values to those of mammals (mean δ44/42Ca enamel = -1.05 ± 0.15 

‰, 2 s.e., n = 8) that do not differ significantly. It would thus seem that Dentaneosuchus did 

not prey on the sampled mammals.  

In Aumelas, under the first hypothesis (no variation), the crocodylomorph has one of the lowest 

δ44/42Ca value and its prey would thus not have been sampled here. Following the second 

hypothesis (variation of -0.25 ‰ between bone and enamel), the crocodylomorph from 

Aumelas could have preferentially fed on mammals or fishes. Indeed, considering a carnivore-

herbivore offset of 0.3 to 0.5 ‰, as reported in other studies (Martin et al., 2018, 2022; Tacail 

et al., 2020), the crocodylomorph (δ44/42Ca enamel = -1.07 ± 0.11 ‰, 2 s.d., n = 1) has a slightly 

higher value than fishes (ranging from -0.77 to -1.64 ‰, mean 2 s.d. = 0.12 ‰, n = 3) or 

mammals (ranging from -0.78 to -1.25 ‰, mean 2 s.d. = 0.13 ‰, n = 5).  
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In El Kohol, under the first hypothesis (no variation), Eremosuchus has the highest δ44/42Ca 

value, and its prey would thus not have been sampled here. Following the second hypothesis 

(variation of -0.25 ‰ between bone and enamel), Eremosuchus still has the lowest δ44/42Ca 

value, and its prey would thus not have been sampled here again.  This result seems very strange 

and might be due either to diagenetic processes or specific calcium fluxes that have not been 

accounted for here. Further studies are needed to confirm those results and establish the trophic 

relationships in the three faunas with more certainty.  

In Réalmont, crocodylomorphs display a mean δ13C value of -10.1 ± 0.8 ‰ (2 s.e., n = 2), 

which, using an isotope fractionation of 9 ‰ between crocodile apatite and diet (Lee-Thorp et 

al., 1989; Tieszen & Fagre, 1993; Stanton, 2006) indicates a diet with a δ13C value of -19.1 ± 

0.8 ‰ (2 s.e., n = 2). Using the data from Passey et al. (2005), a δ13C apatite - diet offset of 

12.3 ± 4.2 ‰ (2 s.e.) was estimated for mammals. Mammal samples thus display a δ13C diet 

value of -21.0 ± 0.4 ‰ (2 s.e., n = 4). Finally, carbon isotope fractionation between bone apatite 

and diet has been estimated between 9 and 12 ‰ in marine turtles, depending on their diet 

(Biasatti, 2004, and references therein). Therefore, turtles in Réalmont display a δ13C diet value 

of -18.5 to -21.5 ± 1.7 ‰ (2 s.e., n = 2).  

In Aumelas, the crocodylomorph displays a δ13C value of -7.2 ± 0.3 ‰ (2 s.d., n = 1), which, 

using an isotope fractionation of 9 ‰ between crocodile apatite and diet (Lee-Thorp et al., 

1989; Tieszen & Fagre, 1993; Stanton, 2006) indicates a diet with a δ13C value of -16.2 ± 0.3 

‰ (2 s.d., n = 1). Using the data from Passey et al. (2005), a δ13C apatite-diet offset of 12.3 ± 

4.2 ‰ (2 s.e.) was estimated for mammals. Mammal samples thus display a δ13C diet value of 

-21.2 ± 4.1 ‰ (2 s.e., n = 2). Finally, carbon isotope fractionation between bone apatite and diet 

has been estimated between 9 and 12 ‰ in marine turtles, depending on their diet (Biasatti, 

2004, and references therein). Therefore, the turtle in Aumelas displays a δ13C diet value of -

13.7 to -16.7 ± 0.2 ‰ (2 s.d., n = 1). 

In El Kohol, Eremosuchus displays a δ13C value of -11.6 ± 0.2 ‰ (2 s.d., n = 1), which, using 

an isotope fractionation of 9 ‰ between crocodile apatite and diet (Lee-Thorp et al., 1989; 

Tieszen & Fagre, 1993; Stanton, 2006) indicate a diet with a δ13C value of -20.6 ± 0.2 ‰ (2 

s.d., n = 1). Using the data from Passey et al. (2005), a δ13C apatite-diet offset of 12.3 ± 4.2 ‰ 

(2 s.e.) was estimated for mammals. Mammal samples thus display a δ13C diet value of -20.0 ± 

1.0 ‰ (2 s.e., n = 3). Finally, carbon isotope fractionation between bone apatite and diet has 

been estimated between 9 and 12 ‰ in marine turtles, depending on their diet (Biasatti, 2004 
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and references therein). Therefore, the turtle in El Kohol displays a δ13C diet value of -20 to -

23 ± 0.3 ‰ (2 s.d., n = 1). 

As it has a direct effect on the stable carbon isotope compositions of plants (Fricke, 2007), the 

δ13C value of atmospheric CO2 was estimated through carbon and oxygen isotope compositions 

of benthic foraminifera in the literature (Cramer et al., 2009; see also Appendix 5; 

Supplementary Material S5) at -6.5 ± 0.7 ‰ (2 s.e., n = 797) during the Bartonian for Réalmont; 

-6.3 ± 0.5 ‰ (2 s.e., n = 77) during the Ypresian/Lutetian boundary for Aumelas; and -6.5 ± 

0.6 ‰ (2 s.e., n = 148) during the middle Ypresian for El Kohol. Those values are in contrast 

with the modern δ13CCO2 of -7 to -8 ‰ (Gröcke, 2002). Thus, C3 plants δ13C range during this 

period should shift towards values 1 ‰ higher, i.e., -36 to -19 ‰ in Réalmont and El Kohol; 

and 1.2 ‰ higher, i.e., - 35.8 to -18.8 ‰ in Aumelas (O’Leary, 1988; Kohn, 2010). The values 

calculated here for the Réalmont and El Kohol fauna, as well as the mammals from Aumelas 

correspond, although they belong to the higher part of the δ13C range of plants, which would 

indicate an arid environment, as assessed in the Bauru Group (Upper Cretaceous of Brazil; 

Klock et al., 2022) or the Tiupampa fauna (see VII). However, in Aumelas, the crocodylomorph 

and turtle diet values do not correspond, which is surprising, and might be due to diagenetic 

processes altering their carbon isotope compositions or a diet based on unsampled more aquatic 

organisms. 

5- Paleoenvironmental reconstructions 

δ18Oaw values calculated from δ18Op values measured from the different groups of organisms 

range from -1.34 to -3.1 ‰ (mean value: -2.6 ± 1.6 ‰, 2 s.e., n = 6) in Réalmont; -3.7 to -2.7 

‰ (mean value: -3.2 ± 1.0 ‰, 2 s.e., n = 6) in Aumelas; and -2.5 to 2.2 ‰ (mean value: -0.3 ± 

5.1 ‰, 2 s.e., n = 4) in El Kohol. Those values correspond to continental surface water values 

measured today at tropical to equatorial latitudes (IAEA, 2022) and are in accordance with 

climatic conditions measured nowadays in Pakistan or South China, with a mean annual 

temperature around 20°C and a mean precipitation of a few hundred millimetres per year 

(IAEA, 2022). 

The measured δ18Op values in Réalmont are high and comparable to those measured in the 

terrestrial ecosystem of Western Amazonia (mean δ18O = 21.7 ± 1.7 ‰, 2 s.e., n = 3; Custódio 

et al., 2023) during the Bartonian, but not as high as those measured in desertic environments 

(Lécuyer et al., 1999; Schoeninger et al., 2000), therefore being more in line with a dry 

environment.  
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The measured δ18Op values in Aumelas are high and comparable to those measured in the 

terrestrial ecosystems of Germany (18.1 ± 1.0 ‰, 2 s.d., n = 1; Gehler et al., 2011) and Tunisia 

(mean δ18O = 20.5 ± 0.9 ‰, 2 s.e., n = 22; Ounis et al., 2008) during the Ypresian/Lutetian, but 

not as high as those measured desertic environments (Lécuyer et al., 1999; Schoeninger et al., 

2000), therefore being more in line with a dry environment.  

The measured δ18Op values in El Kohol are high and comparable to those already measured in 

Mahboubi et al. (2014) in El Kohol, as well as those measured in the terrestrial ecosystem of 

Tunisia (mean δ18O = 20.4 ± 0.8 ‰, 2 s.e., n = 21; Ounis et al., 2008) during the Ypresian, but 

not as high as those measured in desertic environments (Lécuyer et al., 1999; Schoeninger et 

al., 2000), therefore being more in line with a dry environment. 

Finally, those reconstructions are also confirmed when looking at the δ13C values measured 

here: those correspond to C3 plants with mean δ13C values ranging from -18.5 to -21 ‰ in 

Réalmont, -13.7 to -21.2 ‰ in Aumelas; and -20 to -23 ‰ in El Kohol. These values indicate 

dry ecosystems today, with annual precipitation of less than 100 to 200 mm/year (Kohn, 2010, 

see also Appendix 5, Supplementary Material S5). It would thus appear from two independent 

elements that the specimens sampled in the three faunas were living in a dry environment, albeit 

with the presence of freshwater. Although this is not seen in some large-scale studies (Payros 

et al., 2006; Less & Özcan, 2012), it is further confirmed in regional scale studies in Turkey 

(Akkiraz et al., 2006), Spain (Cavagnetto & Anadón, 1996), Namibia (Pickford, 2018), Tunisia 

(Karoui-Yaakoub et al., 2015) and Argentina (Fernicola et al., 2021). In any case, those 

interpretations must thus be taken with caution as the data we use here is merely a local snapshot 

rather than a long-term interpretation. 

IX- The geochemical record of extant crocodylian teeth 

Throughout this chapter, I presented results from fossil samples of diverse fauna using isotopic 

compositions of several elements to get a better idea of their paleoecology. Each specimen was 

represented by a single sample, and the samples values were compared with one another and 

their respective taxonomic group, to get a better idea of the trophic relationships of the fauna 

studied, as well as their living environment, two signals that could sometimes be difficult to 

differentiate. Here, I present a slightly different approach, studying several samples from the 

same individual (see also Klein et al., 2009). Four teeth were studied, belonging to three 

different extant species of crocodylians (Table 15), each representing a slightly different 

lifestyle. Gavialis gangeticus is nowadays critically endangered (Saikia, 2013; Lang et al., 
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2019) and it is currently restricted to certain areas of the Gange river (India) which is linked 

with the South Asian monsoon and associated sedimentary discharge from the Himalayas 

(Goodbred, 2003). It is the most thoroughly aquatic of the extant crocodylians, and the only 

species without the ability to walk in a semi-upright stance (Bustard & Singh, 1978; Willis et 

al., 2007; Stevenson & Whitaker, 2010). Through its long rostrum and numerous small teeth, 

this species is particularly adapted for eating fish, although some large individuals have also 

been reported to feed on other preys (Lang et al., 2019). Crocodylus siamensis is more wildly 

spread in Southeast Asia (Cambodia, Indonesia, Laos, Thailand, Vietnam; Simpson & 

Bezuijen, 2010), thus also subject to environmental change during the monsoon, but more 

constrained. It is mostly a freshwater organism (Daltry et al., 2003; Bezuijen et al., 2006; Cox 

& Phothitay, 2008). Similarly to many other crocodylians, C. siamensis feeds on wide array of 

preys, such as invertebrates, frogs, reptiles, birds, and mammals (Daltry et al., 2003). 

Osteolaemus tetraspis is a small organism that can live seasonally in caves and has a generalist 

terrestrial diet (Pauwels et al., 2007; Shirley et al., 2017). It is known in western Africa, from 

Congo to Gambia (Eaton, 2010) and his specific behavior is associated with high variability of 

climates in the region (Shirley et al., 2017).  

The objective of this study was to perform serial dentine micro-samplings to assess variations 

(if any) of the isotopic record of the different species. Ultimately, the goal is to implement a 

method that would be applicable to fossil samples, with the same interest as previously: 

reconstructing their paleoecology and paleoenvironment. To gain that information, several 

isotopic systems were chosen, with the idea to provide multi-isotopic data.  

The oxygen isotope composition of the dentine was studied as a proxy of the oxygen isotope 

composition of the ambient water of each organism (see Chapter 4, III). Strontium isotope  

Table 15: List of specimens sampled in this study. 

Taxon Specimen Ecology 

Gavialis gangeticus MHNL 50001407 Mostly aquatic 

Gavialis gangeticus UCBL WB39 Mostly aquatic 

Crocodylus siamensis UCBL WB41 Semi-aquatic 

Osteolaemus tetraspis UCBL 2019-1-236 Terrestrial seasonally 
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compositions were also measured to gain insights into the living substrate of each organism, 

with variations linked to possible changes in environment (see Chapter 4, V). Calcium isotope 

compositions were measured as a proxy of the diet of each organism, again with variations 

linked to a possible change in diet (see Chapter 4, VI). Finally, nitrogen isotope compositions 

were measured as an independent proxy of diet.  

Nitrogen has two stable isotopes: 14N (major) and 15N (minor). Contrary to the other elements 

studied in this thesis until now, nitrogen was measured on the organic part of the bone 

(collagen), and as such cannot be measured in most fossils (but see Leichliter et al., 2021, 2023). 

As other elements, the notation delta (δ) is used as following: 

The nitrogen of collagen comes from food (DeNiro & Epstein, 1981; Schwarcz & Schoeninger, 

1991). Through the degradation of consumed animal proteins, the collagen is biosynthesized. 

As a result, the isotope compositions of collagen nitrogen and consumed proteins nitrogen are 

linked (Bocherens et al., 1991; Schwarcz, 1991). Nitrogen is first fixed by plants from the air 

through symbiosis with fixing bacteria or already metabolized nitrogen from the soil. 

Fractionation between air and plants is between -1 and 6.5 ‰ (Högberg, 1997; Hobbie et al., 

2001; Marshall et al., 2007). As in carbon isotope compositions, there is a trophic enrichment 

between an organism and its food that varies between 3 and 6 ‰ (Schoeninger & DeNiro, 1984; 

Schwarcz & Schoeninger, 1991; Ambrose, 2002; Bocherens & Drucker, 2003; Caut et al., 2009; 

O’Connell et al., 2012). Herbivores are thus distinguishable from omnivores and carnivores. In 

some cases, one can even distinguish individuals that have the same general diet but that 

consume different quantities of meat, as it is more enriched in proteins than plants (Clauzel, 

2022). Marine organisms can also be distinguished from terrestrial ones as they tend to have 

higher δ15N values, as food webs are longer in marine ecosystems (Schoeninger & DeNiro, 

1984; Schwarcz, 1991). Finally, nitrogen isotope compositions also depend on the climate, with 

arid conditions corresponding to an increase in δ15N values (Ambrose & DeNiro, 1986; 

Schwarcz et al., 1999; Hedges et al., 2004).  
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a- Analytical procedures 

The serial sampling was performed with the following two protocols: first, the teeth were 

included in resin and cut along the growth axis using a Buehler IsoMet Low Speed precision 

sectioning saw with a diamond-studded circular saw blade. The first protocol involved a 

computer-assisted micro drill device (MicroMill) allowing the sampling of around 200 μg of 

hydroxyapatite by drilling holes of 350-400 μm wide and 300 μm deep. The samples extracted 

using this protocol were used in calcium and strontium analyses. The second protocol involved 

a Dremel tool and allowed to pick up larger quantities of dentine, but following the lines of 

increment of the dentine, thus staying at the same time of dentine formation throughout each 

sample. The samples extracted using this protocol were used in oxygen and nitrogen analyses. 

Chemical preparations and measurements protocols were the same as those explained before 

for calcium, strontium, and oxygen isotope compositions.  

Analytically, for nitrogen, dentine powders were measured at the LEHNA (combustion on a 

PYROcube™ with ‘Purge & Trap’ technology and connected in continuous flow to a IRMS 

IsoPrime100™). Some preliminary tests determined that 1 mg of dentine powder delivered 

enough signal to get reliable measures (Table 16). Isotope compositions were calibrated with 

international reference standards ammonium sulfates IAEA-N1 (δ15N = 0.43 ‰ AIR; Böhlke 

et al., 1993; Gentile et al., 2013; Gillikin et al., 2017) and IAEA-N-2 (δ15N = 20.41 ‰ AIR; 

Gonfiantini, 1978, 1984; Kendall & Grim, 1990; Böhlke et al., 1993; Böhlke & Coplen, 1995).  

b- Samples 

One of the difficulties encountered in this study is that although teeth of crocodylians are 

common, a precise provenance is often very hard to obtain. The teeth might either be isolated, 

wrongly labelled or fixed on the skull of another individual. The specimen might also be 

wrongly identified, and, in the case of widespread taxa, it might be difficult to identify its origin. 

As a result, the two Gavialis specimens (UCBL WB39 & MHNL 50001407) studied here are 

especially interesting, because the geographic area of the extant representatives of this taxon is 

extremely reduced (see above), and thus they clearly come from the Gange basin (India). The 

specimen of Crocodylus siamensis (UCBL WB41) is explicitly labelled from Vinh Long 

(Vietnam) and was historically collected in 1881. Finally, the specimen of Osteolaemus 

tetraspis (UCBL 2019-1-236) is also explicitly labelled to come from Gabon.  
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Table 16: Test measurements of δ15N in the dentine of UCBL WB41 (Crocodylus siamensis). Signal above 2 nA 
is considered acceptable for measurements. 

Sample Signal (nA) Weight (mg) δ15N 

Test 1 1.30 0.43 9.95 

Test 2 1.34 0.48 10.33 

Test 3 1.72 0.60 10.19 

Test 4 4.87 1.69 7.78 

c- Age model 

To timescale the measured isotopic compositions, we could unfortunately not make thin 

sections of the sampled surfaces and count the number of incremental lines of dentine, as it is 

a destructive protocol, and those wild samples are rare, and thus important. The age model 

necessary to anchor the timing of our data was thus based on general observations made on 

tooth mineralization timings of Alligator mississippiensis (Erickson, 1996). In different 

individuals of different ontogenetic stages, between 83 and 122 incremental lines were 

measured. As those increments form daily (Schour & Steadman, 1935; Schour & Hoffman, 

1939; Yilmaz et al., 1977; Bengston, 1988), the tooth replacement in this taxon lasts 

approximately between 83 and 122 days. The oldest specimen sampled in Erickson (1996) 

measured 1.40 m (young adult) and had 122 increments of dentine. Although Erickson (1996) 

observed that tooth replacement rates show a general slowing trend (maybe as teeth become 

larger), corroborating hypotheses that it diminishes with ontogeny (Poole, 1961), it cannot be 

confirmed until further histological studies are made, also on potential interspecific variations. 

Thus, I hypothesize for now that the dentine records of the specimens sampled here represent 

approximately 4 months (120 days), as they all represent adult individuals.  

d- Results 

Detailed results are available here: https://mycore.core-

cloud.net/index.php/s/7mCKw8rLbck2qh3 . For the calcium analyses, blanks realized during 

the purification protocols have been analysed with the MC-ICP-MS Neptune Plus. All blanks 

contained less than 100 ng of calcium. Thus, considering our measurement precision, our 

isotopic measurements are not affected by this nano-pollution. The mass dependency curve of 

the isotopic measurements follows the expected relation for calcium (Fig. 4.40): the slope value 
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is 0.523 ± 0.025 (2 s.e., n = 40), which agrees with the 0.5067 slope predicted by the linear 

approximation of exponential mass-dependent fractionation and is in line with previously 

published values (Tacail et al., 2014, 2016, 2017; Martin et al., 2015, 2017a, b, 2022; Hassler 

et al., 2018, 2021a, b) and other measured values in Chapter 4, supporting the accuracy of the 

measurements. The standard NIST-SRM1486 has a δ44/42Ca mean value of -0.97 ± 0.05 ‰ (2 

s.e., n = 17) and a mean 87Sr/86Sr value of 0.709059 ± 6.33.10-4 (2 s.e., n = 4) which is also in 

line with previously published values (Clemens et al., 1993; McArthur et al., 2001; Faure & 

Mensing, 2005; Galler et al., 2007; De Muynck et al., 2009; ; Martin et al., 2015b; Weber et 

al., 2017; Hassler et al., 2018, 2021a, b; Brazier et al., 2019; Dodat et al., 2021; Guiserix et al., 

2022; Martin et al., 2022) and other measured values in Chapter 4. The standard NIST-SRM987 

has a mean 87Sr/86Sr value of 0.710256 ± 2.57.10-4 (2 s.e., n = 10) which in line with previously 

published values (Clemens et al., 1993; McArthur et al., 2001; Faure & Mensing, 2005; Galler 

et al., 2007; De Muynck et al., 2009; Weber et al., 2017; Brazier et al., 2019; Guiserix et al., 

2022) and other measured values in Chapter 4. 

In three out of the four teeth sampled, the nitrogen isotope compositions are anticorrelated to 

the calcium isotope compositions (Fig. 4.41, 4.43 & 4.44) and, when available, the oxygen 

isotope compositions are correlated with the strontium isotope compositions (Fig. 4.42-4.44). 

Figure 4.40: δ43/42Ca values plotted against δ44/42Ca values for all extant samples (black circles) and standards 
(white circles) studied. 
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Osteolaemus shows the most drastic change in calcium isotope compositions (Fig. 4.45A; ≈ 1 

‰), and variations in isotopic compositions are also important in the two teeth of Gavialis 

sampled (Fig. 4.41A & 4.42A). 

e- Discussion 

The anticorrelation of nitrogen and calcium isotope compositions (Fig. 4.41, 4.43 & 4.44) can 

be explained because nitrogen undergoes a trophic enrichment, while calcium undergoes a 

trophic depletion in 44Ca. As a result, higher δ15N values correspond to lower δ44/42Ca values. 

Furthermore, the correlation of oxygen and strontium isotope compositions (Fig. 4.42-4.44), 

can be explained because those elements are both linked to the living environment, at least 

partially, with changes in the isotopic composition of available ambient water (for the oxygen 

isotope compositions) most likely associated with changes in the isotopic composition of the 

substrate (for the strontium isotope compositions). 

The changes and intensities of changes in δ44/42Ca values recorded in Osteolaemus (Fig. 4.45A) 

might be related to its lifestyle. Indeed, as stated above, this organism is known to estivate and 

change living environments seasonally, inducing a change in diet, probably reflected here in 

the calcium isotope compositions. This also reflected by a positive shift in δ15N (≈ +1.5 ‰), as 

well as a negative shift in δ18O and 87Sr/86Sr (≈ -0.002 and ≈ -1 ‰ respectively), confirming 

this change in living environment. 

On the other hand, the variations in isotope compositions in the two teeth of Gavialis sampled 

(Fig. 4.41A & 4.42A) might rather be due to environmental constraints. Indeed, the Gange basin 

is highly impacted by sediment washing from the Himalayas, which might even modify calcium 

isotope compositions (Rea, 1992; English et al., 2000; Stewart et al., 2008; Tripathy et al., 

2011). This is further evidenced by the similar variations in strontium isotope compositions, 

that record changes in living substrate of the organism (Fig. 4.41B & 4.42B).  

Strontium isotope compositions provide evidence and confirm the provenance of the different 

organisms. For example, strontium isotope compositions of Gavialis were measured at 

0.726851 ± 0.003080 (2 s.e., n = 9) and 0.720425 ± 0.003204 (2 s.e., n = 10) for UCBL WB39  
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Figure 4.41:Serial isotope com
positions of a tooth of G

avialis gangeticus
(U

C
B

L W
B

39). A
: nitrogen (green) and calcium

 (red) isotope com
positions. B

: strontium
 isotope 

com
positions. C

: side of the tooth used for nitrogen sam
pling. D

: side of the tooth used for calcium
 and strontium

 sam
pling. A

ll graphs are scaled horizontally to the total size 
of the tooth.
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Figure 4.42:Serial isotope com
positions of a tooth of G

avialis gangeticus(M
H

N
L 50001407). A

: nitrogen (green) and calcium
 (red) isotope com

positions. B
: strontium

 (red) 
and oxygen (blue) isotope com

positions. C
: side of the tooth used for calcium

 and strontium
 sam

pling. D
: side of the tooth used for oxygen and nitrogen sam

pling. A
ll graphs 

are scaled horizontally to the total size of the tooth.
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Figure 4.43: Serial isotope com
positions of a tooth of C

rocodylus siam
ensis(U

C
B

L W
B

41). A
: nitrogen (green) and calcium

 (red) isotope com
positions. B

: strontium
 (red) and 

oxygen (blue) isotope com
positions. C

: side of the tooth used for all sam
plings. H

ollow
 points represent replacem

ent tooth.A
ll graphs are scaled horizontally to the total size 

of the tooth.
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Figure 4.44:Serial isotope com
positions of a tooth of O

steolaem
us tetraspis

(U
C

B
L 2019-1-236). A

: nitrogen (green) and calcium
 (red) isotope com

positions. B
: strontium

 
(red) and oxygen (blue) isotope com

positions. C
: side of the tooth used for nitrogen and oxygen sam

pling. D
: side of the tooth used for calcium

 and strontium
 sam

pling. H
ollow

 
points and doted curves represent replacem

ent tooth. A
ll graphs are scaled horizontally to the total size of the tooth.
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Figure 4.45:Serial isotope com
positions of the four teeth sam

pled in this study. A
: calcium

, B
: nitrogen, C

: oxygen, D
: strontium

. Triangles: O
steolaem

us tetraspis
(U

C
B

L
2019-1-236), squares: G

avialis gangeticus
(M

H
N

L 50001407 &
 U

C
B

L W
B

39), circles: C
rocodylus siam

ensis
(U

C
B

L W
B

41).  H
ollow

 points and dotted
curves represent 

replacem
ent teeth. A

ll graphs are scaled horizontally to the total size of the teeth.
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and MHNL 50001407 respectively, which correspond to those measured in the Gange basin in 

water (0.722037 ± 0.014586 2 s.e., n = 23; Krishnaswami et al., 1992; Yoshimura et al., 2021) 

and sediments (0.725428 ± 0.025631 2 s.e., n = 12; Yoshimura et al., 2021). Furthermore, using 

the equation of Amiot et al. (2007), Gavialis δ18Oaw is -4.1 ± 0.3 ‰ (2 s.e., n = 2), and it is 

measured in the Gange water at -8.2 ± 4.6 ‰ (2 s.e., n = 7). Finally, it is also the case for 

Osteolaemus (mean 87Sr/86Sr = 0.713381 ± 0.001552 2 s.e., n = 13), as the mean value of the 

Ogooué and Mbei rivers (Gabon) is 0.717270 ± 0.005033 (2 s.e., n = 21; Moquet et al., 2021). 

The oxygen isotope compositions of the replacement tooth of Osteolaemus are similar to those 

of the ‘main’ tooth (Fig. 4.44B & 4.45C). Further studies are needed to understand if those 

preliminary results are also found in other species and elements. 

f- Conclusion 

The serial isotope composition records of extant crocodylians dentine are interesting prospects, 

which could potentially be extended to fossil forms. Relying on a multi-isotopic approach, the 

dietary and environmental habits of individual organisms can be assessed at a high precision 

(i.e., the one of the tooth replacement rate), with potential changes throughout the record. 

However, if made on fossil samples, such study should put a strong emphasis on the impact of 

diagenesis, as these processes are known to have more effect on this tissue, rather than on 

enamel for example (Nelson et al., 1986; Kohn et al., 1999; Budd et al., 2000; Hedges, 2002; 

Wopenka & Pasteris, 2005; Pasteris et al., 2008; Dodat et al., 2023).  

Some analytical techniques will need to be improved. For example, one can notice that error 

bars (2 s.d. associated with each measure; Fig. 4.41-4.45) are quite high or missing, because the 

number of replicates during the measurement phase is quite low or restricted to one, 

respectively. This is because the sampling procedure is designed to be minimal, to allow for a 

precise time spatialization of each sample. This leads to the quantity of each element in a sample 

being low and reduces the number of times it can be measured independently. Promising 

techniques, such as LA-MC-ICP-MS (Sylvester, 2008; Lin et al., 2016) could help resolve those 

issues. The incorporation of carbonate measures could also prove interesting, to access δ18Oc 

and δ13C values, but those will need to be improved as well, as the current optimal threshold is 

10 mg, which is not compatible with serial sampling. 

Finally, apart from variations due to environmental or dietary variations, the isotope 

compositions of calcium, oxygen and strontium of the dentine sampled here do not vary much 

throughout the growth of the tooth, thus validating the use of a single sampling point as a proxy 
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for the overall value of the tooth of an organism, as done on fossil forms. This is especially 

important in rare and important specimens, where sampling must be limited.  

X- Conclusions and perspectives 

Shortly after the K/Pg biological crisis, it appears that sebecids were already at the top of the 

food-chain in terrestrial ecosystems, as is seen in Tiupampa, probably because the apex predator 

ecological niche was left vacant by the disappearance of non-avian theropod dinosaurs. 

European altirostral crocodylomorphs sampled here seem to have kept this ecology and feeding 

habits throughout the Eocene, with Dentaneosuchus and an unknown terrestrial 

crocodylomorph (probably a planocraniid) from Aumelas (France) also being predators in their 

respective environment. It is also interesting to note that all those crocodylomorphs are mostly 

inferred to be ectotherm terrestrial organisms, even in the aftermath of the K/Pg biological 

crisis. The results obtained on Eremosuchus elkoholicus from the Ypresian of Algeria are more 

nuanced and call for a reassessment of this enigmatic taxon, which might rather be semi-aquatic. 

In all studied cases, the paleoenvironmental reconstruction proposed is that of a dry and hot 

climate, which corresponds to the hyperthermal events of the Paleogene (Bowen et al., 2006; 

Lauretano et al., 2015; Li et al., 2022). 

In Tiupampa and Réalmont, the interpretations made on the sebecid taxon are reinforced with 

the simultaneous sampling of at least one different semi-aquatic crocodylomorph. In all 

sampled faunas, the comparisons with other groups of organisms with known ecology 

strengthen the paleoecological inferences made. However, one must keep in mind that the 

interpretations made here rely only on a handful of samples, therefore relying also on non-

parametrical statistics. The general trends observed here would need to be confirmed by other 

proxies, and higher sampling of each fauna, especially for Aumelas and El Kohol, where the 

taxonomic and intensity of sampling could be increased. 

The combination of the different isotope systems proposed here is especially interesting, as it 

allows to confirm interpretations made on lifestyles and diets through independent elements, 

while enabling a detailed assessment of the impact of diagenetic processes on the samples 

studied, which is a prerequisite to the interpretations of isotope compositions data. To this 

regard, REE content and the combination of oxygen isotope compositions of phosphate and 

carbonate apatite are the most important to study the diagenetic processes underwent by the 

samples.  
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The oxygen isotope compositions of phosphate apatite that can be interpreted in terms of 

lifestyle and thermoregulation strategy. However, strontium isotope compositions reveal to be 

ineffective to decipher different living environments, while they are important to assess the 

influence of the marine environment on a fauna. On this matter, the addition of sulphur or 

lithium isotope compositions might be of interest (Burton & Vigier, 2011; Goedert et al., 2016b, 

2018, 2020; Goedert, 2017; Thibon et al., 2022). The combination of calcium and carbon 

isotope compositions allows robust assessments of paleodiets and food webs in those 

paleoenvironments. The study of the trophic relationships between the different group of 

organisms sampled would benefit from input from other isotopic systems, such as zinc (Balter 

et al., 2010; Van Heghe et al., 2012; Jaouen et al., 2013, 2016a, b, 2020, 2022; Costas-

Rodríguez et al., 2014), magnesium (Martin et al., 2014c, 2015c; Le Goff, 2021; Le Goff et al., 

2021, 2022) or the promising nitrogen or hydrogen isotope compositions of vertebrate apatite 

(Polissar et al., 2009; Holobinko et al., 2011; Drewicz et al., 2020; Leichliter et al., 2021, 2023; 

Clauzel, 2022; Clauzel et al., 2022). 

Further studies on the already sampled faunas would be interesting for several questions: what 

is the source of alimentation of the sebecids from Tiupampa? Can paleoecological differences 

between the various taxa of mammals from this Paleocene locality be assessed? What are the 

true taxonomic identities of the unknown crocodylomorphs from Réalmont and Aumelas? It 

would also be very interesting to apply this kind of procedures to faunas including sebecids, 

and more generally altirostral crocodylomorphs, dating before the K/Pg biological crisis, such 

as El Mirador (Spain; Sellés et al., 2020) for sebecids, the Adamantina formation for 

baurusuchids and sphagesaurians (see chapter 1), the Kem Kem beds, Morocco for peirosaurids 

(Ibrahim et al., 2020) or the Phu Sung fauna, Thailand (Chanthasit et al., 2019) for atoposaurids. 

The serial isotopic compositions records of dentine have been assessed to be of interest in extant 

specimens and linked to variations in their environment and diet. This last study also supports 

the use of one sample on each organism in the fossil faunas. However, this method will need to 

be improved before being applied in fossil organisms, and potential effects of diagenetic 

alteration rigorously quantified. Finally, difficulties have been encountered when trying to 

establish an age model on the extant samples studied, because of the destructive nature of the 

histological sampling that would enable this. One way to resolve this would be with the use of 

high-resolution CT scans (i.e., synchrotron), that could enable to see the daily increments of 

dentine, as it is possible to see the line of arrested growth in long bones (Fig. 4.46). 
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Figure 4.46:Exam
ples of how

 C
T scan can be used in histological studies. A

: tooth of U
C

B
L-2019-1-236 (O

steolaem
us tetraspis) used for geochem

ical sam
pling in sagittal 

view
. B

: hum
erus of D

entaneosuchus crassiproratus
(M

H
N

T.PA
L.2012.14.2) in transverse view

. ID
: m

ain increm
ent of dentine, LA

G
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th. Scale bars are 
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Chapter 5: Osteoderms histology and ornamentation 

In previous chapters, the terrestrial lifestyle of several clades of crocodylomorphs was assessed 

using geochemical proxies and the study of their internal structures. In this chapter, I highlight 

a different proxy that might also be of interest to better understand those fossil organisms. Those 

results are to be taken as a preliminary study and would benefit from further sampling, however 

they could come as complementary to the previous data presented in Chapter 3 & 4. 

Osteohistology has been used since the beginning of the 21st century as a proxy to infer several 

paleoecological traits in extinct specimens (growth rate, size, lifestyle), comparing them with 

extant representatives (Wiffen et al., 1995; Horner et al., 1999, 2000, 2001; de Ricqlès et al., 

2000, 2003a, b, 2016; Botha & Chinsamy, 2001; Padian et al., 2001, 2004; Horner & Padian, 

2004; Sander et al., 2004; Scheyer & Sander, 2004, 2007; Steyer et al., 2004; Buffrénil et al., 

2007; Scheyer & Sanchez-Villagra, 2007; Houssaye et al., 2009, 2010, 2011, 2013a, b, 2014a, 

b, 2015, 2016a, b, c, 2021a, b; Bourdon et al., 2009; Houssaye, 2009, 2012, 2013, 2014; Botha-

Brink & Smith, 2011; Houssaye & Bardet, 2011; Laurin et al., 2011; Houssaye & Tafforeau, 

2012; Hayashi et al., 2013; Legendre et al., 2013; Padian & Lamm, 2013; Straehl et al., 2013; 

Nakajima et al., 2014; Cubo et al. 2015, 2017; Klein et al., 2015, 2016; Kolb et al., 2015; 

Wintrich et al., 2017; Houssaye & Botton-Divet, 2018; Buffrénil et al., 2021; Spiekman, 2023 

but see Houssaye et al., 2018a, b, 2019; Bader et al., 2022), sometimes quantitatively (Cubo et 

al., 2005, 2008, 2012, 2020, 2022a, b; Montes et al., 2007; Legendre, 2014; Legendre et al., 

2016; Olivier et al., 2017 ; Faure-Brac & Cubo, 2020; Faure-Brac, 2021; Faure-Brac et al., 

2022). Those studies are mostly focused on long bones and proportionally low in 

crocodylomorphs (see Buffrénil et al., 2021 for a review): here, the osteoderms of several 

crocodylomorphs are studied qualitatively using histological techniques. 

I- Scientific publication: ‘A survey of osteoderm histology and ornamentation 

among Crocodylomorpha: a new proxy to infer lifestyle?’ 

This publication was published in December 2022 in Journal of Morphology. Reference: 

Pochat-Cottilloux Y., Martin J. E., Amiot R., Cubo J. & Buffrénil V. d.  (2022). A survey of 

osteoderm histology and ornamentation among Crocodylomorpha: A new proxy to infer 

lifestyle? Journal of Morphology, 284(1): e21542. https://doi.org/10.1002/jmor.21542. 

Note: the specimen assigned here to Iberosuchus Antunes, 1975 is probably Dentaneosuchus 

crassiproratus (see Martin et al., 2023 for more details).



Chapter 5 

346 
 

A survey of osteoderm histology and ornamentation among 
Crocodylomorpha: a new proxy to infer lifestyle? 

 Yohan Pochat-CottillouxA, Jeremy E. MartinA, Romain AmiotA, Jorge CuboB, Vivian de 
BuffrénilB 

A: Univ Lyon, Univ Lyon 1, ENSL, CNRS, LGL-TPE, Villeurbanne, France. 

B: Centre de Recherche en Paléontologie – Paris (CR2P), Sorbonne Université, 4 Place Jussieu, 

75005, Paris, France. 

Corresponding author: Yohan Pochat-Cottilloux, yohan.pochat-cottilloux@univ-lyon1.fr 

Abstract 

Osteoderms of eight extant and extinct species of crocodylomorphs are studied histologically 

and morphologically. Most osteoderms display the typical ‘crocodylian’ structure with a 

woven-fibered matrix surrounded by an upper and a lower parallel fibered matrix. The dorsal 

ornamentation of those specimens consists of a pit-and-ridge structure, with corresponding 

remodelling mechanisms. However, an osteoderm of Iberosuchus (Robiac, France), studied 

here for the first time, differs in being nearly devoid of ornamentation; moreover, it shows 

strong bundles of straight Sharpey’s fibers perpendicular to the surface in its lateral and dorsal 

walls, along with a rough plywood-like structure in its basal plate. This suggests that this 

osteoderm was more deeply anchored within the dermis than the other osteoderms studied 

hitherto. This peculiar structure might have been linked to a terrestrial ecology and a specific 

thermoregulation strategy. Other notosuchians in our sample also do not exhibit ornamentation 

on their osteoderms, as opposed to neosuchians. Considering current interpretations of 

osteoderm function(s) in crocodylians, our observations are discussed in reference to possible 

eco-physiological peculiarities of Notosuchia in general, and Iberosuchus in particular.  

Keywords paleohistology, osteoderm, Notosuchia, ornamentation. 

Introduction 
 
Osteoderms are part of the dermal armour of numerous sauropsids (lizards, Williams et al., 

2022; dinosaurs, Curry Rogers et al., 2011; phytosaurs, Scheyer et al., 2014; aetosaurs, Cerda 

et al., 2018; placodonts, Scheyer, 2007). In most of these taxa, the ornamentation consists of 

hollow pits or grooves, separated by protruding ridges. The ontogenetic process responsible for 

this morphology has long remained controversial. It was first studied by Buffrénil (1982), who 
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concluded that in Crocodylomorpha, osteoderm ornamentation is mainly created by local bone 

resorption, with complex remodelling processes resulting in the adaptation of the depth and size 

of the pits to the size of the osteoderm during the growth of the individual. However, this 

interpretation was rejected by Vickaryous & Hall (2008) because they found no sign of 

osteoclasts (cells responsible for bone erosion) in these bony structures, arguing in favour of 

the formation of crests rather than the resorption of pits (as in temnospondyls, Witzmann & 

Soler-Gijon, 2010). Finally, Buffrénil et al. (2015) showed through an experimental approach 

(in vivo labelling of skeletal growth) and observations conducted on a wide taxonomic sample, 

including fossil forms, that although there is still no definite evidence of osteoclasts close to 

osteoderm surfaces, resorption is evidenced by both bone labelling technics and the occurrence 

of reversion lines. The formation of pits is thus mainly due to superficial bone resorption, 

followed by partial reconstruction, and to a lesser extent to the formation of ridges. The presence 

of osteoderm ornamentation is hypothesized to have been selected in semiaquatic 

crocodylomorphs because the presence of this feature contributes to heat captation, through 

enhanced vascularization (Clarac et al., 2018). 

This process is plesiomorphic to Crocodylomorpha (absent in rauisuchians, Scheyer & Desojo, 

2011): indeed, most taxa in this group show the classical ornamentation of hollow pits and 

grooves and protruding ridges. However, some taxa belonging to Notosuchia do not show this 

kind of ornamentation (baurusuchids, Cotts et al., 2017; Malawisuchus mwakasyungutiensis, 

Gomani, 1997; sebecids, Martin, 2016; Simosuchus clarki, Buckley et al., 2000; sphagesaurids, 

Martinelli et al., 2018). These taxa are also thought to have had more terrestrial habits than their 

neosuchian relatives (Pol et al., 2012; Klock et al., 2022). Given the apparent morphological 

differences in osteoderm ornamentation between putative terrestrial and semi-aquatic 

crocodylomorphs, the hypothesis of osteoderm morphology reflecting lifestyle is addressed.  

To test this hypothesis, we compare the macroscopic structure of osteoderms belonging to 4 

extinct notosuchians including the sebecid Iberosuchus described here for the first time, as well 

as those of semiaquatic neosuchians and a teleosaurid. Furthermore, we also aim to expand the 

histological taxonomic sample of previous studies, as well as gain insights on the paleoecology 

of those taxa using both histological (with a focus on Iberosuchus) and external features. 
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Material and methods 
 

The sample used for histology consists of eight osteoderms belonging to eight extant and extinct 

crocodylomorph taxa (three are not identified at the species level). They represent at least five 

different families and genera (Table 17). All osteoderms were embedded under vacuum in a 

polyester resin (bones from extant specimens were dehydrated and defatted in ethanol and 

acetone before being embedded) and each was processed into at least one thin section, following 

the standard procedure for this kind of preparation (Lamm & Padian, 2013). The sections were 

then observed microscopically at low (x20) to medium (x40) power magnification, under 

natural or polarized transmitted light using three different devices: a Nikon Eclipse E600 POL 

photomicroscope, an Olympus CX-31P coupled with a Canon EOS6D, and a Zeiss Axioshop 

coupled with a Canon Power Shot A640. As the goal of this study is to include fossil taxa, soft 

tissue histology was not used. The terminology used to describe bone histology follows that of 

Francillon-Vieillot et al. (1990). Global compactness was measured and calculated manually.  

Table 17: Specimens sampled in this study. 

Family Genus Species Age Reference 

Uruguaysuchidae Araripesuchus tsangatsangana Campanian -
Maastrichtian 

MNHN-Histos 
1685 

Uruguaysuchidae Araripesuchus wegeneri Aptian MNHN-GDF 
660 

Sebecidae Iberosuchus indet. Bartonian 
UCBL-FSL 

530948-90080 

indet. Simosuchus clarki Maastrichtian 
MNHN-Histos 

1759 

Crocodylidae Crocodylus acutus Extant 
MNHN-Histos 

1713 

Crocodylidae Mecistops sp. Extant 
MNHN-Histos 

1716 

Teleosauridae indet. indet. ? 
MNHN-Histos 

1660 

Dyrosauridae indet. indet. ? 
MNHN-Histos 

1724 
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The osteoderm belonging to Iberosuchus sp. (UCBL-FSL 530948-90080) was cut in four thin 

sections (see Supplementary Material S1). This specimen comes from the middle Eocene (upper 

Bartonian) Robiac locality (Gard, France), mostly known for its mammalian fauna (Sudre, 

1969; Mathis, 1985; Remy, 2015; Martin, 2016). Remains of Iberosuchus in this locality were 

mentioned by Antunes, 1986 and Martin, 2016.  

Results 

The osteoderm of Crocodylus acutus (Fig. 5.1A) is triangular-shaped with a strongly 

differentiated dorsal keel. It is also highly cancellous: its global compactness (i.e., relative 

surface of the mineralized osseous tissue within the whole sectional surface) is quite low (83%). 

The thin section shows that inner remodelling was intense: there are almost no signs of primary 

bone left and secondary osteons are especially developed. A vascular canal outcrops at the top 

of the dorsal keel (Fig. 5.2D). The typical crocodylian dorsal ornamentation pattern can be 

observed in this osteoderm, with two huge pits that have undergone intense remodelling. One  

Figure 5.1: Thin sections of extant and extinct crocodylomorph osteoderms: (A) Crocodylus acutus; (B) Mecistops 
sp.; (C) Dyrosauridae indet.; (D) Teleosauridae indet.; (E) Araripesuchus tsangatsangana; (F) Araripesuchus 
wegeneri; (G) Simosuchus clarki; (H) Iberosuchus. Scale bars are 1 mm. 
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of them is almost filled with secondary deposits of parallel fibers. The osteoderm of Mecistops 

sp. (Fig. 5.1B) is thin, elongate and almost rectangular-shaped in cross section. It has a medium 

level of global compactness (95%) and bone remodelling. The core part displays numerous 

secondary osteons developing centripetally and the superficial layers of parallel-fibered matrix 

are clearly visible. An interesting feature of this specimen is the presence of numerous vascular 

canals originating from the basal side. The dorsal ornamentation is reduced compared to other 

neosuchians specimens but is still present. 

The osteoderm of the dyrosaurid (Fig. 5.1C) is extremely thick, compact (>99.9%), and almost 

devoid of cancellous bone. This specimen shows no signs of secondary deposits:  even its core 

part is compact and does not show any resorption trace. However, ornamentation on the dorsal 

side involved secondary centrifugal deposits of parallel fibered tissues (Fig. 5.3D). This side 

also displays a few foramina through which inner vascular canals outcrop at the surface (Fig. 

5.2E). 

The osteoderm of the teleosaurid (Fig. 5.1D) is also quite thick, but less compact (91%):  its 

core contains a formation of cancellous bone. The histological organisation described above for 

the other osteoderms also occurs in this osteoderm:  the core consisting of woven-fibered bone 

is framed by two layers of parallel-fibered tissue. Some secondary osteons can also be found 

but they are rather sparce. The dorsal ornamentation is clearly visible and especially developed. 

It has the typical histological structure of crocodylian pit-and-ridge ornamentation, with 

secondary parallel-fibered matrix deposited at the bottom of the pits (Fig. 5.3E).  

The osteoderm of Araripesuchus tsangatsangana (Fig. 5.1E) has an elongate and thin shape 

and a high global compactness (almost 100%). It has the typical histological structure of a 

crocodylomorph osteoderm (as described by Buffrénil et al., 2015): its core shows large 

globular osteocyte lacunae embedded within a woven-fibered matrix. This central formation is 

framed by two cortices made of parallel-fibered tissue (exhibiting thin annuli), forming the 

outer and inner walls. There are no secondary osteons, which would be clear signs of secondary 

ossification, however a lacuna of howship (bone resorption area; Francillon-Vieillot et al., 

1990) can be seen in the parallel-fibered bone (Fig. 5.2B). The relative thinness of the parallel-

fibered deposits suggests that the osteoderm was still in an early stage of development at the 

time of death. It also displays the typical crocodylian dorsal ornamentation (pits-and-ridges), 

which is also visible in thin section with local areas of bone resorption corresponding to pits. 

However, the osteoblastic reconstruction process that normally follows is not visible, which is  
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possibly due to the early development stage of the individual. 

The osteoderm of Araripesuchus wegeneri (Fig. 5.1F) has the same thin and elongate shape 

than A. tsangatsangana but a lower global compactness (98%). Secondary osteons are more 

visible in this specimen. The typical crocodylian dorsal ornamentation also occurs here, and, in 

relation with a more active remodelling, secondary centrifugal deposits can be seen in the 

bottom of the pits (Fig. 5.3B). Those are clearly separable from the subjacent bone tissues by a 

reversion line and a discordant orientation. 

The osteoderm of Simosuchus clarki (Fig. 5.1G) is also elongate but bears a smooth dorsal keel, 

allowing its identification as a dorsal osteoderm (Hill, 2010). It has a medium global 

compactness (97%) with some cancellous bone in the core part. Together with numerous 

secondary osteons, those features reflect the remodelling activity that occurs in the central part 

of the osteoderm (but it is lesser than in the osteoderm studied by Hill, 2010). The main 

difference is the absence of pit-and-ridge patterns in the dorsal ornamentation of this specimen. 

Hill (2010) reported perpendicularly oriented fibers in the dorsal part of the osteoderm, but 

those structures were not observed here.  

Finally, the osteoderm of Iberosuchus (Fig. 5.1H) has a triangular shape due to the strong 

differentiation of the keel. Global compactness (87%) is similar to that encountered in many 

neosuchians (see above). The sketch presented in Fig. 5.4 shows the local variation in the tissue 

composition of the osteoderm. It also gives the location of the photographic fields presented in 

Fig. 5.5. The core of the osteoderm is cancellous, with broad coalescent cavities separated by 

robust trabeculae (Fig. 5.4, green, Fig. 5.5A). The basal and lateral walls are thick, but their 

vascular supply is sparse. Some canals outcrop at the dorsal surface but the openings of the 

canals are not preferentially located in the middle of the pit floors. The core of the osteoderm 

consists of a small formation of woven-fibered bone tissue. In the dorsal three quarters of the 

osteoderm, the compact cortex consists of parallel-fibered bone with cyclical growth marks in 

the form of thin annuli, poorly characterized and unevenly spaced (Fig. 5.4, yellow, Fig. 5.5B-

C). The lower, basal quarter of the osteoderm cortex (Fig. 5.4, blue) includes big interwoven 

fiber bundles with irregular orientations (Fig. 5.5D), within the parallel-fibered tissue. Most of 

the volume of the basal plate is an assemblage of extremely big fiber bundles (some 600 μm in 

diameter) displaying a clear geometrical structuration (Fig. 5.5E-F). They form a rough 

plywood-like structure where three bundle systems occur: two of them are horizontal (i.e., 

parallel to the surface of the basal cortex), but with diverging obliquities, to the right and to the 



Chapter 5

354

left (this results in distinct refringence patterns of these bundles in polarized light). The third 

system consists of vertically oriented fiber bundles. The surface of the basal plate lacks a tissue 

histologically recognizable as bone: the basal plate looks entirely made of diverse assemblages 

of calcified fibrillar material devoid of the basic characteristics of bone. Ornamentation on the 

dorsal surface of the osteoderm does not result from the succession of complete remodeling 

cycles, including osteoclastic resorption followed by osteoblastic reconstruction with lamellar 

secondary bone over the bottom of the pits. Some faint resorption traces can be observed on the 

floor of one pit only, but there is no evidence of a local reconstruction process. Moreover, the 

parallel-fibered tissue of the dorsal cortex, throughout its thickness and in every spot where it 

appears, is deeply penetrated by series of strong parallel bundles of fibers running 

perpendicularly or obliquely from the osteoderm surface (Fig. 5.5B-D). These bundles are 

sparser, but their diameter is much bigger and their orientation less even towards the base of 

the osteoderm.

Figure 5.4: Iberosuchus osteoderm, schematic representation of the location of bone tissue types. Blue: 
incorporation and calcification of deep dermal fibers, green: remodeled woven-fibered bone, yellow: periosteal 
parallel-fibered tissue. The frames localize the pictures of Figure 5.5. Scale is 1 mm.
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Figure 5.5: Iberosuchus osteoderm, histological tissue types forming the osteoderm (see also Figure 5.4). All 
pictures are seen in polarized light. (A) Remodeled woven-fibered bone in the core of the osteoderm. (B & C) 
Parallel-fibered bone on the apex and walls of the osteoderm. This tissue contains long and straight fiber bundles 
from the loose dermis (stratum superficiale). (D) Parallel-fibered tissue with extremely thick fiber bundles from 
the neighboring dermis. (E & F) Rough plywood-like formation representing the incorporation into the 
osteoderm and the calcification of a part of the dense dermis (stratum compactum). Scales are 0.2 mm for A, C 
and F and 1 mm for B, D and E. 
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Discussion 

Peculiar characteristics of the osteoderm of Iberosuchus  

The microanatomical characteristics of Iberosuchus osteoderm do not differ from those of most 

crocodylomorph osteoderms in terms of gross geometry and global compactness (Vickaryous 

& Hall, 2008, Burns et al., 2013, Buffrénil et al., 2015). However, the peculiar histological 

structure of this specimen shows two unique features: (1) there is no typical remodelling 

involved in the differentiation and growth of superficial ornamentation (Fig. 5.5B-C) and (2) 

the occurrence of strong fiber bundles, either interwoven or forming a plywood-like structure 

within the lower cortex (Fig. 5.5E-F) is unknown in other crocodylomorphs, at least in adults 

(the situation could occur during early ontogenetic stages: Vickaryous & Hall 2008). These 

histological peculiarities, and especially the abundance and distribution of extrinsic, non-

osseous fiber bundles, suggest a special mode of growth. 

The osteoderms of Iberosuchus were strongly anchored into the dermis. In other crocodylians, 

however, the permanent superficial remodelling of ornamented surfaces prevents a strong and 

stable anchoring of the upper side of the osteoderms (as well as the thinness of the stratum 

superficiale, or superficial dermis; Vickaryous & Hall, 2008; Burns et al., 2013; Clarac et al., 

2018). Most anchoring fibers are then limited to thin Sharpey’s fibers in the parallel-fibered 

tissue of the basal plate, or in deep cortical strata elsewhere.  

Histologically, Iberosuchus osteoderm may be compared with those of Simosuchus clarki 

described by Hill (2010), which also show perpendicularly oriented fibers relative to the 

external surface. However, those structures are not encountered in the specimen described here 

(MNHN-Histos 1759). It may also be compared with those recently described of Mariliasuchus 

amarali, Armadillosuchus arrudai, Itasuchus jesuinoi, Uberabasuchus terrificus, 

Aplestosuchus sordidus and another baurusuchid (Sena et al., 2023). Indeed, these also exhibit 

Sharpey fibers on the external surface, indicating that the deep implantation of osteoderms 

could be a general feature of notosuchians. Furthermore, the carapace plates of some fully 

aquatic turtles, especially the Trionychidae Gray, 1825, are covered with thick dermal tissue 

which, along with the cambial and cornified layers of the epidermis, constitutes a tough, though 

flexible, protection (Cherepanov, 1995; Alibardi & Toni, 2006; Scheyer et al., 2007; Scheyer 

& Cerda, 2021). The basal cortex of Trionyx triunguis Forskal, 1775 or Tryonyx spiniferus 

LeSueur, 1827 plates typically consists of an orthogonal plywood-like system with regularly 

arranged horizontal and vertical fiber bundles (a geometric pattern much more regular than in 
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Iberosuchus). Moreover, the dorsal cortex shows the same kind of strong pattern consisting of 

parallel bundles of fibers penetrating the cortex vertically throughout its whole thickness as 

observed in Iberosuchus (Buffrénil et al., 2015). 

The histological characteristics of the osteoderm of Iberosuchus, compared to those of its 

integument, suggest that its formation mode was different from that of most neosuchians (for a 

complete review, see Vickaryous & Hall, 2008; Buffrénil et al., 2015). The thick, roughly 

orthogonal plywood formation that exclusively composes the basal part of the osteoderm may 

have formed through a local incorporation and calcification of the fibrillar apparatus of the 

dense stratum compactum, in the depth of the dermis. The osteoderm cortex at this level, being 

essentially composed of extrinsic fibrillar material, did not result from osteoblastic 

osteogenesis, but from a process akin to metaplasia (at least for the extra-cellular matrix). 

Conversely, the cortex located in a more superficial position grew through the typical 

osteoblastic osteogenesis of parallel-fibered bone. Moreover, as in soft-shelled tortoises 

(Cherepanov, 1995, Alibardi & Toni 2006; Scheyer et al., 2007; Scheyer & Cerda, 2021), a 

thick and relatively dense dermal layer, from which the strong perforating parallel fibers 

originated, covered the external side of the osteoderm. According to this interpretation, 

osteoderm formation and position within the skin were deeper in Iberosuchus than in other 

crocodylomorphs: by incorporating the fibers of the stratum compactum, the osteoderm tends 

to sink into the dense dermis, and their development is unlikely to have occurred mainly in the 

stratum superficiale, as it does in neosuchians. The distribution of extrinsic fibers within the 

osteoderm shows that it was firmly attached to both the superficial and deep dermal layers 

through its upper (ornamented) and basal surfaces respectively.  

The histological data presented here show that the peculiar morphology of osteoderm 

ornamentation in Iberosuchus was not due to a total filling of former ornamental pits (as it may 

occur, at least locally, in many crocodylomorphs; see Buffrénil et al. 2015); it was due to a 

disappearance (or de-differentiation) of the basic morphogenetic mechanisms that create 

ornamental reliefs (iterative remodelling of the ornamental surface). 

The functional meaning of the histological peculiarities of the Iberosuchus osteoderm remains 

enigmatic, as are more generally the lifestyle and ecological adaptations of this taxon. Its overall 

morphology suggests a terrestrial animal adapted to active predation and possibly relying on a 

high metabolic activity, as compared with other close taxa (Pol et al., 2012). However, the 

histological characteristics of Iberosuchus limb bones (Cubo et al., 2017), and the basal 
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metabolic rate inferred using these features (Cubo et al., 2020), are closer to those of 

bradymetabolic lizards than to those of dinosauromorphs or mammals (Buffrénil et al., 2021). 

The histological peculiarities of Iberosuchus osteoderm might be related to muscular insertion. 

Crocodylian osteoderms are indeed considered to improve the insertion of the epaxial muscles 

into the skin and increase their efficiency for thrust production during swimming (Seidel, 1979, 

Schwarz-Wings et al., 2009). In the context of the terrestrial and cursorial locomotion 

commonly attributed to sebecosuchians, a tougher integration of the osteoderms within the 

dermis would not have been involved in improving propulsion but might have been beneficial 

to the control of an erect posture in forms like Iberosuchus. This hypothesis, although also put 

forward recently in Sena et al. (2023), currently remains conjectural and calls for further 

substantiation.  

A possible involvement of intradermal blood vessels in thermoregulation also remains a 

possibility. In extant forms, an important role is attributed to dermal vascularization in the 

regulation of thermal exchanges in crocodiles (Seidel, 1979; Clarac et al., 2018 but see Veenstra 

& Broeckhoven, 2022). Dermal thickening and superficial vascular proliferation might then 

have, in some taxa, restored a capacity to accelerate blood warming. However, no positive 

anatomical data about skin vascularization in extinct crocodiles is available in support of this 

conjecture. Moreover, this would constitute a hazardous solution, likely to produce important 

haemorrhage in the case of skin injuries.  

Osteoderm ornamentation as a paleoecological proxy?  

More generally, osteoderm ornamentation is absent in most notosuchians (Fig. 5.6) apart from 

uruguaysuchids, peirosaurids and Candidodon Carvalho & Campos, 1988. Those taxa are 

inferred to have been terrestrial (Dumont et al., 2021), however some bear pits on their 

osteoderms (Price, 1955; Ortega et al., 2000; Leardi & Pol, 2009; Sereno & Larsson, 2009; 

Tavares et al., 2015; Lio et al., 2016; Coria et al., 2019).  

These observations could be linked to both the living environment and thermoregulation. The 

presence of osteoderm ornamentation may have been selected in semiaquatic crocodylomorphs 

because the presence of this feature contributes to heat captation, through enhanced 

vascularization (Clarac et al 2018). Indeed, all the species studied here are inferred to be 

ectotherms (from histological and geochemical proxies; Cubo et al., 2020; Faure-Brac et al., 

2022). Because thermal conductivity, heat capacity and density in water are higher than those  
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in air, body heat loss is higher in water than in air and maintaining a high body temperature is 

Figure 5.6: Phylogenetic relationships of some crocodylomorphs highlighting the morphology of osteoderms. 
Red branches represent the presence of ornamentation whereas the absence of ornamentation is in blue. Black is 
the unknown condition. Occurrences and phylogenetic relationships are from Gomani, 1997; Ortega et al., 2000; 
Pol, 2005; Marinho et al., 2006; Sereno & Larsson, 2009; Hill, 2010; Nascimento & Zaher, 2010; O’Connor et 
al., 2010; Nobre & Carvalho, 2013; Godoy et al., 2014; Leardi et al., 2015; Tavares et al., 2015; Martin, 2016; 
Iori et al., 2016; Cotts et al., 2017; Martinelli et al., 2018; Montefeltro, 2019; Darlim et al., 2021a; Marchetti et 
al., 2022; Sena et al., 2023, as well as data from Fossil Work. Iberosuchus osteoderm is hypothetically placed at 
the base of Sebecidae. 
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more costly (Schmidt-Nielsen, 1997; Vogel 2005). Selective pressure for osteoderm 

ornamentation may thus be lower in terrestrial taxa, so this feature could become vestigial or 

completely disappear. This could then support a terrestrial ecology but with semi-aquatic 

affinities for uruguaysuchids, peirosaurids and Candidodon, as seen today for example in extant 

dwarf crocodiles belonging to the genus Osteolaemus (Shirley et al., 2017). This idea has been 

put forward in a histological study of Pepesuchus deiseae (Peirosauridae), where Sena et al. 

(2018) observed osteosclerosis in metacarpals and fibro-lamellar tissue in advanced ontogeny, 

linking it with a more aquatic lifestyle. However, as for the impact of dermal vascularization, 

the debate on the ecological impact of osteoderm ornamentation remains open (Seidel, 1979; 

Clarac et al., 2018; Veenstra & Broeckhoven, 2022).  

Furthermore, as seen in Fig. 5.6, the loss of osteoderm ornamentation is restricted to a group 

including Simosuchus clarki and sebecosuchians, becoming the derived condition in 

notosuchians. As a result, another possibility could be that notosuchians illustrate a case of 

phylogenetic time lag (Harvey & Pagel, 1991): the osteoderm ornamentation representing the 

ancestral condition in crocodylomorphs having been ultimately lost (derived condition) in 

derived notosuchians. Ornamentation is identified in some of them, such as uruguaysuchids, 

peirosaurids and Candidon, even though it would not have the hypothesized thermoregulative 

function because those taxa would not need it.  

Conclusion 

For the first time, an osteoderm of Iberosuchus from France (Robiac) is described. 

Histologically, we notice some peculiar characteristics such as a dorsal surface penetrated by a 

series of strong parallel bundles of fibers running perpendicularly from the osteoderm surface, 

which does not bear any trace of bone remodelling, as other crocodylomorph osteoderms do. 

The organisation of the basal part of the specimen is also different from what is known in other 

crocodylomorphs and suggests a deeper osteoderm implantation within the integument in this 

taxon. Up to now, the interpretation of this special and puzzling characteristic in functional 

terms remains uncertain and conjectural. Further data on notosuchian ecology, based on 

different lines of evidence than histology, remains obviously needed.  

More generally, we observe that the ornamentation of osteoderms is lost in derived 

notosuchians. As those taxa are inferred to be terrestrial, we hypothesize that the osteoderm 

ornamentation might be linked to lifestyle: it would allow a greater surface of exchange in 

aquatic to semi aquatic environments, to account for a greater temperature loss in those 
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environments. Conversely, this morphological trait would have been ultimately lost in 

terrestrial notosuchians.  

However, this issue remains open, and further studies are needed to better understand the impact 

and function of osteoderm ornamentation in crocodylomorphs. A better sampling of extinct 

forms would also be of interest, to better tackle the evolution of this trait throughout 

Crocodylomorpha history.  
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General conclusions and perspectives 

Throughout this PhD thesis, the main objectives were to study and assess the adaptations to 

terrestriality of diverse clades of altirostral (i.e., with a rostrum length equal to or less than three 

times its height) crocodylomorphs and understand the evolutionary timing of those adaptations. 

Further research objectives included the assessment of additional proxies to infer their 

paleoecology with more robustness. 

This began in Chapter 1, with a review of the different non-semi-aquatic adaptations in the 

fossil record of crocodylomorphs. ‘Early’ crocodylomorphs (sphenosuchians and 

protosuchians) were ancestrally terrestrial, with an erect posture. Most notosuchians 

(uruguaysuchids, peirosaurids, mahajangasuchids, sphagesaurians, sebecids and baurusuchids) 

are also inferred to be terrestrial, with diverse adaptations, to omnivory and herbivory, or to a 

burrowing behavior. Adaptations to terrestriality are also found in neosuchians (the clade that 

include extant crocodylians), with clades such as atoposaurids, paralligatorids, mekosuchins 

and planocraniids exhibiting an altirostral morphology linked with this lifestyle. On the other 

hand, throughout its evolutionary history, Crocodylomorpha also included fully aquatic forms, 

such as thalattosuchians or dyrosaurids, with some specimens even exhibiting adaptations to a 

fully pelagic lifestyle. The inference of the living environment of those organisms has mainly 

been based on their skull morphology (orientation of the orbits and the external nares), their 

limb and girdle morphology (linked with posture) and their dentition (linked with possible 

diets).  

Although those observations are valid, there lies the need to better understand the phylogenetic 

relationships of all those organisms, which is a prerequisite to any large-scale comparisons and 

evolutionary trend studies. This matter was addressed in Chapter 2, where I first noticed that 

the relationships of peirosaurids, sebecids and baurusuchids are complex to assess. From a 

literature review of phylogenetic analyses conducted on the subject, I conclude that neither the 

grouping of sebecids and peirosaurids (Sebecia) or sebecids with baurusuchids (Sebecosuchia) 

as sister taxa are supported by unambiguous synapomorphies, and, as those are equally 

supported in the literature by a complete combination of characters, it is difficult to favour one 

or the other. Then, a published study focused on the taxonomic status and content of 

Hamadasuchus, a peirosaurid taxon from the Cretaceous of Morocco. A new mandibular ramus 

and ontogenetic series of extant crocodylians allowed to amend the diagnosis of H. rebouli (the 
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only valid species of the genus), as well as to reduce its taxonomic content. Finally, a complete 

study and phylogenetic assessment of new specimens of atoposaurids from the Cretaceous of

Thailand allowed to create a new taxon, Varanosuchus sakonnakhonensis. It is the second 

occurrence of atoposaurids from Thailand, adding to the huge diversity of Cretaceous 

crocodylomorphs in Southeast Asia and allows a reassessment of the phylogenetic relationships 

of some neosuchians clades. A focus was also put on the paleoecological adaptations of those 

specimens, with numerous characteristics hinting for a terrestrial lifestyle but with semi-aquatic 

affinities (or semi-terrestrial).  

 

Chapter 3 then focused on a powerful proxy when trying to assess the paleoecology of extinct 

organisms: the reconstruction of internal structures. Starting from a review of the advances of 

CT scan techniques, that have enabled so much data to be obtained since the beginning of the 

21st century, the internal structures of three taxa representative of three different putatively 

terrestrial clades were studied: sebecids (Zulmasuchus), peirosaurids (Hamadasuchus) and 

atoposaurids (Varanosuchus). In crocodylomorphs, the endocast and cranial nerves are 

associated with several senses such as olfaction or vision; the endosseous labyrinths bring 

information about the alert head posture and its head movement abilities, as well as hearing 

capabilities; the size of the peculiar cranial pneumaticity of those organisms may be linked to 

lifestyle. As a result, Zulmasuchus is inferred to be a fully terrestrial notosuchian, while 

Hamadasuchus could also have had some semi-aquatic affinities and Varanosuchus was 

probably semi-terrestrial. A closer look was then taken at the inner ear of crocodylomorphs, 

using a 3D geometric morphometric approach on an extensive dataset of both extant and extinct 

specimens, including most main known lifestyles of this group. As highlighted in recent studies, 

a strong link between shape and ontogeny was found, as well as a minimal phylogenetic signal. 

However, the shape of those structures does not seem to correlate with ecology.  

Another independent proxy was then used in Chapter 4, the geochemical approach, with a 

special focus on sebecids. The combination of the isotope compositions of oxygen, carbon, 

calcium, and strontium was studied in several faunas from the Paleogene, with the objective of 

understanding and assessing several of their paleoecological traits. Oxygen and strontium 

isotope compositions bring information about the living environment of an organism, while 

carbon and calcium isotope compositions are related to its diet. Sebecids were already at the 

top of the terrestrial food-chain shortly after the beginning of the Paleogene, as evidenced in 

the fauna of Tiupampa (Bolivia) and maintained this position throughout the Paleogene, as 
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evidenced in the Fauna of Aumelas and Réalmont (France). However, the mysterious putative 

sebecid Eremosuchus elkoholicus from the fauna of El Kohol (Algeria) is found as semi-

aquatic, warranting a reassessment of this taxon. While I confirm that sebecids filled the apex 

predator ecological niche that was left vacant by the disappearance of non-avian theropod 

dinosaurs, their survival to the Cretaceous/Paleogene transition remains mysterious. 

Furthermore, the geochemical record of dentine through serial sampling across the growth axis 

could also be of interest, notably to detect changes in ecology throughout a short period (i.e., 

the timing of development of the tooth, or tooth replacement rate). Measuring the oxygen and 

strontium (living environment proxy) and calcium and nitrogen (dietary proxy) isotope 

compositions of four teeth belonging to three different extant species of crocodylians, I 

observed that those variations are anticorrelated between calcium and nitrogen and correlated 

between oxygen and strontium. The specimen of Osteolaemus shows the most drastic changes 

in isotope compositions, which is in line with its seasonal changes of lifestyle. Although several 

limitations need to be addressed, this protocol could bring interesting results in fossil forms. 

Finally, in Chapter 5, I presented a preliminary study of another proxy that might be of interest 

when trying to assess the paleoecology of an extinct organism. A published histological study 

of osteoderms of a selection of crocodylomorphs with different lifestyles was conducted, with 

a sebecid exhibiting peculiar structures, corresponding to a deeper implantation of the 

osteoderm within the dermis in this taxon, that could be linked with its posture and terrestrial 

lifestyle. Furthermore, we observed that osteoderm ornamentation was lost in derived 

notosuchians, and therefore that it might be linked to a terrestrial lifestyle, with associated 

thermoregulatory issues.  

Considering all those findings, the main results that come as answers to the problematics given 

in the introduction are as follows: 

- In addition to morphological observations, the lifestyle can be assessed independently 

in an extinct organism through the study of its internal structures, the isotopic 

compositions of its skeletal elements, and the histology and ornamentation of its 

osteoderms; 

- Terrestriality is the ancestral condition of crocodylomorphs, with several subsequent 

convergent adaptations to the semi-aquatic and aquatic environments (such as extant 

crocodylians, which are thus not ‘living fossils’) throughout their evolutionary history; 
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- I can confirm that sebecids had already attained the ecological niche of apex predator 

(replacing non-avian theropod dinosaurs) in the aftermath of this transition, and have 

retained it throughout most of the Paleogene; 

- The altirostral morphology is not necessarily associated with a fully terrestrial lifestyle, 

with clades exhibiting an ecology with semi-aquatic affinities, that could be qualified as 

semi-terrestrial; 

This thesis also highlighted several interesting perspectives, which will hopefully be addressed 

in future studies: 

- In addition to the description of new specimens and the reassessment of key taxa, 

alternative hypotheses based on postcranial or internal data could help tackle remaining 

phylogenetic and taxonomic conflicts. Ontogenetic variations must also be considered 

and should rely on the study of extant representatives (especially in crocodylomorphs); 

- The function and ontogenetic, phylogenetic, and ecological implications of the cranial 

pneumaticity and endocast in crocodylomorphs must be better understood and could 

potentially bring further evidence to paleoecological interpretations in fossil forms. 

Likewise, the relationship between endosseous labyrinths and inner ears (i.e., hard 

versus soft tissues) must also be studied; 

- Multi-isotopic studies would benefit from the inclusion of even more independent 

elements, such as zinc, magnesium, nitrogen, or hydrogen. Such studies should be led 

on terrestrial fauna of the Cretaceous (Adamantina Formation of Brazil, Kem Kem 

Group of Morocco or Phu Sung fauna of Thailand, for example), to understand how 

notosuchians fitted in with dinosaurs, see whether their interfaunal relationships were 

the same as during the Paleogene or not and understand how some lineages, such as 

Sebecidae, survived the end Cretaceous extinction event; 

- Improvements of analytical techniques and better understanding of calcium fluxes 

between the different tissues of reptiles will hopefully allow detailed and precise studies 

of extinct organisms during a very short period, corresponding to their tooth 

replacement rate. 
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Appendix 1: List of publications involved in the 

Sebecia/Sebecosuchia debate with corresponding phylogenetic 

datasets and synapomorphies 

Blue: associated with the Sebecosuchia hypothesis 

Red: associated with the Sebecia hypothesis 

Bold: identified conflict within the same phylogenetic definitions 

Underlined: identified conflict within both phylogenetic definitions 

 

Sebecia: 

Larsson & Sues (2007): 

Matrix built using: Benton & Clark (1988); Norell (1988); Norell & Clark (1990); Sereno 

(1991); Buscalioni et al. (1992); Parrish (1993); Wu & Chatterjee (1993); Clark (1994); Wu et 

al. (1994, 1997); Wu & Sues (1996); Brochu (1997); Larsson (2000); Sereno et al. (2001, 2003). 

Introducing nine new characters. 

Characters diagnostic of Sebecia: Large nutrient foramen on palatal surface of premaxilla-

maxilla contact; premaxilla palatal shelves. 

Phylogenetic search procedure: heuristic searches in PAUP*: 200 repetitions. 

 

Sereno & Larsson (2009): 

Matrix built using: Benton & Clark (1988); Norell (1988, 1989); Norell & Clark (1990); Sereno 

(1991); Buscalioni et al. (1992); Parrish (1993); Gasparini et al. (1993, 2005, 2006); Wu & 

Chatterjee (1993); Clark (1994); Wu & Sues (1996); Brochu (1997); Gomani (1997); Wu et al. 

(1994, 1997); Pol (1999a); Larsson (2000); Ortega et al. (2000); Sereno et al. (2001, 2003); Pol 

et al. (2004); Pol & Apesteguia (2005); Zaher et al. (2006); Larsson & Sues (2007); Turner & 

Buckley (2008). Introducing five new characters.
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Characters diagnostic of Sebecia: Frontoparietal suture does not enter supratemporal fenestra: 

broad postorbital-parietal contact; quadratojugal posteroventral extension forms lateral 

extension to the quadrate condyles and participates in mandibular joint; depression on 

anterodorsal surface of postorbital for a palpebral element; premaxilla midline extension into 

anterior margin of external nares present and less than fifty percent; circumnarial fossa; 

premaxilla - maxilla lateral fossa excavates alveolus of last premaxillary tooth; serrated carinae 

of maxillary and opposing dentary teeth; constricted cheek teeth crown base; mandibular 

symphysis deep and tapering anteriorly in lateral view; splenial robust dorsally posterior to 

symphysis; retroarticular process projects posterodorsally. 

Phylogenetic search procedure: heuristic searches: 50 repetitions. 

 

Young & de Andrade (2009): 

Matrix built using: data not available. 

Characters diagnostic of Sebecia: data not available. 

Phylogenetic search procedure: heuristic searches in PAUP*: 200 repetitions. Characters 

unordered, equal weighting. 

 

de Andrade et al. (2011): 

Matrix built using: Clark (1994); Ortega et al. (2000); Sereno et al. (2001, 2003); Pol (2003); 

Pol & Apesteguia (2005); Gasparini et al. (2006); Jouve et al. (2006); de Andrade & Bertini 

(2008a, b); Turner & Buckley (2008); Young & de Andrade (2009); de Andrade (2010). 

Introducing 165 new characters. 

Characters diagnostic of Sebecia: mandible projects dorsally at premaxilla-maxilla suture; 

mandible is curved posteroventrally, with maximum curvature at posterior section of angular; 

dorsal border at dentary-surangular contact strongly arched dorsally; symphysis longer than 

wide and V or Y-shaped; symphysis clearly constricted at fifth-sixth alveoli; retroarticular 

posterodorsally oriented; retroarticular process surface poorly concave and facing dorsally; 

fourth dentary alveolus larger than third.  
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Phylogenetic search procedure: heuristic searches in PAUP*: 1000 repetitions. 24 characters 

ordered, equal weighting.  

 

Riff & Kellner (2011): 

Matrix built using: Clark (1994); Wu & Sues (1996); Buscalioni & Sanz (1988); Gomani 

(1997); Ortega et al. (1996, 2000); Wu et al. (1997); Brochu (1999); Buckley & Brochu (1999); 

Pol (1999a); Sereno et al. (2001); Pol & Norell (2004a, b); Pol & Apesteguia (2005); Gasparini 

et al. (2006); Larsson & Sues (2007). Introducing ten new characters. 

Characters diagnostic of Sebecia: data not available. 

Phylogenetic search procedure: heuristic searches in PAUP*: 100 repetitions. Characters 

unordered, equal weighting. 

 

Pinheiro et al. (2018): 

Matrix built using: Buscalioni & Sanz (1988); Norell (1988); Gasparini et al. (1993); Clark 

(1994); Ortega et al. (1996, 2000); Wu & Sues (1996); Brochu (1997, 1999); Gomani (1997); 

Wu et al. (1997); Buckley & Brochu (1999); Pol (1999a, b); Buckley et al. (2000); Sereno et 

al. (2001); Martinelli (2003); Pol & Norell (2004a, b); Pol et al. (2004); Turner (2004, 2006); 

Pol & Apesteguia (2005); Zaher et al. (2006); Larsson & Sues (2007); de Andrade & Bertini 

(2008a); Turner & Buckley (2008); Novas et al. (2009); Pol & Gasparini (2009); Pol et al. 

(2009); Sereno & Larsson (2009); O’Connor et al. (2010); Turner & Sertich (2010); de Andrade 

et al. (2011); Montefeltro et al. (2011); Nascimento & Zaher (2011); Pol & Powell (2011) ; Riff 

& Kellner (2011); Pol et al. (2012, 2014). Introducing one new character. 

Characters diagnostic of Sebecia: Primary pterygoidean palate forms posterior, lateral and part 

of the anterior margin of the choana; lateral surface of the anterior region of the surangular and 

the posterior section of the dentary with a deep, well-defined longitudinal groove; surangular 

forms one-third of the glenoid fossa and quadratojugal bears an articular condyle; dentary with 

lateral concavity for reception of the enlarged maxillary tooth; dorsal edge of dentary 

sinusoidal, with two concave waves; splenial robust posterior to symphysis; jugal portion of 

postorbital bar anteriorly continuous but posteriorly inset from lateral surface of jugal; 



Appendix 1 

496 
 

snout sinusoidal in dorsal view; anterior half of palatines between suborbital fenestrae flared 

anteriorly; first and second premaxillary teeth nearly confluent; premaxilla-maxilla lateral fossa 

excavating alveolus of last premaxillary tooth.  

Phylogenetic search procedure: heuristic searches in TNT: 3000 repetitions.  

Geroto & Bertini (2019): 

Matrix built using: Buscalioni & Sanz (1990); Sereno (1991); Gasparini et al. (1991, 2006); 

Clark (1994); Ortega et al. (1996, 2000); Wu & Sues (1996); Brochu (1997); Gomani (1997); 

Wu et al. (1997); Buckley & Brochu (1999); Buscalioni et al. (1999); Buckley et al. (2000); 

Pol (2003); Sereno et al. (2003); Jouve (2004, 2009); Pol & Norell (2004a); de Andrade (2005); 

Pol & Apesteguia (2005); Turner (2006); Zaher et al. (2006); Larsson & Sues (2007); Pinheiro 

(2007); de Andrade & Bertini (2008a, b); Turner & Buckley (2008); Novas et al. (2009) ; 

Sereno & Larsson (2009); Turner & Sertich (2010); de Andrade et al. (2011); Montefeltro et 

al. (2011, 2013); Nascimento & Zaher (2011); Young et al. (2011); Pol et al. (2012, 2014); 

Godoy et al. (2014). Introducing 38 new characters. 

Characters diagnostic of Sebecia: Parietal plane and narrow (width) between supratemporal 

fenestrae; symphysis clearly constricted at fifth-sixth alveoli; dentary smoothly curving 

anteriorly at mandibular symphysis; fourth dentary tooth is hypertrophied caniniform; 

infratemporal fenestra equal in size to orbit; neural spine in cervical vertebrae with only 

posterior/all rod-like. 

Phylogenetic search procedure: heuristic searches in TNT: 10000 repetitions. Multistate 

characters ordered when possible. 

 

Martins (2021): 

Matrix built using: Norell (1988); Buscalioni & Sanz (1988); Buscalioni et al. (1992); Gasparini 

et al. (1991, 1993); Wu & Chatterjee (1993); Clark (1994); Ortega et al. (1996, 2000); Wu & 

Sues (1996); Gomani (1997); Wu et al. (1997); Brochu (1999); Buckley & Brochu (1999); Pol 

(1999); Buckley et al. (2000); Larsson & Gado (2000); Sereno et al. (2001); Clark & Sues 

(2002); Martinelli (2003); Jouve (2004, 2009); Pol & Norell (2004a, b); Pol & Apesteguia 

(2005); Gasparini et al. (2006); Jouve et al. (2006);  Turner (2006);  Zaher et al. (2006); Larsson 

& Sues (2007); Ösi et al. (2007); Pinheiro (2007); de Andrade & Bertini (2008a, b); Turner & 
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Buckley (2008); Wilkinson et al. (2008); Pol et al. (2009, 2012, 2014); Sereno & Larsson 

(2009); Young & de Andrade (2009);  Nascimento & Zaher (2010); Turner & Sertich (2010); 

de Andrade et al. (2011); Montefeltro et al. (2011, 2013, 2016); Pol & Powell (2011); Riff & 

Kellner (2011); Godoy et al. (2014); Geroto & Bertini (2019); Darlim et al. (2021) ; Ruiz et al. 

(2021). Introducing three new characters. 

Characters diagnostic of Sebecia: Jugal portion of postorbital bar flush with lateral surface 

of jugal; maxillae sagittal contact bearing a longitudinal series of foramina; pterygoid flanges 

relatively short, and do not reach laterally the level of the quadrate medial condyle; cheek teeth 

base constricted. 

Phylogenetic search procedure: heuristic searches in TNT: 10000 repetitions. Equal weighting. 

 

Pinheiro et al. (2021): 

Matrix built using: Pol et al. (2012, 2014); Leardi et al. (2015a); Fiorelli et al. (2016); Martinelli 

et al. (2018); Pinheiro et al. (2018); Cunha et al. (2020). Introducing five new characters. 

Characters diagnostic of Sebecia: Data not available. 

Phylogenetic search procedure: New Technology Search (Sectorial, Ratchet, Tree fusing) in 

TNT: find minimum length 50 times followed by heuristic searches in TNT with trees found 

previously. Unordered characters. 

 

Ruiz et al. (2021): 

Matrix built using: Buscalioni & Sanz (1988); Norell (1988); Buscalioni et al. (1992); Gasparini 

et al. (1993, 2006); Wu & Chatterjee (1993); Clark (1994); Ortega et al. (1996, 2000); Wu & 

Sues (1996); Gomani (1997); Wu et al. (1997); Brochu (1999); Buckley & Brochu (1999); Pol 

(1999a ,b); Buckley et al. (2000); Larsson & Gado (2000); Sereno et al. (2001); Clark & Sues 

(2002); Martinelli (2003); Jouve (2004, 2009); Pol & Norell (2004a, b); Pol et al. (2004, 2009, 

2012, 2014); Pol & Apesteguia (2005); Jouve et al. (2006); Turner (2006); Zaher et al. (2006); 

Larsson & Sues (2007); Ösi et al. (2007); de Andrade & Bertini (2008); Turner & Buckley 

(2008); Wilkinson et al. (2008); Sereno & Larsson (2009); Young & de Andrade (2009); 

Nascimento & Zaher (2010); Turner & Sertich (2010); de Andrade & Bertini (2011); 
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Montefeltro et al. (2011, 2013, 2016); Pol & Powell (2011); Riff & Kellner (2011). 

Introducing eleven new characters. 

Characters diagnostic of Sebecia: Jugal portion of postorbital bar flush with lateral surface 

of jugal; maxillae sagittal contact bearing a series of longitudinal foramina; pterygoid flanges 

relatively short, and do not reach laterally the level of the quadrate medial condyle; tooth with 

transitional morphology at premaxillary-maxillary contact. 

Phylogenetic search procedure: Heuristic searches in TNT: 10000 repetitions.  

 

Queiroz (2022): 

Matrix built using: Buscalioni & Sanz (1988); Norell (1988); Buscalioni et al. (1992); Gasparini 

et al. (1993, 2006); Wu & Chatterjee (1993); Clark (1994); Ortega et al. (1996, 2000); Wu & 

Sues (1996); Gomani (1997); Wu et al. (1997); Brochu (1999); Buckley & Brochu (1999); Pol 

(1999a, b); Larsson & Gado (2000); Sereno et al. (2001); Clark & Sues (2002); Martinelli 

(2003); Jouve (2004, 2009); Pol & Norell (2004a, b); Pol et al. (2004, 2009, 2012, 2014); de 

Andrade (2005); Jouve et al. (2006); Pol & Apesteguia (2005); Turner (2006); Zaher et al. 

(2006); Larsson & Sues (2007); Ösi et al. (2007); de Andrade & Bertini (2008); Turner & 

Buckley (2008); Wilkinson et al. (2008); Sereno & Larsson (2009); Young & de Andrade 

(2009); Nascimento & Zaher (2010); Turner & Sertich (2010); de Andrade et al. (2011); 

Montefeltro et al. (2011, 2013, 2016); Pol & Powell (2011) ; Riff & Kellner (2011); Pinheiro 

et al. (2018); Geroto & Bertini (2019); Ruiz et al. (2021). Introducing four new characters. 

Characters diagnostic of Sebecia: posterior extent of maxilla anterior to anterior margin of orbit; 

unsculpted region in the dentary below the toothrow absent; dorsal edge of dentary sinusoidal, 

with two concave waves; splenial robust dorsally; anterior dentary teeth opposite premaxilla-

maxilla contact more than twice the length of other dentary teeth; dentary alveoli five to nine 

converging to the main axis of the symphysis and dentary alveoli ten to twelve diverging.  

Phylogenetic search procedure: Heuristic searches in TNT: 10000 repetitions.  
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Pinheiro et al. (2023): 

Matrix built using: Buscalioni & Sanz (1988); Norell (1988); Gasparini et al. (1993); Clark 

(1994); Ortega et al. (1996, 2000); Wu & Sues (1996); Brochu (1997, 1999, 2011); Gomani 

(1997); Wu et al. (1997); Buckley & Brochu (1999); Pol (1999a, b); Buckley et al. (2000); 

Sereno et al. (2001); Martinelli (2003); Pol & Norell (2004a, b); Pol et al. (2004, 2012, 2014); 

Turner (2004, 2006); Pol & Apesteguia (2005); Zaher et al. (2006); Larsson & Sues (2007); 

Riff (2007); de Andrade & Bertini (2008a ,b); Turner & Buckley (2008); Novas et al. (2009); 

Pol & Gasparini (2009); Sereno & Larsson (2009); O’Connor et al. (2010); Turner & Sertich 

(2010); de Andrade et al. (2011); Montefeltro et al. (2011); Pol & Powell (2011); Riff & Kellner 

(2011); Pinheiro et al. (2018, 2021). Introducing four new characters. 

Characters diagnostic of Sebecia: Primary pterygoidean palate forms posterior, lateral and part 

of the anterior margin of the choana; lateral surface of the anterior region of the surangular and 

the posterior region of the dentary with a deep, well-defined longitudinal groove; dentary with 

lateral concavity for the reception of the enlarged maxillary tooth; dorsal edge of dentary 

sinusoidal with two concave waves; splenial robust posterior to symphysis; jugal portion of 

postorbital bar anteriorly continuous but posteriorly inset from lateral surface of jugal; 

lateral contour of snout sinusoidal; premaxillary palate circular paramedian depressions located 

anteriorly on the premaxilla; anterior half of palatines between suborbital fenestrae flared 

anteriorly; first and second premaxillary teeth nearly confluent; premaxilla - maxilla  lateral 

fossa excavating alveolus of last premaxillary tooth. 

Phylogenetic search procedure: New Technology Search (Sectorial, Ratchet, Tree fusing) in 

TNT: find minimum length 60 times followed by heuristic searches in TNT with trees found 

previously. Unordered characters. 

 

Sebecosuchia: 

 

Gasparini et al. (1991): 

Matrix built using: none. Introducing 19 new characters. 
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Characters diagnostic of Sebecosuchia: laterally compressed rostrum; absence of antorbital 

fenestra; internal nares very large; strongly concave palate; vertical pterygoids. 

Phylogenetic search procedure: implicit enumeration in Hennig86. 

 

Gasparini et al. (1993): 

Matrix built using: no data available. 

Characters diagnostic of Sebecosuchia: mesorostry; rostrum strongly compressed; absence of 

antorbital fenestra; anterior palate concave; very large choanae; vertical pterygoids; serrations 

of the teeth. 

Phylogenetic search procedure: implicit enumeration in Hennig86. All characters except one 

ordered. 

 

Ortega et al. (1996): 

Matrix built using: Legasa et al. (1994). Introducing 14 new characters. 

Characters diagnostic of Sebecosuchia: longitudinal depression of the dentary that forms a deep 

fossa around the mandibular fenestra. 

Phylogenetic search procedure: implicit enumeration in Hennig86.  

 

Gomani (1997):  

Matrix built using: Benton & Clark (1988); Clark (1994); Gasparini et al. (1991). Introducing 

eight new characters. 

Characters diagnostic of Sebecosuchia: narrow rostrum anterior to orbits and broadening 

abruptly at the orbits; strongly concave palate; squamosal position not bent; extremely large 

choanae. 

Phylogenetic search procedure: branch-and-bound in PAUP.  
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Buckley & Brochu (1999): 

Matrix built using: Clark (1994); Ortega et al. (1996). Introducing five new characters. 

Characters diagnostic of Sebecosuchia: narrow rostrum anterior to orbits and broadening 

abruptly at the orbits; dorsal surface of frontal and parietal with narrow midline ridge; 

posterolateral edge of squamosal extends posteriorly as a long process; choanae extremely 

large, nearly half of skull width; antorbital fenestra absent; lateral surface of dentary with 

longitudinal groove. 

Phylogenetic search procedure: heuristic search in PAUP.  

 

Buckley et al. (2000): 

Matrix built using: Clark (1994); Buckley & Brochu (1999); Ortega et al. (1996); Gomani 

(1997). Introducing three new characters. 

Characters diagnostic of Sebecosuchia: Data not available. 

Phylogenetic search procedure: Data not available. 

 

Ortega et al. (2000): 

Matrix built using: Molnar (1981); Clark (1986, 1994); Benton & Clark (1988); Clark et al. 

(1989); Buscalioni & Sanz (1990); Parrish (1991); Gasparini et al. (1991, 1993); Sereno & Wild 

(1992); Wu & Chatterjee (1993); Legasa et al. (1994); Wu et al. (1994, 1995); Busbey (1995); 

Ortega & Buscalioni (1995); Ortega et al. (1996); Wu & Sues (1996).  

Characters diagnostic of Sebecosuchia: distance from anterior orbital edge to anterior contour 

of rostrum equal or longer than distance from anterior orbital edge to posterior parietal contour; 

premaxillary - maxillary notch; teeth set in isolated alveoli; infratemporal fenestra much longer 

than deep; big slot-like intramandibularis foramen; lateral surface of anterior branch of jugal 

with a pronounced triangular depression; second or third maxillary alveoli enlarged; lateral 

surface of jugal not visible in ventral view, jugal is straight. 

Phylogenetic search procedure: Data not available. 
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Sereno et al. (2001): 

Matrix built using: Clark (1994); Ortega et al. (1996); Wu & Sues (1996); Wu et al. (1997, 

2001); Buckley et al. (2000); Larsson (2000); Larsson & Gado (2000). Introducing ten new 

characters. 

Characters diagnostic of Sebecosuchia: Data not available.  

Phylogenetic search procedure: Three characters ordered. 

 

Tykosky et al. (2002): 

Matrix built using: Buckley et al. (2000). Introducing two new characters. 

Characters diagnostic of Sebecosuchia: Data not available. 

Phylogenetic search procedure: Heuristic searches in PAUP. Different runs with all characters 

unordered, two characters ordered, and five characters ordered. 

 

Pol (2003): 

Matrix built using: Buscalioni & Sanz (1988); Clark (1994); Ortega et al. (1996, 2000); Wu & 

Sues (1996); Wu et al. (1996); Brochu (1997); Gomani (1997); Pol (1999a ,b); Buckley et al. 

(2000). 

Characters diagnostic of Sebecosuchia: Rostrum much higher than wide; notch at premaxilla - 

maxilla contact ventrally opened as a large fenestra; anterior dentary teeth opposite 

premaxillary - maxillary contact more than twice the length of other dentary teeth; unsculpted 

region along alveolar margin on lateral surface of maxilla absent; lateral surface of the dentary 

with a longitudinal depression; tooth margins with denticulate carinae; infratemporal fenestra 

very anteroposteriorly elongated. 

Phylogenetic search procedure: Heuristic searches in NONA: 10000 repetitions. Equal 

weighting. 
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Sereno et al. (2003): 

Matrix built using: Clark (1994); Ortega et al. (1996); Wu & Sues (1996); Wu et al. (1997); 

Buckley et al. (2000); Larsson (2000); Larsson & Gado (2000); Sereno et al. (2001); Wu et al. 

(2001). Introducing three new characters. 

Characters diagnostic of Sebecosuchia: Data not available. 

Phylogenetic search procedure: Four ordered characters. 

 

Carvalho et al. (2004): 

Matrix built using: Ortega et al. (2000). Introducing one new character. 

Characters diagnostic of Sebecosuchia: Distance from anterior orbital edge to anterior contour 

of rostrum at least twice longer than distance from anterior orbital edge to posterior parietal 

contour; premaxillary - maxillary suture zigzag-shaped in lateral view; premaxillary - maxillary 

notch; nasals caudally separated by an anterior sagittal projection of the frontal; quadratojugal 

not exposed in lateral view; outer surface of squamosal dorsally oriented; antorbital fenestra 

absent; splenial robust posterior to symphysis; mesial and distal margin of tooth crowns with 

denticulate carinae; glenoid fossa of articular craniocaudally similar to articular surface of 

quadrate; tip of maxillary and dentary tooth crowns caudally curved; postmaxillary internal 

nares absent; lacrimal descending lateral process laminar; cranial jugal branch much deeper 

than caudal one; lateral surface of jugal not visible in ventral view, jugal straight.  

Phylogenetic search procedure: Heuristic searches in PAUP: 100 repetitions. Reweighted 

characters after a first run. 

 

Pol & Norell (2004a): 

Matrix built using: Buscalioni & Sanz (1988); Gasparini et al. (1993); Clark (1994); Ortega et 

al. (1996, 2000); Wu & Sues (1996); Brochu (1997); Gomani (1997); Wu et al. (1997); Buckley 

& Brochu (1999); Pol (1999a, b); Buckley et al. (2000). Introducing seven new characters. 

Characters diagnostic of Sebecosuchia: Data not available. 
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Phylogenetic search procedure: Heuristic searches in NONA: 1000 repetitions. Equal 

weighting. 

 

Pol & Norell (2004b): 

Matrix built using: Buscalioni & Sanz (1988); Gasparini et al. (1993); Clark (1994); Ortega et 

al. (1996, 2000); Wu & Sues (1996); Brochu (1997); Gomani (1997); Wu et al. (1997); Buckley 

& Brochu (1999); Pol (1999a, b); Buckley et al. (2000); Pol & Norell (2004a). Introducing 

ten new characters. 

Characters diagnostic of Sebecosuchia: Data not available. 

Phylogenetic search procedure: Heuristic searches in NONA: 1000 repetitions. Equal 

weighting. 

 

Pol et al. (2004): 

Matrix built using: Buscalioni & Sanz (1988); Gasparini et al. (1991); Clark (1994); Ortega et 

al. (1996, 2000); Wu & Sues (1996); Brochu (1997); Gomani (1997); Wu et al. (1997); Buckley 

& Brochu (1999); Pol (1999a, b); Buckley et al. (2000); Pol & Norell (2004a). Introducing 

three new characters. 

Characters diagnostic of Sebecosuchia: Data not available. 

Phylogenetic search procedure: Heuristic searches in NONA: 1000 repetitions. Equal 

weighting. 

 

Company et al. (2005): 

Matrix built using: Ortega et al. (1996, 2000); Tykosky et al. (2002). 

Characters diagnostic of Sebecosuchia: presence of premaxillary-maxillary notch; enlargement 

of second or third maxillary tooth; big, slot-like foramen intramandibularis oralis. 

Phylogenetic search procedure: Branch-and-bound in PAUP.  
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Pol & Apesteguia (2005): 

Matrix built using: Buscalioni & Sanz (1988); Gasparini et al. (1993); Clark (1994); Ortega et 

al. (1996, 2000); Wu & Sues (1996); Brochu (1997); Gomani (1997); Wu et al. (1997); Buckley 

& Brochu (1999); Pol (1999a, b); Buckley et al. (2000); Sereno et al. (2001); Martinelli (2003); 

Pol & Norell (2004a, b); Pol et al. (2004); Zaher et al. (2006). Introducing eleven new 

characters. 

Characters diagnostic of Sebecosuchia: Data not available. 

Phylogenetic search procedure: Heuristic searches in TNT: 1000 repetitions. Equal weighting. 

 

Turner & Calvo (2005): 

Matrix built using: Clark (1994); Ortega et al. (1996); Gomani (1997); Wu et al. (1997); 

Buckley & Brochu (1999); Buckley et al. (2000); Pol (2003); Sereno et al. (2003). Introducing 

five new characters. 

Characters diagnostic of Sebecosuchia: lateral surface of dentary with longitudinal groove; 

sigmoidal toothrow in dorsal view.  

Phylogenetic search procedure: Unordered characters and equal weighting. 

  

Turner (2006): 

Matrix built using: Clark (1994); Ortega et al. (1996); Gomani (1997); Wu et al. (1997); 

Buckley & Brochu (1999); Buckley et al. (2000); Pol (2003); Sereno et al. (2003); Turner 

(2004); Turner & Calvo (2005). Introducing two new characters.  

Characters diagnostic of Sebecosuchia: rostrum narrow anterior to orbits, broadening abruptly 

at orbits; rostrum higher than wide; antorbital fenestra absent; lateral surface of dentary with 

longitudinal groove; splenial robust posterodorsal to symphysis; toothrow sigmoidal in dorsal 

view; anteriorly, palatines are narrow and “arrow”-shaped, sharply dividing the maxillae. 

Phylogenetic search procedure: Heuristic searches in PAUP: 1000 repetitions. Unordered 

characters, equal weighting. 
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Zaher et al. (2006): 

Matrix built using: Buscalioni & Sanz (1988); Gasparini et al. (1991); Clark (1994); Ortega et 

al. (1996, 2000); Wu & Sues (1996); Brochu (1997); Gomani (1997); Wu et al. (1997); Buckley 

& Brochu (1999); Pol (1999a, b); Buckley et al. (2000); Pol & Norell (2004a, b). Introducing 

six new characters. 

Characters diagnostic of Sebecosuchia: narrow oreinirostral rostrum; ventrally opened notch at 

premaxilla - maxilla contact present as a large fenestra; one wave of enlarged maxillary teeth; 

anterior dentary teeth opposite premaxilla - maxilla contact more than twice the length of other 

dentary teeth; unsculpted region along alveolar margin on lateral surface of maxilla absent; 

lateral surface of the dentary with a longitudinal depression; tooth margin with denticulate 

carinae; nasal lateral edges nearly parallel; unsculpted region in the dentary below the toothrow 

absent; infratemporal fenestra very anteroposteriorly elongated.   

Phylogenetic search procedure: Heuristic searches in PAUP: 100 repetitions.  

 

Fiorelli & Calvo (2007): 

Matrix built using: Buscalioni & Sanz (1988); Sereno (1991); Clark (1994); Ortega et al. (1996, 

2000); Wu & Sues (1996); Brochu (1997); Gomani (1997); Wu et al. (1997); Buckley & Brochu 

(1999); Pol (1999a); Buckley et al. (2000); Martinelli (2003); Pol & Norell (2004a, b); Pol et 

al. (2004); Fiorelli (2005). Introducing 20 new characters. 

Characters diagnostic of Sebecosuchia: external surface of dorsal cranial bones slightly 

grooved; narrow oreinirostral rostrum; jugal participating in margin of antorbital fossa; lateral 

surface of the dentary with a longitudinal depression; tooth margin with denticulate carinae; 

nasal lateral edges nearly parallel; antorbital region of jugal more dorsoventrally expanded than 

infraorbital region; cheek teeth constricted at base of crown; foramen intramandibularis oralis 

big and slot-like; ectopterygoid medial process forked. 

Phylogenetic search procedure: Heuristic searches in NONA: 1000 repetitions. 25 characters 

ordered, equal weighting. 
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Fiorelli & Calvo (2008): 

Matrix built using: Sereno (1991); Clark (1994); Wu & Sues (1996); Pol (1999a, b); Sereno et 

al. (2001); Martinelli (2003); Pol & Norell (2004b); Pol et al. (2004); Fiorelli (2005); Pol & 

Apesteguia (2005); Zaher et al. (2006); Fiorelli & Calvo (2007). 

Characters diagnostic of Sebecosuchia: data not available. 

Phylogenetic search procedure: Heuristic searches in TNT: 1000 replications. Equal weighting.  

 

Turner & Buckley (2008): 

Matrix built using: Buscalioni & Sanz (1988); Norell (1988); Gasparini et al. (1993, 2006); 

Clark (1994); Ortega et al. (1996, 2000); Wu & Sues (1996); Brochu (1997, 1999); Gomani 

(1997); Wu et al. (1997); Buckley & Brochu (1999); Pol (1999a, b); Buckley et al. (2000); 

Sereno et al. (2001); Martinelli (2003); Pol & Norell (2004a, b); Pol et al. (2004); Turner 

(2004); Pol & Apesteguia (2005); Turner (2006); Zaher et al. (2006). Introducing six new 

characters. 

Characters diagnostic of Sebecosuchia: Data not available. 

Phylogenetic search procedure: Heuristic searches in TNT: 1000 replications. Equal weighting.  

 

Novas et al. (2009): 

Matrix built using: Data not available. 

Characters diagnostic of Sebecosuchia: Data not available. 

Phylogenetic search procedure: Data not available. 

 

Pol et al. (2009): 

Matrix built using: Buscalioni & Sanz (1988); Norell (1988); Gasparini et al. (1993); Clark 

(1994); Ortega et al. (1996, 2000); Wu & Sues (1996); Brochu (1997, 1999); Gomani (1997); 

Wu et al. (1997); Buckley & Brochu (1999); Pol (1999a, b); Buckley et al. (2000); Sereno et 
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al. (2001); Pol & Norell (2004a, b); Pol et al. (2004); Pol & Apesteguia (2005); Turner (2006); 

Zaher et al. (2006); Pol & Gasparini (2009). Introducing nine new characters. 

Characters diagnostic of Sebecosuchia: Data not available. 

Phylogenetic search procedure: Heuristic searches in TNT: 1000 replications. Equal weighting.  

 

Turner & Sertich (2010): 

Matrix built using: Buscalioni & Sanz (1988); Norell (1988); Clark (1994); Ortega et al. (1996, 

2000); Wu & Sues (1996); Brochu (1997, 1999); Gomani (1997); Wu et al. (1997); Buckley & 

Brochu (1999); Pol (1999a, b); Buckley et al. (2000); Sereno et al. (2001); Jouve (2004, 2009); 

Pol & Norell (2004a, b); Pol et al. (2004, 2009); Pol & Apesteguia (2005); Gasparini et al. 

(2006); Turner (2006); de Andrade & Bertini (2008a, b); Turner & Buckley (2008); Sereno & 

Larsson (2009). Introducing seven new characters.  

Characters diagnostic of Sebecosuchia: Data not available. 

Phylogenetic search procedure: Heuristic searches in TNT: 1000 replications. 34 ordered 

characters, equal weighting.  

 

Iori & Carvalho (2011): 

Matrix built using: Novas et al. (2009). 

Characters diagnostic of Sebecosuchia: Data not available. 

Phylogenetic search procedure: Data not available. 

 

Nascimento & Zaher (2011): 

Matrix built using: Buscalioni & Sanz (1988); Gasparini et al. (1991); Clark (1994); Ortega et 

al. (1996, 2000); Wu & Sues (1996); Brochu (1997); Gomani (1997); Wu et al. (1997); Brochu 

(1999); Buckley & Brochu (1999); Pol (1999a, b); Buckley et al. (2000); Sereno et al. (2001); 
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Martinelli (2003); Pol & Norell (2004a, b); Pol et al. (2004); Gasparini et al. (2005); Pol & 

Apesteguia (2005); Riff (2007). Introducing five new characters. 

Characters diagnostic of Sebecosuchia: Ventrally opened notch on ventral edge of rostrum at 

premaxilla - maxilla contact present as a large fenestra, closed or almost closed by the 

premaxilla - maxilla external contact; one wave of enlarged maxillary teeth; anterior dentary 

teeth opposite premaxilla - maxilla contact more than twice the length of other dentary teeth; 

mandibular symphysis shallow and anteriorly convex in lateral view; no unsculpted region 

along alveolar margin on lateral surface of maxillary; tooth margins with denticulate carinae; 

nasal lateral edges nearly parallel; no unsculpted region in the dentary below the toothrow; 

dentary with lateral concavity for the reception of the enlarged maxillary tooth; dorsal edge of 

dentary with a single dorsal expansion and concave posterior to this; lateral surface of 

dentaries below alveolar margin, at mid to posterior region of toothrow vertically 

oriented, continuous with rest of lateral surface of the dentaries; evaginated maxillary 

alveolar edges present as a continuous sheet. 

Phylogenetic search procedure: Heuristic searches in PAUP: 100 replications.  

 

Pol & Powell (2011): 

Matrix built using: Buscalioni & Sanz (1988); Norell (1988); Gasparini et al. (1993); Clark 

(1994); Ortega et al. (1996, 2000); Wu & Sues (1996); Brochu (1997, 1999); Gomani (1997); 

Wu et al. (1997); Buckley & Brochu (1999); Pol (1999a, b); Buckley et al. (2000); Larsson & 

Gado (2000); Sereno et al. (2001); Martinelli (2003); Pol & Norell (2004a, b); Pol et al. (2004, 

2009); Turner (2004, 2006); Pol & Apesteguia (2005); Zaher et al. (2006); Larsson & Sues 

(2007); Riff (2007); de Andrade & Bertini (2008a); Turner & Buckley (2008); Pol & Gasparini 

(2009). Introducing sixteen new characters. 

Characters diagnostic of Sebecosuchia: Data not available. 

Phylogenetic search procedure: Heuristic searches in TNT: 1000 replications. 35 ordered 

characters, equal weighting.  
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Soto et al. (2011): 

Matrix built using: Buscalioni & Sanz (1988); Gasparini et al. (1993); Clark (1994); Ortega et 

al. (1996, 2000); Wu & Sues (1996); Brochu (1997, 1999); Gomani (1997); Wu et al. (1997, 

2001); Buckley & Brochu (1999); Pol (1999a, b); Buckley et al. (2000); Sereno et al. (2001); 

Martinelli (2003); Pol (2003); Pol & Norell (2004a, b); Pol et al. (2004); Pol & Apesteguia 

(2005); Gasparini et al. (2006); Zaher et al. (2006); Pol & Gasparini (2009). Introducing 

seventeen new characters. 

Characters diagnostic of Sebecosuchia: Narrow oreinirostral rostrum; ventrally opened notch 

on ventral edge of rostrum at premaxilla - maxilla contact present as a large fenestra; one wave 

of enlarged maxillary teeth; anterior dentary teeth opposite premaxilla - maxilla contact more 

than twice the length of other dentary teeth; mandibular symphysis deep and anteriorly 

convex in lateral view; unsculpted region along alveolar margin on lateral surface of maxilla 

absent; lateral surface of the anterior region of surangular and posterior region of the dentary 

with a longitudinal depression; tooth margins with denticulate carinae; nasal lateral edges nearly 

parallel; unsculpted region in the dentary below the toothrow absent; dorsal edge of dentary 

with a single dorsal expansion and concave posterior to this; lateral surface of dentaries below 

alveolar margin, at mid to posterior region of toothrow vertically oriented, continuous 

with rest of lateral surface of the dentaries; evaginated maxillary alveolar edges present as a 

continuous sheet. 

Phylogenetic search procedure: Heuristic searches in TNT: 1000 replications. 31 ordered 

characters, equal weighting.  

 

Pol et al. (2012): 

Matrix built using: Buscalioni & Sanz (1988); Norell (1988); Gasparini et al. (1993); Clark 

(1994); Ortega et al. (1996, 2000); Wu & Sues (1996); Gomani (1997); Wu et al. (1997); 

Brochu (1997, 1999); Buckley & Brochu (1999); Pol (1999a, b); Buckley et al. (2000); Larsson 

& Gado (2000); Sereno et al. (2001); Martinelli (2003); Pol & Norell (2004a, b); Pol et al. 

(2004, 2009); Pol & Apesteguia (2005); Turner (2006); Zaher et al. (2006) ; Larsson & Sues 

(2007); Riff (2007); de Andrade & Bertini (2008); Turner & Buckley (2008); Novas et al. 

(2009); Pol & Gasparini (2009); Pol & Powell (2011). Introducing fifty-two new characters. 
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Characters diagnostic of Sebecosuchia: Mandibular symphysis deep and anteriorly convex 

in lateral view; unsculpted region in the dentary below the toothrow absent; dorsal edge of 

dentary with a single dorsal expansion and concave posterior to this; lateral surface of 

dentaries below alveolar margin, at mid to posterior region of toothrow vertically 

oriented, continuous with rest of lateral surface of the dentaries. 

Phylogenetic search procedure: Heuristic searches in TNT: 1000 replications. 37 ordered 

characters, equal weighting.  

 

Adams (2013): 

Matrix built using: Pol et al. (2009); Turner & Sertich (2010). 

Characters diagnostic of Sebecosuchia: Data not available. 

Phylogenetic search procedure: Heuristic searches in TNT: 1000 replications. Equal weighting.  

 

Iori et al. (2013): 

Matrix built using: Novas et al. (2009). 

Characters diagnostic of Sebecosuchia: Data not available. 

Phylogenetic search procedure: Data not available. 

 

Adams (2014): 

Matrix built using: Buscalioni & Sanz (1988); Norell (1988); Clark (1994); Ortega et al. (1996, 

2000); Wu & Sues (1996); Brochu (1997, 1999); Gomani (1997); Wu et al. (1997); Buckley & 

Brochu (1999); Pol (1999a, b); Buckley et al. (2000); Sereno et al. (2001); Martinelli (2003); 

Jouve (2004, 2009); Pol & Norell (2004a, b); Pol et al. (2004, 2009); Turner (2004, 2006); Pol 

& Apesteguia (2005); Gasparini et al. (2006); Zaher et al. (2006); de Andrade & Bertini (2008a, 

b); Turner & Buckley (2008); Sereno & Larsson (2009); Turner & Sertich (2010); Adams 

(2013); Pritchard et al. (2013); Turner (2015). 
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Characters diagnostic of Sebecosuchia: Data not available. 

Phylogenetic search procedure: Heuristic searches in TNT: 1000 replications. Equal weighting.  

 

Kellner et al. (2014): 

Matrix built using: Buscalioni & Sanz (1988); Norell (1988); Gasparini et al. (1993); Clark 

(1994); Ortega et al. (1996, 2000); Wu & Sues (1996); Gomani (1997); Wu et al. (1997); 

Brochu (1997, 1999); Buckley & Brochu (1999); Pol (1999a, b); Buckley et al. (2000); Larsson 

& Gado (2000); Sereno et al. (2001); Martinelli (2003); Pol & Norell (2004a, b); Pol et al. 

(2004, 2009); Pol & Apesteguia (2005); Turner (2006); Zaher et al. (2006) ; Larsson & Sues 

(2007); Riff (2007); de Andrade & Bertini (2008a, b); Turner & Buckley (2008); Novas et al. 

(2009); Pol & Gasparini (2009); Pol & Powell (2011); Pol et al. (2012). 

Characters diagnostic of Sebecosuchia: Mandibular symphysis deep and anteriorly convex 

in lateral view; unsculpted region in the dentary below the toothrow absent; dorsal edge of 

dentary with a single dorsal expansion and concave posterior to this; lateral surface of 

dentaries below alveolar margin, at mid to posterior of toothrow vertically oriented, 

continuous with rest of lateral surface of dentaries. 

Phylogenetic search procedure: Characters unordered and ordered. 

 

Pol et al. (2014): 

Matrix built using: Buscalioni & Sanz (1988); Norell (1988); Gasparini et al. (1993); Clark 

(1994); Ortega et al. (1996, 2000); Wu & Sues (1996); Brochu (1997, 1999); Gomani (1997); 

Wu et al. (1997); Buckley & Brochu (1999); Pol (1999a, b); Buckley et al. (2000); Sereno et 

al. (2001); Martinelli (2003); Pol & Norell (2004a, b); Pol et al. (2004, 2009, 2012); Turner 

(2004, 2006); Pol & Apesteguia (2005); Zaher et al. (2006); Larsson & Sues (2007); Riff 

(2007); de Andrade & Bertini (2008a); Turner & Buckley (2008); Pol & Gasparini (2009); 

Sereno & Larsson (2009); O’Connor et al. (2010); Turner & Sertich (2010); de Andrade et al. 

(2011); Montefeltro et al. (2011); Nascimento & Zaher (2011); Pol & Powell (2011); Riff & 

Kellner (2011). Introducing thirty-four new characters. 
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Characters diagnostic of Sebecosuchia: Ventrally opened notch on ventral edge of rostrum at 

premaxilla - maxilla contact present as a large notch; anterior dentary teeth opposite premaxilla 

- maxilla contact more than twice the length of other dentary teeth; unsculpted region along 

alveolar margin on lateral surface of maxilla absent; lateral surface of the anterior region of the 

surangular and posterior region of the dentary with a deep, well-defined longitudinal groove; 

dorsoventral height of antorbital region of jugal more expanded than infraorbital region; large 

and aligned neurovascular foramina on lateral maxillary surface absent; no unsculpted region 

in the dentary below the toothrow; outer surface of squamosal along the site of attachment of 

the ear valve groove reduced and vertically oriented; skull roof trapezoidal shape in dorsal view; 

lateral surface of dentaries below alveolar margin, at mid to posterior region of toothrow 

vertically oriented, continuous with rest of lateral surface of the dentaries; paraoccipital 

process development lateral to cranioquadrate opening long; ventral margin of jugal at posterior 

end of ectopterygoid contact separated by a notch from infratemporal bar of jugal.      

Phylogenetic search procedure: Heuristic searches in TNT: 10000 replications. 42 ordered 

characters, equal weighting.  

 

Sertich & O’Connor (2014): 

Matrix built using: Buscalioni & Sanz (1988); Norell (1988); Clark (1994); Ortega et al. (1996, 

2000); Wu & Sues (1996); Brochu (1997, 1999); Gomani (1997); Wu et al. (1997); Buckley & 

Brochu (1999); Pol (1999a, b); Buckley et al. (2000); Sereno et al. (2001); Jouve (2004, 2009); 

Pol & Norell (2004a, b); Pol et al. (2004, 2009); Pol & Apesteguia (2005); Gasparini et al. 

(2006); Turner (2006); de Andrade & Bertini (2008a, b); Turner & Buckley (2008); Sereno & 

Larsson (2009); Turner & Sertich (2010). Introducing three new characters. 

Characters diagnostic of Sebecosuchia: Data not available. 

Phylogenetic search procedure: Heuristic searches in TNT: 1000 replications. Equal weighting.  

 

Leardi et al. (2015a): 

Matrix built using: Buscalioni & Sanz (1988); Norell (1988); Gasparini et al. (1993); Clark 

(1994); Ortega et al. (1996, 2000); Wu & Sues (1996); Brochu (1997, 1999); Gomani (1997); 
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Wu et al. (1997); Buckley & Brochu (1999); Pol (1999a, b); Buckley et al. (2000); Sereno et 

al. (2001); Martinelli (2003); Pol & Norell (2004a, b); Pol et al. (2004, 2009, 2012, 2014); 

Turner (2004, 2006); Pol & Apesteguia (2005); Zaher et al. (2006); Larsson & Sues (2007); 

Riff (2007); de Andrade & Bertini (2008); Turner & Buckley (2008); Pol & Gasparini (2009); 

Sereno & Larsson (2009); O’Connor et al. (2010); Turner & Sertich (2010); de Andrade et al. 

(2011); Montefeltro et al. (2011); Nascimento & Zaher (2011); Pol & Powell (2011); Riff & 

Kellner (2011). Introducing twenty-five new characters. 

Characters diagnostic of Sebecosuchia: narrow oreinirostral rostrum; large ventrally opened 

notch on ventral edge of rostrum at premaxilla - maxilla contact; anterior dentary teeth opposite 

premaxilla - maxilla contact more than twice the length of other dentary teeth; unsculpted region 

along alveolar margin on lateral surface of maxilla absent; lateral surface of the anterior region 

of the surangular and posterior region of the dentary with a deep, well-defined longitudinal 

groove; dorsoventral height of antorbital region of jugal more expanded than infraorbital region; 

large and aligned neurovascular foramina on lateral maxillary surface absent; no unsculpted 

region in the dentary below the toothrow; outer surface of squamosal along the site of 

attachment of the ear valve groove reduced and vertically oriented; skull roof trapezoidal shape 

in dorsal view; lateral surface of dentaries below alveolar margin, at mid to posterior 

region of toothrow vertically oriented, continuous with rest of lateral surface of the 

dentaries; paraoccipital process development lateral to cranioquadrate opening long; ventral 

margin of jugal at posterior end of ectopterygoid contact separated by a notch from 

infratemporal bar of jugal.      

Phylogenetic search procedure: Heuristic searches in TNT: 10000 replications. 43 ordered 

characters, equal weighting.  

 

Leardi et al. (2015b): 

Matrix built using: Buscalioni & Sanz (1988); Norell (1988); Gasparini et al. (1993); Clark 

(1994); Ortega et al. (1996, 2000); Wu & Sues (1996); Brochu (1997, 1999); Gomani (1997); 

Wu et al. (1997); Buckley & Brochu (1999); Pol (1999a, b); Buckley et al. (2000); Sereno et 

al. (2001); Martinelli (2003); Pol & Norell (2004a, b); Pol et al. (2004, 2009, 2012, 2014); 

Turner (2004, 2006); Pol & Apesteguia (2005); Zaher et al. (2006); Larsson & Sues (2007); 

Riff (2007); de Andrade & Bertini (2008); Turner & Buckley (2008); Pol & Gasparini (2009); 
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Sereno & Larsson (2009); O’Connor et al. (2010); Turner & Sertich (2010); de Andrade et al. 

(2011); Montefeltro et al. (2011); Nascimento & Zaher (2011); Pol & Powell (2011); Riff & 

Kellner (2011); Leardi et al. (2015a). Introducing two new characters. 

Characters diagnostic of Sebecosuchia: Suture between the postorbital and the squamosal 

convex anteriorly in lateral view. 

Phylogenetic search procedure: Heuristic searches in TNT: 1000 or 10000 replications. 43 

ordered characters, equal weighting.  

        

Fiorelli et al. (2016): 

Matrix built using: Buscalioni & Sanz (1988); Norell (1988); Sereno (1991); Gasparini et al. 

(1993); Clark (1994); Ortega et al. (1996, 2000); Wu & Sues (1996); Gomani (1997); Brochu 

(1997, 1999); Wu et al. (1997); Buckley & Brochu (1999); Pol (1999a, b); Buckley et al. 

(2000); Sereno et al. (2001); Martinelli (2003); Pol & Norell (2004a, b); Pol et al. (2004, 2009, 

2012, 2014); Turner (2004, 2006); Pol & Apesteguia (2005); Zaher et al. (2006); Fiorelli & 

Calvo (2007); Larsson & Sues (2007); Riff (2007); de Andrade & Bertini (2008b); Turner & 

Buckley (2008); Novas et al. (2009); Pol & Gasparini (2009); Sereno & Larsson (2009); 

O’Connor et al. (2010); Turner & Sertich (2010); de Andrade et al. (2011); Montefeltro et al. 

(2011); Nascimento & Zaher (2011); Pol & Powell (2011); Riff & Kellner (2011); Pritchard et 

al. (2013); Leardi et al. (2015a, b). Introducing one new character. 

Characters diagnostic of Sebecosuchia: narrow oreinirostral rostrum; large ventrally opened 

notch at premaxilla-maxilla contact; anterior dentary teeth opposite premaxilla - maxilla contact 

twice the length of other dentary teeth; no unsculpted region along alveolar margin on lateral 

surface of maxilla; lateral surface of the anterior region of the dentary and posterior region of 

the surangular with a deep, well-defined longitudinal groove; antorbital region of jugal more 

expanded dorsoventrally than infraorbital region; no large and aligned neurovascular foramina 

on lateral maxillary surface; no unsculpted region in the dentary below the toothrow; outer 

surface of squamosal along the site of the attachment of ear valve groove reduced and vertically 

oriented; skull roof trapezoidal-shaped in dorsal view; lateral surface of dentaries below 

alveolar margin, at mid to posterior of toothrow vertically oriented, continuous with rest 

of lateral surface of dentaries; long paraoccipital process development lateral to 
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cranioquadrate opening; ventral margin of jugal at posterior end of ectopterygoid contact 

separated by a notch from infratemporal bar of jugal. 

Phylogenetic search procedure: Heuristic searches in TNT: 1000 or 10000 replications. 43 

ordered characters, equal weighting.  

 

Godoy et al. (2016): 

Matrix built using: Buscalioni & Sanz (1988); Norell (1988); Gasparini et al. (1993); Clark 

(1994); Ortega et al. (1996, 2000); Wu & Sues (1996); Brochu (1997, 1999); Gomani (1997); 

Wu et al. (1997); Buckley & Brochu (1999); Pol (1999a, b); Buckley et al. (2000); Sereno et 

al. (2001); Martinelli (2003); Pol & Norell (2004a, b); Pol et al. (2004, 2009, 2012, 2014); 

Turner (2004, 2006); Pol & Apesteguia (2005); Zaher et al. (2006); Larsson & Sues (2007); 

Riff (2007); de Andrade & Bertini (2008a); Turner & Buckley (2008); Pol & Gasparini (2009); 

Sereno & Larsson (2009); O’Connor et al. (2010); Turner & Sertich (2010); de Andrade et al. 

(2011); Montefeltro et al. (2011); Nascimento & Zaher (2011); Pol & Powell (2011); Riff & 

Kellner (2011); Leardi et al. (2015a, b). 

Characters diagnostic of Sebecosuchia: Suture between the postorbital and the squamosal 

convex anteriorly in lateral view. 

Phylogenetic search procedure: Heuristic searches in TNT: 10000 replications.  

 

Martin & de Lapparent de Broin (2016): 

Matrix built using: Buscalioni & Sanz (1988); Norell (1988); Gasparini et al. (1993); Clark 

(1994); Ortega et al. (1996, 2000); Wu & Sues (1996); Brochu (1997, 1999); Gomani (1997); 

Wu et al. (1997); Buckley & Brochu (1999); Pol (1999a, b); Buckley et al. (2000); Sereno et 

al. (2001); Martinelli (2003); Pol & Norell (2004a, b); Pol et al. (2004, 2009, 2012, 2014); 

Turner (2004, 2006); Pol & Apesteguia (2005); Zaher et al. (2006); Larsson & Sues (2007); 

Riff (2007); de Andrade & Bertini (2008a, b); Turner & Buckley (2008); Pol & Gasparini 

(2009); Sereno & Larsson (2009); O’Connor et al. (2010); Turner & Sertich (2010); de Andrade 

et al. (2011); Montefeltro et al. (2011); Nascimento & Zaher (2011); Pol & Powell (2011); Riff 

& Kellner (2011). 
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Characters diagnostic of Sebecosuchia: Data not available. 

Phylogenetic search procedure: Heuristic searches in TNT: 1000 replications.  

Dal Sasso et al. (2017): 

Matrix built using: Buscalioni & Sanz (1988); Norell (1988); Sereno (1991); Gasparini et al. 

(1993); Clark (1994); Ortega et al. (1996, 2000); Wu & Sues (1996); Gomani (1997); Brochu 

(1997, 1999); Wu et al. (1997); Buckley & Brochu (1999); Pol (1999a, b); Buckley et al. 

(2000); Sereno et al. (2001); Martinelli (2003); Pol & Norell (2004a, b); Pol et al. (2004, 2009, 

2012, 2014); Turner (2004, 2006); Pol & Apesteguia (2005); Zaher et al. (2006); Fiorelli & 

Calvo (2007); Larsson & Sues (2007); Riff (2007); de Andrade & Bertini (2008a, b); Turner & 

Buckley (2008); Novas et al. (2009); Pol & Gasparini (2009); Sereno & Larsson (2009); 

O’Connor et al. (2010); Turner & Sertich (2010); de Andrade et al. (2011); Montefeltro et al. 

(2011); Nascimento & Zaher (2011); Pol & Powell (2011); Riff & Kellner (2011); Pritchard et 

al. (2013); Leardi et al. (2015a, b); Fiorelli et al. (2016). 

Characters diagnostic of Sebecosuchia: mandibular symphysis deep and anteriorly concave 

in lateral view; denticulate carinae; dorsal edge of the dentary with a single dorsal expansion 

and concave posterior to this; lateral surface of dentaries below alveolar margin, at mid to 

posterior region of toothrow vertically oriented, continuous with rest of lateral surface of 

the dentaries. 

Phylogenetic search procedure: Heuristic searches in PAUP: 50000 replications. 43 ordered 

characters.  

 

Leardi et al. (2018): 

Matrix built using: Buscalioni & Sanz (1988); Norell (1988); Gasparini et al. (1993); Clark 

(1994); Ortega et al. (1996, 2000); Wu & Sues (1996); Brochu (1997, 1999); Gomani (1997); 

Wu et al. (1997); Buckley & Brochu (1999); Pol (1999a, b); Buckley et al. (2000); Sereno et 

al. (2001); Martinelli (2003); Pol & Norell (2004a, b); Pol et al. (2004, 2009, 2012, 2014); 

Turner (2004, 2006); Pol & Apesteguia (2005); Zaher et al. (2006); Larsson & Sues (2007); 

Riff (2007); de Andrade & Bertini (2008a, b); Turner & Buckley (2008); Pol & Gasparini 

(2009); Sereno & Larsson (2009); O’Connor et al. (2010); Turner & Sertich (2010); de Andrade 

et al. (2011); Montefeltro et al. (2011); Nascimento & Zaher (2011); Pol & Powell (2011); Riff 
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& Kellner (2011); Leardi et al. (2015a, b); Fiorelli et al. (2016). Introducing one new 

character. 

Characters diagnostic of Sebecosuchia: Maxilla with six teeth; nasal - premaxilla suture 

laterally concave; anterior region of dentary symphysis in ventral view has a distinct anterior 

process with parallel lateral margins; transitional tooth located at the contact between the 

premaxilla and the maxilla, both of which contribute to the alveolar walls.   

Phylogenetic search procedure: New Technology Search in TNT: minimum length hit 100 

times. 43 ordered characters. 

 

Martinelli et al. (2018): 

Matrix built using: Buscalioni & Sanz (1988); Norell (1988); Sereno (1991); Gasparini et al. 

(1993); Clark (1994); Ortega et al. (1996, 2000); Wu & Sues (1996); Gomani (1997); Brochu 

(1997, 1999); Wu et al. (1997); Buckley & Brochu (1999); Pol (1999a, b); Buckley et al. 

(2000); Sereno et al. (2001); Martinelli (2003); Pol & Norell (2004a, b); Pol et al. (2004, 2009, 

2012, 2014); Turner (2004, 2006); Pol & Apesteguia (2005); Zaher et al. (2006); Fiorelli & 

Calvo (2007); Larsson & Sues (2007); Riff (2007); de Andrade & Bertini (2008a, b); Turner & 

Buckley (2008); Novas et al. (2009); Pol & Gasparini (2009); Sereno & Larsson (2009); 

O’Connor et al. (2010); Turner & Sertich (2010); de Andrade et al. (2011); Montefeltro et al. 

(2011); Nascimento & Zaher (2011); Pol & Powell (2011); Riff & Kellner (2011); Pritchard et 

al. (2013); Leardi et al. (2015a, b); Fiorelli et al. (2016). 

Characters diagnostic of Sebecosuchia: narrow oreinirostral rostrum; large ventrally opened 

notch at premaxilla-maxilla contact; anterior dentary teeth opposite premaxilla-maxilla contact 

twice the length of other dentary teeth; no unsculpted region along alveolar margin on lateral 

surface of maxilla; lateral surface of the anterior region of the dentary and posterior region of 

the surangular with a deep, well-defined longitudinal groove; antorbital region of jugal more 

expanded dorsoventrally than infraorbital region; no large and aligned neurovascular foramina 

on lateral maxillary surface; no unsculpted region in the dentary below the toothrow; outer 

surface of squamosal along the site of the attachment of ear valve groove reduced and vertically 

oriented; skull roof trapezoidal-shaped in dorsal view; cross section of distal end of quadrate 

mediolaterally wide and anteroposteriorly thin, being approximately three times as wide as 

long; lateral surface of dentaries below alveolar margin, at mid to posterior of toothrow 
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vertically oriented, continuous with rest of lateral surface of dentaries; long paraoccipital 

process development lateral to cranioquadrate opening; quadrate body distal to otoccipital-

quadrate contact in posterior view oriented ventrolaterally; posterolateral region of nasals with 

well-developed posterolateral processes that deflect ventrally, forming part of the lateral surface 

of the snout; ventral margin of jugal at posterior end of ectopterygoid contact separated by a 

notch from infratemporal bar of jugal. 

Phylogenetic search procedure: Heuristic searches in TNT: 10000 replications. 43 ordered 

characters, equal weighting.  

 

Coria et al. (2019): 

Matrix built using: Buscalioni & Sanz (1988); Norell (1988); Gasparini et al. (1993); Clark 

(1994); Ortega et al. (1996, 2000); Wu & Sues (1996); Brochu (1997, 1999); Gomani (1997); 

Wu et al. (1997); Buckley & Brochu (1999); Pol (1999a, b); Buckley et al. (2000); Sereno et 

al. (2001); Martinelli (2003); Pol & Norell (2004a, b); Pol et al. (2004, 2009, 2012, 2014); 

Turner (2004, 2006); Pol & Apesteguia (2005); Zaher et al. (2006); Larsson & Sues (2007); 

Riff (2007); de Andrade & Bertini (2008a, b); Turner & Buckley (2008); Pol & Gasparini 

(2009); Sereno & Larsson (2009); O’Connor et al. (2010); Turner & Sertich (2010); de Andrade 

et al. (2011); Montefeltro et al. (2011); Nascimento & Zaher (2011); Pol & Powell (2011); Riff 

& Kellner (2011); Barrios et al. (2016). 

Characters diagnostic of Sebecosuchia: data not available. 

Phylogenetic search procedure: Heuristic searches in TNT: 10000 replications. 42 ordered 

characters, equal weighting.  

 

Cunha et al. (2020): 

Matrix built using: Buscalioni & Sanz (1988); Norell (1988); Sereno (1991); Gasparini et al. 

(1993); Clark (1994); Ortega et al. (1996, 2000); Wu & Sues (1996); Gomani (1997); Brochu 

(1997, 1999); Wu et al. (1997); Buckley & Brochu (1999); Pol (1999a, b); Buckley et al. 

(2000); Sereno et al. (2001); Martinelli (2003); Pol & Norell (2004a, b); Pol et al. (2004, 2009, 

2012, 2014); Turner (2004, 2006); Pol & Apesteguia (2005); Zaher et al. (2006); Fiorelli & 
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Calvo (2007); Larsson & Sues (2007); Riff (2007); de Andrade & Bertini (2008a); Turner & 

Buckley (2008); Novas et al. (2009); Pol & Gasparini (2009); Sereno & Larsson (2009); 

O’Connor et al. (2010); Turner & Sertich (2010); de Andrade et al. (2011); Montefeltro et al. 

(2011); Nascimento & Zaher (2011); Pol & Powell (2011); Riff & Kellner (2011); Pritchard et 

al. (2013); Leardi et al. (2015a, b); Fiorelli et al. (2016). 

Characters diagnostic of Sebecosuchia: Data not available. 

Phylogenetic search procedure: Heuristic searches: 10000 replications. Unordered characters, 

equal weighting.  

 

Dumont et al. (2020): 

Matrix built using: Buscalioni & Sanz (1988); Norell (1988); Sereno (1991); Gasparini et al. 

(1993); Clark (1994); Ortega et al. (1996, 2000); Wu & Sues (1996); Gomani (1997); Brochu 

(1997, 1999); Wu et al. (1997); Buckley & Brochu (1999); Pol (1999a, b); Buckley et al. 

(2000); Sereno et al. (2001); Martinelli (2003); Pol & Norell (2004a, b); Pol et al. (2004, 2009, 

2012, 2014); Turner (2004, 2006); Pol & Apesteguia (2005); Zaher et al. (2006); Fiorelli & 

Calvo (2007); Larsson & Sues (2007); Riff (2007); de Andrade & Bertini (2008a, b); Turner & 

Buckley (2008); Novas et al. (2009); Pol & Gasparini (2009); Sereno & Larsson (2009); 

O’Connor et al. (2010); Turner & Sertich (2010); de Andrade et al. (2011); Montefeltro et al. 

(2011); Nascimento & Zaher (2011); Pol & Powell (2011); Riff & Kellner (2011); Pritchard et 

al. (2013); Leardi et al. (2015a, b); Fiorelli et al. (2016). 

Characters diagnostic of Sebecosuchia: narrow oreinirostral rostrum; large ventrally opened 

notch at premaxilla-maxilla contact; anterior dentary teeth opposite premaxilla - maxilla contact 

twice the length of other dentary teeth; no unsculpted region along alveolar margin on lateral 

surface of maxilla; lateral surface of the anterior region of the dentary and posterior region of 

the surangular with a deep, well-defined longitudinal groove; antorbital region of jugal more 

expanded dorsoventrally than infraorbital region; no large and aligned neurovascular foramina 

on lateral maxillary surface; no unsculpted region in the dentary below the toothrow; outer 

surface of squamosal along the site of the attachment of ear valve groove reduced and vertically 

oriented; skull roof trapezoidal-shaped in dorsal view; lateral surface of dentaries below 

alveolar margin, at mid to posterior of toothrow vertically oriented, continuous with rest 

of lateral surface of dentaries; long paraoccipital process development lateral to 
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cranioquadrate opening; ventral margin of jugal at posterior end of ectopterygoid contact 

separated by a notch from infratemporal bar of jugal. 

Phylogenetic search procedure: New Technology Search (sectorial search and tree fusing) in 

TNT: minimum length hit 50 times. 43 ordered characters, equal weighting.  

 

Sellés et al. (2020): 

Matrix built using: Buscalioni & Sanz (1988); Norell (1988); Gasparini et al. (1993); Clark 

(1994); Ortega et al. (1996, 2000); Wu & Sues (1996); Brochu (1997, 1999); Gomani (1997); 

Wu et al. (1997); Buckley & Brochu (1999); Pol (1999a, b); Buckley et al. (2000); Sereno et 

al. (2001); Martinelli (2003); Pol & Norell (2004a, b); Pol et al. (2004, 2009, 2012, 2014); 

Turner (2004, 2006); Pol & Apesteguia (2005); Zaher et al. (2006); Larsson & Sues (2007); 

Riff (2007); de Andrade & Bertini (2008a, b); Turner & Buckley (2008); Pol & Gasparini 

(2009); Sereno & Larsson (2009); O’Connor et al. (2010); Turner & Sertich (2010); de Andrade 

et al. (2011); Montefeltro et al. (2011); Nascimento & Zaher (2011); Pol & Powell (2011); Riff 

& Kellner (2011). 

Characters diagnostic of Sebecosuchia: Data not available. 

Phylogenetic search procedure: Heuristic searches in TNT: 10000 replications. 42 ordered 

characters, equal weighting.  

 

Bravo et al. (2021): 

Matrix built using: Buscalioni & Sanz (1988); Norell (1988); Sereno (1991); Gasparini et al. 

(1993); Clark (1994); Ortega et al. (1996, 2000); Wu & Sues (1996); Gomani (1997); Brochu 

(1997, 1999); Wu et al. (1997); Buckley & Brochu (1999); Pol (1999a, b); Buckley et al. 

(2000); Sereno et al. (2001); Martinelli (2003); Pol & Norell (2004a, b); Pol et al. (2004, 2009, 

2012, 2014); Turner (2004, 2006); Pol & Apesteguia (2005); Zaher et al. (2006); Fiorelli & 

Calvo (2007); Larsson & Sues (2007); Riff (2007); de Andrade & Bertini (2008a, b); Turner & 

Buckley (2008); Novas et al. (2009); Pol & Gasparini (2009); Sereno & Larsson (2009); 

O’Connor et al. (2010); Turner & Sertich (2010); de Andrade et al. (2011); Montefeltro et al. 
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(2011); Nascimento & Zaher (2011); Pol & Powell (2011); Riff & Kellner (2011); Pritchard et 

al. (2013); Leardi et al. (2015a, b); Fiorelli et al. (2016); Martínez et al. (2018). 

Characters diagnostic of Sebecosuchia: palatal parts of premaxillae do not meet posterior to 

incisive foramen; dorsal surface of mandibular symphysis strongly concave and narrow, trough-

shaped; premaxillary palate circular paramedian depressions located anteriorly on the 

premaxilla. 

Phylogenetic search procedure: New Technology Search in TNT: minimum length hit 30 times. 

43 ordered characters, equal and extended implied weighting (3<K<15). 

 

Nicholl et al. (2021): 

Matrix built using: Buscalioni & Sanz (1988); Norell (1988); Gasparini et al. (1993); Clark 

(1994); Ortega et al. (1996, 2000); Wu & Sues (1996); Brochu (1997, 1999); Gomani (1997); 

Wu et al. (1997); Buckley & Brochu (1999); Pol (1999a, b); Buckley et al. (2000); Sereno et 

al. (2001); Martinelli (2003); Pol & Norell (2004a, b); Pol et al. (2004, 2009, 2012, 2014); 

Turner (2004, 2006); Pol & Apesteguia (2005); Zaher et al. (2006); Larsson & Sues (2007); 

Riff (2007); de Andrade & Bertini (2008a, b); Turner & Buckley (2008); Pol & Gasparini 

(2009); Sereno & Larsson (2009); O’Connor et al. (2010); Turner & Sertich (2010); de Andrade 

et al. (2011); Montefeltro et al. (2011); Nascimento & Zaher (2011); Pol & Powell (2011); Riff 

& Kellner (2011); Leardi et al. (2015a, 2018); Fiorelli et al. (2016); Martínez et al. (2018). 

Characters diagnostic of Sebecosuchia: Data not available. 

Phylogenetic search procedure: New Technology Search (sectorial search, drift and tree fusing) 

in TNT: stabilize consensus five times. 43 ordered characters, equal and extended implied 

weighting (K=8 & K=12). 

 

Marinho et al. (2022): 

Matrix built using: Buscalioni & Sanz (1988); Norell (1988); Sereno (1991); Gasparini et al. 

(1993); Clark (1994); Ortega et al. (1996, 2000); Wu & Sues (1996); Gomani (1997); Brochu 

(1997, 1999); Wu et al. (1997); Buckley & Brochu (1999); Pol (1999a, b); Buckley et al. 

(2000); Sereno et al. (2001); Martinelli (2003); Pol & Norell (2004a, b); Pol et al. (2004, 2009, 
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2012, 2014); Turner (2004, 2006); Pol & Apesteguia (2005); Zaher et al. (2006); Fiorelli & 

Calvo (2007); Larsson & Sues (2007); Riff (2007); de Andrade & Bertini (2008a); Turner & 

Buckley (2008); Novas et al. (2009); Pol & Gasparini (2009); Sereno & Larsson (2009); 

O’Connor et al. (2010); Turner & Sertich (2010); de Andrade et al. (2011); Montefeltro et al. 

(2011); Nascimento & Zaher (2011); Pol & Powell (2011); Riff & Kellner (2011); Pritchard et 

al. (2013); Leardi et al. (2015a); Fiorelli et al. (2016). 

Characters diagnostic of Sebecosuchia: Data not available. 

Phylogenetic search procedure: Heuristic searches in TNT: 10000 replications. 43 ordered 

characters, equal weighting.  

Martin et al. (2023): 

Matrix built using: Buscalioni & Sanz (1988); Norell (1988); Gasparini et al. (1993); Clark 

(1994); Ortega et al. (1996, 2000); Wu & Sues (1996); Brochu (1997, 1999); Gomani (1997); 

Wu et al. (1997); Buckley & Brochu (1999); Pol (1999a, b); Buckley et al. (2000); Sereno et 

al. (2001); Martinelli (2003); Pol & Norell (2004a, b); Pol et al. (2004, 2009, 2012, 2014); 

Turner (2004, 2006); Pol & Apesteguia (2005); Zaher et al. (2006); Larsson & Sues (2007); 

Riff (2007); de Andrade & Bertini (2008a, b); Turner & Buckley (2008); Pol & Gasparini 

(2009); Sereno & Larsson (2009); O’Connor et al. (2010); Turner & Sertich (2010); de Andrade 

et al. (2011); Montefeltro et al. (2011); Nascimento & Zaher (2011); Pol & Powell (2011); Riff 

& Kellner (2011); Leardi et al. (2015a, 2018); Fiorelli et al. (2016); Martínez et al. (2018); 

Nicholl et al. (2021). 

Characters diagnostic of Sebecosuchia: Articular facet for quadrate condyle wider  than broad, 

dentary symphysis U-shaped in ventral view, smoothly curving anteriorly, maxillary teeth in 

isolated alveoli, flat lateral surface of dentaries facing laterally or laterodorsally but 

divided by a ridge from the rest of the lateral surface of the dentary, perinarial fossa is a 

large concave surface facing anteriorly, projecting anteroventrally from the external nares 

opening toward the alveolar margin.  

Phylogenetic search procedure: New Technology Search (sectorial search, ratchet, drift, and 

tree fusing) in TNT: minimum length hit 10 times. 43 ordered characters, equal weighting.   
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Appendix 3: Supplementary Material concerning the publication 
‘A peirosaurid mandible from the Albian/Cenomanian (Lower 

Cretaceous) of Algeria and the taxonomic content of 
Hamadasuchus (Crocodylomorpha, Peirosauridae)’ 

 

Supplementary Material S3: Characters list and taxonomic sample 

Characters underlined have been modified or created by the authors. 
 
Continuous characters: 
 
Character 1 [CONTINUOUS]: Mandibular symphysis, posterior extent, number of full 

alveoli involved (in Rio & Mannion, 2021 character 221, modified from Brochu, 2004, 

character 166). 

 

Character 2 [CONTINUOUS]: Number of alveoli completely involved in the dentary part of 

the mandibular symphysis in dorsal view (from personal observations). 

 
Mandibular openings:  
 
Character 3: External mandibular fenestra: absent (0), rounded (1), ellipsoid or subrectangular, 

anteroposteriorly elongated (2), dorsally rounded and anteriorly tapered (3), almost a 

parallelogram (4), boomerang-shaped (5) (modified from Clark, 1994, character 75 and 

Nascimento & Zaher, 2011, character 261). 

 

Character 4: Foramen intermandibularis oralis: small or absent (0), or big and slot like, with 

its anteroposterior length being approximately or more than 50% of the depth of the splenial 

(1) (in Pol et al., 2014, character 174, modified from Ortega et al., 2000, character 90). 

 

Character 5 [ORDERED]: Location of the anterior opening for the mandibular nerve (V3): 

located at or close to the rostral margin of the splenial (0), or enclosed in the splenial and located 

on the anterior region of splenial (i.e., anterior foramen intermandibularis oralis sensu Brochu, 

1999) (1), or enclosed in the splenial but located at the anteroposterior midpoint of the splenial 

(2) (in Pol et al., 2014, character 368, modified from Brochu, 1999, character 41).
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Character 6: Foramen intermandibularis caudalis: present and enclosed between the angular 

and splenial below the mandibular adductor fossa (0), or absent with imperforated splenial-

angular suture (1) (in Pol et al., 2014, character 369). 

 

Character 7: Posterior portion of external mandibular fenestra: sculpted (0), smooth (1) (in 

Geroto & Bertini, 2019, character 213). 

 

Character 8: Foramen intermandibularis medius (FIM) anteroposterior length relative to 

foramen intermandibularis caudalis (FIC): short, less than 25% FIC length (0), long, equal or 

greater than 25% FIC length (1) (in Rio & Mannion, 2021 character 259).

 

Character 9: Position of foramen intermandibularis medius: on coronoid-splenial suture (0), 

entirely within coronoid (1) (from Norell, 1988 character 12). 

 
 
Dentary: 
 
Character 10 [ORDERED]: Dentary: extends posteriorly beneath external mandibular 

fenestra (0), extends posteriorly further than the last tooth of the mandibular toothrow but closer 

than the external mandibular fenestra (1), extends posteriorly closer than the last tooth of the 

mandibular toothrow and reaches the external mandibular fenestra (modified from Clark, 1994, 

character 70 and Pinheiro, 2007, character 188). 

 

Character 11: Unsculpted region in the dentary below the toothrow: absent (0), or present (1) 

(in Pol, 1999, character 213). 

 

Character 12: Dentary compression and lateroventral surface anterior to external mandibular 

fenestra: compressed and vertical (0), or not compressed and convex (1) (in Pol et al., 2014, 

character 160, modified from Ortega et al., 1995, character 2). 

 

Character 13 [ORDERED]: Lateral surface of dentaries below alveolar margin, at mid to 

posterior region of toothrow: vertically oriented, continuous with rest of lateral surface of the 

dentaries (0), or flat surface facing laterally or laterodorsally but divided by a ridge from rest 

of the lateral surface of the dentaries (1), or posterior region of alveolar facing dorsally, forming 
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a broad alveolar shelf that is strongly inset medially from the lateral surface of the dentaries (2) 

(in Pol et al., 2014, character 193, modified from Pol & Apesteguía, 2005, character 188). 

 

Character 14: Orientation of the anterior dentary teeth: vertical or subvertical (0), strongly 

procumbent, anteriorly inclined, the first pair of teeth almost horizontal (1) (modified from de 

Andrade, 2005, character 134). 

 

Character 15: Size of neurovascular foramina on mid to posterior region of alveolar edge of 

the dentary: small (0), or extremely large, being approximately as anteroposteriorly long as half 

an alveolus (1) (in Pol et al., 2014, character 365). 

 

Character 16: Sutural contact between dentary and surangular above the external mandibular 

fenestra: dentary overlaps surangular (0), or surangular overlaps dentary (1), or interdigitated 

and vertically oriented suture (2) (in Pol et al., 2014, character 366). 

 

Character 17 [ORDERED]: Dentary shape in lateral view: with anterior and middle portions 

as high as the posterior (0), posterior section in a higher plane than anterior, showing a gradual 

enlargement (1), posterior section higher than anterior, showing an abrupt ascension (2) (in de 

Andrade, 2005, character 104).  

 

Character 18: Dentary alveoli 7º and 8º: same size (0), 7º smaller than 8º (1) (in Montefeltro 

et al., 2011, character 484). 

 

Character 19 [ORDERED]: First and third teeth of dentary in mandibular symphysis: not 

aligned anteroposteriorly or mediolaterally (0), aligned anteroposteriorly (1), aligned 

mediolaterally (2) (modified from de Andrade, 2005, character 135).  

 

Character 20 [ORDERED]: Dentary symphyseal teeth forming pairs: symphyseal teeth pairs 

absent (0), symphysial teeth pairs present (1), complete symphysial battery (2) (in Geroto & 

Bertini, 2019, character 241, modified from de Andrade & Bertini, 2008, character 141). 

 

Character 21: Hypertrophied mandibular caniniform: absent (0), present, being the fourth 

dentary teeth (1), present, not being the fourth dentary teeth (2) (in Clark, 1994, character 80).  
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Character 22 [ORDERED]: Pattern of mandibular dentition after the fourth dentary teeth: 

isodont caniniform (0), predominantly caniniform, followed by molariforms (1), 3-4 

caniniforms, followed by molariforms (2), enlarged molariform, followed by small molariforms 

(3), isodont molariform (4) (in Geroto & Bertini, 2019, character 243). 

 

Character 23: Implantation of middle dentary teeth: tooth set disposed in a groove, the roots 

originally isolated from each other only by soft tissue (0), tooth set in isolated alveoli (1) (in de 

Andrade, 2005, character 139).  

 

Character 24: Transverse section of medially and posteriorly dentary teeth: with strong lateral 

compression (0), transverse section circular to subcircular, without significant lateral 

compression (1), partially losangular, showing asymmetric lateral compression, only evident 

on anterior margin of teeth, results in a teardrop-like transverse section (2) (in Geroto & Bertini, 

2019, character 245, modified from Brochu, 1997, character 116). 

 

Character 25: Dentary, alveoli 3 and 4: confluent (0), separate (1) (from Brochu, 1997, 

character 52). 

 

Character 26: Orientation of posteriormost alveoli: in a straight line (0), in a laterally curved 

line (1) (from Rio & Mannion, 2021, character 227). 

 

Character 27: Dentary, acute posterior process in the angular, ventral to the external 

mandibular fenestra: present (0), absent (1) (from Jouve, 2016, character 240). 

 

Character 28: Diastema: absent or regularly arranged teeth (0), present, clearly separating the 

fourth and fifth alveoli (1), present, clearly separating the fifth and sixth alveoli (2) (modified 

from Ruiz et al., 2021, character 506 and personal observations). 

 
 
Splenial: 
 
Character 29 [ORDERED]: Splenial involvement in symphysis in ventral view: not involved 

(0), involved slightly in symphysis forming up to 20% symphyseal length (1), or forming close 

to 30% of the symphyseal length (2), or extensively involved forming up to 50% of the 
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symphyseal length and occupying more than the length of five alveoli (3) (in Pol et al., 2014, 

character 77, modified from Clark, 1994, character 77 and Brochu, 1999, character 43).  

 

Character 30: Ventral exposure of splenials along mandibular rami, posterior to the 

symphysis: absent (0), or present (1) (in Pol et al., 2014, character 119, modified from Ortega 

et al., 1996, character 9). 

 

Character 31: Splenial: thin posterior to symphysis (0), or splenial robust dorsally posterior to 

symphysis, being much broader than the lateral alveolar margin of the dentary at the same 

region (1) (in Pol et al., 2014, character 161, modified from Ortega et al., 1995, character 7 and 

Buckley & Brochu, 1999, character 110). 

 

Character 32: Medial surface of splenials posterior to symphysis: flat or slightly convex (0), 

or markedly concave (1) (in Pol & Apesteguía, 2005, character 185).  

 

Character 33: Splenial, position of anteriormost tip relative to Meckelian fossa: splenial 

involved in mandibular symphysis (0), ventral (1), dorsal (2) (modified from Clark, 1994, 

character 77). 

 

Character 34: Acute posterior process separating angular and coronoid: present (0), absent (1) 

(from Brochu, 1997, character 59). 

 

Character 35: Splenials: not fused (0), fused (1) (from personal observations). 

 
Mandibular symphysis: 
 
Character 36: Shape of dentary symphysis in ventral view: tapering anteriorly forming an 

angle (V-shaped) (0), U-shaped, smoothly curving anteriorly (1), or lateral edges longitudinally 

oriented, convex anterolateral corner, and extensive transversely oriented anterior edge (2) 

(modified from Pol, 1999, character 212). 

 

Character 37: Mandibular symphysis in lateral view: shallow and tapering anteriorly (0), deep 

and tapering anteriorly (1), deep and anteriorly convex (2), or shallow and anteriorly convex 

(3) (in Pol et al., 2014, character 103, modified from Wu & Sues, 1996, character 17). 
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Character 38: Splenial - dentary suture at symphysis on ventral surface: splenial not involved 

in symphysis (0), v-shaped (1), or transversal (2) (modified from Pol & Apesteguía, 2005, 

character 180).  

 

Character 39: Shape of splenial - dentary suture adjacent to dentary toothrow (in dorsal view): 

constricted, laterally concave (narrow ‘V’-shape) (0), straight (wide ‘V’-shape) (1) (from Rio 

& Mannion, 2021, character 225, modified from Brochu, 1997, character 43). 

 

Character 40: Posterior peg at the posterior edge of the mandibular symphysis: absent (0), or 

present, located on the ventral surface of symphysis (1), present, located on the posterior surface 

of the symphysis (2) (modified from Pol & Apesteguía, 2005, character 181 and Geroto & 

Bertini, 2019, character 370).  

 

Character 41: Left and right toothrow along mandibular symphysis: well separated from each 

other by a broad dorsal surface of the symphysis (0), or closely located to each other (forming 

a symphyseal tooth battery in most taxa) (1) (in Pol et al., 2014, character 384, modified from 

de Andrade et al., 2011, character 399). 

 

Character 42: Posteroventral symphyseal depressions: absent (0), present (1) (in Montefeltro 

et al., 2011, character 64). 

 

Character 43: Structure of anterior portion of the mandibular symphysis: shallow, anteriorly 

spatulate, angle less than 45º (0), anteriorly verticalized, angle more than 45º (1) (in Geroto & 

Bertini, 2019, character 181, modified from Wu & Sues, 1996, character 17). 

 
 
Coronoid:  
 
Character 44: Coronoid size: short and located below the dorsal edge of the mandibular ramus 

(0), or anteriorly extended with posterior region elevated at the dorsal margin of the mandibular 

ramus (1) (in Pol et al., 2014, character 175, modified from Ortega et al., 2000, character 98).  
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Character 45: Coronoid tuberosities on the medial surface of anterior region of surangular: 

absent or poorly developed (0), well developed, forming prominent elongated crests divided by 

a deep longitudinal sulcus (1) (in Pol et al., 2014, character 372). 

 

Character 46: Anterior extent relative to level of anterior margin of foramen intermandibularis 

caudalis: anterior (0), at the same level or posterior (1) (from Jouve et al., 2015, character 228). 

 

Character 47: Orientation of posterior dorsal process: inclined anteriorly across entire length 

(0), horizontal towards posterior end (1) (from Brochu, 1997, character 54). 

 

Character 48: Prominent medioventral lamina extending over inner (medial) surface of 

Meckelian fossa: present (0), absent (1) (from Brochu, 1997, character 55). 

 
 
Surangular: 
 
Character 49: Dorsal edge of surangular: flat (0) or arched dorsally (1) (in Clark, 1994, 

character 74).  

 

Character 50: Surangular participating in quadrate articulation: does not participate in 

quadrate articulation (0), participates in quadrate articulation, but forms only the lateral wall of 

glenoid fossa and quadratojugal lacks an articular condyle (1), participates in quadrate 

articulation, forms approximately one-third of the glenoid fossa and quadratojugal bears an 

articular condyle (2) (in Geroto & Bertini, 2019, character 208, modified from Buckley & 

Brochu, 1999, character 102). 

 

Character 51: Longitudinal ridge along the dorsolateral surface of surangular: absent (0), or 

present (1) (in Pol & Norell, 2004, character 187).  

 

Character 52: Enlarged foramen at anterior end of surangular groove: absent (0), or present 

(1) (in Pol & Gasparini, 2009, character 245).  

 

Character 53 [ORDERED]: Arrangement of the anterior and middle portions of mandibular 

rami in dorsal view: very near, almost parallel (0), confluent in "V" (1), distant from each, other 

forming an arch in “U” shape (2) (modified from Pol, 2003, character 155). 
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Character 54: Surangular anterior border: single or lightly furcated, directed to the lateral 

surface of the mandible (0), clearly furcated and divergent, the medial ramus directed toward 

splenial, and lateral ramus directed toward dentary (1) (in de Andrade & Bertini, 2008, character 

113).  

 

Character 55: Surangular medial shelf above the coronoid process: absent (0), present (1) 

(modified from Geroto & Bertini, 2019, character 203). 

 

Character 56: Surangular posterior border: posterior edge bend upward, forming a concavity 

(0), posterior edge bend downward, forming a convexity (1), straight (2) (in Geroto & Bertini, 

2019, character 206). 

 

Character 57: Presence of a surangular extension to the retroarticular process: present in all 

extension of retroarticular process (0), excluded of distal portion of retroarticular process (1) 

(in Geroto & Bertini, 2019, character 207, modified from Brochu, 1997, character 51). 

 

Character 58: Surangular - dentary suture, intersection with external mandibula fenestra: 

anterior to posterodorsal corner (0), at posterodorsal corner (1) (from Brochu, 1997, character 

65). 

 

Character 59: Surangular - angular suture, intersection with external mandibular fenestra: at 

posterodorsal angle (0), at posterior margin (1), passes broadly along ventral margin (2) (from 

Norell, 1988, character 40). 

 

Character 60: Relative length of the anterior processes of surangular: unequal, ventral process 

<75% anteroposterior length of dorsal process (measured from surangular foramen) (0), sub-

equal, ventral process ≥75% length of dorsal process (1) (from Brochu, 1997, character 48).  

 

Character 61 [ORDERED]: Anterodorsal process (spur) lingual to posteriormost dentary 

alveoli, between splenial and dentary: absent (0), not reaching one full alveolus (1), reaching 

one to two alveoli (2), reaching three or more alveoli (3) (modified from Brochu, 1997, 

character 61 and Rio & Mannion, 2021, character 242 and 243). 

 



Appendix 3 

555 
 

Character 62: Sulcus on dorsal margin lateral to glenoid fossa: absent (0), present (1) (from 

Lee & Yates, 2018, character 204). 

 

Character 63: Surangular - articular suture, shape in glenoid fossa: straight, oriented 

anteroposteriorly (0), bowed laterally (1) (from Brochu, 1997, character 162). 

 

Character 64: Strong pitted pattern on angular and posterior surangular: absent (0), present (1) 

(from de Andrade et al., 2011, character 17). 

 

Character 65: Lateral surface of the anterior region of surangular and posterior region of 

dentary: without longitudinal depression (0), or with longitudinal depression (1) (from Ortega 

et al., 1996, character 5). 

 
Angular: 
 
Character 66: Insertion area for M. pterygoideous posterior: does not extend onto lateral 

surface of angular (0) or extends onto lateral surface of angular (1) (in Clark, 1994, character 

76).  

 

Character 67: Angular posterior to external mandibular fenestra: widely exposed on lateral 

surface of mandible (0) or shifted to the ventral surface of mandible (1) (in Wu et al., 1997, 

character 110).  

 

Character 68: Posteroventral edge of mandibular ramus: straight or convex (0), or markedly 

deflected (1) (in Wu et al., 1997, character 112).  

 
Character 69: Posteroventral margin of the angular: straight or gently arched dorsally (0) or 

strongly arched dorsally (1) (in Pol et al., 2009, character 280).  

 
Character 70: Smooth elongated fossa extending along ventral margin of external mandibular 

fenestra on the angular: absent, lateral surface of the angular reaching the ventral edge of the 

fenestra (0), or present, separated from the lateral surface of the angular by a sharp ridge (1) (in 

Pol et al., 2014, character 371). 
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Character 71: Morphology of mandible ventral margin, in lateral view: mandible is curved 

ventrally, with maximum curvature at anterior section of angular, below the external 

mandibular fenestra (when present), or not curved at all (0), mandible is curved 

posteroventrally, with maximum curvature at posterior section of angular, below (or almost 

below) the mandibular glenoid fossa, usually posterior to external mandibular fenestra (when 

present) (1) (in de Andrade et al., 2011, character 323).  

 

Character 72 [ORDERED]: Length of the angular anterior ramus (in lateral view): short, not 

surpassing the anterior border of the external mandibular fenestra (0), moderately elongated, 

slightly surpassing the external mandibular fenestra (1), very long, reaching far beyond the 

fenestra (2) (in de Andrade, 2005, character 114).  

 

Character 73: Sharp ridge on the surface of the angular: absent (0), or present on the ventral-

most margin (1), or present along the lateral surface (2) (in Pol et al., 2014, character 219, 

modified from Pol & Norell, 2004, character 186). 

 

Character 74: Angular and surangular: margins flush with lateral surface of mandible (0), 

margins everted forming flange (1) (from Lee & Yates, 2018, character 199). 

 

Character 75: Surangular, angular suture, lingual intersection with articular in the floor of the 

adductor chamber: at ventral tip (0), dorsal to ventral tip (1) (from Brochu, 1997, character 67). 

 
 
Articular: 
 
Character 76: Prearticular: present (0), or absent (1) (in Pol et al., 2014, character 72). 

 

Character 77: Articular facet for quadrate condyle: wider than broad (0), or elongated, equal 

to or more than twice the length of the quadrate condyles (1) (in Pol et al., 2014, character 104, 

modified from Wu & Sues, 1996, character 23). 

 

Character 78: Posterior border of articular glenoid fossa: incipient or continuous with glenoid 

surface (0), well developed, with a ridge limiting the posterior mandibular moves (1) (in Wu & 

Sues, 1996, character 23).  
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Character 79: Position of foramen aërum: at medial margin of retroarticular process (0), inset 

from medial margin of retroarticular process (1) (from Brochu, 1997, character 49). 

 

Character 80: Lamina extending from posterior edge of foramen aërum: absent (0), present 

(1) (from Rio & Mannion, 2021, character 249). 

 

Character 81: Lingual foramen for articular and alveolar nerve: perforates surangular only (0), 

perforates surangular-articular suture (1) (from Brochu, 2007, character 69). 

 

Character 82: Anterior process on posterior wall of adductor chamber: absent (0), present, 

dorsal to lingual foramen (1), present, ventral to lingual foramen (2) (modified from Brochu, 

1997, character 44 and Rio & Mannion, 2021, character 254 and 255). 

 

Character 83: Posterior end of the glenoid facet of articular: located above the surangular-

angular suture (0), or ventrally recessed, located at or below the dorsoventral midpoint of the 

posterior mandibular ramus (i.e., surangular forming a high lateral wall that covers the posterior 

end of the glenoid facet) (1) (from Pol et al., 2014, character 348). 

 
 
Retroarticular process:  
 
Character 84: Retroarticular process: absent or extremely reduced (0), very short, wider than 

long and thick (1), with a rounded surface, longer than wide and flat, posteroventrally oriented 

and facing dorsomedially (2), elongated posteriorly, in triangular shape and facing dorsally (3), 

projecting dorsally in a paddle shape (4) (modified from Clark, 1994, character 71).  

 

Character 85: Length of the lateral flange of the retroarticular process relative to the 

lateromedial width of the glenoid facets of the articular: shorter (0), or approximately the same 

length or longer (1) (in Pol et al., 2014, character 374). 

 

Character 86: Rounded bulge at the posterior end of the lateral flange of the retroarticular 

process: absent (0), or present (1) (in Pol et al., 2014, character 375). 

 

Character 87: Orientation of the ridge on the dorsal surface of retroarticular process that 

divides the lateral and medial flanges of the retroarticular process: directed posteriorly, parallel 
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to the longitudinal axis of the mandibular ramus (0), or directed posterolaterally, approximately 

at 45 degrees with the longitudinal axis of the mandibular ramus (1) (in Pol et al., 2014, 

character 376). 

 

Character 88: Small bulge located proximally on the medial flange of the retroarticular 

process, posteriorly to the medial glenoid facet of the articular and associated with the foramen 

aërum in some taxa: absent (0), or present (1) (in Pol et al., 2014, character 377). 

 

Character 89: Anteromedial end of medial flange of the retroarticular process: connected to 

the posteromedial corner of the medial glenoid facet of the articular through a dorsally directed 

crest (0) or extending anteriorly as a distinct anterior process up to the level of the 

anteroposterior midpoint of the medial glenoid of the articular (1) or projecting anteroventrally 

as deep pendant process (2) (in Pol et al., 2014, character 378). 

 

Character 90: Orientation of medial flange of the retroarticular process: facing dorsally or 

slightly dorsomedially, having a similar orientation to the lateral flange to the medial flange of 

the retroarticular process (0), or facing medially, strongly deflected, and forming an angle of 

approximately 90 degrees with the dorsal surface of the lateral flange (1) (in Pol et al., 2014, 

character 379). 

 

Character 91: Medial edge of the medial flange of the retroarticular process: straight or slightly 

convex (0), or strongly convex forming a paddle-shaped medial flange; its margin forms an 

extensive arch of approximately half circumference when viewed in dorsal view (1) (in Pol et 

al., 2014, character 380). 

 

Character 92: Presence of a longitudinal crest in retroarticular surface: absent (0), present (1) 

(in de Andrade et al., 2011 character 364).  

 
 
Taxonomic sample 
 
Adamantinasuchus navae Nobre & Carvalho, 2006. UFRJ DG 107-R  

Anatosuchus minor Sereno, Sidor, Larsson & Gado, 2003. MNN GDF603 (Sereno & Larsson, 

2009) 



Appendix 3 

559 
 

Antaeusuchus taouzensis Nicholl, Hunt, Ouarhache & Mannion, 2021. NHMUK PV R36829 

Aphaurosuchus escharafacies Darlim, Montefeltro & Langer, 2021. LPRP 0697 

Aplestosuchus sordidus Godoy, Montefeltro, Norell & Langer, 2014. LPRP/USP 0229a  

Araripesuchus buitreraensis Pol & Apesteguia, 2005. MPCA-PV 235 

Araripesuchus gomesii Price, 1959. DGM 423-R  

Araripesuchus patagonicus Ortega, Gasparini, Buscalioni & Calvo, 2000. MN 6093-V  

Araripesuchus wegeneri Buffetaut, 1981. MNN GAD14, MNN GAD20, MNN GAD26 (Sereno 

& Larsson, 2009) 

Armadillosuchus arrudai Marinho & Carvalho, 2009. UFRJ DG 303-R, MPMA-64-0001-04   

Barcinosuchus gradilis Leardi & Pol, 2009. MPEF PV 3095  

Barinasuchus arveloi Paolillo & Linares, 2007. MAAT-0260, MCN-USB: 01-94 PB 

Barrosasuchus neuquenianus Coria, Ortega, Arcucci & Currie, 2019. MCF-PVPH-413 

Baurusuchus albertoi Nascimento & Zaher, 2010. MZSP-PV 140 (Nascimento & Zaher, 2011) 

Baurusuchus pachecoi Price, 1945. DGM 229-R  

Baurusuchus salgadoensis Carvalho, Campos & Nobre, 2005. MPMA 62-0001-02 

Bayomesasuchus hernandezi Barrios, Paulina-Carabajal & Bona, 2016. MCF PVPH-822 

Bergisuchus dietrichberg Kuhn, 1968. HLMD-Me 7003, GM XVIII-49 (Rossmann et al., 2000) 

Bretesuchus bonapartei Gasparini, Fernandez & Powell, 1993. PVL 4735  

Caipirasuchus attenboroughi Ruiz, Bronzati, Ferreira, Martins, Queiroz, Langer & 

Montefeltro, 2021. LAPEISA-0001 

Caipirasuchus montealtensis de Andrade & Bertini, 2008. MPMA 15-0001/90, MPMA 68-

0003/12 (Iori et al., 2013)  

Caipirasuchus paulistanus Iori & Carvalho, 2011. MPMA 67-0001/00  
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Campinasuchus dinizi Carvalho, Teixeira, Ferraz, Ribeiro, Martinelli, Neto, Sertich, Cunha, 

Cunha, Ferraz, 2011. CPP 1234, CPP 1235, CPP 1237  

Candidodon itapecuruense Carvalho & Campos, 1988. MN 4154-V  

Chimaerasuchus paradoxus Wu, Sues & Sun, 1995. IVPP V8274 (Wu & Sues, 1996) 

Comahuesuchus brachybuccalis Bonaparte, 1991. MUCPv 202, MACN-N 30, MACN-N 31, P 

6131 MOZ (Martinelli, 2003). 

Colhuehuapisuchus lunai Lamanna, Casal, Ibiricu & Martínez, 2019. UNPSJB-PV 961 

Cynodontosuchus rothi Woodward, 1896. MLP 64-IV-16-2 (Gasparini, 1972). 

Dibothrosuchus elaphros Simmons, 1965. FMNH CUP 2081, IVPP V 7907 (Wu & Chatterjee, 

1993)  

Doratodon carcharidens Bunzel, 1871. IPUW 2349/57 (Company et al., 2005). 

Eremosuchus elkoholicus Buffetaut, 1989. KB-301, KA-401 

Gasparinisuchus peirosauroides Martinelli, Sertich, Garrido & Praderio, 2012. MOZ 1750 PV   

Gondwanasuchus scabrosus Marinho, Iori, Carvalho & de Vasconcellos, 2013. UFRJ DG 408-

R  

Hamadasuchus rebouli Buffetaut, 1994. MDE C001 

Hamadasuchus rebouli Larsson & Sues, 2007. ROM 52620  

Iberosuchus Antunes, 1975. Specimen from Muséum d’Histoire Naturelle, Toulouse, France 

(Ortega et al., 1996)  

Itasuchus jesuinoi Price, 1955. DGM 434-R  

Kaprosuchus saharicus Sereno & Larsson, 2009. MNN IGU12  

Kinesuchus overoi Filippi, Barrios & Garrido, 2018. MAU-Pv-CO-583 

Labidiosuchus amicum Kellner, Figueiredo, Azevedo & Campos, 2011. DGM 1480-R  

Lavocatchampsa sigogneaurussellae Martin & de Lapparent de Broin, 2016. MNHN F MRS 

2097 
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Libycosuchus brevirostris Stromer, 1914. BSP 1912 VIIL 574-578 (Ibrahim et al., 2020). 

Lomasuchus palpebrosus Gasparini, Chiappe & Fernandez, 1991. MOZ 4084 PV  

Lorosuchus nodosus Pol & Powell, 2011. PVL 6219 

Mahajangasuchus insignis Buckley & Brochu, 1999. UA 8654, FMNH PR 2450, UA 9737 

(Turner & Buckley, 2008) 

Mariliasuchus amarali Carvalho & Bertini, 1999. UFRJ DG 50-R, MZSP-PV-50, MZSP-PV-

51 (Zaher et al., 2006)  

Miadanasuchus oblita Buffetaut & Taquet, 1979. FMNH PR 2343 (Rasmusson Simons & 

Buckley, 2009) 

MHNN SAM-136. This study 

Montealtosuchus arrudacamposi Carvalho, de Vasconcellos & Tavares, 2007. MPMA 16-

0007-04  

Morrinhosuchus luziae Iori & Carvalho, 2009. MPMA 07-0009/01, MPMA 12-0050/07, 

MPMA 04-0019/15 

Notosuchus terrestris Woodward, 1986. MACN-PV-RN-1037, MACN-PV-sn, MCF-PVPH 

710, MLP 64-IV-16-5, MPCA-Pv-237, MPCA-Pv-528, MPCA-Pv-791, MUCPv-35, MUCPv-

147 (Fiorelli & Calvo, 2008; Barrios et al., 2018). 

Pabweshi pakistanensis Wilson, Malkani & Gingerich, 2001. GSP UM 2000-2001 

Pakasuchus kapilimai O´Connor, Sertich, Stevens, Roberts, Gottfried, Hieronymus, Jinnah, 

Ridgely, Ngasala & Temba, 2010. RRBP 08631, RRBP 05103 

Patagosuchus anielensis Lio, Agnolin, Juarez Valieri, Filippi & Rosales, 2016. MAÑE-PV 1 

Pehuenchesuchus enderi Turner & Calvo, 2005. MAU PV-CRS-440  

Pepesuchus deiseae Campos, Oliveira, Figueiredo, Riff, Azevedo, Carvalho & Kellner, 2011. 

MN 7005-V, MCT 1723-R, MCT 1788-R (Geroto & Bertini, 2018) 

Pissarrachampsa sera Montefeltro, Larsson & Langer, 2011. LPRP/USP 0018  

Sebecus ayrampu Bravo, Pol & García-López, 2021. PVL 2606 
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Sebecus icaeorhinus Simpson, 1937. AMNH 3160, MPEF-PV 1776 (Colbert, 1946; Pol et al., 

2012) 

Simosuchus clarki Buckley, Brochu, Krause & Pol, 2000. FMNH PR 2596-2598, UA 8679 

(Kley et al., 2010; Krause et al., 2010). 

Stolokrosuchus lapparenti Larsson & Gado, 2000. MNN GDF600  

Stratiotosuchus maxhechti Campos, Suarez, Riff & Kellner, 2001. URC RC•73 (Pinheiro et al., 

2008) 

Uberabasuchus terrificus Carvalho, Ribeiro & Avilla, 2004. CPPLIP 630  

Uruguaysuchus aznarezi Rusconi, 1933. FC DPV 2320 (Soto et al., 2011). 

Yacarerani boliviensis Novas, Pais, Pol, Carvalho, Scanferia, Mones & Riglos, 2009. MNK 

PAL5063, MNK-PAL5064-A, MNK-PAL-5064-D  

Supplementary Material S5: Phylogenetic analyses 

Uninformative characters: 

6, 8, 9, 34, 35, 44, 46, 47, 48, 52, 67, 69, 74, 75, 76, 79, 80, 81, 82, 90, 92. 

Taxa excluded from the analyses: 

Araripesuchus wegeneri => 80% missing data 

Armadillosuchus arrudai => 91% missing data 

Barcinosuchus gradilis => 80% missing data 

Barinasuchus arveloi => 80% missing data 

Bergisuchus dietrichberg => 80% missing data 

Chimaerasuchus paradoxus => 83% missing data 

Cynodontosuchus rothi => 83% missing data 

Pabweshi pakistanensis => 82% missing data 
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Previous analyses on Notosuchia: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Green: Uruguaysuchidae, blue: Peirosauridae, red: “advanced” notosuchians, purple: 
Baurusuchidae, orange: Sebecidae. Consensus from Company et al. 2005; Kellner et al. 2014; 
Pol et al. 2014; Martin & de Lapparent de Broin 2016; Geroto & Bertini 2019; Bravo et al. 
2021; Darlim et al. 2021; Nicholl et al. 2021; Ruiz et al. 2021. 



Appendix 3

564

Notosuchia analysis

94 trees of 377 steps generated, consensus is 437 steps.

List of synapomorphies

Node 0: 3(2), 4(1), 17(1), 29(1), 30(1), 33(0), 37(2), 58(0), 65(1), 76(1), 78(0), 84(2), 90(1), 
91(1)

Node 1: 42(0), 43(0), 50(1), 54(0), 85(1), 88(1), 89(0)

0
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Node 2: 13(1), 19(0), 37(1), 39(1), 65(0), 85(0) 

Node 3: 26(1), 49(1), 73(1), 78(1), 87(1) 

Node 4: 16(1), 23(0), 50(2), 66(0) 

Node 5: 21(0), 77(1) 

Node 6: 1(6), 13(2), 24(1), 36(0), 45(1) 

Node 7: 11(1), 72(0) 

Node 8: 5(2), 20(2), 29(1), 70(1) 

Node 9: 16(0), 40(2), 72(1) 

Node 10: 30(0) 

Node 11: 15(1), 23(1), 24(2), 41(1) 

Node 12: 55(1), 56(0) 

Node 13: 1(7) 

Node 14: 22(4) 

Node 15: 22(4), 53(2) 

Node 16: 11(1), 23(1), 37(2) 

Node 17: 65(1) 

Node 18: 1(8), 4(0), 7(0), 22(2), 37(0), 38(2), 56(1), 64(1), 66(0), 78(1), 84(3), 91(0) 

Node 19: 1(9), 2(7), 11(1), 16(0), 24(1), 29(2), 39(1), 66(1), 84(2) 

Node 20: 10(0), 13(1), 40(1) 

Node 21: 24(0), 64(0) 

Node 22: 1(7), 22(3) 

Node 23: 20(1), 24(1) 

Node 24: 11(1), 31(1) 

Node 25: 11(1), 17(2), 26(1), 51(1), 66(0), 71(1), 73(1) 

 

 

 



Appendix 3

566

Peirosauridae analysis

3 trees of 112 steps generated, consensus is 114 steps.

List of synapomorphies:

Node 0: 11(0), 16(1), 18(0), 21(1), 56(1), 78(1)

Node 1: 11(0), 22(0)

Node 2: 2(6), 14(1)

Node 3: 1(10)

Node 4: 1(11), 2(7)

Node 5: 26(0)

Node 6: 12(1)

Node 7: 13(1)

Node 8: 2(5)

Node 9: 7(0), 22(2), 37(0), 59(1), 72(1)

Node 10: 1(7), 22(3)

Node 11: 20(1), 24(1), 72(2)

Node 12: 11(1), 31(1)

0
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Supplementary Material S7: An example of the variation (or not) of 
mandibular characters in an ontogenetic series of Caiman latirostris

A
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N
K

-R
EP 314; B

: SM
N

K
-R

EP 315; C
: SM

N
K

-R
EP 316; D
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N

K
-R

EP 317; E:U
M

M
Z herps 155287; F: U

M
M

Z herps 155284; G
: U

M
M

Z herps 155286; 
H

: U
M

M
Z herps 155288; I:U

M
M

Z herps 155283; J: U
M

M
Z herps 155285. N

um
bers indicate alveoli num

bers. Scale barsrepresent 1 cm
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Supplementary Material S8: An example of the variation (or not) of 
mandibular characters in an ontogenetic series of Alligator mississippiensis 

 

 

A: SMNK-REP 164; B: OUVC 11415; C: SMNK-REP 311; D: SMNK-REP 308; E: SMNK-REP 309; F: TMM 
M-983; G: OUVC 9761; H: OUVC 10606; I: UCBL WB35. Numbers indicate alveoli numbers. Scale bars 
represent 1 cm. 
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Supplementary Material S9: An example of the variation (or not) of 
mandibular characters in an ontogenetic series of Mecistops 

 

A: SVSTUA 022001; B: MHNL 50001393; C: AMU Zoo-04721; D: MZS Cro083; E: UM N89. Numbers indicate 
alveoli numbers. Scale bars are 2 cm. 
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Appendix 4: Supplementary Material concerning the publication 
‘New Cretaceous neosuchians (Crocodylomorpha) from Thailand 

bridge the evolutionary history of atoposaurids and 
paralligatorids’ 

Supplementary Material S3: List of characters: 

Character 1 (Turner, 2015: char. 1, modified from Clark, 1994: char. 1):  External surface 

of dorsal cranial bones: smooth (0), slightly grooved (1), heavily ornamented with deep pits and 

grooves (2)  

Character 2 (Turner, 2015: char. 2, modified from Clark, 1994: char. 2): Skull expansion 

at orbits: gradual (0), abrupt (1).

Supplementary Material S2: Drawings of the skull of Varanosuchus sakonnakhonensis (SM-2021-1-97/99) in 
dorsal (A), ventral (B), posterior (C) and lateral (D) views. Scale bar is 1 cm. 
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Character 3 (Turner, 2015: char. 3, modified from Clark, 1994: char. 3):  Rostrum 

proportions: narrow oreinirostral (0), broad oreinirostral (1), nearly tubular (2), platyrostral (3). 

Character 4 (Clark, 1994: char. 4): Premaxilla participation in internarial bar: forming at least 

ventral half (0), little participation (1). 

Character 5 (Clark, 1994: char. 5): Premaxilla anterior to nares: narrow (0), broad (1). 

Character 6 (Turner, 2015: char. 6, modified from Clark, 1994: char. 6):  External nares 

facing anterolaterally or anteriorly (0); dorsally, not separated by premaxillary bar from anterior 

edge of rostrum (1); dorsally, separated by premaxillary bar (2)  

Character 7 (Clark, 1994: char. 7): Palatal parts of premaxillae: do not meet posterior to 

incisive foramen (0), meet posteriorly along contact with maxillae (1). 

Character 8 (Clark, 1994: char. 8): Premaxilla-maxilla contact: premaxilla loosely overlies 

maxilla (i.e., posterodorsal process of premaxilla overlaps anterodorsal surface of maxilla) (0) 

or sutured together along butt joint (1). 

Character 9 (Turner, 2015: char. 9, modified from Clark, 1994: char. 9): Ventrally opened 

notch on ventral edge of rostrum at premaxilla-maxilla contact: absent (0), present as notch (1), 

present as large fenestra (2)  

Character 10 (Pol et al., 2009: char. 10, modified from Clark, 1994: char. 10):  Posterior 

palatal branches of maxillae anterior to palatines: do not meet (0), meet extensively but 

posteriormost parts fail to meet (1), meet entirely (2)  

Character 11 (Clark, 1994: char. 11): Nasal contacts lacrimal (0), does not contact lacrimal 

(1). 

Character 12 (Clark, 1994: char. 12): Lacrimal contacts nasal along medial edge only (0), or 

along medial and anterior edges (1). 

Character 13 (Clark, 1994: char. 13): Nasal contribution to narial border: present (0), absent 

(1). 

Character 14 (Clark, 1994: char. 14): Nasal-premaxilla contact: present (0), absent (1). 
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Character 15 (Turner, 2015: char. 15, modified from Clark, 1994: char. 15): Descending 

process of prefrontal: does not contact palate (0), contacts palate (1). 

Character 16 (Clark, 1994: char. 16): Postorbital-jugal contact: postorbital anterior to jugal 

(0), postorbital medial to jugal (1), or postorbital lateral to jugal (2). 

Character 17 (Clark, 1994: char. 17): Anterior part of jugal with respect to posterior part: as 

broad (0), twice as broad (1). 

Character 18 (Clark, 1994: char. 18): Jugal bar beneath infratemporal fenestra: dorsolaterally 

flattened (0), rod-shaped (1). 

Character 19 (Clark, 1994: char. 19): Quadratojugal dorsal process: narrow, contacting only 

small part of postorbital (0); broad, extensively contacting postorbital (1). 

Character 20 (Clark, 1994: char. 20): Frontal width between orbits: narrow, as broad as nasals 

(0); broad, twice as broad as nasals (1). 

Character 21 (Clark, 1994: char. 21): Frontals in mature specimens: paired (0), unpaired (1). 

Character 22 (Clark, 1994: char. 22): Dorsal surface of frontal and parietal: flat (0), with 

midline ridge (1). 

Character 23 (Buckley & Brochu, 1999: char. 81, modified from Clark, 1994: char. 23):  

Parieto-postorbital suture: absent from dorsal surface of skull roof and supratemporal fossa (0), 

absent from dorsal surface of skull roof but broadly present within supratemporal fossa (1), 

present within supratemporal fossa and on dorsal surface of skull roof (2). 

Character 24 (Clark, 1994: char. 24): Dorsal surface of supratemporal roof: complex (0); 

dorsally flat ‘skull table’ developed, with postorbital and squamosal bearing flat shelves 

extending laterally beyond quadrate contact (1). 

Character 25 (Turner, 2015: char. 25, modified from Clark, 1994: char. 25): Postorbital 

bar: sculpted (if skull sculpted) (0), unsculpted (1). 

Character 26 (Turner, 2015: char. 26, modified from Clark, 1994: char. 26): Postorbital 

bar: transversely flattened (0), cylindrical (1). 

Character 27 (Clark, 1994: char. 27): Vascular opening on dorsal surface of postorbital bar: 

absent (0), present (1). 
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Character 28 (Turner, 2015: char. 28, modified from Clark, 1994: char. 28): Postorbital 

anterolateral process: absent or poorly developed (0); well developed, long, and acute (1). 

Character 29 (Clark, 1994: char. 29): Dorsal part of postorbital: with anterior and lateral 

edges only (0), with anterolaterally facing edge (1). 

Character 30 (Clark, 1994: char. 30): Dorsal end of postorbital bar broadens dorsally, 

continuous with dorsal part of postorbital (0); dorsal part of postorbital bar constricted, distinct 

from dorsal part of postorbital (1). 

Character 31 (Clark, 1994: char. 31): Bar between orbit and supratemporal fossa in mature 

specimens: broad and solid, with broadly sculpted dorsal surface if sculpture present (0); bar 

narrow, sculpting restricted to anterior surface (1). 

Character 32 (Turner, 2015: char. 32, modified from Clark, 1994: char. 32): Parietal: with 

broad occipital portion (0), without broad occipital portion (1). 

Character 33 (Clark, 1994: char. 33): Parietal: with broad sculpted region separating 

supratemporal fossae (0), with sagittal crest between supratemporal fossae (1). 

Character 34 (Clark, 1994: char. 34): Postparietal (dermosupraoccipital): a distinct element 

(0), not distinct (fused with parietal?) (1). 

Character 35 (Clark, 1994: char. 35): Posterodorsal corner of squamosal: squared off, lacking 

extra ‘lobe’ (0); with unsculptured ‘lobe’ (1). 

Character 36 (Turner, 2015: char. 36, modified from Clark, 1994: char. 36): Posterolateral 

process of squamosal: poorly developed and projecting horizontally at same level of skull (0); 

elongate, thin, and posteriorly directed, not ventrally deflected (1); elongate, posterolaterally 

directed, and ventrally deflected (2). 

Character 37 (Clark, 1994: char. 37):  Palatines: do not meet on palate below narial passage 

(0); form palatal shelves that do not meet (1); meet ventral to narial passage, forming part of 

secondary palate (2). 

Character 38 (Clark, 1994: char. 38): Pterygoid: restricted to palate and suspensorium, joints 

with quadrate and basisphenoid overlapping (0); extends dorsally to contact laterosphenoid and 

form ventrolateral edge of trigeminal foramen, strongly sutured to quadrate and laterosphenoid 

(1). 
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Character 39 (Turner, 2015: char. 39, modified from Clark, 1994: char. 39): Choanal 

opening: continuous with pterygoid ventral surface except for anterior and anterolateral borders 

(0), opens into palate through deep midline depression (choanal groove) (1). 

Character 40 (Clark, 1994: char. 40): Palatal surface of pterygoids: smooth (0), sculpted (1). 

Character 41 (Clark, 1994: char. 41): Pterygoids posterior to choanae: separated (0), fused 

(1). 

Character 42 (Ortega et al., 2000: char. 139, modified from Clark, 1994: char. 38): 

Depression on primary pterygoidean palate posterior to choana: absent or moderate in size, 

being narrower than palatine bar (0), wider than palatine bar (1). 

Character 43 (Clark, 1994: char. 43):  Primary pterygoidean palate, role in forming choanal 

opening: does not enclose choana (0), completely encloses choana (1).  

Character 44 (Pol et al., 2009: char. 44, modified from Clark, 1994: char. 44):  Anterior 

edge of choanae situated between suborbital fenestra (or anteriorly) (0), situated near the 

posterior edge of suborbital fenestra (1), situated near the posterior edge of pterygoid flange (2)  

Character 45 (Clark, 1994: char. 45):  Quadrate: without fenestrae (0), with single fenestra 

(1), with three or more fenestrae on dorsal and posteromedial surfaces (2)  

Character 46 (Clark, 1994: char. 46): Posterior edge of quadrate: broad medial to tympanum, 

gently concave (0); or posterior edge narrow dorsal to otoccipital contact, strongly concave (1). 

Character 47 (Clark, 1994: char. 47): Dorsal, primary head of quadrate articulates with: 

squamosal, otoccipital, and prootic (0); prootic and laterosphenoid (1). 

Character 48 (Clark, 1994: char. 48): Ventrolateral contact of otoccipital with quadrate: very 

narrow (0), broad (1). 

Character 49 (Clark, 1994: char. 49):  Quadrate, squamosal, and otoccipital: do not meet to 

enclose cranioquadrate passage (0), enclose passage near lateral edge of skull (1), meet broadly 

lateral to passage (2). 

Character 50 (Clark, 1994: char. 50): Pterygoid ramus of quadrate: with flat ventral edge (0), 

with deep groove along ventral edge (1). 

Character 51 (Clark, 1994: char. 51): Ventromedial part of quadrate: does not contact 
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otoccipital (0), contacts otoccipital to enclose carotid artery and form passage for cranial nerves 

IX–XI (1). 

Character 52 (Clark, 1994: char. 52): Eustachian tubes: not enclosed between basioccipital 

and basisphenoid (0); entirely enclosed (1). 

Character 53 (Clark, 1994: char. 53): Basisphenoid rostrum (cultriform process): slender (0); 

dorsoventrally expanded (1). 

Character 54 (Clark, 1994: char. 54): Basipterygoid process: prominent, forming movable 

joint with pterygoid (0); small or absent, with basisphenoid joint suturally closed (1). 

Character 55 (Ortega et al., 2000: char. 68, modified from Clark, 1994: char. 55): 

Basisphenoid ventral surface: shorter than basioccipital (0); wide and similar to, or longer, in 

length than basioccipital (1). 

Character 56 (Clark, 1994: char. 56): Basisphenoid: exposed on ventral surface of braincase 

(0), virtually excluded from ventral surface by pterygoid and basioccipital (1). 

Character 57 (Clark, 1994: char. 57): Basioccipital: without well-developed bilateral 

tuberosities (0), with large pendulous tubera (1). 

Character 58 (Clark, 1994: char. 58): Otoccipital: without laterally concave descending 

flange ventral to subcapsular process (0); with flange (1). 

Character 59 (Clark, 1994: char. 59): Cranial nerves IX–XI: all pass through common large 

foramen vagi in otoccipital (0); cranial nerve IX passes medial to nerves X and XI in separate 

passage (1). 

Character 60 (Clark, 1994: char. 60): Otoccipital: without large ventrolateral part ventral to 

paroccipital process (0); with large ventrolateral part (1). 

Character 61 (Clark, 1994: char. 61): Crista interfenestralis between fenestrae pseudorotunda 

and ovalis: nearly vertical (0); horizontal (1). 

Character 62 (Clark, 1994: char. 62): Supraoccipital: forms dorsal edge of foramen magnum 

(0); exoccipitals broadly meet dorsal to foramen magnum, separating supraoccipital from 

foramen magnum (1). 

Character 63 (Clark, 1994: char. 63): Mastoid antrum: does not extend into supraoccipital 
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(0); extends through transverse canal in supraoccipital to connect middle ear regions (1). 

Character 64 (Clark, 1994: char. 64): Posterior surface of supraoccipital: nearly flat (0); with 

bilateral posterior prominences (1). 

Character 65 (Turner, 2015: char. 65, modified from Clark, 1994: char. 65):  Palpebrals: 

absent (0); one small palpebral present in orbit (1); one large palpebral (2); two large palpebrals 

(3)  

Character 66 (Clark, 1994: char. 66): External nares: divided by septum (0); confluent (1). 

Character 67 (Clark, 1994: char. 67):  Antorbital fenestra: as large as orbit (0); about half the 

diameter of orbit (1); much smaller than the orbit (2); absent (3)  

Character 68 (Ortega et al., 2000: char. 41, modified from Clark, 1994: char. 68): 

Supratemporal fenestrae extension: relatively large, covering most of surface of skull roof (0); 

relatively short, fenestrae surrounded by flat and extended skull roof (1). 

Character 69 (Turner, 2015: char. 69, modified from Clark, 1994: char. 69):  Choanal 

groove: undivided (0); partially septated (1); completely septated (2)  

Character 70 (Clark, 1994: char. 70): Dentary: extends posteriorly beneath mandibular 

fenestra (0); does not extend beneath fenestra (1). 

Character 71 (Turner, 2015: char. 71, modified from Clark, 1994: char. 71): Retroarticular 

process: absent or extremely reduced (0); very short, broad, and robust (1); with extensive, 

rounded, wide, and flat (or slightly concave) surface projecting posteroventrally and facing 

dorsomedially (2); posteriorly elongate, triangular, and facing dorsally (3); posteroventrally 

projecting and paddle-shaped (4). 

Character 72 (Clark, 1994: char. 72): Prearticular: present (0); absent (1). 

Character 73 (Turner, 2015: char. 73, modified from Clark, 1994: char. 73):  Articular: 

without medial process (0); with short process not contacting braincase (1); with process 

articulating with otoccipital and basisphenoid (2)  

Character 74 (Clark, 1994: char. 74): Dorsal edge of surangular: flat (0); arched dorsally (1). 

Character 75 (Clark, 1994: char. 75): Mandibular fenestra: present (0); absent (1). 
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Character 76 (Clark, 1994: char. 76): Insertion area for M. pterygoideous posterior: does not 

extend onto lateral surface of angular (0); extends onto lateral surface of angular (1). 

Character 77 (Turner, 2015: char. 77, modified from Clark, 1994: char. 77):  Splenial 

involvement in mandibular symphysis in ventral view: not involved (0); involved slightly in 

symphysis (1); extensively involved (2)  

Character 78 (Turner & Sertich, 2010: char. 78, modified from Clark, 1994: char. 78): 

Posterior premaxillary teeth: similar in size to anterior teeth (0); longer but does not form an 

enlarged caniniform tooth (1); much longer forming one large premaxillary caniniform tooth 

(2); much longer forming two large premaxillary caniniform teeth (3)  

Character 79 (Turner, 2015: char. 79, modified from Clark, 1994: char. 79):  Maxillary 

tooth waves: absent, no tooth size variation (0); one wave of teeth enlarged (1); enlarged 

maxillary teeth occur in two waves (festooned) (2)  

Character 80 (Clark, 1994: char. 80): Anterior dentary teeth opposite premaxilla-maxilla 

contact: no more than twice the length of other dentary teeth (0); more than twice the length 

(1). 

Character 81 (Turner, 2015: char. 81, modified from Clark, 1994: char. 81): Dentary teeth 

posterior to tooth opposite premaxilla-maxilla contact: equal in size (0); enlarged dentary teeth 

opposite to smaller teeth in maxillary toothrow (1). 

Character 82 (Ortega et al., 2000: char. 120, modified from Clark, 1994: char. 82): Anterior 

and posterior scapular edges: symmetrical in lateral view (0); anterior edge more strongly 

concave than posterior edge (1); dorsally narrow with straight edges (2). 

Character 83 (Ortega et al., 2000: char. 121, modified from Clark, 1994: char. 83): 

Coracoid length: up to two-thirds of scapular length (0); subequal in length to scapula (1). 

Character 84 (Clark, 1994: char. 84): Anterior process of ilium: similar in length to posterior 

process (0); one-quarter or less length of posterior process (1). 

Character 85 (Clark, 1994: char. 85): Pubis: rod-like without expanded distal end (0); with 

expanded distal end (1). 

Character 86 (Clark, 1994: char. 86):  Pubis: forms anterior half of ventral edge of 

acetabulum (0); contacting ilium but partially excluded from acetabulum by anterior process of 
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ischium (1); completely excluded from acetabulum by anterior process of ischium (2)  

Character 87 (Clark, 1994: char. 87): Distal end of femur: with large lateral facet for fibula 

(0); with very small facet (1). 

Character 88 (Clark, 1994: char. 88): Fifth pedal digit: with phalanges (0); without phalanges 

(1). 

Character 89 (Clark, 1994: char. 89): Atlas intercentrum: broader than long (0); as long as 

broad (1). 

Character 90 (Turner, 2015: char. 90, modified from Clark, 1994: char. 90):  Cervical 

neural spines: all anteroposteriorly large (0); only posterior ones rod-like (1); all spines rod-like 

(2)  

Character 91 (Buscalioni & Sanz, 1988: char. 37 and Brochu, 1997: char. 7, modified from 

Clark, 1994: char. 91):  Hypapophyses in cervicodorsal vertebrae: absent (0); present only in 

cervical vertebrae (1); present in cervical and first two dorsal vertebrae (2); present up to the 

third dorsal vertebra (3); present up to the fourth dorsal vertebrae (4)  

Character 92 (Clark, 1994: char. 92): Cervical vertebrae: amphicoelous or amphyplatyan (0); 

procoelous (1). 

Character 93 (Clark, 1994: char. 93): Trunk vertebrae: amphicoelous or amphyplatyan (0); 

procoelous (1). 

Character 94 (Clark, 1994: char. 94): All caudal vertebrae: amphicoelous or amphyplatyan 

(0); first caudal vertebra biconvex with other procoelous (1); procoelous (2). 

Character 95 (Turner, 2015: char. 95, modified from Clark, 1994: char. 95): Dorsal 

osteoderms, shape: rounded or ovate (0); rectangular, broader than long (1); square (2); 

rectangular, longer than broad (3). 

Character 96 (Turner, 2015: char. 96, modified from Clark, 1994: char. 96 and Brochu, 

1997: char. 40):  Dorsal osteoderms: without articular anterior process (0); with a discrete 

convexity on anterior margin (1); with a well-developed process located anterolaterally in 

dorsal parasagittal osteoderms (2)  

Character 97 (Ortega et al., 2000: char. 107 & 108, modified from Clark, 1994: char. 97):  
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Rows of dorsal primary osteoderms (sensu Frey, 1988): two parallel rows (0); more than two 

rows (1); more than four rows (2)  

Character 98 (Clark, 1994: char. 98): Osteoderms: some or all imbricated (0); sutured to one 

another (1).  

Character 99 (Clark, 1994: char. 99): Tail osteoderms: dorsal only (0); surrounding tail (1).  

Character 100 (Clark, 1994: char. 100): Trunk osteoderms: absent from ventral part of the 

trunk (0); present on ventral part (1). 

Character 101 (Clark, 1994: char. 101): Osteoderms: with longitudinal keels on dorsal 

surfaces (0); without longitudinal keels (1). 

Character 102 (Wu & Sues, 1996: char. 14): Jugal: participating in margin of antorbital fossa 

(0); separated from it (1). 

Character 103 (Turner, 2015: char. 103, modified from Wu & Sues, 1996: char. 17): 

Mandibular symphysis in lateral view: shallow and tapering anteriorly (0); deep and tapering 

anteriorly (1); deep and anteriorly convex (2); shallow and anteriorly convex (3). 

Character 104 (Turner, 2015: char. 104, modified from Wu & Sues, 1996: char. 23):  

Articular facet for quadrate condyle: equal in length to quadrate condyles (0); slightly longer 

(1); close to three times length of quadrate condyles (2)  

Character 105 (Turner, 2015: char. 105, modified from Wu & Sues, 1996: char. 24 and 

Wu et al., 1997: char. 124):  Jaw joint: placed level with occipital condyle (0); below occipital 

condyle but above level of lower toothrow (1); below level of toothrow (2)  

Character 106 (Turner, 2015: char. 106, modified from Wu & Sues, 1996: char. 27 and 

Ortega et al., 2000: char. 133):  Premaxillary tooth number: six (0); five (1); four (2); three 

(3); two (4) 

Character 107 (Turner, 2015: char. 107, modified from Wu & Sues, 1996: char. 29): 

Unsculptured region along alveolar margin on lateral surface of maxilla: absent (0); present (1). 

Character 108 (Wu & Sues, 1996: char. 30):  Maxillary tooth number: eight or more (0); 

seven (1); six (2); five (3); four (4) 

Character 109 (Wu & Sues, 1996: char. 33): Coracoid, posteromedial or ventromedial 
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process absent (0); elongate posteromedial process present (1); distally expanded ventromedial 

process present (2). 

Character 110 (Wu & Sues, 1996: char. 40): Radiale and ulnare, size: short and massive (0); 

elongate (1). 

Character 111 (Turner, 2015: char. 111, modified from Gomani, 1997: char. 4): Prefrontals 

anterior to orbits: elongate, oriented parallel to anteroposterior axis of skull (0); short and broad, 

oriented posteromedially-anterolaterally (1). 

Character 112 (Turner, 2015: char. 112, modified from Gomani, 1997: char. 32): 

Basioccipital and ventral part of otoccipital, orientation: facing posteriorly (0); posteroventrally 

(1). 

Character 113 (Buscalioni & Sanz, 1988: char. 35): Vertebral centra, shape: cylindrical (0); 

spool-shaped (1).  

Character 114 (Turner, 2015: char. 114, modified from Buscalioni & Sanz, 1988: char. 

39): Transverse process of posterior dorsal vertebrae, shape: dorsoventrally low and laminar 

(0); dorsoventrally high (1). 

Character 115 (Buscalioni & Sanz, 1988: char. 44): Number of sacral vertebrae: two (0); 

more than two (1). 

Character 116 (Buscalioni & Sanz, 1988: char. 49): Supraacetabular crest: present (0); absent 

(1). 

Character 117 (Buscalioni & Sanz, 1988: char. 54): Proximal end of radiale, shape: expanded 

symmetrically, similarly to distal end (0); more expanded proximolaterally than 

proximomedially (1). 

Character 118 (Ortega et al., 1996: char. 5): Lateral surface of anterior region of surangular 

and posterior region of dentary: without longitudinal depression (0); with longitudinal 

depression (1). 

Character 119 (Ortega et al., 1996: char. 9): Ventral exposure of splenials: absent (0); present 

(1). 

Character 120 (Turner, 2015: char. 120, modified from de Andrade & Bertini, 2008: char. 
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120; Ortega et al., 1996: char. 11 and Ortega et al., 2000: char. 100): Tooth margin carinae: 

without carinae or with smooth or crenulated carinae (0); with homogeneous denticulate carinae 

(denticles are small and symmetrical in form as in ziphodont teeth) (1); with heterogeneous 

carinae possessing rounded tubercle-like denticles, developed preferentially along posterior 

margin (2). 

Character 121 (Turner, 2015: char. 121, modified from Pol, 1999a: char. 133 and Ortega 

et al., 2000: char. 145): Lateral surface of anterior process of jugal: flat or convex (0); with 

broad shelf below the orbit with triangular depression underneath it (1). 

Character 122 (Pol, 1999a: char. 134): Jugal, extension below the orbit: does not exceed the 

anterior margin of orbit (0); exceeds margin of orbit (1). 

Character 123 (Pol, 1999a: char. 135): Notch in premaxilla on lateral edge of external nares: 

absent (0); present on the dorsal half of the external nares lateral margin (1). 

Character 124 (Pol, 1999a: char. 136): Dorsal border of external nares: formed mostly by the 

nasals (0); formed by both the nasals and premaxilla (1). 

Character 125 (Pol, 1999a: char. 138): Posterodorsal process of premaxilla: absent (0); 

present extending posteriorly and wedging between maxilla and nasal (1). 

Character 126 (Pol, 1999a: char. 139 and Ortega et al., 2000: char. 9):  Premaxilla-maxilla 

suture in palatal view, medial to alveolar region, orientation of suture: anteromedially directed 

(0); sinusoidal, posteromedially directed on its lateral half and anteromedially directed along 

its medial region (1); posteromedially directed (2); straight (3); posteromedially curved (U-

shaped) (4). 

Character 127 (Pol, 1999a: char. 140): Nasal lateral border posterior to external nares: 

laterally concave (0); straight (1). 

Character 128 (Pol, 1999a: char. 141): Nasal lateral edges: nearly parallel (0); oblique to each 

other, converging anteriorly (1); oblique to each other, diverging anteriorly (2). 

Character 129 (Pol, 1999a: char. 143): Palatine anteromedial margin: exceeding anterior 

margin of suborbital fenestrae: extending anteriorly between maxillae (0); not exceeding 

anterior margin of suborbital fenestrae (1). 

Character 130 (Pol, 1999a: char. 144): Dorsoventral height of jugal antorbital region with 
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respect to infraorbital region equal or lower (0); antorbital region more expanded than 

infraorbital region (1). 

Character 131 (Pol, 1999a: char. 145): Maxilla-lacrimal contact in antorbital fossa: partially 

included (0); completely included (1). 

Character 132 (Pol, 1999a: char. 146): Lateral eustachian tube openings, location: located 

posteriorly to medial opening (0); aligned anteroposteriorly and dorsoventrally (1). 

Character 133 (Pol, 1999a: char. 147): Anterior process of ectopterygoid: developed (0); 

reduced or absent (1). 

Character 134 (Pol, 1999a: char. 148): Posterior process of ectopterygoid: developed (0); 

reduced or absent (1). 

Character 135 (Pol, 1999a: char. 149 and Ortega et al., 2000: char. 13): Small foramen 

located in the lateral surface of premaxilla-maxilla suture in lateral surface (not for big 

mandibular teeth): absent (0); present (1). 

Character 136 (Pol, 1999a: char. 150): Jugal posterior process, extent of process: exceeding 

posteriorly the infratemporal fenestrae (0); does not exceed infratemporal fenestrae (1). 

Character 137 (Pol, 1999a: char. 151): Compressed crown of maxillary teeth, orientation: 

oriented parallel to the longitudinal axis of skull (0); obliquely disposed (1). 

Character 138 (Pol, 1999a: char. 152): Large and aligned neurovascular foramina on lateral 

maxillary surface: absent (0); present (1). 

Character 139 (Turner, 2015: char. 139, modified from Pol, 1999a: char. 153): External 

surface of maxilla and premaxilla, general shape: with single plane facing laterally (0); with 

ventral region facing laterally and dorsal region facing dorsolaterally (1). 

Character 140 (Turner, 2015: char. 140, modified from Pol, 1999a: char. 154; Ortega et 

al., 2000: char. 104 and de Andrade & Bertini, 2008: char. 135):  Maxillary teeth, lateral 

compression: absent (0); present, compression asymmetrically occurring only along distal 

margin giving teeth a teardrop shape (1); present, lateral compression symmetrically developed 

(2). 

Character 141 (Pol, 1999a: char. 155): Posteroventral corner of quadratojugal: reaching 
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quadrate condyles (0); does not reach quadrate condyles (1). 

Character 142 (Turner, 2015: char. 142, modified from Pol, 1999a: char. 156):  Base of 

postorbital process of jugal, orientation: directed posterodorsally (0); directed dorsally (1); 

directed anterodorsally (2)  

Character 143 (Pol, 1999a: char. 157):  Postorbital process of jugal, location on jugal: 

anteriorly placed (0); in middle (1); posteriorly positioned (2)  

Character 144 (Pol, 1999a: char. 158 and Ortega et al., 2000: char. 36): Postorbital-

ectopterygoid contact: present (0); absent (1). 

Character 145 (Pol, 1999a: char. 161): Quadratojugal, ornamentation: absent (0); ornamented 

at the base (1). 

Character 146 (Pol, 1999a: char. 162): Prefrontal-maxilla contact in the inner anteromedial 

region of orbit absent (0); present (1). 

Character 147 (Pol, 1999a: char. 163): Basisphenoid, exposure on braincase: without lateral 

exposure (0); with lateral exposure (1). 

Character 148 (Pol, 1999a: char. 165): Quadrate process of pterygoids: well developed (0); 

poorly developed (1).  

Character 149 (Turner, 2015: char. 149, modified from Pol, 1999a: char. 166 and Ortega 

et al., 2000: char. 44):  Quadrate major axis, direction of orientation: posteroventrally (0); 

ventrally (1); anteroventrally (2)  

Character 150 (Pol, 1999a: char. 167): Quadrate distal end: with only one plane facing 

posteriorly (0); with two distinct faces in posterior view, a posterior one and a medial one 

bearing foramen aërum (1). 

Character 151 (Pol, 1999a: char. 168): Anteroposterior development of neural spine in axis: 

well developed, covering all of neural arch length (0); poorly developed, located over posterior 

half of neural arch (1). 

Character 152 (Pol, 1999a: char. 169): Prezygapophyses of axis, development relative to 

neural arch: not exceeding edge of neural arch (0); exceeding the anterior margin of neural arch 

(1). 
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Character 153 (Pol, 1999a: char. 170): Postzygapophyses of axis: well developed, curved 

laterally (0); poorly developed (1). 

Character 154 (Turner, 2015: char. 154, modified from Pol, 1999b: char. 212): Shape of 

dentary symphysis in ventral view: tapering anteriorly forming an angle (0); U-shaped, 

smoothly curving anteriorly (1); lateral edges longitudinally oriented, convex anterolateral 

corner and extensive transversally oriented anterior edge (2)  

Character 155 (Pol, 1999b: char. 213): Unsculpted region in the dentary below the toothrow 

absent (0); present (1). 

Character 156 (Buckley & Brochu, 1999: char. 102): Surangular, contribution to the glenoid 

fossa: forms only the lateral wall of glenoid (0); forms approximately one-third of the glenoid 

(1). 

Character 157 (Turner, 2015: char. 157, modified from Buckley & Brochu, 1999: char. 

102): Femur, anterior margin: linear (0); bears flange for PIFI 1 musculature (1). 

Character 158 (Turner, 2015: char. 158, modified from Buckley & Brochu, 1999: char. 

105): Dentary, lateral surface: smooth lateral to seventh alveolus (0); with lateral concavity for 

the reception of the enlarged maxillary tooth (1). 

Character 159 (Turner, 2015: char. 159, modified from Ortega et al., 1996: char. 1 and 

Buckley & Brochu, 1999: char. 107): Dorsal edge of dentary: slightly concave or straight and 

subparallel to the longitudinal axis of skull (0); straight with an abrupt dorsal expansion, being 

straight posteriorly (1); with a single dorsal expansion and concave posterior to this (2); 

sinusoidal, with two concave waves (3)  

Character 160 (Turner, 2015: char. 160, modified from Ortega et al., 1996: char. 2 and 

Buckley & Brochu, 1999: char. 108): Dentary compression and ventrolateral surface anterior 

to mandibular fenestra: compressed and vertical (0); not compressed and convex (1). 

Character 161 (Ortega et al., 1996: char. 7 and Buckley & Brochu, 1999: char. 110): 

Splenial posterior to symphysis: thin (0); robust dorsally (1). 

Character 162 (Ortega et al., 1996: char. 13 and Buckley et al., 2000: char. 117): Cheek 

teeth: not constricted at base of crown (0); constricted (1). 

Character 163 (Ortega et al., 2000: char. 10): Ventral edge of premaxilla, location relative to 
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maxilla: at the same height as the ventral edge of maxilla (0); located deeper, with the dorsal 

contour of anterior part of dentary strongly concave (1). 

Character 164 (Turner, 2015: char. 164, modified from Ortega et al., 2000: char. 19): 

Maxillary dental implantation: teeth in isolated alveoli (0); located in dental groove (1).  

Character 165 (Ortega et al., 2000: char. 24): Caudal tip of nasals: converge at sagittal plane 

(0); separated by anterior sagittal projection of frontals (1). 

Character 166 (Ortega et al., 2000: char. 33): Relative length between squamosal and 

postorbital: squamosal is longer (0); postorbital longer (1). 

Character 167 (Turner, 2015: char. 167, modified from Ortega et al., 2000: char. 34):  

Jugal portion of postorbital bar, relative to lateral surface of jugal: flush with lateral surface (0); 

anteriorly continuous but posteriorly inset (1); medially displaced and a ridge separate 

postorbital bar from lateral surface of jugal (2)  

Character 168 (Ortega et al., 2000: char. 42): Outer surface of squamosal laterodorsally 

oriented: extensive (0); reduced and sculpted (1); reduced and unsculpted (2). 

Character 169 (Ortega et al., 2000: char. 47): Quadratojugal spine at posterior margin of 

infratemporal fenestra: absent (0); present (1). 

Character 170 (Turner, 2015: char. 170, modified from Ortega et al., 2000: char. 53): 

Quadrate condyles: poorly developed intercondylar groove (0); medial condyle expands 

ventrally, being separated from lateral condyle by a deep intercondylar groove (1). 

Character 171 (Ortega et al., 2000: char. 62): Exposure of supraoccipital in skull roof: absent 

(0); present (1). 

Character 172 (Ortega et al., 2000: char. 70): Nasal participation in antorbital fenestra: 

present (0); absent (1). 

Character 173 (Ortega et al., 2000: char. 75): Anterior opening of temporo-orbital canal in 

dorsal view: exposed (0); hidden and overlapped by squamosal rim of supratemporal fossa (1). 

Character 174 (Ortega et al., 2000: char. 90): Foramen intramandibularis oralis: small or 

absent (0); big and slotlike (1). 

Character 175 (Turner, 2015: char. 175, modified from Ortega et al., 2000: char. 98): 



Appendix 4 

595 
 

Coronoid size: short and located below the dorsal edge of the mandibular ramus (0); anteriorly 

extended with posterior region elevated at dorsal margin of mandibular ramus (1). 

Character 176 (Ortega et al., 2000: char. 101): Width of root of teeth with respect to crown: 

narrower or equal (0); wider (1). 

Character 177 (Ortega et al., 2000: char. 109): Gap in cervico-thoracic dorsal armor: absent 

(0); present (1). 

Character 178 (Ortega et al., 2000: char. 130): Lateral contour of snout in dorsal view: 

straight (0); sinusoidal (1). 

Character 179 (Ortega et al., 2000: char. 138): Pterygoidean flanges: laminar and expanded 

(0); bar-like and elongate (1); bar-like and poorly developed (2). 

Character 180 (Ortega et al., 2000: char. 146): Ectopterygoid medial process, shape: single 

(0); forked (1). 

Character 181 (Turner, 2015: char. 181, modified from Ortega et al., 2000: char. 157): 

Skull roof, shape in dorsal view: rectangular (0); trapezoidal (1). 

Character 182 (Ortega et al., 2000: char. 30):  Prefrontal pillars when integrated in palate: 

pillars transversely expanded (0); transversely expanded in their dorsal part and columnar 

ventrally (1); longitudinally expanded in their dorsal part and columnar ventrally (2). 

Character 183 (Ortega et al., 2000: char. 21): Ventral edge of maxilla in lateral view: straight 

or convex (0); sinusoidal (1). 

Character 184 (Turner, 2015: char. 184, modified from Ortega et al., 2000: char. 156): 

Position of first enlarged maxillary teeth: second or third alveolus (0); fourth or fifth (1). 

Character 185 (Pol & Apesteguía, 2005: char. 180): Splenial-dentary suture at symphysis on 

ventral surface: v-shaped (0); transversal (1). 

Character 186 (Pol & Apesteguía, 2005: char. 181): Posterior peg at symphysis: absent (0); 

present (1). 

Character 187 (Pol & Apesteguía, 2005: char. 182): Posterior ridge on glenoid fossa of 

articular: present (0); absent (1). 
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Character 188 (Turner, 2015: char. 188, modified from Pol et al., 2009: char. 188; 

Gomani, 1997: char. 46; Buckley et al., 2000: char. 113 & de Andrade & Bertini, 2008: 

char. 149): Cusps of teeth, number and conformation: one unique cusp (0); one main cusp with 

smaller cusps arranged in one row (1); one main cusp with smaller cusps arranged in more than 

one row (2); several cusps of equal size arranged in more than one row (3)  

Character 189 (Pol & Apesteguía, 2005: char. 184): Dorsal surface of mandibular symphysis: 

flat or slightly concave (0); strongly concave and narrow, trough-shaped (1). 

Character 190 (Pol & Apesteguía, 2005: char. 185): Medial surface of splenials posterior to 

symphysis: flat or slightly convex (0); markedly concave (1). 

Character 191 (Pol & Apesteguía, 2005: char. 186): Choanal septum shape: narrow vertical 

bony sheet (0); T-shaped bar expanded ventrally (1); massive and blocky (2). 

Character 192 (Pol & Norell, 2004a: char. 164): Cross-section of distal end of quadrate: 

mediolaterally wide and anteroposteriorly thin (0); subquadrangular (1). 

Character 193 (Pol & Apesteguía, 2005: char. 188): Lateral surface of dentaries below 

alveolar margin, at mid to posterior region of toothrow: vertically oriented, continuous with rest 

of lateral surface of dentaries (0); flat surface exposed dorsolaterally, divided by ridge from rest 

of lateral surface of dentaries (1). 

Character 194 (Pol & Norell, 2004a: char. 165): Palatine-pterygoid contact on palate: 

palatines overlie pterygoids (0); palatines firmly sutured to pterygoids (1). 

Character 195 (Pol et al., 2004: char. 164): Ectopterygoid main axis orientation: laterally or 

slightly anterolaterally (0); anteriorly, subparallel to the skull longitudinal axis (1). 

Character 196 (Wu et al., 1997: char. 103): Squamosal descending process: absent (0); 

present (1). 

Character 197 (Turner, 2015: char. 197, modified from Wu et al., 1997: char. 105):  

Development of distal quadrate body ventral to otoccipital-quadrate contact: distinct (0); 

incipiently distinct (1); indistinct (2)  

Character 198 (Wu et al., 1997: char. 106): Pterygoid flanges: thin and laminar (0); 

dorsoventrally thick, with pneumatic spaces (1). 



Appendix 4 

597 
 

Character 199 (Wu et al., 1997: char. 108): Postorbital participation in infratemporal fenestra: 

almost or entirely excluded (0); bordering infratemporal fenestra (1). 

Character 200 (Wu et al., 1997: char. 109): Palatines, contribution to suborbital fenestra: 

form margin of suborbital fenestra (0); excluded from margin of suborbital fenestra (1). 

Character 201 (Wu et al., 1997: char. 110): Angular posterior to mandibular fenestra, location 

on mandible: widely exposed on lateral surface of mandible (0); shifted to ventral surface of 

mandible (1). 

Character 202 (Wu et al., 1997: char. 112): Posteroventral edge of mandibular ramus, shape: 

straight or convex (0); markedly deflected (1). 

Character 203 (Pol et al., 2009: char. 203, modified from Wu et al., 1997: char. 128): 

Quadrate ramus of pterygoid, width in ventral view: narrow (0); broad (1). 

Character 204 (Wu et al., 1997: char. 121): Pterygoids, contact on palate: not in contact 

anterior to basisphenoid on palate (0); pterygoids in contact (1). 

Character 205 (Turner, 2015: char. 205, modified from Wu et al., 1997: char. 122): 

Olecranon: well developed (0); absent (1). 

Character 206 (Wu et al., 1997: char. 123): Cranial table width with respect to ventral portion 

of skull: as wide as ventral portion (0); narrower than the ventral portion of the skull (1). 

Character 207 (Wu et al., 1997: char. 127): Depression on posterolateral surface of maxilla: 

absent (0); present (1). 

Character 208 (Pol et al., 2009: char. 208, modified from Wu et al., 1997: char. 128): Paired 

anterior palatal fenestrae: absent (0); present (1). 

Character 209 (Pol & Norell, 2004a: char. 179): Paired ridges located medially on ventral 

surface of basisphenoid: absent (0); present (1). 

Character 210 (Pol et al., 2004: char. 179): Ventral margin of infratemporal bar of jugal: 

straight (0); dorsally arched (1). 

Character 211 (Pol & Norell, 2004a: char. 180): Posterolateral end of quadratojugal, shape 

and relationship with quadrate: acute or rounded, tightly overlapping the quadrate (0); with 

sinusoidal ventral edge and wide and rounded posterior edge slightly overhanging the lateral 
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surface of the quadrate (1). 

Character 212 (Pol & Norell, 2004a: char. 181): Quadrate body distal to otoccipital-quadrate, 

orientation of contact in posterior view: ventrally oriented (0); ventrolaterally oriented (1). 

Character 213 (Gasparini et al., 1993: char. 3): Wedge-like process of maxilla in lateral 

surface of premaxilla-maxilla suture: absent (0); present (1). 

Character 214 (Pol & Norell, 2004b: char. 181): Palpebrals: separated from (or weakly 

sutured to) lateral edge of frontals (0); extensively sutured to each other and to lateral margin 

of frontals (1). 

Character 215 (Pol & Norell, 2004b: char. 182): External surface of ascending process of 

jugal: exposed laterally (0); exposed posterolaterally (1). 

Character 216 (Turner & Sertich, 2010: char. 216, modified from Pol & Norell, 2004b: 

char. 183): Longitudinal ridge on lateral surface of jugal below infratemporal fenestra: absent 

(0); present, running entire length of posterior process of jugal (1); present, running entire length 

of jugal (2)  

Character 217 (Pol & Norell, 2004b: char. 184): Dorsal surface of posterolateral region of 

squamosal: without ridges (0); with three curved ridges oriented longitudinally (1). 

Character 218 (Pol & Norell, 2004b: char. 185): Ridge along dorsal section of quadrate-

quadratojugal contact: absent (0); present (1). 

Character 219 (Pol et al., 2009: char. 219, modified from Pol & Norell, 2004b: char. 186): 

Sharp ridge on the surface of the angular: absent (0); present on the ventral-most margin (1); 

present along the lateral surface (2). 

Character 220 (Pol & Norell, 2004b: char. 187): Longitudinal ridge along the dorsolateral 

surface of surangular: absent (0); present (1). 

Character 221 (Pol & Norell, 2004b: char. 188): Dorsal surface of osteoderms ornamented 

with anterolaterally and anteromedially directed ridges (fleur de lys pattern of Osmólska et al., 

1997): absent (0); or present (1). 

Character 222 (Pol & Norell, 2004b: char. 189): Cervical region surrounded by lateral and 

ventral osteoderms sutured to dorsal elements: absent (0); present (1). 
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Character 223 (Pol & Norell, 2004b: char. 190): Appendicular osteoderms: absent (0); 

present (1).  

Character 224 (Ortega et al., 2000: char. 72): Supratemporal fenestra: present (0); absent (1). 

Character 225 (Pol et al., 2009: char. 225, modified from Pol & Apesteguía, 2005: char. 

221): Flat ventral surface of internal nares septum: parallel sided (0); tapering anteriorly (1); 

expanding anteriorly (2). 

Character 226 (Turner, 2015: char. 226, modified from Pol & Apesteguía, 2005: char. 

221):  Perinarial fossa: restricted extension (0); extensive, with distinctly concave surface facing 

anteriorly (1); large concave surface facing anteriorly, projecting anteroventrally from external 

nares and opening toward alveolar margin (2); extremely large and well-developed, occupying 

nearly entire surface of premaxilla ventral to external naris (3)   

Character 227 (Turner, 2015: char. 227, modified from Sereno et al., 2001: char. 67): 

Premaxillary palate, circular paramedian depressions: absent (0); present, located anteriorly on 

premaxilla (1); present, located at premaxilla-maxilla suture (2). 

Character 228 (Pol & Apesteguía, 2005: char. 223): Nasals, shape of posterolateral region: 

flat surface facing dorsally (0); lateral region deflected ventrally, forming part of the lateral 

surface of snout (1). 

Character 229 (Zaher et al., 2006: char. 193): Lacrimal, posterior extent and relationship 

with jugal: lacrimal: extending posteroventrally, widely contacting the jugal (0); tapers 

ventroposteriorly, does not contact or contacts jugal only slightly (1). 

Character 230 (Zaher et al., 2006: char. 194): Jugal, large foramen on the lateral surface, near 

its anterior margin: absent (0); present (1). 

Character 231 (Turner, 2015: char. 231, modified from Zaher et al., 2006: char. 195): 

Procumbent premaxillary alveoli: absent (0); present (1).  

Character 232 (Zaher et al., 2006: char. 196 & Turner, 2004: char. 119, modified from 

Martinelli, 2003: char. 36): Palatines, orientation: run parasagittally along midline (0); diverge 

laterally becoming rod-like caudally forming palatine bars (1). 

Character 233 (Zaher et al., 2006: char. 197): Ectopterygoid, participation in the palatine bar: 

absent (0); present (1).  
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Character 234 (Pol & Norell, 2004a: char. 183): Choanal opening: opened posteriorly and 

continuous with pterygoid surface (0); closed posteriorly by an elevated wall formed by the 

pterygoids (1). 

Character 235 (Zaher et al., 2006: char. 198): Ectopterygoid, extent of medial projection on 

the ventral surface of pterygoid flanges: barely extended (0); widely extended, covering 

approximately the lateral half of the ventral surface of the pterygoid flanges (1). 

Character 236 (Gasparini et al., 2006: char. 236): Evaginated maxillary alveolar edges: 

absent (0), present as continuous sheet (1); present as discrete evaginations at each alveolus (2). 

Character 237 (Gasparini et al., 2006: char. 237): Premaxilla, foramen in perinarial 

depression: absent (0); present (1). 

Character 238 (Sereno et al., 2001: char. 27): Frontal, anterior ramus with respect to anterior 

tip of the prefrontal: ending posteriorly (0); ending anteriorly (1). 

Character 239 (Turner, 2015: char. 239, modified from Sereno et al., 2001: char. 68): 

Premaxilla, anterior alveolar margin orientation: vertical (0); inturned (1). 

Character 240 (Turner, 2015: char. 240, modified from Sereno et al., 2001: char. 69): 

Premaxillary toothrow orientation: arched posteriorly from midline (0); angled posterolaterally, 

at 120◦ angle (1); transverse (2)  

Character 241 (Sereno et al., 2001: char. 70): Last premaxillary tooth position relative to 

toothrow: anterior (0); anterolateral (1).  

Character 242 (Gasparini et al., 2006: char. 242): Posterior teeth with rings of undulated 

enamel: absent (0); present (1). 

Character 243 (Gasparini et al., 2006: char. 243, modified from Brochu, 1999: char. 108): 

Maxilla-palatine suture, shape of palatines: palatine anteriorly rounded (0); palatine anteriorly 

pointed (1); palatine invaginated (2). 

Character 244 (Gasparini et al., 2006: char. 244): Postorbital bar, lateral surface formed by: 

postorbital and jugal (0); only by postorbital (1).  

Character 245 (Gasparini et al., 2006: char. 245): Surangular groove, enlarged foramen at 

anterior end: absent (0); present (1). 
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Character 246 (Gasparini et al., 2006: char. 246): Shape of antorbital fossa: subcircular or 

subtriangular (0); elongate, low, and oriented obliquely (1). 

Character 247 (Gasparini et al., 2006: char. 247): Prefrontal lateral development: reduced 

(0); enlarged, extending laterally over the orbit (1). 

Character 248 (Gasparini et al., 2006: char. 248): Foramen for the internal carotid artery: 

reduced, similar in size to openings for cranial nerves IX–XI (0); extremely enlarged (1). 

Character 249 (Gasparini et al., 2006: char. 249): Squamosal posterolateral region, lateral to 

paroccipital process: narrow (0); bearing subrounded flat surface (1). 

Character 250 (Gasparini et al., 2006: char. 250): Posteromedial branch of squamosal, 

orientation: transversely oriented (0); posterolaterally oriented (1). 

Character 251 (Gasparini et al., 2006: char. 251): Squamosal, dorsal margin of occipital 

flange: straight (0); dorsally concave (1). 

Character 252 (Gasparini et al., 2006: char. 252): Sculpture in external surface of rostrum: 

absent (0); present (1). 

Character 253 (Gasparini et al., 2006: char. 253): Longitudinal depressions on palatal surface 

of maxillae and palatines: absent (0); present (1). 

Character 254 (Gasparini et al., 2006: char. 254): Angle between medial and anterior 

margins of supratemporal fossa: approximately 90 degrees (0); approximately 45 degrees (1). 

Character 255 (Gasparini et al., 2006: char. 255): Sacral vertebrate, direction of transverse 

process: laterally (0); markedly deflected ventrally (1). 

Character 256 (Gasparini et al., 2006: char. 256): Prefrontal and lacrimal around orbits: 

forming flat rims (0); evaginated, forming elevated rims (1). 

Character 257 (Gasparini et al., 2006: char. 257): Nasal bones: paired (0); partially or 

completely fused (1).  

Character 258 (Brochu, 1997: char. 3): Axial neural spines, width of posterior half: wide (0); 

narrow (1). 

Character 259 (Brochu, 1997: char. 19): Axis hypapophysis, deep fork: present (0); absent 
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(1). 

Character 260 (Brochu, 1997: char. 27): Ulna, width of olecranon process: narrow and 

subangular (0); wide and rounded (1). 

Character 261 (Brochu, 1997: char. 29): M. teres major and M. dorsalis scapulae: insert 

separately on humerus, scars can be distinguished dorsal to deltopectoral crest (0); insert with 

common tendon, single insertion scar (1). 

Character 262 (Turner, 2015: char. 262, modified from Brochu, 1997: char. 53): Dentary, 

projection of anterior alveoli: project anterodorsally (0); weakly procumbent (1); strongly 

procumbent (2)  

Character 263 (Brochu, 1997: char. 84): Squamosal, dorsal and ventral rims of squamosal 

groove for external ear valve musculature: parallel (0); squamosal groove flares anteriorly (1). 

Character 264 (Brochu, 1997: char. 91): Ectopterygoid, contact with maxilla near toothrow: 

ectopterygoid abuts maxillary toothrow (0); maxilla broadly separates ectopterygoid from 

maxillary toothrow (1). 

Character 265 (Brochu, 1997: char. 92): Shallow fossa at anteromedial corner of 

supratemporal fenestra: present (0); absent, anteromedial corner of supratemporal fenestra 

smooth (1). 

Character 266 (Pol et al., 2009 : char. 266, modified from Brochu, 1997: char. 103): Lateral 

margins of frontal, relative to the skull surface: flush with skull surface (0); elevated, forming 

ridged orbital margins (1). 

Character 267 (Brochu, 1997: char. 130): Laterosphenoid, orientation of capitate process: 

laterally oriented (0); anteroposteriorly oriented toward midline (1). 

Character 268 (Pol et al., 2009 : char. 268, modified from Brochu, 1997: char. 141): 

Exoccipital, development of boss and paroccipital process: process lateral to cranioquadrate 

opening short (0); boss small or absent on paroccipital process, process lateral to cranioquadrate 

opening long (1). 

Character 269 (Brochu, 1997: char. 149, modified from Norell, 1988: char. 32): 

Ectopterygoid, extent along lateral pterygoid flange, at maturity: extends to posterior tip of 

lateral pterygoid flange (0); does not extend to posterior tip of lateral pterygoid (1). 
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Character 270 (Turner, 2015: char. 270, modified from Brochu, 1997: char. 153): Incisive 

foramen, location relative to premaxillary toothrow: foramen situated far from premaxillary 

toothrow, at the level of the second or third alveolus (0); abuts premaxillary toothrow (1); 

projects between first premaxillary teeth (2). 

Character 271 (Pritchard et al., 2013: char. 271, modified from Turner, 2006: char. 126): 

Ventral surface of choanal septum: smooth to slightly depressed (0); marked by an acute groove 

(1); vomeral septum divided into bilateral laminae (2).  

Character 272 (Pol et al., 2009: char. 272, modified from Turner, 2006: char. 128): 

Proximal-most portion of fibular head: straight sided to weakly developed posteriorly (0); very 

sharply projecting posteriorly, forming distinct extension (1). 

Character 273 (Turner, 2015: char. 273, modified from Turner, 2006: char. 129): Cervical 

rib shaft, posterior process, posterodorsally projecting spine at the junction with tubercular 

process: absent (0); present (1).  

Character 274 (Turner, 2015: char. 274, modified from Pol et al., 2009: char. 274): 

Longitudinal keels on dorsal surfaces of osteoderms: restricted to the posterior edge of 

osteoderm (0); not restricted to the posterior edge (1). 

Character 275 (Pol et al., 2009: char. 275): Jugal, anteriorly on lateral surface below orbits: 

lacks a depression (0); possesses a depression (1). 

Character 276 (Schwarz et al., 2017: char. 276, modified from Pol et al., 2009: char. 276): 

Transverse ridge crossing the frontal anteromedial to the orbits: absent (0); present as a ridge 

(1); present as prominent anteriorly curved shelf (transverse interorbital crest sensu Andrade 

and Hornung 2011) (2)  

Character 277 (Pol et al., 2009: char. 277): Shallow hemispherical depression on the lacrimal 

and/or prefrontal anterior to orbital margin (not articulation facet for palpebral): absent (0); 

present (1).  

Character 278 (Pol et al., 2009: char. 278): Anterior half of interfenestral bar between 

suborbital fenestrae: lateral margins are parallel to subparallel (0); flared anteriorly (1). 

Character 279 (Pol et al., 2009: char. 279): Posterior half of interfenestral bar between 

suborbital fenestrae: lateral margins are parallel to subparallel (0); flared posteriorly (1). 
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Character 280 (Pol et al., 2009: char. 280): Angular, shape of posteroventral margin: straight 

or gently arched dorsally (0); strongly arched dorsally (1). 

Character 281 (Pol et al., 2009: char. 281): Squamosal, lateral margin of dorsal surface: 

squared off with continuous ear valve groove (0); bears a prominent depressed area just anterior 

to posterior lobe of squamosal, groove for ear valve discontinuous (1).  

Character 282 (Pol et al., 2009: char. 282): Fibula, shaft distal to iliofibularis trochanter: 

straight (0); bowed posteriorly (1). 

Character 283 (Buckley & Brochu, 1999: char. 106): Scapular blade width: no more than 

twice the length of the scapulocoracoid articulation (0); scapular blade very broad and greater 

than twice the length of scapulocoracoid articulation (1). 

Character 284 (Pritchard et al., 2013: char. 284, modified from Buckley et al., 2000: char. 

115): Vomer, exposure on palate: vomer contributes flattened plate to secondary palate (0); 

vomer forms no part of secondary palate (1). 

Character 285 (Turner & Buckley, 2008: char. 285): Supraoccipital, when present on dorsal 

skull roof: with narrow exposure, parietal forms portion of occipital surface (0); with broad 

exposure, parietal does not form portion of occipital surface (1).  

Character 286 (Turner & Buckley, 2008: char. 286): Jugal, anterior and posterior processes: 

inline dorsoventrally (0); anterior and posterior processes at a sharp angle to one another, both 

processes slope ventrally to form a strongly arched jugal (1).  

Character 287 (Turner & Buckley, 2008: char. 287): Lateral expansion of posterodorsal edge 

of surangular anterior to glenoid fossa: absent (0); present (1). 

Character 288 (Turner & Buckley, 2008: char. 288): In lateral view, anterior process of the 

squamosal extending to the orbital margin, overlapping the postorbital: absent (0); present (1). 

Character 289 (Turner & Buckley, 2008: char. 289): In lateral view, surangular and dentary 

suture: simple, with little or no interdigitation (0); suture complex, with interlocking prongs 

from both surangular and dentary, three posterior prongs from dentary and two from surangular 

(1).  

Character 290 (Turner & Buckley, 2008: char. 290): Prominent depression on palate near 

alveolar margin at level of sixth or seventh alveolus: absent (0); present (1).  
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Character 291 (de Andrade & Bertini, 2008: char. 103): Pterygoid, ventral surface of 

pterygoid flanges, parachoanal fossae: absent (0); present (1). 

Character 292 (Turner & Sertich, 2010: char. 292): Pterygoid, in ventral view, participation 

in suborbital fenestra: pterygoid forms margin of suborbital fenestra (0); excluded from 

suborbital fenestra by ectopterygoid-palatine contact (1). 

Character 293 (Turner & Sertich, 2010: char. 293): Maxilla, lateral surface along alveolar 

margin, conformation of the neurovascular foramina: foramina absent or form a single 

continuous row (0); gap in foramina between an anterior series and a posterior series (1). 

Character 294 (Turner & Sertich, 2010: char. 294): Surface of tooth enamel: smooth or 

slightly crenulated (0); with ridges at base of crown (often extending apically) (1). 

Character 295 (Turner & Sertich, 2010: char. 295): Posterior (molariform) teeth, wear 

facets: absent (0); present (1). 

Character 296 (Turner & Sertich, 2010: char. 296): Tooth (with transitional morphology) 

present at premaxilla-maxilla contact: absent (0); present (1).  

Character 297 (Turner & Sertich, 2010: char. 297): Basioccipital, midline crest on 

basioccipital plate below occipital condyle: absent (0); present (1). 

Character 298 (Turner & Sertich, 2010: char. 299): Dorsal osteoderms, accessory ranges of 

osteoderms (sensu Frey, 1988): absent (0); present (1). 

Character 299 (de Andrade & Bertini, 2008: char. 131): Maxillary tooth, size relative to 

maxillary palatal surface in palatal view: proportionally small teeth, occupying only marginal 

portion of ventral surface of maxilla (0); proportionally well-developed teeth, occupying large 

area of maxillary palatal surface (1). 

Character 300 (Jouve, 2004: char. 68 & Jouve, 2009: char. 75): Ventral lamina of jugal: 

extends far anterior to ectopterygoid (0); ends at the level of the ectopterygoid (1). 

Character 301 (Sereno & Larsson, 2009: char. 199, modified from Norell, 1988: char. 42 

& Brochu, 1997: char. 51): Surangular extension toward posterior end of retroarticular 

process: along entire length (0); pinched off anterior to posterior tip (1). 

Character 302 (Turner, 2015: char. 302): Muscle attachment scars on ventral surface of 



Appendix 4 

606 
 

quadrate ramus: form modest crests (0); prominent knobs (1). 

Character 303 (Turner, 2015: char. 303): Pterygoid flange shape: mediolaterally broad, 

reaching laterally beyond medial margin of quadrate condyles (0); relatively narrow, does not 

reach laterally to medial margin of quadrate condyles (1). 

Character 304 (Turner, 2015: char. 304): In ventral view, posterior process of maxilla 

relative to ITF excluded from ITF (0); forms part of ITF (1). 

Character 305 (Turner, 2015: char. 305): Highly modified ectopterygoid, mediolaterally 

broad and flattened with greatly expanded: absent (0); present, robust anterior process larger 

than posterior process (1); present, anterior and posterior process roughly equal in size (2). 

Character 306 (Turner, 2015: char. 306): In ventral view, palate medial to toothrow: forms 

a single continuous surface (0); ridge running on the palate medial to toothrow formed by 

maxilla and ectopterygoid (1). 

Character 307 (Turner, 2015: char. 307): Maxillary toothrow, penultimate and ultimate 

maxillary teeth enlarged and highly modified crushing tooth: absent (0); present (1). 

Character 308 (Turner, 2015: char. 308): Prefrontals: do not meet at midline (0); meet at 

midline (1). 

Character 309 (Turner, 2015: char. 309): Pear shaped external naris: absent (0); present (1). 

Character 310 (Turner, 2015: char. 310): Skull, dorsal surface at parietal-squamosal contact 

surface: continuous across suture (0); suture marked by groove or sulcus (1). 

Character 311 (Turner, 2015: char. 311): Maxilla, lateral surface, continuous groove or 

sulcus extending from orbital margin towards narial opening: absent (0); present (1). 

Character 312 (Turner, 2015: char. 312): Maxilla, posteromedial process curving posteriorly 

onto palatine formed nasopharyngeal passage: absent (0); present (1). 

Character 313 (Turner, 2015: char. 313): Squamosal, posterior half, dorsal and ventral rims 

of groove for external ear valve musculature: thin or parallel sided (0); flared posteriorly (1). 

Character 314 (Turner, 2015: char. 314): Lacrimal, in dorsal view, anterior extent on rostrum 

relative to prefrontal: prefrontal extends farther anteriorly (0); lacrimal extends farther 

anteriorly (1); lacrimal and prefrontal subequal in anterior extent (2). 



Appendix 4 

607 
 

Character 315 (Turner, 2015: char. 315): Lacrimal, in dorsal view, mediolateral width 

relative to prefrontal: equal to or less than width of prefrontal (0); wider than prefrontal (1). 

Character 316 (Turner, 2015: char. 316): Premaxillae, degree of contact posterior to the 

incisive foramen: extensive contact (0); narrow contact (1). 

Character 317 (Turner, 2015: char. 317): Posterior margin of the palatines where they form 

the floor of the nasopharyngeal passage, shape: V- or U-shaped (0); straight (1). 

Character 318 (Turner, 2015: char. 318): Posterior margin of the choanal groove, location: 

anteriorly on the pterygoids (0); posteriorly on the pterygoids near the posterior margin of 

pterygoids (1). 

Character 319 (Turner, 2015: char. 319): Pterygoid-palatine contact, ventral aspect of palate, 

shape of the suture: transverse, or nearly so (0); prong of pterygoid projects anteriorly (1). 

Character 320 (Turner, 2015: char. 320): On palate, foramen located on premaxilla/maxilla 

suture near the alveolar border: absent (0); present (1). 

Character 321 (Turner, 2015: char. 321): Ectopterygoid/pterygoid contact in ventral view: 

complex, anterior part of ectopterygoid forming suture whereas posterior part of ectopterygoid 

overlaps the pterygoid (0); sutured along entire contact, no part of ectopterygoid overlapping 

pterygoid (1). 

Supplementary Material S5: Phylogenetic results 

Changes made to the original matrix 

Bernissartia fagesii: 

Char. 5: ?  1 

Char. 10: ?  2 

Char. 11: ?  0 

Char. 12: ?  0 

Char. 21: ?  1 
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Char. 32: 0  1 

Char. 34: ?  1 

Char. 39: ?  1 

Char. 40: ?  0 

Char. 62: 1  ? 

Char. 64: ?  0 

Char. 65: ?  0 

Char. 69: ?  0 

Char. 81: 1  ? 

Char. 102: 1  ? 

Char. 118: ?  0 

Char. 119: ?  1 

Char. 121: ?  0 

Char. 122: ?  1 

Char. 123: ?  0 

Char. 124: ?  1 

Char. 125: 1  0 

Char. 127: ?  0 
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Char. 128: ?  1 / 2 

Char. 133: ?  0 

Char. 135: ?  0 

Char. 136: ?  1 

Char. 138: ?  1 

Char. 141: ?  1 

Char. 143: ?  1 

Char. 146: ?  0 

Char. 150: ?  1 

Char. 155: ?  0 

Char. 158: ?  0 

Char. 161: ?  0 

Char. 169: 1  0 

Char. 171: ?  0 

Char. 172: 1  ? 

Char. 185: ?  0 

Char. 186: ?  0 

Char. 190: ?  0 
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Char. 193: ?  0 

Char. 195: ?  1 

Char. 197: ?  2 

Char. 198: ?  0 

Char. 201: ?  0 

Char. 202: ?  0 

Char. 206: ?  1 

Char. 210: ?  0 

Char. 211: ?  0 

Char. 214: 0  ? 

Char. 217: ?  0 

Char. 218: ?  0 

Char. 219: 0  1 

Char. 220: ?  0 

Char. 229: ?  0 

Char. 230: ?  0 

Char. 231: ?  0 

Char. 235: 0  1 
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Char. 236: ?  0 

Char. 238: ?  0 

Char. 240: ?  0 

Char. 241: ?  0 

Char. 244: ?  0 

Char. 245: ?  0 

Char. 249: ?  0 

Char. 253: ?  0 

Char. 262: 0  2 

Char. 265: ?  1 

Char. 270: 1  0 

Char. 278: ?  1 

Char. 292: 0  ? 

Char. 304: ?  0 

Char. 306: ?  0 

Char. 311: ?  0 

Char. 314: 1  1 / 2 

Char. 316: ?  0 
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Char. 319: ?  0 

Char. 320: ?  0 

Char. 321: ?  0 

Paralligator gradilifrons: 

Char. 5: 1  ? 

Char. 6: 1 / 2  ? 

Char. 17: 1  0 

Char. 66: 0 ? 

Char. 159: 0 ? 

Char. 315: 1  0 

Char. 320: 1 ? 

Paralligator major: 

Char. 5:?  0 

Char. 6: 1  2 

Char. 17:?  0 

Char. 66:?  0 

Char. 315:?  1 

Batrachomimus pastosbonensis: 

Char. 5:?  0 
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Char. 17: 1  0 

Char. 49: 0  ? 

Wannchampsus kirpachi:   

Char. 3: 3 1 

Char. 5: 0  ? 

Rugosuchus nonganensis: 

Char. 6: 1 / 2  ? 

Char. 17: 1  0 

Char. 35: 1  0 

Char. 49: 0  ? 

Char. 69: ?  0 

Char. 311: ?  0 

Char. 315: 1  ? 

Aprosuchus ghirai: 

Char. 35: 1  0 

Char. 69: 1  ? 

Char. 315: ?  1 

Shamosuchus djadochtaensis: 

Char. 3: 3  1 
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Char. 35: 1  0 

Char. 49: 0  2 

Char. 159:?  2 

Knoetschkesuchus guimarotae: 

Char. 6: 1  2 

Char. 22: 0  1 

Char. 35: 0  1 

Char. 49:?  0 

Char. 69: 1  2 

Char. 140: 2  1 

Char. 279: 0  1 

Char. 311: 1  0 

Char. 315: 0  1 

Knoetschkesuchus langenbergensis: 

Char. 6: 1  2 

Char. 22: 0  1 

Char. 66: 0 ? 

Char. 69: 1  2 

Char. 143: 2 ? 
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Char. 279:?  1 

Char. 315: 1  0 

Sabresuchus sympiestodon: 

Char. 35: 1 ? 

Char. 69: 1 ? 
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New Technology Search, full dataset: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

41 trees of 1488 steps, consensus: CI: 0.26, RI: 0.59, 1500 steps 
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Synapomorphies and bootstrap scores: 

Node 1 (77%): 33(1), 128(0), 143(1)  

Node 2 (100%): 1(2), 16(1), 19(1), 24(1), 30(1), 45(2), 47(1), 51(1), 55(1), 67(1), 68(1), 82(1), 

95(1), 99(1), 196(1), 197(2), 204(1), 205(1), 252(1)  

Node 3 (85%): 2(1), 60(1), 106(2), 114(1), 127(0), 143(0), 212(1) 

Node 4 (61%): 36(2), 49(2), 96(0), 139(1), 145(1) 

Node 5 (99%): 1(1), 32(1), 75(1), 97(1), 206(0), 214(1), 215(1), 216(1), 217(1), 219(1), 220(1), 

221(1), 222(1), 223(1), 224(1) 

Node 6 (42%): 25(1), 37(2), 39(1), 41(1), 79(1), 103(0), 125(1), 150(1), 197(1) 

Node 7 (27%): 192(1), 201(1), 211(1) 

Node 8 (40%): 108(3), 160(1), 262(1) 

Node 9 (25%): 55(0), 77(1), 143(1), 168(2), 203(0), 234(1) 

Node 10 (18%): 19(0), 67(3), 107(0), 142(0), 194(1) 

Node 11 (60%): 9(0), 10(2), 15(1), 17(1), 26(1), 45(1), 46(1), 83(1), 167(2), 193(0), 199(1), 

208(0) 

Node 12 (7%): 11(1), 23(1), 67(2), 96(1), 156(1), 157(1), 168(1), 182(1), 283(1), 320(1) 

Node 13: 81(1), 103(1), 161(1), 289(1), 314(0) 

Node 14: 56(1) 

Node 15 (100%): 5(1), 6(2), 18(1), 126(3), 141(1), 155(0), 159(1), 176(1), 183(1), 197(0), 

286(1), 287(1) 
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Node 16 (14%): 71(2), 76(1), 138(1), 143(2), 149(1), 170(1), 178(1) 

Node 17 (34%): 44(0), 120(1), 154(0), 159(1), 162(1), 164(1), 183(1), 272(1), 318(0) 

Node 18 (10%): 27(1), 67(1), 96(0), 106(2), 145(0), 192(1), 198(1), 212(0) 

Node 19 (37%): 95(0), 105(2), 159(0), 167(0), 178(0) 

Node 20 (42%): 1(1), 74(1), 79(0), 107(1), 226(1) 

Node 21 (52%): 27(0), 91(1), 108(1), 295(1) 

Node 22 (38%): 140(1), 165(1), 185(1), 232(1), 235(1), 279(1), 292(1), 318(1) 

Node 23 (75%): 78(2), 111(1), 127(0), 208(1), 237(1), 265(0), 294(1) 

Node 24 (43%): 108(2), 130(1), 148(1), 299(1) 

Node 25 (46%): 78(3), 106(4), 121(1), 124(1) 

Node 26 (77%): 127(0), 140(0), 170(0), 198(0), 225(1), 271(1) 

Node 27 (34%): 5(1), 6(2), 56(1), 71(3), 79(0), 112(0), 147(1), 150(0), 169(1), 312(1) 

Node 28 (2%): 100(1), 142(1), 165(1), 197(0) 

Node 29 (5%): 13(1), 96(2), 140(0), 265(0) 

Node 30 (52%): 3(2), 26(0), 36(1), 45(0), 63(0), 77(2), 107(1), 143(0), 236(2), 243(1), 270(0), 

305(2) 

Node 31: 33(1), 57(1), 64(1), 68(0), 128(0), 257(1) 

Node 32: 252(0) 

Node 33 (56%): 78(1), 163(1), 227(1), 239(1), 240(1), 265(1) 
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Node 34 (3%): 79(2), 178(1), 182(1), 183(1), 184(1), 264(0) 

Node 35 (3%): 27(1), 70(0), 81(1), 142(0), 159(3), 173(1), 300(1), 315(0) 

Node 36 (36%): 10(1), 44(0), 49(0), 71(4), 101(1), 207(1) 

Node 37: 45(0) 

Node 38: 315(1) 

Node 39: 37(1) 

Node 40 (36%): 5(0), 7(0) 

Node 41 (1%): 69(0), 92(1), 96(1), 97(1), 171(1) 

Node 42 (0%): 13(0), 65(0), 75(1), 153(0) 

Node 43 (2%): 71(4), 162(1), 169(0), 266(1) 

Node 44 (8%): 5(0), 11(1), 17(0), 22(1), 35(1), 56(0), 66(0), 259(1), 298(0) 

Node 45 (23%): 3(1), 4(1), 49(0), 79(1), 96(2), 97(0), 140(2), 229(1) 

Node 46: 11(0), 44(0), 100(0) 

Node 47: 12(1) 

Node 48: 18(1), 32(1), 69(2), 75(0), 126(2), 234(0), 266(0) 

Node 49 (69%): 36(2), 47(0), 64(1), 160(0), 181(1), 193(1), 195(1), 199(0), 211(1), 249(1), 

254(1), 262(2), 277(1), 318(0) 

Node 50 (56%): 29(1), 45(0), 79(2), 145(0), 168(1), 207(1) 

Node 51 (0%): 27(0), 170(1), 219(2), 260(1), 320(1) 
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Node 52 (90%): 80(1), 158(1), 184(0), 262(2), 317(1) 

Node 53 (11%): 9(0), 168(1), 216(2), 275(1) 

Node 54: 11(0), 49(0), 69(2), 92(0) 

Node 55: 297(0), 315(1) 

Node 56: 35(0), 44(0), 165(0), 171(0), 277(1) 

Node 57: 128(0), 311(0) 

Node 58: 44(2), 49(0), 79(1), 315(1) 

Node 59 (49%): 9(0), 122(0), 126(4), 178(0), 183(0), 302(1), 303(1), 306(1), 321(1) 

Node 60 (72%): 11(1), 278(0), 314(0), 315(0) 

Node 61 (65%): 5(0), 74(1), 79(0), 105(1), 141(1), 168(1) 

Node 62 (23%): 76(1), 117(0), 265(1), 268(1) 

Node 63 (8%): 44(2), 98(1), 260(1) 

Node 64 (73%): 3(2), 20(1), 57(1), 79(0), 178(0), 243(1), 267(0), 270(0) 

Node 65 (74%): 126(2), 238(1) 

Node 66 (15%): 13(0), 96(0), 97(2), 177(1), 223(1) 

Node 67 (4%): 258(0) 

Node 68 (18%): 264(1) 

Node 69 (30%): 77(0), 169(0), 279(1) 

Node 70 (19%): 82(2) 
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Heuristic search, full dataset: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

60 trees of 1488 steps, consensus: CI: 0.26, RI: 0.58, 1513 steps 

Synapomorphies and bootstrap scores: 

Node 1 (73%): 33(1), 128(0), 143(1)  



Appendix 4 

622 
 

Node 2 (100%): 1(2), 16(1), 19(1), 24(1), 30(1), 45(2), 47(1), 51(1), 55(1), 67(1), 68(1), 82(1), 

95(1), 99(1), 196(1), 197(2), 204(1), 205(1), 252(1)  

Node 3 (67%): 2(1), 60(1), 106(2), 114(1), 127(0), 143(0), 212(1) 

Node 4 (64%): 36(2), 49(2), 96(0), 139(1), 145(1) 

Node 5 (97%): 1(1), 32(1), 75(1), 97(1), 206(0), 214(1), 215(1), 216(1), 217(1), 219(1), 220(1), 

221(1), 222(1), 223(1), 224(1) 

Node 6 (37%): 25(1), 37(2), 39(1), 41(1), 79(1), 103(0), 125(1), 150(1), 197(1) 

Node 7 (19%): 192(1), 201(1), 211(1) 

Node 8 (39%): 108(3), 160(1), 262(1) 

Node 9 (24%): 55(0), 77(1), 143(1), 168(2), 203(0), 234(1) 

Node 10 (19%): 19(0), 67(3), 107(0), 142(0), 194(1) 

Node 11 (74%): 9(0), 10(2), 15(1), 17(1), 26(1), 45(1), 46(1), 83(1), 167(2), 193(0), 199(1), 

208(0) 

Node 12 (11%): 11(1), 23(1), 67(2), 96(1), 157(1), 168(1), 182(1), 283(1), 320(1) 

Node 13 (9%): 80(0), 103(1), 161(1), 289(1), 314(0) 

Node 14 (8%): 56(1) 

Node 15 (98%): 5(1), 6(2), 18(1), 126(3), 141(1), 155(0), 159(1), 176(1), 183(1), 197(0), 

286(1), 287(1) 

Node 16 (29%): 71(2), 76(1), 138(1), 143(2), 149(1), 170(1), 178(1) 

Node 17 (46%): 44(0), 120(1), 154(0), 159(1), 162(1), 164(1), 183(1), 272(1), 318(0) 
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Node 18 (16%): 27(1), 67(1), 96(0), 106(2), 145(0), 192(1), 198(1), 212(0) 

Node 19 (35%): 95(0), 105(2), 159(0), 167(0), 178(0) 

Node 20 (55%): 1(1), 74(1), 79(0), 107(1), 226(1) 

Node 21 (63%): 27(0), 91(1), 108(1), 295(1) 

Node 22 (43%): 140(1), 165(1), 185(1), 232(1), 235(1), 279(1), 292(1), 318(1) 

Node 23 (77%): 78(2), 111(1), 127(0), 208(1), 237(1), 265(0), 294(1) 

Node 24 (45%): 108(2), 130(1), 148(1), 299(1) 

Node 25 (50%): 78(3), 106(4), 121(1), 124(1) 

Node 26 (77%): 127(0), 140(0), 170(0), 198(0), 225(1), 271(1) 

Node 27 (35%): 5(1), 6(2), 56(1), 71(3), 79(0), 112(0), 147(1), 150(0), 169(1), 312(1) 

Node 28 (3%): 100(1), 165(1), 197(0) 

Node 29 (4%): 13(1), 96(2), 140(0), 265(0) 

Node 30 (62%): 3(2), 26(0), 36(1), 45(0), 63(0), 77(2), 107(1), 143(0), 236(2), 243(1), 268(1), 

270(0), 305(2) 

Node 31 (70%): 78(1), 163(1), 227(1), 239(1), 240(1), 241(1), 265(1) 

Node 32 (1%): 79(2), 178(1), 182(1), 183(1), 184(1), 264(0), 297(0) 

Node 33 (0%): 27(1), 70(0), 81(1), 159(3), 173(1), 300(1), 315(0) 

Node 34 (40%): 10(1), 44(0), 49(0), 71(4), 101(1), 207(1) 

Node 35 (17%): 45(0) 
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Node 36 (18%): 315(1) 

Node 37 (38%): 37(1) 

Node 38 (30%): 5(0), 7(0) 

Node 39 (0%): 69(0), 92(1), 96(1), 97(1), 171(1) 

Node 40 (0%): 13(0), 65(0), 75(1), 153(0) 

Node 41 (2%): 71(4), 162(1), 169(0), 266(1) 

Node 42 (7%): 5(0), 11(1), 17(0), 22(1), 35(1), 56(0), 66(0), 259(1), 298(0) 

Node 43 (19%): 3(1), 4(1), 49(0), 79(1), 96(2), 97(0), 140(2), 229(1) 

Node 44 (23%): 11(0), 44(0), 100(0) 

Node 45 (48%): 12(1) 

Node 46 (84%): 18(1), 32(1), 69(2), 75(0), 126(2), 324(0), 266(0) 

Node 47 (82%): 36(2), 47(0), 64(1), 160(0), 181(1), 193(1), 195(1), 199(0), 211(1), 249(1), 

254(1), 262(2), 277(1), 279(1), 318(0) 

Node 48 (70%): 29(1), 45(0), 79(2), 145(0), 168(1), 207(1) 

Node 49 (4%): 27(0), 170(1), 219(2), 260(1), 320(1) 

Node 50 (88%): 80(1), 158(1), 184(0), 262(2), 317(1) 

Node 51 (5%): 9(0), 168(1), 216(2), 275(1) 

Node 52 (16%): 11(0), 49(0), 69(2), 92(0) 

Node 53 (9%): 297(0), 315(1) 
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Node 54 (14%): 35(0), 44(0), 165(0), 171(0), 277(1) 

Node 55 (13%): 128(0), 311(0) 

Node 56 (7%): 44(2), 49(0), 79(1), 315(1) 

Node 57 (54%): 9(0), 122(0), 126(4), 178(0), 183(0), 302(1), 303(1), 306(1), 321(1) 

Node 58 (75%): 11(1), 278(0), 314(0), 315(0) 

Node 59 (61%): 5(0), 74(1), 79(0), 105(1), 141(1), 168(1) 

Node 60 (28%): 76(1), 117(0), 265(1), 268(1) 

Node 61 (8%): 44(2), 98(1), 260(1) 

Node 62 (87%): 3(2), 20(1), 57(1), 79(0), 178(0), 243(1), 267(0), 270(0) 

Node 63 (73%): 126(2), 238(1) 

Node 64 (9%): 13(0), 96(0), 97(2), 177(1), 223(1) 

Node 65 (6%): 258(0) 

Node 66 (22%): 264(1) 

Node 67 (38%): 77(0), 169(0), 279(1) 

Node 68 (18%): 82(2) 
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New Technology Search, without characters associated with ontogenetic variation: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

15 trees of 1444 steps, consensus: CI = 0.26, RI = 0.59, 1465 steps 
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Synapomorphies and bootstrap scores: 

Node 1 (73%): 33(0), 128(0), 143(1) 

Node 2 (100%): 1(2), 16(1), 19(1), 24(1), 30(1), 45(2), 47(1), 51(1), 55(1), 67(1), 82(1), 95(1), 

99(1), 196(1), 197(2), 204(1), 205(1), 252(1) 

Node 3 (79%): 2(1), 60(1), 106(2), 114(1), 127(0), 143(0), 212(1) 

Node 4 (51%): 36(2), 49(2), 96(0), 139(1), 145(1) 

Node 5 (98%): 1(1), 32(1), 75(1), 97(1), 206(0), 214(1), 215(1), 216(1), 217(1), 219(1), 220(1), 

221(1), 222(1), 223(1), 224(1) 

Node 6 (43%): 25(1), 37(2), 39(1), 41(1), 79(1), 103(0), 150(1), 197(1) 

Node 7 (29%): 192(1), 201(1), 211(1) 

Node 8 (56%): 108(3), 160(1), 262(1) 

Node 9 (30%): 55(0), 77(1), 143(1), 168(2), 203(0), 234(1) 

Node 10 (15%): 19(0), 67(3), 107(0), 142(0), 194(1) 

Node 11 (68%): 9(0), 10(2), 15(1), 17(1), 26(1), 45(1), 46(1), 83(1), 167(2), 193(0), 199(1), 

208(0), 301(1) 

Node 12 (10%): 23(1), 67(2), 96(1), 157(1), 168(1), 182(1), 283(1), 320(1) 

Node 13 (23%): 71(2), 76(1), 138(1), 143(2), 149(1), 170(1), 178(1) 

Node 14 (42%): 44(0), 120(1), 154(0), 162(1), 164(1), 272(1), 318(0) 

Node 15 (16%): 67(1), 96(0), 106(2), 192(1), 198(1) 

Node 16 (32%): 105(2), 167(0), 178(0) 
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Node 17 (43%): 1(1), 74(1), 79(0), 107(1), 226(1) 

Node 18 (61%): 91(1), 104(2), 108(1), 295(1) 

Node 19 (35%): 140(1), 165(1), 185(1), 232(1), 235(1), 279(1), 292(1), 318(1) 

Node 20 (75%): 78(2), 111(1), 127(0), 208(1), 237(1), 294(1) 

Node 21 (36%): 108(2), 130(1), 148(1), 299(1) 

Node 22 (48%): 78(3), 106(4), 121(1), 124(1) 

Node 23 (23%): 104(1) 

Node 24 (32%): 191(1), 271(1) 

Node 25 (73%): 140(0), 198(0), 225(1) 

Node 26 (11%): 81(1), 103(1), 161(1), 289(1), 314(0) 

Node 27 (10%): 56(1) 

Node 28 (97%): 5(1), 6(2), 18(1), 126(3), 141(1), 155(0), 159(1), 176(1), 183(1), 197(0), 

286(1), 287(1) 

Node 29 (38%): 5(1), 6(2), 56(1), 71(3), 79(0), 112(0), 147(1), 150(0), 169(1), 312(1) 

Node 30 (5%): 100(1), 165(1), 197(0) 

Node 31 (4%): 13(1), 96(2), 140(0) 

Node 32 (52%): 3(2), 26(0), 36(1), 45(0), 63(0), 77(2), 107(1), 143(0), 236(2), 268(1), 270(0), 

305(2) 

Node 33 (49%): 78(1), 163(1), 227(1), 239(1), 240(1), 241(1) 
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Node 34 (1%): 79(2), 178(1), 182(1), 183(1), 184(1) 

Node 35 (1%): 27(1), 70(0), 81(1), 159(3), 173(1), 315(0) 

Node 36 (47%): 10(1), 44(0), 49(0), 101(1), 207(1) 

Node 37 (19%): 45(0) 

Node 38 (16%): 315(1) 

Node 39 (52%): 37(1) 

Node 40 (41%): 5(0), 7(0) 

Node 41 (0%): 69(0), 96(1), 97(1), 162(1) 

Node 42 (3%): 75(1), 169(0), 223(1), 266(1) 

Node 43 (5%): 5(0), 17(0), 22(1), 56(0), 66(0), 171(1), 259(1), 298(0) 

Node 44 (17%): 3(1), 49(0), 97(0), 140(2), 229(1), 312(0), 315(1) 

Node 45 (40%): 100(0), 122(0), 124(0), 159(2) 

Node 46 (77%): 18(1), 31(0), 32(1), 90(1), 234(0) 

Node 47 (86%): 36(2), 47(0), 64(1), 160(0), 181(1), 193(1), 195(1), 199(0), 211(1), 249(1), 

254(1), 277(1), 318(0) 

Node 48 (84%): 29(1), 45(0), 145(0), 168(1), 207(1) 

Node 49 (6%): 27(0), 170(1), 219(2), 260(1), 301(0), 320(1) 

Node 50 (86%): 80(1), 122(0), 158(1), 184(0), 317(1) 

Node 51 (4%): 9(0), 168(1), 216(2), 275(1) 
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Node 52 (13%): 49(0), 69(2) 

Node 53 (18%): 297(0), 315(1) 

Node 54 (14%): 44(0), 165(0), 171(0), 277(1) 

Node 55 (29%): 128(0), 311(0) 

Node 56 (5%): 43(1), 76(1), 182(2), 268(1) 

Node 57 (0%): 171(1), 278(0) 

Node 58 (0%): 23(1), 260(1), 297(0) 

Node 59 (0%): 82(2) 

Node 60 (0%): 77(0) 

Node 61 (2%): 45(0), 81(0), 159(0), 162(0) 

Node 62 (8%): 49(0), 65(0), 268(0), 312(0) 

Node 63 (63%): 23(0), 165(0), 302(1), 303(1), 306(1), 307(1), 321(1) 

Node 64 (22%): 297(1), 304(1) 

Node 65 (64%): 5(0), 74(1), 105(1), 141(1), 168(1), 278(1), 315(1) 

Node 66 (34%): 315(1), 320(1) 

Node 67 (73%): 3(2), 13(1), 20(1), 57(1), 270(0) 

Node 68 (71%): 126(2), 238(1) 

Node 69 (28%): 96(0), 97(2), 177(1), 223(1) 

Node 70 (31%): 169(0), 258(0), 264(1), 278(1), 279(1) 
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Appendix 5: Supplementary Material concerning the publication 

‘A multi-isotopic study reveals the paleoecology of a sebecid from 

the Paleocene of Bolivia’ 

Supplementary Material S1: Samples used in this study: 

 

 

  

 

 

 

 

Figure V-1: Picture of sebecid tooth sampled, sample name S1. 
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Figure V-2: Picture of sebecid tooth sampled, sample name S2. 
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Figure V-3: Picture of sebecid teeth sampled, sample name S3 & S4. 
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Figure V-4: Picture of dyrosaurid teeth sampled, sample name D1 to D4.
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Figure V-5: Picture of fish remains sampled, sample name DE, GA1 & GA2. 
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Figure V-6: Picture of mammal teeth sampled, sample name Mmf1 to Mmf4. The specimens were sampled in 
bulk to compose four different samples. 
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Figure V-7: Picture of mammal teeth sampled, sample name P1: before (A) and after (B) sampling and P2: 
before (A) and after (B) sampling. Scale bars are 1 cm.
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Supplementary Material S2: Geographical and stratigraphical situation of 

Tiupampa. Red dot is the locality of Tiupampa. Maps is from Google Maps 

(2023) and Jouve et al. (2021; fig. 1), scale bar is 10 km. Stratigraphic scale 

is modified from Jouve et al. (2021; fig. 2): 
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Supplementary Material S3: Detailed protocols and analytical techniques: 

Oxygen isotope analysis of biogenic apatite phosphate 

This protocol seeks to isolate the phosphate (PO4
3-) from the vertebrate apatite as silver 

phosphate (Ag3PO4) crystals using acid dissolution and anion-exchange resin. For each sample, 

at least 10 mg of powder was dissolved in 2 mL of 2M HF. The CaF2 residue was separated by 

centrifugation and the solution was then neutralized by adding 2.2 mL of 2M KOH. 

Amberlite™IRN78 anion-exchange resin beads were added to the solution to isolate the PO4
3- 

ions. After 24h, the solution was removed, the resin was rinsed with double deionized water 

and eluted with 27.5 mL of 0.5M NH4NO3. After 4h, 0.5 mL of NH4OH and 15 mL of an 

ammoniacal solution of AgNO3 were added and the solution were placed in a thermostated bath 

at 70°C for 7h, allowing the precipitation of Ag3PO4 crystals, which were then analysed. 

Oxygen and carbon isotope analysis of biogenic apatite carbonate 

Following the protocol of Koch et al. (1997), vertebrate apatite powders were washed with a 

2% NaOCl solution to remove organic matter, then rinsed and centrifugated four times with 

double deionized water. Afterwards, ultrapure acetic acid (0.1 M) was added and left for up to 

24h, then the powders were rinsed and centrifugated again four times with double deionized 

water and air dried at 40°C. For both treatments, the powder/solution ratio was kept constant at 

0.04 g/mL.  

Calcium and strontium isotope analysis of vertebrate apatite 

Leaching 

Following the protocol of Balter et al. (2002), the samples was submitted to a leaching 

procedure as follows: the powders were transferred into microcentrifuge tubes (2mL 

polypropylene) and 500 μL of ultrapure acetic acid (0.1 M) was added and left for 25 min. The 

powders were then rinsed and centrifugated three times with double deionized water. 

Ca and Sr purification and separation 

In summary, after the acid attack described in the Material & Methods section, the samples 

were first loaded in chromatography columns with AG50W-X12 resin to collect only calcium, 

strontium and iron and discard all other matrix elements. Then, a second separation procedure 

was performed using chromatography columns with AG50W-X8 resin to collect only calcium 
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and strontium and remove iron elements. Finally, a third separation procedure using 

chromatography columns with Sr-Specific resin allowed to separate the calcium from the 

strontium in the samples. All these steps are explicated in detail in Table 1 below.  

Table 1: Protocol for Ca and Sr purification and separation 

Step Acid Volume (mL) 

1- Matrix removal 

(using AG50W-X12 

resin) 

  

Wash 6N HCl 4 

Conditioning 0.4N HCl 2.5 

Load 0.4N HCl 0.2 

Elution 
0.4N HCl 12.8 

1N HCl 3.5 

Recover Ca, Sr, and Fe 6N HCl 2.5 

2- Fe removal (using 

AG50W-X8 resin) 
  

Wash 

H2O (DD) 15 

0.5N HNO3 5 

6N HCl 5 

Conditioning 6N HCl 5 

Load 6N HCl 0.2 

Recover Ca and Sr 6N HCl 4.3 

Elution 0.5N HNO3 5 
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3- Separation of Ca 

and Sr (using Sr-

Specific resin) 

  

Wash 0.5N HNO3 4 

Conditioning 3N HNO3 2.5 

Load 3N HNO3 0.3 

Recover Ca 3N HNO3 3.2 

Recover Sr 0.5N HNO3 4 

 

Supplementary Material S5: Estimation of mean annual precipitation 

(MAP): 

MAP is estimated through the following equation (Rey et al., 2013): 

(1) Log10 (MAP +300) = 0.092 Δ + 1.148 

where MAP: mean annual precipitation (in mm/year). 

Furthermore, after Kohn (2010): 

(2) Δ = (δ13Catm – δ13Cleaf) / (1 + δ13Cleaf / 1000) 

where δ13Catm: carbon isotope composition of atmosphere (‰V-PDB, estimated using 

equations 3 to 7) and δ13Cleaf carbon isotope composition of diet (C3 plants in this study, -22 ‰ 

V-PDB). 

Carbon isotope composition of the atmosphere was estimated through the following equations 

(Barral et al., 2017): 

(3) δ13Catm = ((δ13Cforam + ε (13C / 12C)DIC/CaCO3 + A + 103) / ((ε (13C/12C)DIC/CO2 / 103) + 1)) 

– 103 

where δ13Cforam: carbon isotope composition measured in benthic foraminifera (values taken 

from Cramer et al., 2009); ε (13C / 12C)DIC/CaCO3: carbon isotope fractionation between dissolved 

inorganic carbon (DIC) and the calcium carbonate of benthic foraminifera (-1‰; Romanek et 
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al., 1992); A: combined factor representing the sum total of disequilibrium effects on carbonate 

production by benthic foraminifera at high latitudes, associated with the biological pump, the 

surface water DIC and the subsurface bacterial oxidation of organic matter (2.8‰; Tipple et 

al., 2010) and ε (13C/12C)DIC/CO2: carbon isotope fractionation between DIC and atmospheric 

CO2. 

(4) ε (13C/12C)DIC/CO2 = (0.91 ε (13C / 12C) HCO3/CO2) + (0.08 ε (13C / 12C)CO3/CO2)  

where ε (13C / 12C) HCO3/CO2: fractionation factor for HCO3
- regarding atmospheric CO2 and ε 

(13C / 12C)CO3/CO2: fractionation factor for CO3
2- regarding atmospheric CO2 

(5) ε (13C / 12C) HCO3/CO2 = -0.1141 T + 10.78     (Zhang et al., 1995) 

where T: foraminiferal calcification temperature (in °C) 

(6) ε (13C / 12C)CO3/CO2 = 0.052 T + 7.22     (Zhang et al., 1995) 

 

(7) T = 17 – 4.52 (δ18Oforam – δ18OH2O) + 0.03 (δ18Oforam – δ18OH2O)2  (Erez & Luz, 1983) 

where δ18Oforam: oxygen isotope composition measured in benthic foraminifera (values taken 

from Cramer et al., 2009); δ18OH2O: oxygen isotope composition of seawater (-1‰; Lécuyer et 

al., 2013; Martin et al., 2014).  

References 

Balter V., Saliège J. F., Bocherens H. & Person A. (2002). Evidence of physico–chemical and isotopic 

modifications in archaeological bones during controlled acid etching. Archaeometry, 44(3): 329-336. 

https://doi.org/10.1111/1475-4754.t01-1-00065  

Barral A., Gomez B., Legendre S. & Lécuyer C. (2017). Evolution of the carbon isotope composition of 

atmospheric CO2 throughout the Cretaceous. Palaeogeography, Palaeoclimatology, Palaeoecology, 471, 40-47. 

https://doi.org/10.1016/j.palaeo.2017.01.034  

Cramer B. S., Toggweiler J. R., Wright J. D., Katz M. E. & Miller K. G. (2009). Ocean overturning since the 

Late Cretaceous: Inferences from a new benthic foraminiferal isotope compilation. Paleoceanography, 24(4): 1-

14. https://doi.org/10.1029/2008PA001683  

Erez J. & Luz B. (1983). Experimental paleotemperature equation for planktonic foraminifera. Geochimica et 

Cosmochimica Acta, 47(6), 1025-1031. https://doi.org/10.1016/0016-7037(83)90232-6 



Appendix 5 

647 
 

Jouve S., Muizon C. d., Cespedes-Paz R., Sossa-Soruco V. & Knoll S. (2021). The longirostrine crocodyliforms 

from Bolivia and their evolution through the Cretaceous–Palaeogene boundary. Zoological Journal of the Linnean 

Society, 192(2): 475-509. https://doi.org/10.1093/zoolinnean/zlaa081  

Koch P. L., Tuross N. & Fogel M. L. (1997). The effects of sample treatment and diagenesis on the isotopic 

integrity of carbonate in biogenic hydroxylapatite. Journal of Archaeological Science, 24(5): 417-429. 

https://doi.org/10.1006/jasc.1996.0126  

Kohn M. J. (2010). Carbon isotope compositions of terrestrial C3 plants as indicators of (paleo) ecology and 

(paleo) climate. Proceedings of the National Academy of Sciences, 107(46), 19691-19695. 

https://doi.org/10.1073/pnas.1004933107  

Lécuyer C., Amiot R., Touzeau A. & Trotter J. (2013). Calibration of the phosphate δ18O thermometer with 

carbonate–water oxygen isotope fractionation equations. Chemical Geology, 347, 217-226. 

https://doi.org/10.1016/j.chemgeo.2013.03.008  

Martin J. E., Amiot R., Lécuyer C. & Benton M. J. (2014). Sea surface temperature contributes to marine 

crocodylomorph evolution. Nature communications, 5(1), 1-7. https://doi.org/10.1038/ncomms5658  

Rey K., Amiot R., Lécuyer C., Koufos G. D., Martineau F., Fourel F., Kostopoulos D.S. & Merceron G. 

(2013). Late Miocene climatic and environmental variations in northern Greece inferred from stable isotope 

compositions (δ18O, δ13C) of equid teeth apatite. Palaeogeography, Palaeoclimatology, Palaeoecology, 388: 48-

57. https://doi.org/10.1016/j.palaeo.2013.07.021  

Romanek C. S., Grossman E. L. & Morse J. W. (1992). Carbon isotopic fractionation in synthetic aragonite and 

calcite: effects of temperature and precipitation rate. Geochimica et Cosmochimica acta, 56(1), 419-430. 

https://doi.org/10.1016/0016-7037(92)90142-6  

Tipple B. J., Meyers S. R. & Pagani M. (2010). Carbon isotope ratio of Cenozoic CO2: A comparative evaluation 

of available geochemical proxies. Paleoceanography, 25(3): 1-11. https://doi.org/10.1029/2009PA001851  

Zhang J., Quay P. D. & Wilbur D. O. (1995). Carbon isotope fractionation during gas-water exchange and 

dissolution of CO2. Geochimica et Cosmochimica Acta, 59(1): 107-114. https://doi.org/10.1016/0016-

7037(95)91550-D  

 

 

 

 

 



 

648 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

649 
 

Appendix 6: Information related to the multi-isotopic studies of 
Réalmont, Aumelas and El Kohol 

Réalmont (France) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure VI-3: Rea 2 before sampling. Figure VI-4: Rea 2 after sampling. 

Figure VI-1: Rea 1 before sampling. Figure VI-2: Rea 1 after sampling. 
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Figure VI-7: Rea 4 before sampling. Figure VI-8: Rea 4 after sampling. 

Figure VI-5: Rea 3 before sampling. Figure VI-6: Rea 3 after sampling. 
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Figure VI-9: Rea 5 before sampling. Figure VI-10: Rea 5 after sampling. 

Figure VI-11: Rea 6 before sampling. 
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Figure VI-15: Rea 9 before sampling. Figure VI-16: Rea 9 after sampling. 

Figure VI-12: Rea 7 before sampling.   

Figure VI-13: Rea 8 before sampling. Figure VI-14: Rea 8 after sampling. 
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Aumelas (France) 

Figure VI-17: Rea 10 before sampling. Figure VI-18: Rea 10 after sampling. 

Figure VI-22: Aum1873A after sampling. 

Figure VI-19: Aum180 before sampling. Figure VI-20: Aum180 after sampling. 

Figure VI-21: Aum1873A before sampling. 
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Figure VI-27: Aum1872 before sampling. Figure VI-28: Aum1872 after sampling. 

Figure VI-23: Aum1873B before sampling.   Figure VI-24: Aum1873B after sampling. 

Figure VI-25: Aum1873C before sampling. Figure VI-26: Aum1873C after sampling. 
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Figure VI-33: AI after sampling. 

Figure VI-29: KD1 before sampling. Figure VI-30: KD2 before sampling. 

Figure VI-31: KD3 before sampling. Figure VI-32: KD4 before sampling. 
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El Kohol (Algeria) 

 

 

 

 

Figure VI-36: KABC-06 before sampling. Figure VI-37: KABC-06 after sampling. 

Figure VI-34: KABC-05 before sampling. Figure VI-35: KABC-05 after sampling. 
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Figure VI-42: KDT before sampling. Figure VI-43: KDT after sampling. 

Figure VI-38: KABC-07 before sampling. Figure VI-39: KABC-07 after sampling. 

Figure VI-40: KDE before sampling. Figure VI-41: KDE after sampling. 
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Appendix 7: List of specimens scanned and segmented in this 
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*people who have taken part in the segmentation (all from Université Lyon 1): Benjamin Dailh 

(B. D.), Céline Salaviale (C. S.), Davide Conedera (D. C.), Gwendal Perrichon (G. P.), Jeremy 

Martin (J. M.), Jeanne Rolland (J. R.), Nicolas Rinder (N. R.) & Yohan Pochat-Cottilloux (Y. 

P.) 
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Appendix 8: List of other specimens used in this thesis, obtained 
from collaborations / open data 
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*people who have taken part in the segmentation: A. H. (Alan Turner, Stony Brook University), 

Benjamin Dailh (B. D., Université Lyon 1), Céline Salaviale (C. S., Université Lyon 1), Davide 

Conedera (D. C., Université Lyon 1), Eduardo Puértolas-Pascual (E. D.; Universidad de 

Zaragoza), Eric Wilberg (E. W., Stony Brook University), Gwendal Perrichon (G. P., Université 

Lyon 1), Jorgo Ristevski (J. R.; University of Queensland), J. S. (Julia Schwab, University of 

Manchester), M. B. (Mario Bronzati, Universidade de São Paulo), Y. H. (Yanina Herrera, 

Universidad Nacional de La Plata) & Yohan Pochat-Cottilloux (Y. P., Université Lyon 1) 
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Appendix 9: Supplementary Material concerning the publication 
‘The neuroanatomy and pneumaticity of Hamadasuchus

(Crocodylomorpha, Peirosauridae) from the Cretaceous of 
Morocco and its paleoecological significance for altirostral forms’

Supplem
entary M

aterial S1:Figure show
ing transverse slices at different anteroposterior positions throughout the skull of H

am
adasuchus(U

C
B

L-FSL
532408). bo: basioccipital, bs: basisphenoid, ec: ectopterygoid, f: frontal, j: jugal, ls: laterosphenoid, ot: otoccipital, p: parietal,po: postorbital, pt: 
pterygoid, q: quadrate, qj: quadratojugal, sq: squam

osal. Scale bar is 5 cm
.
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Supplem
entary M

aterial S2:Figure show
ing three-dim

ensional reconstructions of the segm
ented parts of the skull of H

am
adasuchus

(U
C

B
L-FSL 532408) w

ith the skull 
rendered sem

i-transparent in dorsal (A
), ventral (B

), lateral (C
), anterior (D

), posterior (E) and anterior ¾
 (F) view

s. V: cranial nerve V, IX
-X

I / X
II: cranial nerve IX

-X
I and/or 

X
II, fm

: foram
en m

agnum
, hb: hindbrain, ic: internal carotid artery, id: intertym

panic diverticulum
, p: parietal, pf: pituitary fossa, po: postorbital, ps: pharyngotym

panic sinus, 
pt: pterygoid, q: quadrate, qd: quadrate diverticulum

, sf: supratem
poral fenestra, sq: squam

osal. Scale bar is 5 cm
.
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Appendix 10: Supplementary Material concerning the publication 
‘A survey of osteoderm histology and ornamentation among 

Crocodylomorpha: a new proxy to infer lifestyle?’ 

 

Supplementary Material S1: Four thin sections made from the osteoderm of Iberosuchus (UCBL-FSL 530948-
90080 in dorsal view). Scale bar is 1 cm. 
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