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Abstract
We present the first detailed braincase anatomical description and neuroana-
tomical study of Portugalosuchus azenhae, from the Cenomanian (Late Cretaceous) 
of Portugal. This eusuchian crocodylomorph was originally described as a puta-
tive Crocodylia and one of the oldest representatives of this clade; however, its 
phylogenetic position remains controversial. Based on new data obtained from 
high resolution Computed Tomography images (by micro-CT scan), this study 
aims to improve the original description of this taxon and also update the scarce 
neuroanatomical knowledge of Eusuchia and Crocodylia from this time interval, 
a key period to understand the origin and evolution of these clades. The result-
ing three-dimensional models from the CT data allowed a detailed description of 
its well-preserved neurocranium and internal cavities. Therefore, it was possible 
to reconstruct the cavities of the olfactory region, nasopharyngeal ducts, brain, 
nerves, carotid arteries, blood vessels, paratympanic sinus system and inner ear, 
which allowed to estimate some neurosensorial capabilities. By comparison with 
other crocodylomorphs, these analyses showed that Portugalosuchus, back in the 
Cenomanian, already displayed an olfactive acuity, sight, hearing and cognitive 
skills within the range of that observed in other basal eusuchians and crocodylians, 
including extant species. In addition, and in order to test its disputed phylogenetic 
position, these new anatomical data, which helped to correct and complete some 
of the original observations, were included in one of the most recent morphology-
based phylogenies. The position of Portugalosuchus differs slightly from the original 
publication since it is now located as a “thoracosaurid” within Gavialoidea, but still 
as a crocodylian. Despite all this, to better contrast these results, additional phylo-
genetic analyses including this new morphological character coding together with 
DNA data should be performed.
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1  |  INTRODUC TION

1.1  |  Neuroanatomical studies on 
Crocodylomorpha

Since the first neuroanatomical studies on fossil crocodylo-
morphs by Owen  (1842, 1850), advances in this discipline have 
not stopped growing, especially with the beginning of the 21st 
century. This increase in recent decades is due to the widespread 
use of Computerized Tomography (CT) to scan fossil and extant 
skulls, since, before this technology, these studies were based on 
natural and artificial endocasts and broken specimens (e.g., Serrano-
Martínez, 2019 and references therein). The use of CT scan tech-
nology in paleontology allows the reconstruction of the internal 
structures and soft tissues that filled the inner cavities of the skulls 
(e.g., Witmer et al., 2008).

The first digital three-dimensional reconstructions of cranial 
cavities of extinct crocodylomorphs by using CT images were ob-
tained from the notosuchians Anatosuchus, Araripesuchus (Sereno 
& Larsson, 2009) and Simosuchus (Kley et al., 2010). Regarding this 
clade, neuroanatomical studies on notosuchian taxa remain scarce, 
although their relevance is increasing in recent years. For exam-
ple, stand out the works on three-dimensional reconstructions of 
the cranial cavities of Sebecus (Colbert et al.,  1946), Wargosuchus 
(Martinelli & Pais,  2008), Zulmasuchus (Pochat-Cottilloux 
et al., 2022), Mariliasuchus (Maria et al., 2010; Rodrigues et al., 2010), 
Rukwasuchus (Sertich & O'Connor, 2014), Araripesuchus (Fernández-
Dumont et al.,  2017), Campinasuchus (Fonseca et al.,  2020) and 
Baurusuchus (Dumont Jr et al., 2022).

Neuroanatomical research on basalmost crocodylomorphs is 
relatively scarce. To date, only a few studies on the endocranial 
anatomy and paratympanic pneumaticity have been published: 
e.g., for the noncrocodyliform crocodylomorphs Sphenosuchus 
(Walker, 1990), Macelognathus (Leardi et al., 2017), and Almadasuchus 
(Leardi et al., 2020) and the basal crocodyliform Eopneumatosuchus 
(Melstrom et al., 2022).

Regarding other groups, Thalattosuchia is probably the ex-
tinct crocodylomorph clade that has produced more studies on 
its neuroanatomy. We can highlight several works on neurosenso-
rial analyses (Brusatte et al.,  2016; Pierce et al.,  2017) and palae-
oecological and phylogenetical implications of their neuroanatomy 
(Herrera et al., 2018; Schwab et al., 2020). But the most abundant 
works are about descriptions of the inner skull cavities, includ-
ing taxa such as Cricosaurus (Fernández & Gasparini,  2000, 2008; 
Fernández & Herrera,  2009; Herrera,  2015; Herrera et al.,  2013, 
2018), ‘Metriorhynchus’ (Fernández et al., 2011; Schwab et al., 2021), 
Dakosaurus (Herrera & Vennari,  2015), Plagiophtalmosuchus 
(Brusatte et al.,  2016), Macrospondylus (Herrera et al.,  2018; 
Wilberg et al., 2022), Maledictosuchus (Parrilla-Bel et al., 2016) and 
Pelagosaurus (Pierce et al., 2017).

Several studies have been published on the neuroanatomy of 
noneusuchian neosuchians: e.g., dyrosaurid Rhabdognathus (Erb 
& Turner,  2021), pholidosaurid Pholidosaurus and the putative 

goniopholidid ‘Goniopholis pugnax’ (Edinger, 1938). Among Eusuchia, 
most of the works are focused on the neuroanatomy of the crown-
group Crocodylia. Thanks to CT scans, silicone casting, and cranial 
dissections, descriptive works of the inner skull cavities and soft 
tissue from extant crocodylians stand out (e.g., Bona et al.,  2017; 
Brusatte et al., 2016; Colbert, 1946; Franzosa, 2004; Hopson, 1979; 
Kawabe et al., 2009; Kuzmin et al., 2021; Lessner, 2021; Lessner & 
Holliday, 2022; Owen, 1850; Pierce et al., 2017; Schwab et al., 2022; 
Serrano-Martínez,  2019; Tarsitano,  1985; Witmer et al.,  2008; 
Witmer & Ridgely, 2009). In addition, several studies on the ontog-
eny of the skull cavities of extant crocodylians have also been carried 
out (Dufeau & Witmer, 2015; Hu et al., 2021; Jirak & Janacek, 2017; 
Kuzmin et al., 2021; Watanabe et al., 2019).

In contrast, neuroanatomical studies on fossil eusuchians 
remain scarce. On noncrocodylian basal eusuchians, there 
are a few papers about Aegisuchus (Holliday & Gardner,  2012) 
and Allodaposuchidae (Blanco et al.,  2015; Puértolas-Pascual 
et al.,  2022; Serrano-Martínez,  2019; Serrano-Martínez 
et al., 2019a, 2021). And, regarding fossil crocodylians, these kinds 
of studies are even scarcer, with just some papers about the basal 
alligatoroid Diplocynodon (Serrano-Martínez et al., 2019b) and de-
rived caimanine alligatoroid Mourasuchus (Bona et al., 2013), the 
gavialoids Thoracosaurus (Lemoine, 1883) and Gryposuchus (Bona 
et al.,  2017), the tomistomines Maomingosuchus (‘Tomistoma’) 
(Yeh,  1958) and Gunggamarandu (Ristevski et al.,  2021), and 
the mekosuchines crocodyloid Paludirex and Trilophosuchus 
(Ristevski, 2022; Ristevski et al., 2020).

The oldest representatives of Eusuchia have a record since the 
Early Cretaceous of Europe (Clark & Norell, 1992) to be the dominant 
crocodylomorph clade during the Late Cretaceous and Cenozoic 
ecosystems of this continent (see Puértolas-Pascual et al.,  2016 
and references therein). The braincase studied here corresponds 
to the skull of Portugalosuchus azenhae Mateus et al.  (2019), from 
the Late Cretaceous (Cenomanian) of Casais dos Carecos, Coimbra 
(Portugal). The specimen (ML1818) was recovered from marine 
mixed siliciclastic-carbonate deposits in the West Portuguese 
Carbonate Platform (Mateus et al., 2019). This eusuchian crocody-
lomorph was originally described as a putative Crocodylia, and may 
be the oldest representative of this clade (Mateus et al., 2019; Rio 
& Mannion,  2021). Therefore, the present study aims to update 
the scarce neuroanatomical knowledge of taxa from the early ra-
diation of Eusuchia and the origin of the crown-group Crocodylia 
by studying the neuroanatomy and neurosensorial capabilities of 
Portugalosuchus. Crocodylomorph remains from this time interval 
are scarce worldwide; therefore, this work may provide important 
information about the development of the brain structures in eusu-
chians and the first crocodylians. In addition, and thanks to the new 
anatomical information observed from the CT scan of this specimen, 
it has been possible to update the cladistic matrix (Supplementary 
Information  S2) with new codification of several characters. This 
allowed us to perform a more accurate phylogenetic analysis that 
places Portugalosuchus as a “thoracosaurid” within the crown-group 
Crocodylia.
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    |  3PUÉRTOLAS-­PASCUAL et al.

2  |  MATERIAL S AND METHODS

The specimen here studied corresponds to the skull (Figures  1 
and 2) and mandible (Figure  3) holotype of Portugalosuchus azen-
hae (ML1818), which is housed in the collection of the Museu da 
Lourinhã (Lourinhã, Portugal). The specimen was almost completely 
prepared (some areas still have rock matrix) using a compressed air 
scribe hammer and consolidated with Paraloid B-72 before image 
acquisition.

To perform the three-dimensional reconstructions (Figures 2–6),  
the skull and mandible were analyzed by CT scan. ML1818 was 
scanned with the micro-CT (V|Tome|X s 240 of GE Sensing & 
Inspections Technologies) at the Centro Nacional de Investigación 
sobre Evolución Humana (CENIEH) (Burgos, Spain), with a voltage 
of 170 kV (160 kV for the mandible scan) and a current intensity of 
250 μA. The resulting scan yielded 1599 images (3048 for the man-
dible scan) with 0.11000033 mm voxel size (0.05649985 for the 
mandible scan) and image resolution of 2024 × 2024 pixels. Raw 
data from the scan were imported, processed and segmented with 
the software Avizo Software 2020.3 (Thermo Fisher Scientific). The 
3D models obtained were rendered with Blender v. 2.90.1 (Blender 
Foundation).

The terminology and color pattern of the figures are based 
on: Witmer et al.  (2008) for the brain cavities; Holliday and 
Witmer (2009) and Lessner and Holliday (2022) for the nerves; and 
Dufeau and Witmer (2015) and Kuzmin et al. (2021) for the paratym-
panic sinus system and the inner ear.

The three-dimensional reconstruction of the inner cavities 
(Figures  7–10) and neurosensorial analyses of ML1818 were com-
pared with multiple available crocodylomorphs specimens digi-
tally reconstructed (†  =  extinct taxa). Among the crown- group 
Crocodylia, ML1818 was compared with the basal alligatoroid 
†Diplocynodon tormis Buscalioni et al.  (1992) (STUS-344; Serrano-
Martínez et al.,  2019b), the alligatorines Alligator mississippiensis 
(Daudin, 1802) (OUVC-9761, Witmer & Ridgely, 2008; 13 specimens 
from Dufeau & Witmer,  2015; MZB 92–0231, Serrano-Martínez 
et al.,  2019a; and DVZ M 4/13, Kuzmin et al.,  2021) and Alligator 
sinensis Fauvel, 1879 (DVZ M 2/13 and 3/13, Kuzmin et al., 2021), 
and the caimanines Caiman crocodilus Linnaeus, 1758 (FMNH 73711, 
Brusatte et al.,  2016; and caiman_crocodilus_CRARC, Serrano-
Martínez et al., 2019a), Caiman yacare Daudin, 1802 (ZMMU MSU 
R-6967, Kuzmin et al., 2021), Melanosuchus niger (Spix, 1825) (RVC-
JRH-FBC1, Serrano-Martínez et al.,  2021) and †Mourasuchus nati-
vus (Gasparini,  1985) (MLP 73-IV-15-9, Bona et al.,  2013). Among 

F I G U R E  1  Photographs of the skull of the holotype of Portugalosuchus azenhae (ML1818) in: dorsal (a), ventral (b), left lateral (c), right 
lateral (d), anterior (e) and posterior (f) views.

 14697580, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/joa.13836 by R

eadcube (L
abtiva Inc.), W

iley O
nline L

ibrary on [06/02/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



4  |    PUÉRTOLAS-­PASCUAL et al.

crocodyloids we compared ML1818 with Crocodylus niloticus 
Laurenti,  1768 (MZB 2003–1423: Serrano-Martínez et al.,  2019a), 
Crocodylus johnstoni Krefft,  1873 (OUVC 10425, Witmer 
et al.,  2008), Crocodylus moreletii Duméril & Bibron,  1851 (RVC-
JRH-FMC3, Serrano-Martínez et al.,  2021), Crocodylus novaeguin-
eae (Schmidt,  1928) (DVZ M 9/13, Kuzmin et al.,  2021), Mecistops 
cataphractus (Cuvier,  1824) (DVZ M 6/13, Kuzmin et al.,  2021), 
Osteolaemus tetraspis Cope,  1861 (MZB 2006–0039, Serrano-
Martínez et al., 2019a; DVZ M 7/13, Kuzmin et al., 2021), and the me-
kosuchines †Paludirex (CMC 2019–010-5 and QMF 59017, Ristevski 
et al., 2020) and †Trilophosuchus (QMF 16856, Ristevski, 2022). In 
addition, the tomistomines Tomistoma schlegelii (Müller, 1838) (TMM 
M-6342, www.digim​orph.org, Serrano-Martínez et al.,  2019a; 
ZMMU MSU R-9296 and ZMMU MSU R-13859, Kuzmin et al., 2021) 
and †Gunggamarandu maunala Ristevski et al.  (2021) (QMF 
14.548, Ristevski et al., 2021) and the gavialids Gavialis gangeticus 
(Gmelin, 1789) (MLP 602, Bona et al., 2017; UMZC R 5792, Pierce 
et al., 2017; UF 118998, www.morph​osour​ce.org, Serrano-Martínez 
et al., 2019a; ZIN 7249, Kuzmin et al., 2021), †Gryposuchus neogaeus 
(MLP 68-IX-V-1, Bona et al.,  2017), and †Thoracosaurus borissiaki 
(CCMGE 1/3373) were also used for comparisons.

Within basal eusuchians, ML1818 was compared with var-
ious allodaposuchids: †Arenysuchus gascabadiolorum Puértolas 

et al.  (2011) (MPZ 2011/184; Puértolas-Pascual et al.,  2022), 
†Agaresuchus subjuniperus (Puértolas-Pascual et al.,  2014) (MPZ 
2012/288; Puértolas-Pascual et al., 2022) †Lohuecosuchus megadon-
tos Narváez et al.  (2015) (HUE-04498, and the juvenile specimens 
HUE-02018, HUE-02815 and HUE-08881; Serrano-Martínez 
et al., 2019, 2021), †Agaresuchus fontisensis Narváez et al.  (2016) 
(HUE-02502 and HUE-03713; Serrano-Martínez,  2019; Serrano-
Martínez et al., 2021) and †Allodaposuchus hulki Blanco et al. (2015) 
(MCD5139; Blanco et al., 2015). In addition, ML1818 was compared 
with several paralligatorids: e.g., †Shamosuchus djadochtaensis 
Mook,  1924 (IGM 100/1195, Pol et al.,  2009), †Paralligator gradili-
frons Konzhukova,  1954 (PIN 554–1, PIN 3141/501; Kuzmin I.T., 
pres.obs.), and †Kansajsuchus extensus Efimov, 1975 (PIN 2399/308, 
Kuzmin et al.,  2019). Outside Eusuchia, we have also compared 
ML1818 with the neosuchian dyrosaurid †Rhabdognathus (AMNH 
FARB 33354, Erb & Turner, 2021).

Among other mesoeucrocodylian clades, we compared ML1818 
with notosuchians such as †Simosuchus clarki Buckley et al.  (2000) 
(UA-8679, Kley et al., 2010), †Baurusuchus (IFSP-VTP/PALEO-0002, 
FEF-PV-R-1/9, FUP–Pv 000020 and IFSP-VTP/PALEO-0003, 
Dumont Jr et al.,  2022) and †Campinasuchus dinizi Carvalho 
et al. (2011) (CPPLIP 1319 and CPPLIP 1360, Fonseca et al., 2020); and 
several thalattosuchian taxa such as †Plagiophtalmosuchus (NHMUK 

F I G U R E  2  Three-dimensional reconstruction of the skull of Portugalosuchus azenhae (ML1818) in: dorsal (a), ventral (b), left lateral (c), 
right lateral (d), anterior (e) and posterior (f) views. For anatomical abbreviations, see Material and methods section. XII refers to the nerve 
foramen and not to the cranial nerve itself.
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    |  5PUÉRTOLAS-­PASCUAL et al.

PV OR 33095, Brusatte et al., 2016), †Macrospondylus (BSPG 1984 
I258, Herrera et al., 2018; MCZ VPRA-1063, Wilberg et al., 2022), 
†Cricosaurus (MLP 72-IV-7-1, Herrera et al.,  2018), †Pelagosaurus 
(BRLSI M1413; Pierce et al.,  2017) and †‘Metriorhynchus’ (MDA 2; 
Fernández et al., 2011).

2.1  |  Institutional abbreviations

BRLSI, Bath Royal Literary and Scientific Institute, Bath, UK; BSPG, 
Bayerische Staatssammlung für Paläontologie und Geologie, Munich, 
Germany; CCMGE, Chernyshev's Central Museum of Geological 
Exploration, Saint Petersburg, Russia; CENIEH, Centro Nacional 
de Investigación de La Evolución Humana, Burgos, Spain; CMC, 
Chinchilla Museum Collection, Chinchilla, Queensland, Australia; 
CRARC, Centre de Recuperació d'Amfibis I Rèptils de Catalunya, 
Barcelona, Spain; CPPLIP, Centro de Pesquisas Paleontológicas 
“Llewellyn Ivor Price” Universidade Federal do Triângulo Mineiro 
(UFTM), Peirópolis, Uberaba, Minas Gerais, Brazil; DVZ M, mor-
phological collection of Department of Vertebrate Zoology of Saint 
Petersburg State University, Saint Petersburg, Russia; FMNH, Field 
Museum of Natural History, Chicago, Illinois, USA; IFSP-VTP, Instituto 
Federal de Educação, Ciência e Tecnologia São Paulo, Votuporanga, 
São Paulo, Brazil; IGM, Mongolian Institute of Geology, Ulaan Bataar, 
Mongolia; MCD, Museu de la Conca Dellà, Lleida, Spain; ML, Museu 
da Lourinhã; MDA, Museo del Desierto de Atacama, Antofagasta, 

Chile; MLP, Museo de La Plata, Buenos Aires, Argentina; MPZ, Museo 
de Ciencias Naturales de la Universidad de Zaragoza, Zaragoza, 
Spain; MCZ, Museum of Comparative Zoology, Harvard University, 
Cambridge, USA; MUPA, Museo de Paleontología de Castilla-La 
Mancha, Cuenca, Spain; MZB, Museu Zoològic de Barcelona, 
Barcelona, Spain; NHMUK, Natural History Museum, London, 
UK; OUVC, Ohio University Vertebrate Collections, Athens, Ohio, 
USA; PIN, Borissiak Paleontological Institute, Russian Academy of 
Sciences, Moscow, Russia; QM, Queensland Museum, Brisbane, 
Queensland, Australia (F, fossil); STUS, Sala de las Tortugas ‘Emiliano 
Jiménez’ de la Universidad de Salamanca, Salamanca, Spain; TMM, 
Texas Memorial Museum, Austin, Texas, USA; UA; Université 
d'Antananarivo, Antananarivo, Madagascar; UF, University of 
Florida, Gainesville, Florida, USA; UMZC, University Museum of 
Zoology, Cambridge, UK; ZIN, Zoological Institute, Russian Academy 
of Sciences, Saint Petersburg, Russia; ZMMU MSU R, Zoological mu-
seum of Moscow State University, Moscow, Russia.

2.2  |  Anatomical abbreviations

In order to simplify the manuscript reading, most of the time we 
have named the reconstructions of the internal cavities housing 
the soft tissues and organs as if they were these soft tissues them-
selves (e.g., inner ear instead of inner ear cavity, brain instead of 
endocast of the endocranial cavity, etc.). Also for simplicity, some 

F I G U R E  3  Photographs and three-dimensional reconstruction of the left mandible of the holotype of Portugalosuchus azenhae (ML1818) 
in: lateral (a, g), medial (b, h), anterior (c, i), ventral (d, j), dorsal (e, k) and posterior (f, l) views. For anatomical abbreviations, see Material and 
methods section.
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6  |    PUÉRTOLAS-­PASCUAL et al.

osteological correlates of the soft tissues (e.g., psc fo. = foramen 
of the posterior semicircular canal; V1 gr. = groove for the oph-
thalmic V1 nerve branch) have been left with the same abbrevia-
tion as the soft tissue cavity itself (e.g., psc. instead of psc fo., and 
V1 instead of V1 gr.).

aa., anterior ampula; aip., anterior inferior process; al., tooth 
alveolus; alam., anterior lamina; alp., alar process; An., angular; 
antcr., antotic crest; antp., anterior process; art., artificial gap of 
dorsal lamina; asc., anterior semicircular canal; asp., anterior supe-
rior process; Atf., anterior temporal (= orbitotemporal) foramen; 
Bo., basioccipital; bof., basioccipital facet; bopl., basioccipital plate; 
bor., basioccipital recess; Bs., basisphenoid; bsd., basisphenoid di-
verticula; capp., capitate process; car., cerebral carotid artery; cbr., 

caudal bridge; cc., common crus; cd., cochlear duct; cer., cerebrum; 
cer hem., cerebral hemisphere; CF., cephalic flexure angle; cf., fo-
ramen caroticum; ch., choana; ci (pl)., crista interfenestralis of the 
perilymphatic loop; Co., coronoid; cochp., cochlear prominence; 
cochr., cochlear recess; cqp., cranioquadrate passage; dac., dorsal 
alveolar canal; De., dentary; dexp., dorsal exposure; dlam., dor-
sal lamina; Ec., ectopterygoid; ecb., extracapsular buttress; emf., 
external mandibular fenestra; endo., endocranial surface; eov., 
foramen for external occipital vein; FIC., foramen intermandibu-
laris caudalis; FIM., foramen intermandibularis medius; fm., fora-
men magnum; fo., fenestra ovalis; Fr., frontal; fv., foramen vagi; ie., 
inner ear; II, optic cranial nerve; III, oculomotor nerve; IV, troch-
lear nerve; itr., intertympanic pneumatic recess; its., intertympanic 

F I G U R E  4  Three-dimensional detailed reconstruction of the neurocranium of Portugalosuchus azenhae (ML1818) in: right lateral view 
(a), with details of the braincase wall; right dorsolateral view (b), with details of the supratemporal fenestra region; and right medial view (c) 
showing the endocranial aspect of the braincase. Scale bar = 1 cm. For anatomical abbreviations, see Material and methods section. II, III, IV, 
V, VI, VII, VIII and XII refer to the nerves foramina and not to the cranial nerves themselves.

F I G U R E  5  Three-dimensional detailed reconstructions of neurocranial bones of Portugalosuchus azenhae (ML1818). Right laterosphenoid 
in lateroventral (a), ventral (b), and medial (c) views. Right prootic in medial (d), lateral (e), posterior (f), and ventral (g) views. Right otoccipital 
(= exoccipital) in anterior (h), medial (i), and posterior (j) views. Supraoccipital in dorsal (k), ventral (l), posterior (m), and medial (n) views. Scale 
bar = 1 cm. For anatomical abbreviations, see Material and methods section. II, III, IV, V, VI, VII, VIII, IX and XII refer to the nerves foramina 
and not to the cranial nerves themselves.
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8  |    PUÉRTOLAS-­PASCUAL et al.

diverticula; IX, glossopharyngeal cranial nerve; Ju., jugal; juf., jugal 
foramen; La., lachrymal; latp., lateral process; lbr., lateral bridge; 
lef., lateral Eustachian canal; llam., lateral lamina; Ls., laterosphe-
noid; lsb., laterosphenoid body; lsc., lateral semicircular canal; lsf., 
laterosphenoid facet; mef., median Eustachian canal; mf. metotic 
foramen; mph., median pharyngeal canal/foramen; mps., medial 
pharyngeal sinus; Mx., maxilla; nDO., dorsal branch of trigeminal 
nerve; nld., nasolacrimal duct; npd., nasopharyngeal duct; nSO., 
supraorbital branch of trigeminal nerve (= Vso.); nTYM., tympanic 
branch of trigeminal nerve (= Vtym); ob., olfactory bulb; or., orbit; 
orbv., orbital vasculature; ornc., olfactory region of the nasal cav-
ity; ot., olfactory tract; Oto., otoccipital; otof., otoccipital facet; 
Pa., parietal; Pbs., parabasisphenoid; pbsf., parabasisphenoid 
facet; PF., pontine flexure angle; Pf., prefrontal; pf., perilymphatic 
foramen; pfo., pituitary (hypophyseal) fossa; Pl., palatine; plam., 
posterior lamina; Po., postorbital; pocp., postoccipital process; 
pqf., postquadrate foramen; Pr., prootic; prf., prootic facet; psc., 
posterior semicircular canal; mf., metotic foramen; pht., groove 
of pharyngotympanic canals; porp., postorbital process; prob., 
prootic buttress; Pt., pterygoid; ptf., pterygoid facet; pts., pha-
ryngotympanic sinus; ptt., pharyngotympanic tube; Qu., quadrate; 
rep., pneumatic recessus epitubaricus; sa., sacculus; si., siphonial 
tube; SN., foramen for sympathetic nerve; sncr., sagittal nuchal 

crest; Sq., squamosal; So., supraoccipital; Sp., splenial; sp., slender 
process; stf., supratemporal fenestra; Su., surangular; to., tooth; 
utr (cc)., utricular recess (crus communis); V, trigeminal nerve; V1, 
ophthalmic division of trigeminal nerve; V2, maxillary division of 
trigeminal nerve; V3, mandibular division of trigeminal nerve; Vso, 
supraorbital division of trigeminal nerve; vestr., vestibular recess; 
vf., vascular foramen; VI, abducens nerve; VII, facial nerve; VIIpl., 
foramen/groove for palatine branch of the facial nerve; VIII, ves-
tibulocochlear nerve; vlp., ventrolateral process; vls., ventral lon-
gitudinal sinus; X, vagus cranial nerve; XI, accessory cranial nerve; 
XII, hypoglossal cranial nerve; Xtymp., canal for tympanic branch 
of vagus nerve.

3  |  RESULTS AND DISCUSSION

3.1  |  Systematic Paleontology

Crocodylomorpha Hay, 1930 (sensu Walker, 1970).
Crocodyliformes Hay, 1930.
Mesoeucrocodylia Whetstone & Whybrow, 1983.
Neosuchia Gervais, 1871 (sensu Benton & Clark, 1988).
Eusuchia Huxley, 1875.

F I G U R E  6  Three-dimensional detailed reconstructions of neurocranial bones of Portugalosuchus azenhae (ML1818). Basisphenoid in 
dorsal (a), anterior (b), right lateral (c), ventral (d), and posterior (e) views. Basioccipital in posterior (f), anterior (g), right lateral (h), and dorsal 
(i) views. Scale bar = 1 cm. For anatomical abbreviations, see Material and methods section. VI refer to the nerve foramen and not to the 
cranial nerve itself.
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    |  9PUÉRTOLAS-­PASCUAL et al.

F I G U R E  7  Three-dimensional reconstruction of the skull (with transparency) and cranial cavities (colored) of Portugalosuchus azenhae 
(ML1818) in dorsal (a, b), and ventral (c, d) views. For anatomical abbreviations, see Material and methods section.

F I G U R E  8  Three-dimensional reconstruction of the skull (with transparency) and cranial cavities (colored) of Portugalosuchus azenhae 
(ML1818) in left lateral (a, b), right lateral (c, d), and posterior (e, f) views. For anatomical abbreviations, see Material and methods section.
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10  |    PUÉRTOLAS-­PASCUAL et al.

Crocodylia Owen, 1842 (sensu Benton & Clark, 1988).
Portugalosuchus Mateus et al. (2019).
Portugalosuchus azenhae Mateus et al. (2019).
Holotype: Partial skull and mandible (ML1818) (Figures 1 and 3).
Age and Horizon: Lower member of Tentúgal Formation, Upper 

Cenomanian, Late Cretaceous (about 95 Myr).
Type Location: Limestone quarry of Casal dos Carecos, near 

Tentúgal, Portugal.

3.1.1  |  Emended diagnosis

Same diagnosis for the genus and the species by monotypy. Thanks 
to the new data obtained from the CT scan, some characters have 
been reinterpreted, the phylogenetic position has changed, and 
the diagnosis of genus and species have been modified accord-
ingly. Portugalosuchus azenhae is characterized by the follow-
ing autapomorphies: external mandibular fenestra located at the 

F I G U R E  9  Three-dimensional detailed reconstruction of the neurocranial cavities of Portugalosuchus azenhae (ML1818) in: dorsal (a), 
ventral (b), posterior (c), right lateral (d), and left lateral (e). Major brain divisions in right lateral view: hindbrain (red), midbrain (yellow), 
forebrain (green), and olfactory tract (orange). For anatomical abbreviations, see Material and methods section.

F I G U R E  1 0  Three-dimensional detailed reconstruction of the left (a) and right (b) inner ear cavities of Portugalosuchus azenhae (ML1818) 
in dorsal, ventral, lateral, medial, anterior, and posterior views respectively. For anatomical abbreviations, see Material and methods section.
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    |  11PUÉRTOLAS-­PASCUAL et al.

dentary-angular suture, with a posterior process of the dentary 
forming its anterior and dorsal margins, the angular forming its 
posterior and ventral margins, and without the participation of 
the surangular in the fenestra; dorsal margin of the infratemporal 
fenestra very elongated, with the quadratojugal contacting the 
base of the skull table posteriorly, giving a trapezoidal contour to 
the fenestra (rather than triangular); and huge prootic exposure on 
the external lateral braincase wall, with a moderate dorsal exposure 
and a large subsubtriangular ventral exposure that wedges ventrally 
between the pterygoid. It is also characterized by the unique combi-
nation of unambiguous synapomorphies: posterolateral edges of the 
skull table planar or horizontal across their entire length; presence of 
a subtle midsagittal crest on the fused frontals between the orbits; 
presence of foramina in the posteromedial wall of the supratemporal 
fenestra; concavity on the ventral margin of the basioccipital, pos-
terior to median eustachian foramen; lateral eustachian foramina at 
the same level or height of the median eustachian foramen; and large 
dorsoventral exposure of the basisphenoid ventral to the basioccipi-
tal, in posterior view.

3.2  |  Skull anatomy of Portugalosuchus

3.2.1  |  General comments

The cranial osteology of Portugalosuchus (ML1818) has been origi-
nally described in Mateus et al.  (2019). The CT-scanning and 3D 
modelling of this specimen made herein overall confirm the initial 
description and the suggested sutural patterns. However, these 
techniques allow a detailed description of the largely complete and 
undistorted neurocranium of ML1818, as well as several additional 
observations on other parts of the skull to supplement or correct the 
original account by Mateus et al.  (2019). Osteological terminology 
used herein follows Iordansky (1973) and Kuzmin et al. (2021).

Both prefrontal pillars of Portugalosuchus are complete and con-
tact ventrally with the pterygoids and likely palatines (Figure 2d,e). 
Due to breakage in this area, the contact between the pterygoid 
and palatine is hard to establish in ML1818, and the base of each 
prefrontal pillar has been segmented as a part of the pterygoid. 
However, in extant crocodylians, the palatines considerably partic-
ipate in the base of these pillars and contact the prefrontals (e.g., 
Iordansky, 1973: Figure 6), a condition expected in Portugalosuchus 
but not presently confirmed. The dorsal half of each prefrontal pillar 
is anteroposteriorly expanded and transversally narrow. Both medial 
processes are present and approach each other medially (Figure 2e). 
The medial processes of Portugalosuchus are anteroposteriorly ex-
panded and somewhat constricted laterally at their bases. Each 
medial process of the prefrontal pillar is nearly twice as long an-
teroposteriorly as deep dorsoventrally. The prefrontal pillar is solid 
internally.

The jugal, while being crushed and slightly incomplete, appears 
to be more anteriorly extended than previously reconstructed (see 
Figure 3a,d in Mateus et al., 2019). It wedges between the maxilla 

and the lacrimal and separates these elements for most of their 
preserved length; only a brief contact between the maxilla and the 
lacrimal seems to exist anteromedially (Figure 2a,c). The jugal con-
tains a large neurovascular recess internally below the postorbital 
bar. This recess opens posteriorly via the large posterodorsal jugal 
foramen and medially via the apparently large medial jugal foramen. 
The lateromedial width of the posterodorsal foramen is at least half 
the width of the postorbital bar in posterior view (juf in Figure 2f). 
The medial jugal foramen is incomplete due to crushing; however, its 
posterior margin is sufficiently preserved to infer that its size was 
approximately equal to that of the posterodorsal jugal foramen.

The sutural pattern on the ventral surface of the postorbital-
squamosal bar differs from that initially described in Portugalosuchus 
(see Figure  6a,b in Mateus et al.,  2019). Neither quadrate nor 
quadratojugal contacts the postorbital ventrally on the postorbital-
squamosal bar based on the CT data of ML1818 (see three-
dimensional models in Supplementary Information S3).

3.2.2  |  Neurocranial osteology

The neurocranium of ML1818 is well-preserved, with only small 
portions of the parabasisphenoid rostrum, both paroccipital pro-
cesses of the otoccipitals, and the posterior portion of the basioc-
cipital being absent (Figures  2 and 4). The left pharyngotympanic 
(middle ear) cavity is exposed in posterior view due to the break-
age of the specimen (Figure 2f). Both meatal chambers (= outer ear 
cavities; Montefeltro et al.,  2016) are partially preserved. On the 
left side of ML1818, a depression formed by the squamosal and 
quadrate marks the anterior corner of the meatal chamber and the 
external auditory meatus (Figure  2c). On the right side, the exter-
nal auditory meatus, the cranioquadrate passage, and the vascular 
postquadrate foramen are exposed (Figure  2d). However, it is im-
possible to infer the sutural relationships between the quadrate 
and the squamosal posterior to the external auditory meatus due 
to imperfect preservation. Thus, it remains unknown whether the 
cranioquadrate passage in Portugalosuchus was dorsally open, as in 
most noncrocodylian eusuchians (e.g., Agaresuchus, Allodaposuchus, 
Hylaeochampsa, Iharkutosuchus, Lohuecosuchus), or closed as in 
crown-group crocodylians and eusuchian Isisfordia (Hart et al., 2019; 
Salisbury et al., 2006). The ventral margin of the external auditory 
meatus lies ventral to the level of the dorsal margin of the infratem-
poral fenestra, as in most eusuchians (Rio & Mannion, 2021).

The temporal canal is completely preserved on the right side 
of ML1818 (see Neuroanatomy section). As in extant crocodylians 
(see Walker,  1990; Kuzmin et al.,  2021: Figure  5), the temporal 
canal of Portugalosuchus opens anteriorly, into the supratempo-
ral fossa by the anterior temporal (= orbitotemporal) foramen, 
posteriorly on the occipital surface by the post-temporal fenes-
tra, and is connected to the cranioquadrate passage and the ex-
ternal auditory meatus by the postquadrate foramen laterally. 
The ventral margin of the anterior temporal foramen is com-
pletely formed by the quadrate that separates the parietal and 
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12  |    PUÉRTOLAS-­PASCUAL et al.

the squamosal (Figure  4b). This differs from the condition in 
basal (e.g., Diplocynodon) and derived alligatoroids (e.g., Alligator, 
Caiman, Melanosuchus), in which the parietal and squamosal either 
approach or directly contact each other and separate the quadrate 
from the ventral border of the anterior temporal foramen (e.g., 
Brochu,  1997a, 1999; Rio & Mannion,  2021). In Portugalosuchus, 
the squamosal-parietal contact passes medially to the ante-
rior temporal foramen, as in Thoracosaurus isorynchus (Rio & 
Mannion, 2021) and T. borissiaki (CCMGE 1/3373). The floor of the 
temporal canal is formed mostly by the prootic, with a small addi-
tion of the supraoccipital medially (Figure 4b). This is consistent 
with most basal eusuchians and closely related taxa: e.g., Isisfordia 
(Hart et al., 2019), Paralligator (PIN 554–1, PIN 3141/501), alligato-
roids Alligator and Diplocynodon (figure 30 in Rio et al., 2020), and 
the gavialoid T. borissiaki (CCMGE 1/3373). Among crown-group 
crocodylians, Caiman, Crocodylus, Gavialis, Mecistops, Osteolaemus, 
and Tomistoma have the narrower exposure of the prootic on the 
floor of the temporal canal (Kuzmin et al., 2021).

The orbitotemporal region of the neurocranium is represented 
by a pair of completely ossified laterosphenoids (Figures 2, 4 and 5). 
The laterosphenoid of Portugalosuchus is extremely anteroposteri-
orly elongated. It is subdivided into the shorter anterior (orbital) and 
longer posterior (temporal) aspects by a prominent arched antotic 
crest (Figure 5a). The orbital aspect of the laterosphenoid is a flat 
ventrally oriented surface formed by the anterior and slender pro-
cesses (Figures 4a and 5a). The anterior process is relatively short; 
its anterior margin is perpendicular to the sagittal plane and lies at 
the same level as the capitate process (Figure 5a,b). This condition 
is also observed in most gavialoids and certain tomistomines among 
eusuchians: e.g., Gavialis, Eogavialis, Maroccosuchus, Paratomistoma, 
Piscogavialis, Thecachampsa, Thoracosaurus (Brochu,  1997a, 1999; 
Brochu & Gingerich, 2000; Jouve et al., 2015; Kuzmin et al., 2021; 
Rio & Mannion, 2021). The anterior processes approach each other 
medially but without making a contact. Together with the frontal, 
they surround the foramen for the olfactory tract (Figure 4a). The ol-
factory tract extends anteriorly within the limits of a shallow groove 
on the ventral surface of the frontal (see Neuroanatomy section). 
Posterior to the foramen for the olfactory tract, a short slender pro-
cess extends medially from each of the laterosphenoids (Figures 4a,c 
and 5a–c). These processes contact the anterodorsal tip of the 
parabasisphenoid rostrum and form the foramen for the optic cranial 
nerve (CN II). Just posterior to the slender process, a large foramen 
is formed on both sides of the braincase between the laterosphe-
noid and parabasisphenoid rostrum (Figure  4a). The oculomotor 
(CN III) cranial nerve and orbital vasculature passed from the brain-
case and the hypophyseal cavity into the orbit via these foramina in 
Portugalosuchus, as in extant crocodylians (Kuzmin et al., 2021; see 
Neuroanatomy section). On the right side of ML1818, a small open-
ing is posteriorly delimited from this larger foramen by the additional 
laterosphenoid-parabasisphenoid contact (Figure 4a,c). This smaller 
foramen might represent a separate passage for abducens nerve 
(CN VI) into the orbit. The trochlear nerve (CN IV) passes entirely 

through the anterior process of the laterosphenoid just dorsal to the 
large foramen for CN III and associated vasculature (Figures 4 and 5).

The temporal aspect of the laterosphenoid is formed by the elon-
gated postorbital and capitate processes (Figure  5a). The capitate 
process projects perpendicular to the sagittal plane and fits into a 
socket on the ventral surface of the postorbital. The postorbital pro-
cess forms the medial wall of the supratemporal fossa and likely was 
the main site for the attachment of M. pseudotemporalis superfi-
cialis (e.g., Holliday et al., 2013; Holliday & Witmer, 2009; Lessner & 
Holliday, 2022). Ventrally to the postorbital process, the laterosphe-
noid body forms the anterior half of the large trigeminal (= maxillo-
mandibular) foramen for the exit of the trigeminal cranial nerve (CN 
V) and bears grooves for its main branches: the ophthalmic (CN VI) 
and maxillary (CN VII) nerves (Figures  4 and 5). The lateral bridge 
of the laterosphenoid is incomplete and reduced on both sides of 
ML1818 to a very short process directed ventrally (Figure 5a,b). The 
reduced lateral bridge of the laterosphenoid is known in the eusu-
chian Hylaeochampsa, as also in certain gavialoids and crocodyloids: 
e.g., Gavialis, Gryposuchus, Eogavialis, Mecistops, Paratomistoma, 
Piscogavialis, Osteolaemus, and Tomistoma (Holliday & Witmer, 2009; 
Kuzmin et al., 2021; Rio & Mannion, 2021). A tiny caudal bridge is 
present near the contact of the laterosphenoid and quadrate on the 
right side of ML1818 (Figures 4a and 5a,b); it delimits a short passage 
for the supraorbital branch of the trigeminal nerve (CN Vso or nSO) 
(see Neuroanatomy section).

The lateral wall of the braincase is completely preserved on the 
right side of ML1818 and slightly damaged posteriorly on its left side 
(Figures  2c,d and 4a). The large trigeminal (= maxillomandibular) 
foramen is formed by the laterosphenoid anteriorly, the quadrate 
dorsally, and the prootic posteriorly and ventrally. The sutural re-
lationships on the lateral wall of the braincase, as inferred from the 
CT scans of ML1818, differ slightly from the initial interpretation in 
Mateus et al. (Mateus et al., 2019: Figure 9). The lateral lamina of 
the prootic has an extensive external exposure posterior and ventral 
to the trigeminal foramen and contacts the pterygoid (Figure  4a), 
as in fossil Thoracosaurus (CCMGE 1/3373) and extant Gavialis and 
Tomistoma (Kuzmin et al., 2021). Accordingly, the laterosphenoid and 
quadrate contact each other dorsally to the trigeminal foramen but 
not ventral to it. Among studied neosuchians, the prootic-pterygoid 
contact ventral to the trigeminal foramen is present in alligato-
roids Alligator, Caiman, Diplocynodon, gavialoids Thoracosaurus 
(CCMGE 1/3373) and Gavialis, and tomistomines Paratomistoma and 
Tomistoma (Brochu & Gingerich, 2000; Kuzmin et al., 2021; Serrano-
Martínez et al.,  2019b). The prootic of Portugalosuchus forms the 
posterior and most of the dorsal and ventral limits of the trigeminal 
fossa. The dorsal surface of the trigeminal fossa is pierced by the 
canal for the connection of the sympathetic nerve (SN) with the tri-
geminal ganglion (see Bellairs & Shute, 1953: text-Figure 5; Lessner 
& Holliday, 2022: Figure 6; Kuzmin et al., 2021). This is frequently 
referred to as the tympanic branch of CN V (Vtym or nTYM). This 
canal extends from the pharyngotympanic (middle ear) cavity to the 
trigeminal fossa (see Neuroanatomy).
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As in extant crocodylians, the prootic of Portugalosuchus may 
be subdivided into the capsular portion, the superior and inferior 
anterior processes, the lateral and dorsal laminae, and the prootic 
buttress (Figure 5d–g). The two anterior processes (superior and 
inferior) bound the trigeminal fossa (see above). The lateral lam-
ina is a lateromedially thin but dorsoventrally extensive process 
that is nearly parallel to the sagittal plane. It covers the capsular 
portion of the prootic and the foramen for the facial cranial nerve 
(CN VII) in lateral aspect and is exposed on the lateral wall of the 
braincase posterior to the trigeminal foramen (Figures 4a and 5g). 
Dorsally, the lateral lamina is continuous with the lateromedially 
expansive but anteroposteriorly thin dorsal lamina that is perpen-
dicular to the sagittal plane (Figure 5e,f). Both laminae extensively 
suture to the quadrate and internally form the surface of the pha-
ryngotympanic (middle ear) cavity and its pneumatic outgrowth. 
This can be clearly observed on the left side of the skull due to 
the breakage that exposed the pharyngotympanic cavity in pos-
terior view (Figure 2f). The dorsal laminae are incompletely seg-
mented on both sides of ML1818 leaving a large artificial gap in 
each (Figure 5f); this is due to a tight contact with the correspond-
ing quadrate and lack of resolution in CT scans in this region. The 
dorsal lamina is continuous posteriorly with the prootic buttress. 
The prootic buttress forms a thin loop around the intertympanic 
pneumatic recess and extends between the dorsal lamina and the 
capsular portion of the prootic (Figure 5d–g). The prootic buttress 
sutures to the parietal dorsally, to the supraoccipital dorsomedi-
ally, and to the otoccipital posteriorly. It forms part of the floor 
of the temporal canal and divides the supraoccipital and quadrate 
there (Figure 4b).

Each otic capsule is formed by the prootic, the otoccipital, and 
the supraoccipital (Figure 5c). The otic bullae are missing their me-
dial (endocranial) walls; otherwise, otic capsules are essentially 
complete and reconstructed in detail. The anatomy of the otic and 
periotic region of Portugalosuchus is similar to that of extant croco-
dylians (e.g., Kuzmin et al., 2021; Walker, 1990) and contrasts with 
the enlarged and medially merging otic capsules of dyrosaurids (e.g., 
Erb & Turner, 2021). The prootic forms the anterior third of the otic 
capsule (Figure 4c). It encloses the anterior portion of the vestibular 
recess and the anterior and lateral semicircular canals (Figure 5d,f). 
The posterior portion of the vestibular recess and the posterior and 
lateral semicircular canals are housed within the otoccipital, while 
the supraoccipital comprises dorsal routes of the anterior and pos-
terior semicircular canals and their common crus (utricular recess) 
(Figures 4c and 5). The prootic and the otoccipital together form the 
lateral bulge (cochlear prominence; Figure 5g) that projects into the 
pharyngotympanic cavity and contained the cochlear duct of the 
inner ear and the perilymphatic cisterns that surrounded it (e.g., see 
figure 12 in Kuzmin et al., 2021). The fenestra ovalis, which received 
the footplate of the stapes, is bounded by the prootic anteriorly and 
the otoccipital posteriorly, while the fenestra pseudorotunda (for 
compensatory secondary tympanic membrane) is bordered solely 
by the otoccipital. These two fenestrae are divided by a thin crista 
interfenestralis of the perilymphatic loop (Figures 4c and 5h,i). The 

latter is a thin process formed by the otoccipital that coils around the 
perilymphatic foramen and makes the suture of the otoccipital with 
itself (loop-closure suture; see Walker, 1990; Kuzmin et al., 2021).

The periotic region is located within the otoccipital (= exoccipital 
in many previous accounts, see Kuzmin et al., 2021). It is complete 
on the right side of ML1818 and partially preserved on the left side 
of the specimen. An oblique concave bony lamina termed the ex-
tracapsular buttress (previously referred to as subcapsular process 
or subcapsular buttress, see Kuzmin et al., 2021) extends between 
the otic capsule ventromedially and the cranioquadrate passage dor-
solaterally (Figure 5h). Its medial portion, which is adjacent to the 
otic capsule, contains the space termed the recessus scalae tympani. 
It housed the perilymphatic sac, the glossopharyngeal (CN IX) and 
vagus (CN X) cranial nerves, the sympathetic nerve (SN), and asso-
ciated vasculature (Kuzmin et al.,  2021; Lessner & Holliday,  2022) 
(see Neuroanatomy). In ML1818, the internal opening for CN IX, X, 
and SN is a single continuous groove on the posterior surface of the 
extracapsular buttress (Figure 5h); however, in extant crocodylians, 
there are usually three separate foramina in this region (e.g., Kuzmin 
et al., 2021). This neurovascular groove extends laterally from the 
metotic foramen to the common neurovascular canal within the 
otoccipital. In Portugalosuchus, the metotic foramen is a narrow fis-
sure located on the endocranial surface posterior to the otic capsule 
(Figures 4c and 5i). In extant crocodylians, it provides the passage for 
CN IX and X out of the endocranial cavity (Iordansky, 1973; Kuzmin 
et al., 2021; Lessner & Holliday, 2022; Walker, 1990). The common 
neurovascular canal for CN IX, X, SN, and associated vessels pierces 
the otoccipital of Portugalosuchus and opens by a large foramen 
vagus on its posterior surface (Figures 2g and 5j). The canal for the 
cerebral carotid artery opens on the posterior surface of the otoccip-
ital ventral to the foramen vagi. The two foramina are notably sep-
arated in Portugalosuchus, whereas they are closely spaced in some 
gavialoids: e.g., Gavialis, Gryposuchus, Eogavialis, Piscogavialis, and 
Thoracosaurus (CCMGE 1/3373; see Rio & Mannion, 2021: character 
126). The posterior foramen of the cerebral carotid artery is located 
at the same level as the dorsal tip of the parabasisphenoid (“lateral 
to the parabasisphenoid”), as in most studied neosuchians but differ-
ing from extant Crocodylus, Mecistops, Osteolaemus, and Tomistoma 
(see Brochu, 1997a, 1999; Kuzmin et al., 2021). The anterior opening 
of the cerebral carotid canal is located just ventral to the otic cap-
sule and the extracapsular buttress (Figure 5h). Dorsolaterally, the 
extracapsular buttress passes to the cranioquadrate passage. The 
floor of the cranioquadrate passage is formed both by the otoccipital 
and the quadrate in Portugalosuchus (Figure 2d). This is consistent 
with the condition of the studied crown-group crocodylians and 
the eusuchian Isisfordia (Hart et al., 2019; Iordansky, 1973; Kuzmin 
et al., 2021; Salisbury et al., 2006) but differs from most noncroco-
dylian neosuchians (e.g., Allodaposuchus, Bernissartia, Lohuecosuchus, 
Hylaeochampsa, Kansajsuchus, Paralligator), which lack the quadrate 
participation to the cranioquadrate passage (see Kuzmin et al., 2019; 
Martin et al., 2020; Narváez et al., 2015, 2020).

Both paroccipital processes are lacking in ML1818. However, 
the ventrolateral process of the more complete right otoccipital is 
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present (Figure  5j). It is a transversely extensive bony lamina that 
contacts the basioccipital ventrally, the parabasisphenoid antero-
ventrally, and the quadrate anterodorsally. The otoccipital does 
not extend far ventrally at the contact with the basioccipital tuber-
osities (Figure  2f), as in most eusuchians except some gavialoids 
(e.g., Gavialis, Eogavialis, Gryposuchus: Brochu,  1997a, 1999; Rio & 
Mannion, 2021). The occipital arch of each otoccipital sutures ven-
trally to the basioccipital and dorsally to the supraoccipital and the 
contralateral otoccipital. It forms the dorsal and lateral margins of 
the foramen magnum and is pierced by a pair of foramina for hy-
poglossal cranial nerve (CN XII) on the more complete right side of 
ML1818 (Figure 5j).

The supraoccipital is a small unpaired element that partici-
pates in the otic capsules and the posterior (occipital) surface of 
the skull of Portugalosuchus. The bone is notably dorsoventrally 
compressed; its lateromedial width on the occiput and the antero-
posterior length in dorsal view are twice the dorsoventral depth 
(Figures 4c and 5k–n). It has a small exposure on the dorsal surface 
of the skull table just posterior to the parietal (Figures 2a and 5k). 
As in extant crocodylians, the supraoccipital of Portugalosuchus 
may be subdivided into three portions – namely, the anterior, 
posterior, and dorsal laminae surrounding the pneumatic inter-
tympanic recess (Figure  5n). The posterior lamina is exposed on 
the occipital surface of the skull and has paired postoccipital pro-
cesses and the vertical sagittal nuchal crest (Figure 5m). The sag-
ittal nuchal crest is very prominent in Portugalosuchus; it projects 
posteriorly beyond the level of the parietal and the postoccipital 
processes and is visible in dorsal view, as in extant caimanines, 
crocodyloids (except Tomistoma) and Gavialis (Kuzmin et al., 2021). 
The postoccipital processes are coalescent with the sagittal nu-
chal crest. They are not visible in dorsal view. Paired depressions 
are located on each side of the sagittal nuchal crest. The ante-
rior lamina of the supraoccipital forms the concave dorsal surface 
of the endocranial cavity and participates in both otic capsules 
(Figure 5l). It contacts with the prootics anteroventrally and with 
the otoccipitals posteroventrally (Figure 4c). The dorsal lamina of 
the supraoccipital sutures to the parietal dorsally and the prootics 
laterally. Notable lateral processes project from each side of the 
supraoccipital of Portugalosuchus and participate in the floor of 
the temporal canal (Figure 5k); similar lateral projections are pres-
ent in Gavialis among extant crocodylians. The pneumatic foram-
ina are lacking in the dorsal lamina.

The ventral part of the neurocranium of Portugalosuchus is 
formed by the parabasisphenoid anteriorly and the basioccipital 
posteriorly (Figure 4c). Both these elements are dorsoventrally deep 
(verticalized) suggesting that ML1818 corresponds to an adult indi-
vidual past the cranial metamorphosis sensu Tarsitano  (1985) (see 
also Dufeau & Witmer, 2015; Kuzmin et al., 2021). The basioccip-
ital is incompletely preserved lacking the entire occipital condyle 
and most of the posterior surface (Figures 2 and 6). The basioccip-
ital plate projects ventrally from the endocranial surface formed 
by the basioccipital (Figure  6f,h). The anterior surface of the ba-
sioccipital plate contacts the parabasisphenoid and slopes slightly 

posteroventrally (Figures 4c and 6h). Its preserved posterior aspect 
is vertical and faces posteriorly. As seen on the better-preserved 
right side of ML1818, the lateral margins of the basioccipital plate 
flare ventrally in Portugalosuchus (Figure 6f), as in some gavialoids 
like Gavialis, Eogavialis, and Piscogavialis (Jouve et al.,  2008; Rio & 
Mannion,  2021). The basioccipital forms the posterior walls of 
the pneumatic pharyngotympanic (lateral Eustachian) canals and 
the median pharyngeal (median Eustachian) canal (Figure  6g; see 
Neuroanatomy). The external (ventral) foramina of the pharyn-
gotympanic canals are located dorsally relative to the median pha-
ryngeal foramen. The ventral margin of the basioccipital is concave 
posterior to the median pharyngeal foramen (Figures 2g and 6f). The 
apparently vascular canal for occipital veins (see Kuzmin et al., 2021; 
Owen, 1850) pierces the basioccipital plate and opens dorsally on 
the endocranial surface via a small single foramen (Figure 6i).

The parabasisphenoid (or simply basisphenoid in many previous 
accounts, see Kuzmin et al., 2021) is well-preserved in ML1818. It 
is notably elongated (anteroposterior length almost twice dorso-
ventral depth) and verticalized (Figure 4c and 6). Half of its length 
corresponds to the prominent rostrum or cultriform process. As 
in all crocodyliforms up to our knowledge, the anterior part of the 
rostrum of Portugalosuchus is dorsoventrally expanded, lateromedi-
ally thin and blunt (Figure  6c). As is seen on the better-preserved 
right side of ML1818, its lateral surface is smooth and devoid of a 
crescentic ridge present in some alligatoroids (character 203 in Rio 
& Mannion, 2021). The rostrum contacts the slender processes of 
both laterosphenoids at its anterodorsal tip and forms the ventral 
margins of the foramina for CN III, CN VI, and orbital vasculature 
posterior to this contact (Figure 4a). It becomes twice lateromedially 
wider ventral to the hypophyseal cavity than at its anterior terminus 
(Figure 6a,d). Just anterior to this widened part, a shallow sulcus is 
located on each side of the rostrum, although not as deep as that 
seen in other crocodylians such as Gavialis or Alligator. Posteriorly, 
the parabasisphenoid of Portugalosuchus smoothly merges with the 
lateral wall of its braincase but has no further external exposure ven-
tral to the laterosphenoid; thus, the laterosphenoid-pterygoid con-
tact is anteroposteriorly continuous (Figures 4a and 6c).

The hypophyseal (pituitary) cavity is rounded in cross-section, 
oriented horizontally, and anteroposteriorly extended (Figures  4c 
and 6a,b). Paired canals of the cerebral carotid arteries enter the 
cavity at its posterior-most terminus, and the small canals of the 
abducens nerve (CN VI) open on the dorsolateral walls within the 
limits of the hypophyseal cavity (Figures  4c and 6). Each cerebral 
carotid artery enters the parabasisphenoid dorsolaterally, has a sig-
moidal course through its body, and passes into the hypophyseal 
cavity anteriorly. Two foramina on the endocranial surface of the 
parabasisphenoid correspond to unossified portions of the cerebral 
carotid canals (Figure 6a); these are generally absent in most croco-
dylians examined (e.g., Kuzmin et al., 2021: figure 19). CN VI pierce 
the endocranial surface of the parabasisphenoid anterolaterally to 
the abovementioned unossified gaps, exit the bone on the lateral 
walls of the hypophyseal cavity, and extend into the orbits via the 
foramina between the rostrum and the laterosphenoid (Figures 4c 
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and 6; see Neuroanatomy below and Lessner & Holliday, 2022). The 
palatine branches of the facial nerve (CN VIIpl) extend ventrally in 
canals between the parabasisphenoid and the pterygoid and exit 
via paired foramina ventrolateral to the rostrum (Figure  6c; see 
Neuroanatomy).

The body of the parabasisphenoid forms the concave endo-
cranial surface and is hollowed out by the pneumatic median pha-
ryngeal recess and its lateral diverticula – the parabasisphenoid 
recesses (see Neuroanatomy). The pneumatic recessus epitubar-
icus is formed just lateral on each side of the parabasisphenoid 
body, at the connection between the pharyngotympanic (middle 
ear) cavity and the median pharyngeal recess (Figure  6c). The 
parabasisphenoid of Portugalosuchus contacts the laterosphenoid 
and the prootic dorsally and is tightly sutured to the pterygoids 
lateroventrally. The posterior surface of the parabasisphenoid (de-
scending lamina sensu Kuzmin et al., 2021) slopes posteroventrally 
and contacts the basioccipital (Figure 6e). The parabasisphenoid 
is significantly exposed on the posterior (occipital) surface of the 
skull ventral to the basioccipital (Figure 2f), as in some noncrown-
group neosuchians (e.g., Agaresuchus fontisensis, Allodaposuchus 
precedens, Hylaeochampsa, Paralligator) and extant Alligator but 
differing from the almost unexposed parabasisphenoid of most 
gavialoids (e.g., Gavialis, Gryposuchus, Eogavialis, Thoracosaurus). 
The exposure on the palate between the pterygoid and basioccipi-
tal is anteroposteriorly short and narrow (Figure 2b), also differing 
from the broader exposure in gavialoids (see Brochu, 1997a, 1999; 
Rio & Mannion, 2021). The paired alar processes project postero-
laterally from the body of the parabasisphenoid. They are mod-
erately exposed on the lateral wall of the braincase between the 
pterygoid, quadrate, otoccipital, and basioccipital (Figures  2 and 
4a).

3.3  |  Neuroanatomy of Portugalosuchus

Thanks to the excellent preservation of the skull of Portugalosuchus 
(ML1818), it was possible to reconstruct the olfactory region, olfac-
tory bulbs, the posterior region of the nasopharyngeal ducts, brain, 
cranial nerves, carotid arteries, blood vessels, paratympanic sinus 
system and inner ear (Figures 7–10). The only cavities that could not 
be reconstructed are those found in the snout, as this part of the 
skull has not been preserved.

3.3.1  |  Nasal cavity and associated structures

As most of the snout has not been preserved, only the poste-
rior portion of the olfactory region, part of the nasolacrimal 
duct, the olfactory bulbs and the nasopharyngeal ducts could be 
reconstructed.

The olfactory region is an expanded chamber of the nasal cav-
ity located anteromedially and ventral to the orbits, limited dor-
sally by the frontal and prefrontals, ventrally by the palatines, 

posteromedially by the prefrontal pillars and posteriorly, and along 
the sagittal axis, by the olfactory bulbs (dark pink color in Figures 7 
and 8). Posterolaterally, this cavity divides into two bilateral dorsally 
rounded chambers that develop in front of the orbits and laterally 
to the prefrontal pillars. Posteromedially, when the olfactory region 
passes between the prefrontal pillars, it is partially divided into a big 
trapezoidal dorsal cavity and a smaller rhombic shape ventral cavity 
due to the approximation of the medial processes of the pillars. The 
division of the chamber is not complete as the medial processes of 
the pillars do not get to contact each other. The posterior contact 
with the olfactory bulbs occurs between the pillars, at the dorsome-
dial area of the olfactory region (Figure 7a,b). This dorsomedial area 
forms an anteroposteriorly elongated sagittal shelf with elevated 
lateral margins with the two lobes of the olfactory bulbs placed be-
tween them (Figure  7b). These elevated lateral margins run paral-
lel until they reach the olfactory tract, where they form an abrupt 
pointy lateral expansion which narrows again to form the olfactory 
tract.

Laterally to the olfactory region and in front of the orbits, the 
posterior region of the left nasolacrimal duct has been preserved 
(orange color in Figures 7b,d and 8b). It consists of a trilobed struc-
ture that joins in a single cavity anteriorly. Posteriorly it bifurcates 
into two ducts that connect with the anterior margin of the orbit. 
The medial duct is much larger and opens into a large lacrimal fo-
ramen at the anterior orbital margin. The lateral duct is smaller and 
opens into a tiny foramen at the anterolateral margin of the orbit.

Additionally, the posterior-most alveolar region has been pre-
served (Figures 7 and 8). This region is supplied by numerous blood 
vessels, but only the posterior end of the dorsal alveolar canal has 
been preserved. This canal houses the maxillary branches of the tri-
geminal nerve and several maxillary veins and arteries.

Posteroventrally to the olfactory region of the nasal cavity, the 
nasopharyngeal ducts have been preserved (light yellow color in 
Figures 7 and 8). In its route, they are enclosed by the palatines in its 
most anterior region and by the pterygoids in its posterior end. In its 
anterior-most preserved region these ducts are separated and run 
anteroposteriorly (Figure 7c,d). Posteriorly, they approach medially 
until they come into contact at the mid-length of the palatines and 
just posteriorly to the olfactory region (Figure 7c,d). Therefore, both 
ducts unify in a single large cavity, but they still preserve a small re-
cess of the septum in its dorsal and ventral walls visible by the pres-
ence of sagittal grooves in the cavity (Figure 7c,d). In ventral view, 
when it passes through the posterior-most region of the palatines, 
the ventral wall of the duct narrows, forming a medial constriction, 
from which it widens again posteriorly (Figure 7d). This constriction 
is not visible in dorsal view since the dorsal and lateral walls of the 
canal maintain a constant width. At approximately the level of this 
constriction, the dorsal septum recess and its associated sagittal 
groove disappear, in consequence, the dorsal wall of the duct re-
mains smooth. The ventral sulcus remains until the posterior end of 
the duct. When the nasopharyngeal duct passes through the ptery-
goids, it slopes slightly posteroventrally and continues in this direc-
tion until it opens through the internal choana (Figure 8a–d). In the 
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region of the pterygoids, the cross-section of the duct changes being 
wider ventrally than dorsally and having an inverted heart-shaped 
outline.

3.3.2  |  Brain

The entire brain is complete and well-preserved (blue color in 
Figures 7–9). In dorsal view, it shows a slender and elongated overall 
morphology. In lateral view, the brain presents the typical sigmoi-
dal or S-shaped outline observed in all mesoeucrocodylians (Bona 
et al., 2013, 2017; Kley et al., 2010; Serrano-Martínez et al., 2019a, 
2021). The degree of their sigmoidal shape varies depending on the 
flexion angles between the forebrain-midbrain (cephalic flexion, 
CF) and the midbrain–hindbrain (pontine flexion, PF) (Figure  9f). 
This flexure varies from straighter and more tubular brains (high CF 
and PF values), as in thalattosuchians such as Plagiophtalmosuchus, 
Macrospondylus, Cricosaurus, Pelagosaurus and ‘Metriorhynchus’, to 
more flexed sigmoidal brains (low CF and PF values), as in croco-
dylians such as Alligator (Erb & Turner,  2021; Pierce et al.,  2017) 
or Trilophosuchus (Ristevski, 2022). The flexion values observed in 
Portugalosuchus are relatively high (CF = ~159°; PF = ~159°) indicat-
ing an intermediate brain morphology between Plagiophtalmosuchus 
(CF = 175°; PF = 170°), Macrospondylus (CF = 170°; PF = 165°), and 
Gavialis (CF = 150°; PF = 154°), falling in a similar range to that ob-
served in Pelagosaurus (CF = 160°; PF = 160°) (Erb & Turner, 2021; 
Pierce et al., 2017). This greater angle in pontine flexion produces 
that the dorsal region of the cerebellum is approximately at the same 
height of the dorsal surface of the cerebrum in contrast with most 
nongavialoid crocodylians.

The olfactory bulbs are situated along the sagittal axis and 
bounded anteriorly and laterally by the olfactory region, posteriorly 
by the olfactory tract, and dorsally with the frontal bone between 
the orbits. They are two convex and parallel lobes, divided by a shal-
low longitudinal groove, that advance anteriorly until they taper in 
the olfactory region of the nasal cavity (Figure 7b). The bulbs appear 
to be unusually long compared with other crocodylomorphs; how-
ever, its anterior end is difficult to distinguish since the bulbs merge 
with the olfactory region without any visible structure marking the 
limit.

The olfactory tract is anteroposteriorly elongated, dorsoven-
trally flattened and maintains a constant lateromedial width until 
it reaches the area that joins the cerebrum in the prosencephalon 
(or forebrain) (Figure 9). As in most mesoeucrocodylians, the tract 
is undivided differing from the thalattosuchian Pelagosaurus, which 
shows two paired ducts in the anterior region of the tract (Pierce 
et al., 2017). At mid-length there is a small lateral deviation of the 
tract due to slight lateral shear deformation (Figure 9a,b). Posteriorly 
to this middle region, the tract progressively widens laterally until it 
contacts the cerebrum.

The prosencephalon is dorsally enclosed by the frontal and pa-
rietal, lateroventrally by the laterosphenoids and ventrally by the 
parabasisphenoid. The dorsal surface of the cerebrum is smooth, 

relatively flat in its anterior region and becomes more rounded and 
convex posteriorly. In dorsal view, the posterior expansion of the 
cerebral hemispheres is so gradual that there is not a remarkably 
rounded convexity highlighting the anterior margin of the hemi-
spheres (Figure 9a). This contrasts with the morphology of the ce-
rebral hemispheres observed in most eusuchians, which tend to 
have rounded or conical dorsal outlines (Ristevski, 2022; Serrano-
Martínez, 2019). On the contrary, the rounded morphology of the 
hemispheres in their posterior margin is more evident due to a more 
abrupt narrowing of the brain in the transition from the prosen-
cephalon to the mesencephalon (or midbrain). The maximum width 
of the brain coincides with the lateral expansion of the cerebral 
hemispheres and its ratio with the greatest width of the hindbrain 
is about 1.15, which is similar to that observed in gavialoids such as 
G. gangeticus and T. borissiaki and different from most Crocodyloidea 
and Alligatoroidea that usually present ratios between 1.5 and 2. In 
lateral view, the development of the cerebral hemispheres is also 
different from the morphology observed in most eusuchians. The 
hemispheres of Portugalosuchus have a more anteroposterior devel-
opment, being slightly flattened dorsoventrally (Figure 9d,e), while 
in other eusuchians the hemispheres are more dorsoventrally ex-
panded. This softness of the general contour seen in both dorsal and 
lateral views gives the brain of Portugalosuchus a more elongated 
appearance with less pronounced differences between the brain re-
gions as contrast with other nongavialoid crocodylians.

The prosencephalon is posteroventrally bounded by the pituitary 
or hypophyseal fossa. The pituitary grows from the posteroventral 
margin of the forebrain as a straight and posteroventrally directed 
subcylindrical projection (Figure 9f). This morphology contrasts with 
the pituitary observed in some crocodylians such as C. niloticus, A. 
mississippiensis, D. tormis or allodaposuchids such as Agaresuchus 
and Arenysuchus, whose pituitary forms a curved elbow that begins 
ventrally directed to ends up bending posteriorly (Puértolas-Pascual 
et al., 2022; Serrano-Martínez et al., 2021), or with the subhorizontal 
pituitary observed in some thalattosuchians (Ristevski, 2022). From 
the posterior end of the pituitary arise the two bifurcated cerebral 
carotid arteries. The arteries run posterolaterally, then curve pos-
terodorsally, cross the pharyngotympanic sinus and turn postero-
ventrally to exit by the posterior carotid foramen into the otoccipital 
(Figure 9).

In lateral view, the dorsal transition between the prosencepha-
lon and the mesencephalon is very subtle (Figure 9d–f). There is only 
a slight concavity, much more evident in dorsal view, in the region 
of the optic lobe. A similar morphology has been observed in taxa 
such as G. gangeticus, however, in most eusuchians, there is a down-
ward slope as the dorsal surface of the midbrain is more ventrally 
located. Some taxa, such as alligatoroids, even have a marked lump 
anteriorly to the slope between both regions of the brain (Serrano-
Martínez, 2019). Posteriorly to the neck formed by the optic lobe 
region, the mesencephalon contacts the rhombencephalon, which 
expands dorsoventrally until reaching the maximum dorsoventral 
thickness of the brain marked by convex areas in the dorsal (cere-
bellum) and ventral (beginning of the medulla) surfaces (Figure 9f). 
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Almost in the contact area with the rhombencephalon, the latero-
ventral region of the mesencephalon holds the trigeminal nerve V 
which will be explained in the next subsection.

The boundary between the mesencephalon and the rhomben-
cephalon (or hindbrain) is marked by the posterior margin of the 
opening for the trigeminal nerve V and the anterior margin of the 
concavities of the otic capsules (Figure 9). In dorsal view, this area of 
the rhombencephalon is characterized by strong dorsolateral con-
strictions of the brain, forming two large concavities that house the 
otic capsules and the inner ear (Figure  9a). Posteriorly to the otic 
capsules, the dorsal region of the hindbrain expands laterally again 
until it exits through the foramen magnum. Just before this exit, 
there is a small sagittal ridge on the dorsal surface associated with 
two lateral small depressions (Figure 9a). The ventral surface of the 
posterior-most region of the hindbrain is crossed by a sagittal ridge 
that may correspond to endocranial vasculature, most likely the basi-
lar artery (see Porter et al., 2016: Figure 5) (Figure 9b). In lateral view, 
posteriorly to the large dorsoventral expansion of the cerebellum 
and pons regions, the hindbrain progressively reduces its dorsoven-
tral thickness towards the medulla (Figure 9d–f). Posteriorly to the 
otic capsules, the hindbrain gets a constant thickness until its poste-
rior end (Figure 9d,e).

3.3.3  |  Cranial nerves

Due to its exceptional preservation, most of the nerves could be 
reconstructed (yellow color in Figures 7–9). The optic (II), oculomo-
tor (III), trochlear (IV), trigeminal (V), abducens (VI), facial (VII), glos-
sopharyngeal (IX), vagus (X), accessory (XI) and the paired canals of 
the hypoglossal nerves (XII) have been preserved. The olfactory (I) 
nerves could not be reconstructed by CT scan since they are located 
in the anteroventral region of the olfactory bulbs and, therefore, not 
enclosed within bony cavities. The vestibulocochlear (VIII) nerve can 
barely be distinguished or segmented; however, two to three small 
foramina in the prootic adjacent to the endosseous labyrinth can be 
observed (Figure  4c). This difficulty in distinguishing this nerve is 
common in larger specimens, where the growth of the inner ear and 
its approach to the nerve make its distinction more difficult (Lessner 
& Holliday, 2022). The accessory (XI) nerve cannot be reconstructed 
as it develops outside of the skull.

The optic (II) nerve, which serves to transmit visual sensory sig-
nals, has been preserved. It is a short, thick nerve located in the an-
teroventral region of the telencephalon, around the sagittal plane 
(Figure 9b,d,e). It extends anteriorly, outside the endocranial cavity; 
therefore, it has only been possible to reconstruct the most poste-
rior end attached to the forebrain.

Both left and right oculomotor (III) nerves, which transmit motor 
signals, have been preserved. They are anteroposteriorly elongated 
nerves located anterolaterally to the pituitary fossa (Figure 9b,d,e). 
This nerve is laterally bounded by the laterosphenoid and its ante-
rior exit is placed laterodorsally to the parabasisphenoid rostrum. 
However, the preserved cavity for this nerve does not completely 

correspond to CN III as large vessels path through these foramina, as 
opposed to the canals of other cranial nerves (see models by Lessner 
& Holliday, 2022).

Left and right trochlear (IV) nerves have been preserved 
(Figure 9b,e). This nerve is responsible for transmitting motor sen-
sory signals. The preserved cavity corresponds to a short path just 
below the cerebral hemisphere. In addition, most of the course of 
the right nerve merges with the cavity of the ophthalmic division (V1) 
of the trigeminal nerve, and the exact limits between both nerves 
are difficult to distinguish (Figure 9d).

Both trigeminal (V) nerves are well-preserved (Figure 9a–e). As 
in other archosaurs, the trigeminal is the largest of the cranial nerves 
and transmits both motor and sensory signals. This nerve is divided 
into three main divisions (ophthalmic division V1, maxillary division 
V2 and mandibular division V3), as well as several subdivisions and 
secondary branches such as the supraorbital branch (nSO) and the 
tympanic branch (nTYM). In ML1818 most of the main divisions 
and some secondary branches can be reconstructed and, when it 
is not possible, their paths can be inferred thanks to the presence 
of grooves and bridges in the braincase. A trigeminal foramen sur-
rounded by grooves identified as channels for the trigeminal nerve 
has already been described in several crocodylomorphs (Brochu 
et al., 2002; Holliday & Witmer, 2009). The shape and presence of 
these grooves, laterosphenoid bridges and epipterygoid vary among 
Crocodylomorpha (see Holliday & Witmer, 2009 for a more compre-
hensive explanation and distribution of these structures).

The trigeminal (V) nerve is a structure that flares from the lateral 
region of the mesencephalon until it exits through the big and sub-
circular trigeminal foramen bounded by the prootic, laterosphenoid, 
quadrate and pterygoid. Most of the ophthalmic division (V1) has 
been preserved in both sides of the skull (Figure 9d,e). This division 
exits through the trigeminal foramen and runs anteriorly from the 
main trigeminal trunk (trigeminal ganglion) through an anteropos-
terior groove in the lateral wall of the laterosphenoid (Figures 5a,b 
and 9b,d,e). This groove is open laterally (rather than being a closed 
tunnel); therefore, the laterosphenoid lacks a complete lateral bridge 
(Figure 5a,b). The beginning of the maxillary division (V2) follows a 
similar direction almost parallel to V1 (Figure 9d). However, V2 starts 
slightly more dorsal than V1 and runs slightly more anterolaterally 
rather than anteriorly (Figure 9a). As a consequence of its more an-
terolateral trajectory, only the beginning of the V2 branch leaves 
some imprint on the lateral wall of the laterosphenoid (Figures 5a,b 
and 9d). The mandibular division (V3) is projected ventrolaterally 
from the main trigeminal trunk and the trigeminal foramen, in con-
sequence, it is not touching the bone surface in its path and there is 
almost not visible mark on the braincase wall (Figures 5a,b and 9d). 
On the left side, there is a groove that starts from the trigeminal 
foramen and runs dorsally through the medial wall surface of the 
supratemporal fossa, approximately between the laterosphenoid 
and the quadrate suture. This groove (g nSO, supraorbital nerve 
groove) holds the supraorbital branch (nSO) of nerve V and, on the 
right side of the skull, it passes under the caudal bridge of the latero-
sphenoid (Figures 5a,b and 9a,d) as in most extant taxa (Holliday & 
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Witmer, 2009). On the contrary, this bridge appears to be eroded on 
the right side and only a groove can be observed. Another two sec-
ondary dorsal branches can be observed in ML1818. The longest one 
corresponds to the tympanic branch (nTYM) of the trigeminal nerve 
(Figure 9a–e). The nTYM is completely enclosed within the braincase 
wall and it is a nearly straight posterolaterally directed branch, which 
takes off from the posterodorsal region of the main trigeminal trunk, 
passes through a foramen in the prootic and ends merging between 
the cavities of the pharyngotympanic sinus and the intertympanic 
diverticula. The shorter dorsal branch (nDO) begins in the dorsome-
dial region of the main trigeminal trunk, close to the beginning of the 
tympanic branch but in the opposite sense (Figure 9a,d,e). It curves 
dorsomedially until it connects with the dorsolateral surface of the 
mesencephalon where the optic lobe is located. The function of this 
dorsal branch remains unclear since it even could be a vascular blood 
vessel rather than a nerve branch.

On both sides, the abducens nerves (VI) are very thin canals orig-
inating from the ventrolateral surface of the mesencephalon region 
(Figure  9b,d). These nerves, linked with motor signals, are usually 
very thin and hard to recognize by CT scan (Serrano-Martínez, 2019), 
but they are clearly visible in Portugalosuchus. From the medulla, 
they run anteriorly along ventrally curved canals until they reach 
both sides of the pituitary where upon they exit the skull.

Both left and right cranial (VII) nerves, responsible for transmit-
ting motor and sensory signals, have been reconstructed (Figure 9b–
e). This nerve begins at the anteroventral margin of the otic capsule, 
just posterior to the trigeminal root. It bifurcates in the dorsal hyo-
mandibular branch entering into the cavity of the pharyngotympanic 
sinus, and the ventral palatal branch, which enters within the cavity 
of the parabasisphenoid diverticulum (pneumatic recess). Ventrally, 
it passes through the latter cavity and cannot be distinguished in the 
CT scan; however, it exits again through the ventromedial wall of 
the parabasisphenoid diverticulum. From this exit, this nerve turns 
anteriorly and becomes elongated, anteroposteriorly oriented and 
runs parallel and close to the sagittal axis below the pituitary fossa. 
In its preserved anterior region, the nerve crosses the parabasisphe-
noid and exits through a small foramen between the pterygoid and 
the parabasisphenoid located ventrolaterally to the beginning of the 
parabasisphenoid rostrum (Figure 6c).

The glossopharyngeal (IX) and vagus (X) nerves have been pre-
served, but are only complete on the right side (Figure 9a–d). These 
nerves, which transmit both motor and sensory signals, are postero-
laterally directed and posteriorly located to the inner ear, on the lat-
eral margin of the hindbrain. The glossopharyngeal (IX) is a short 
nerve located close to the brain and ventrally to the vagus nerve 
(X). Both nerves merge in the common canal for CN IX, X, and sym-
pathetic nerve, from where they open through the foramen vagi (or 
jugular foramen) on the posterior side of the otoccipital, dorsal to 
the foramen caroticum and anterolateral to the hypoglossal foram-
ina (CN XII) (Figures 2f, 5j and 9a–e). At the midpoint of the common 
canal for CN IX, X, and sympathetic nerve, the tympanic branch of 
the vagus nerve (Xtymp) splits from the rest and runs anterolaterally 
until it merges with the pharyngotympanic sinus. However, recently, 

Kuzmin et al. (2021) argued that the tympanic branches of CN IX and 
X proposed by Lessner and Holliday (2022) may actually correspond 
to the sympathetic nerve that extends in a similar direction, enters 
the braincase via foramen vagi in the otoccipital and exits it anteri-
orly via the foramen within the prootic (see Neurocranial osteology 
above). The accessory (XI) nerve would be located outside this fora-
men so it cannot be reconstructed.

The hypoglossal (XII) are short, paired nerves which transmit 
motor signals. The pair of nerves on the right side are complete, 
while on the left side only the most anterior canal has been pre-
served (Figure 9a–e). This left anterior canal is bifurcated into two 
smaller ducts, something that is not seen on the right side. The hy-
poglossal nerve passes through two canals starting from the me-
dulla, in the hindbrain lateral surface, and extending laterally until 
the hypoglossal foramina opening on the otoccipital (Figures 2f and 
5j). Both nerves run parallel (also parallel to the vagus nerve), start-
ing laterally and curving slightly posterolaterally from the midpoint 
toward their exit close to the foramen magnum. The posterior canal 
of the hypoglossal nerve is slightly wider and its opening foramen is 
more dorsally located than in the anterior canal.

3.3.4  |  Paratympanic sinus system

In ML1818, the pharyngotympanic and median pharyngeal sinus 
systems are complete and well-preserved, and just the posterior re-
gion of the left pharyngotympanic sinus has been lost (Figures 7 and 
8). These systems are housed in bony recesses around the hindbrain 
and slightly around the midbrain.

The pharyngotympanic system (green color in Figures 7 and 8) 
is the principal and biggest pneumatic complex of the paratympanic 
sinus system and extends laterally from the inner ear until it reaches 
the opening of the external auditory meatus. In this opening, the 
pharyngotympanic sinus expands anteroposteriorly. This expan-
sion is much longer in posterior direction since it coincides with the 
cranioquadrate passage located between the paroccipital process of 
the otoccipital and the quadrate. Unfortunately, whether this pas-
sage is laterally open (as in hylaeochampsids and allodaposuchids), or 
laterally closed by the squamosal (as in crocodylians), cannot be de-
termined in Portugalosuchus as this area is eroded. It should be noted 
that the cranioquadrate passage is not part of the paratympanic sinus 
system, since it serves as a neurovascular passage for nerves (CN 
VII) and blood vessels (stapedial vein and artery), and it is delimited 
from the paratympanic cavities by soft tissue not preserved in fossils 
(Kuzmin et al., 2021; Montefeltro et al., 2016). The right siphonium 
has been preserved, just the distal region and its exit through the fo-
ramen aereum are not preserved, as the distal region of the quadrate 
is eroded. The siphonium is a cylindrical canal that crosses the quad-
rate in a posterolateral direction. In its beginning, after starting from 
the posteroventral margin of the lateral pharyngotympanic sinus, the 
siphonium has a short anterior projection that corresponds to the 
quadrate recess. In the dorsolateral region of each pharyngotym-
panic sinus, close to the external auditory meatus, this cavity sends 
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a thin, cylindrical temporal canal over the dorsolateral surface of 
the lateral region of the intertympanic diverticulum. This canal exits 
anteriorly through the anterior temporal foramen, which is located 
in the posterior wall of the supratemporal fossa and surrounded by 
the squamosal, the parietal and the quadrate. More medially, this 
canal has another exit through the post-temporal fenestra, an open-
ing located in the occipital region of the skull and surrounded by 
the supraoccipital, parietal and squamosal. It should be emphasized 
that the temporal canal is not a structure directly related to hearing 
and the paratympanic sinus system, since it serves as a passage for 
the main branches of the temporoorbital artery and vein (Kuzmin 
et al., 2021; Porter et al., 2016; Walker, 1990). Ventromedially, the 
pharyngotympanic sinus extends surrounding the carotid artery 
and spreading under the brain. In this region and near the sagittal 
plane, the floor of both pharyngotympanic sinuses (the rhomboidal 
recess) extends ventromedially forming the basioccipital recess, two 
symmetric slender cavities that reach the medial pharyngeal sinus 
forming a Y-shaped connection. Laterally to these ventromedial 
cavities, the pharyngotympanic sinuses connect with the pharynx 
by the pharyngotympanic tubes. They are long and very thin ducts 
that run ventrally within the otoccipital, basioccipital and parabasi-
sphenoid. The right pharyngotympanic tube is complete, and, near 
its distal end, it curves slightly posteroventrally until it exits through 
the lateral pharyngotympanic (= Eustachian) foramina at the same 
level with the median pharyngeal foramen such as in several species 
of Crocodylus (Brochu, 1999; Kuzmin et al., 2021). Unlike other ob-
served crocodylians, the distal end of the pharyngotympanic canal 
and its foramen are located exclusively within the parabasisphenoid, 
without contact with the basioccipital. Interestingly, some recesses 
of the paratympanic sinus system that appear in many crocodylians, 
such as the pterygoid, the infundibular, the laterosphenoid and the 
prootic recesses, are absent in Portugalosuchus, presenting a similar 
condition to G. gangeticus, T. schlegelii and several crocodylids, where 
these recesses are greatly reduced or absent (Kuzmin et al., 2021).

The median pharyngeal (= Eustachian) canal (purple color in 
Figures 7 and 8) lies in the sagittal plane, and it is a long, thick, cy-
lindrical tube slightly flattened dorsoventrally. This duct runs pos-
teroventrally until it exits through the median pharyngeal foramen 
between the parabasisphenoid and the basioccipital. There is a 
slight sagittal ridge on its posterodorsal surface. At its dorsal end, 
the median pharyngeal canal forks to contact the pharyngotympanic 
sinuses dorsally and the parabasisphenoid diverticula anterodor-
sally. The contact with the parabasisphenoid diverticula (violet color 
in Figures 7 and 8) is also Y-shaped. Both diverticula have a small, 
rounded ventral expansion just after their dorsal bifurcation. From 
this point, they extend dorsally to contact the anterior ventromedial 
region of the pharyngotympanic sinuses.

The intertympanic diverticula (sky blue color in Figures 7 and 8) 
are complete and well-preserved. These cavities are dorsally located 
to the brain and the pharyngotympanic sinuses, and housed by the 
supraoccipital, otoccipitals and prootics. This pneumatic complex 
can be divided into three main regions: two lateral cavities and a 
central one. The central region, located within the supraoccipital, is 

small and laterally connected to the lateral regions. These connec-
tions are produced by two cylindrical cavities which are almost as 
wide as the central region, which is greatly reduced in comparison 
with the lateral ones. In dorsal view, the central region together with 
these pillars form an anteriorly concave cavity. The lateral regions 
of the intertympanic diverticula are large rounded and ellipsoidal 
cavities housed within the prootics and the otoccipitals that extend 
laterally over almost the entire surface of the pharyngotympanic cav-
ities. On the posteromedial surface of each lateral region, near the 
inner ear, the intertympanic diverticulum has a ventral projection. 
Several basal eusuchians, such as Lohuecosuchus, and most crocody-
lians, have a parietal diverticulum that emerges anteromedially from 
both lateral regions of the intertympanic diverticula. This structure 
consists of two prongs that approach each other medially or even 
converge to form a ring (Serrano-Martínez, 2019). However, there 
is no trace of any kind of parietal diverticulum in Portugalosuchus, 
having this anterior region quite smooth.

3.3.5  |  Inner ear

In ML1818, both inner ears (light pink color in Figures 9 and 10) are 
well-preserved and almost complete. The inner ears are housed 
into two concavities located on the lateral sides of the rhomben-
cephalon, specifically in the anterior region of the metencephalon, 
which form the otic capsules within the prootics and the otoc-
cipitals. The inner ear is composed by the bony labyrinth system, 
which is a series of interconnected ring-shaped canals housing 
neurosensory organs related to balance, the vestibule, also related 
to balance, and the cochlear region containing the hearing organs. 
Both left and right bony labyrinths are well-preserved in ML1818, 
with semicircular canals without signs of deformation. The an-
terior semicircular canal is the longest and highest, although its 
duct diameter is slightly thinner than in the other canals. In lat-
eral view, the anterior canal ascends anterodorsally from the wide 
and short crus commune until reaching the highest point of the 
inner ear, from where it descends abruptly anteroventrally until it 
contacts the vestibule and the lateral (or horizontal) semicircular 
canal. This area of contact between the canals and the vestibule, 
called anterior ampula, is anteriorly projected from the main body 
of the inner ear. The posterior canal has a similar morphology to 
the anterior one but in the opposite direction, slightly ascending 
posterodorsally from the crus commune and descending poster-
oventrally until it contacts the lateral canal in the posterior region 
of the inner ear. In this contact region between canals, there is 
also a posterior projection of the posterior ampula, although less 
pronounced than the anterior ampula. The diameter of the ring 
formed by the posterior canal is smaller, although the diameter 
of its duct is slightly larger than that of the anterior canal. In dor-
sal view, the angles formed between the planes of the anterior 
and the posterior canals are about 65°. The lateral canal is located 
laterally to the vestibule and forms a ring whose plane is horizon-
tal. This canal is the shortest and forms the ring with the smallest 
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diameter of the three canals, although the diameter of the duct is 
slightly larger and slightly dorsoventrally flatter. In lateral view, 
the angle formed by the lateral and the anterior canals is about 69° 
in the left inner ear and 67° in the right one. The angle between 
the lateral and the posterior canals is about 50° in the left inner 
ear and 65° in the right one. The cochlear ducts (lagena) of both 
inner ears are ventrally projected, although in the right, which is 
better-preserved, a slight posterior deviation can be observed in 
its ventral end.

3.4  |  Estimation of neurosensorial capabilities

The obtained 3D meshes can be also used to estimate some of the 
sensorial and cognitive capabilities of Portugalosuchus, by taking and 
comparing linear and volumetric measurements from concrete re-
gions of the reconstructed inner skull cavities (see Supplementary 
Information S1 for tables with all measurements).

Olfactive acuity seems to be related to the number and size 
of the olfactory receptor genes, odor receptors and mitral cells 
(Zelenitsky et al.,  2009), which are correlated with the absolute 
and relative size of the olfactory bulbs (Lautenschlager et al., 2012; 
Zelenitsky et al., 2009). Olfactory ratios were estimated by com-
paring the greatest diameter of the olfactory bulb with that of the 
brain hemisphere, normalized by a log transformation (Zelenitsky 
et al., 2009, 2011). The olfactory ratio of Portugalosuchus is 1.64 
(Supplementary Information S1: Table S1), a bit low for a eusuchian 
(Puértolas-Pascual et al.,  2022; Serrano-Martínez et al.,  2019a, 
2021).

Hearing acuity in reptiles and birds seems to be related to 
the size of the Endosseous Cochlear Duct (ECD), in the co-
chlear region (Walsh et al., 2009). The ECD of Portugalosuchus 
was measured, scaled to basicranium length and finally log 
transformed. The obtained result, −0.91 (Supplementary 
Information  S1: Table  S2), is within the range of crocodylians 
described by Walsh et al. (2009), and close to that of those esti-
mated for other large eusuchians such as Alligator mississippien-
sis, Crocodylus niloticus or the extinct Lohuecosuchus megadontos 
(Serrano-Martínez, 2019).

There is no method to measure the size of the real eyeball in fos-
sil crocodylomorphs, the organs used to estimate visual acuity (Hall 
& Ross, 2007; Lautenschlager et al., 2012; Schmitz, 2009). However, 
the relative volume of the optic lobes can be tested by comparing the 
volume of the optic lobes to that of the whole endocast volume (Jirak 
& Janacek,  2017, Figure  2; Serrano-Martínez et al.,  2019a, 2021; 
Watanabe et al., 2019). The relative volume of the Portugalosuchus 
optic lobe is about 10% (Supplementary Information S1: Table S3), 
being close to that of Tomistoma and Arenysuchus (Puértolas-Pascual 
et al., 2022).

Finally, its cognitive capabilities can be estimated by calculating 
the reptile encephalization quotient (REQ; Hurlburt, 1996), an equa-
tion that compares the body mass (estimated based on skull mea-
surements: Dodson, 1975; Platt et al., 2011; Webb & Messel, 1978) 

and brain mass applying a density of 1  g/cm3 (Franzosa,  2004) to 
the brain volume. Brain volume was estimated after subtracting the 
volume of the dural envelope basing on a linear regression (Jirak 
& Janacek,  2017; Watanabe et al.,  2019). The estimated REQ of 
Portugalosuchus is 0.97 (Supplementary Information  S1: Table  S4), 
within the range of other large-sized eusuchians, such as A. mississip-
piensis, C. niloticus, T. schlegelii, or the extinct Agaresuchus fontisensis 
(Serrano-Martínez et al., 2021).

3.5  |  Neurosensorial implications

There are several studies about the acute sense of olfaction of 
crocodylians, having large olfactory bulbs in comparison with other 
archosaurs (Grigg & Kirshner, 2015; Zelenitsky et al., 2009, 2011). 
Based on the scarce available data, crocodyloids have a slightly 
higher olfactory sense than alligatoroids, and basal eusuchians were 
located between both groups (Serrano-Martínez et al., 2019a, 2021). 
However, based on the latest studies (Puértolas-Pascual et al., 2022), 
allodaposuchids seem to have a lower average olfactory ratio than 
previously described, being more likely close to gavialoids and alliga-
toroids than to crocodyloids. In this context, Portugalosuchus shows 
a lower olfactory ratio than that observed in other eusuchians and is 
closer to that observed in some allodaposuchids such as Ar. gascaba-
diolorum and Ag. subjuniperus, and the gavialoid G. gangeticus. In this 
way, the primitive condition would be to have “low” olfactory ratio, 
and crocodyloids and tomistomines might have derived to a higher 
olfactive acuity.

Concerning audition, crocodylians seem to have a hearing acu-
ity specialized towards low frequencies (Brusatte et al.,  2016; 
Pierce et al.,  2017; Vergne et al.,  2009; Walsh et al.,  2009), and 
Portugalosuchus is not an exception. However, its observed range is 
closer to the medium-sized crocodylians, such as Osteolaemus tet-
raspis and Caiman crocodilus, than to the large-sized samples, such 
as the allodaposuchid L. megadontos, the crocodyloid C. niloticus, 
the gavialoid G. gangeticus, or the crocodyloid C. niloticus (Serrano-
Martínez et al., 2019b).

Vision is also a very acute sense in crocodylians, having relatively 
complex eyes (Garrick & Lang, 1977; Nagloo et al., 2016). However, 
the sight in these animals seems to be related to the photic con-
dition of their habitat rather than to other variables, such as prey 
selection (Nagloo et al., 2016; Serrano-Martínez et al., 2021). The 
relative size of the optic lobe of Portugalosuchus is at the lower part 
but within the range observed for allodaposuchids and crocodylians 
(Puértolas-Pascual et al., 2022; Serrano-Martínez et al., 2021). This 
may be due to an adaptation to more muddy waters like Arenysuchus 
and Tomistoma schlegeli.

Finally, the estimated REQ of Portugalosuchus (0.97) is quite sim-
ilar to that of A. mississippiensis, C. niloticus (both REQs = 0.96) or T. 
schlegeli (REQ = 1.03), all of them large-sized specimens (Serrano-
Martínez et al., 2021). This result agrees with the latest proposals, 
noticing that the REQ in crocodiles is closely related to the sample 
size (Serrano-Martínez et al., 2019a, 2021).

 14697580, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/joa.13836 by R

eadcube (L
abtiva Inc.), W

iley O
nline L

ibrary on [06/02/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



    |  21PUÉRTOLAS-­PASCUAL et al.

3.6  |  Phylogenetic analysis

Thanks to the information obtained from the micro-CT scan sev-
eral characters used in the original description of Portugalosuchus 
azenhae (ML1818) by Mateus et al. (2019) have been modified and 
new ones have been codified (see Supplementary Information  S1 
for the list of modified characters). In that work, ML1818 was in-
cluded in the matrix of Narváez et al.  (2016), matrix in turn based 
on the work of Brochu and Storrs  (2012) among others, but all of 
them mostly based on the dataset of Brochu (1997b). However, re-
cently Rio and Mannion (2021) published a new dataset that includes 
330 characters (using continuous and discrete characters) and 144 
taxa, being one of the most complete matrices for deeply nested 
neosuchian crocodylomorphs. These authors made an exhaustive 
description of each character including very comprehensive photos 
that help to better understand its meaning and reduce subjectivity 
and ambiguity during encoding. In addition, this dataset seems to 
solve the long-standing gharial problem by using exclusively mor-
phological characters, obtaining similar results to DNA phylogenies 
and some recent DNA + morphological characters phylogenies (see 
Rio & Mannion, 2021 and references therein for a comprehensive 

review of previous phylogenetic studies). For all these reasons we 
have decided to use the Rio and Mannion (2021) dataset and include 
the new Portugalosuchus azenhae coding there (see Supplementary 
Information S2 to get the matrix in .tnt format).

In the work of Rio and Mannion  (2021) they carry out up to 9 
different phylogenetic analyses (1.1 to 3.3) in which they change 
different parameters such as the use of continuous and/or discrete 
characters, the weighting, and the number of characters among 
others. From their work they conclude that the analysis that re-
covered the most stratigraphically congruent topology is 1.3 (Rio & 
Mannion,  2021: Figure  10) and for this reason we have used that 
protocol for our analysis. The analysis was performed using the New 
Technology Search in TNT v 1.5 (July 2022 version) (Goloboff & 
Catalano, 2016), with all algorithms enabled (Sect. search, Ratchet, 
Drift and Tree fusing) and the consensus tree stabilized 5 times with 
a factor of 75, leaving the rest of the options by default. To recover 
all trees, a second search using the trees recovered from the first 
New Technology Search iteration were used as starting trees for a 
traditional search (“trees from ram” option) using tree bisection and 
reconnection (TBR). The analysis was performed with the implied 
weighting and extended implied weighting activated using a k = 12 

F I G U R E  11  Phylogenetic relationships of eusuchians, depicting the position of Portugalosuchus azenhae (ML1818) based on the matrix of 
Rio and Mannion (2021). Strict consensus tree of 9 most parsimonious cladograms with 8199 of character fit score. Numbers of each node 
indicate the bootstrap frequencies over 50% and Bremer support over 1.
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of weighting function in the basic settings and activating the “down-
weight chars. with missing entries faster” option in the extended 
weighting menu (see Rio & Mannion, 2021 for a more detailed ex-
planation of the use of extended implied weighting). Following this 
protocol, in our analysis 36 multistate characters were treated as 
ordered (characters 17, 37, 47, 48, 58, 65, 72, 75, 78, 81, 87, 88, 102, 
109, 110, 137, 142, 151, 162, 175, 181, 188, 210, 214, 220, 221, 
222, 224, 235, 243, 284, 293, 297, 308, 323, and 324). We have to 
highlight a small error in the TNT file of the supplementary infor-
mation of the work of Rio and Mannion (2021), while in their article 
and in their description of characters they count characters 37, 110 
and 220 as ordered, in the file TNT these characters appeared as 
unordered. We fixed this mistake in our analysis and found that it 
did not affect too much the original topologies obtained by Rio and 
Mannion (2021).

The search returned 9 most parsimonious trees (MPTs) with 
8199 of character fit score (ensemble consistency index, CI = 0.178; 
ensemble retention index, RI = 0.654; rescaled consistency index, 
RC = 0.116). The bootstrap frequencies over 50% and Bremer sup-
port over 1 were summarized in the strict consensus tree (Figure 11).

The tree topology places Portugalosuchus within Crocodylia, as in 
the original phylogeny (Mateus et al., 2019: Figure 11). Nevertheless, 
it shows a different position within the crown group, and now 
it is recovered as a “thoracosaurid”, as in Rio and Mannion (Rio & 
Mannion,  2021: Figure  10). The distribution of the “thoracosau-
rids” is also slightly different from that shown in analysis 1.3 of Rio 
and Mannion  (2021), since although our cladogram also recovers 
“Thoracosauridae” as paraphyletic, the taxa are divided into two 
successive clades with the taxon Tomistoma cairense Müller,  1927 
situated between them. Portugalosuchus appears within the most 
deeply nested clade of the “thoracosaurids” as the sister taxon of 
Thoracousarus neocesariensis (de Kay, 1842) (Figure 11).

It is interesting to mention that the results obtained here and in 
the analysis by Rio and Mannion (2021) contrast slightly with other 
recent analyses that combine the use of DNA and morphological 
characters (Darlim et al.,  2022; Lee & Yates,  2018). These afore-
mentioned works place “Thoracosauridae” and Portugalosuchus (and 
other taxa such as Borealosuchus spp. and Planiocraniidae) outside of 
Crocodylia as successive sister eusuchian taxa of the crown group. 
It would be interesting to replicate these analyses including the new 
data obtained here, alongside DNA data, and using other cladistic 
approaches such as undated Bayesian and tip-dating Bayesian analy-
ses, but a work so focused on phylogeny goes beyond the objectives 
of the present anatomical study.

4  |  CONCLUSIONS

Since the turn of the twenty-first century, paleoneuroanatomy has 
advanced significantly as a result of CT technology. In this regard, 
here we show the results of the first detailed braincase anatomi-
cal description and neuroanatomical analysis of the holotype of the 
Portuguese Cenomanian eusuchian crocodylomorph Portugalosuchus 

azenhae (ML1818). The resulting 3D model has allowed a detailed 
description of the neurocranium of ML1818, which has helped to 
correct and complete some of the observations of previous articles. 
It has also been possible to reconstruct the cavities of the olfactory 
region, nasopharyngeal ducts, brain, nerves, carotid arteries, blood 
vessels, paratympanic sinus system and inner ear.

Thanks to the reconstruction of the internal cavities, its neu-
rosensorial capabilities were also estimated. The calculated olfac-
tory acuity of Portugalosuchus is a bit low for Eusuchia, although 
not far from the range observed in this clade. Hearing acuity is very 
similar to that seen in medium-sized crocodylians. Visual acuity is 
also smaller than the eusuchian average, although it is within the 
range seen in allodaposuchids and crocodylians. Finally, the esti-
mated REQ is quite similar to that of large-sized crocodylians such 
as A. mississippiensis, C. niloticus, or T. schlegeli. Therefore, these 
analyses show that back during the Cenomanian, Portugalosuchus 
already possessed olfactory acuity, sight, hearing, and cognitive 
abilities within the range observed in other basal eusuchians and 
crocodylians.

These new anatomical data were included in one of the most 
recent phylogenies based on morphological characters (Rio & 
Mannion, 2021). The position of Portugalosuchus differs slightly from 
the original publication (Mateus et al., 2019), as it is now placed as 
a thoracosaurid within Gavialoidea, but still within Crocodylia. This 
position contrasts with other recent analyses that include DNA 
information and that place Portugalosuchus outside of Crocodylia 
(Darlim et al., 2022). In order to adequately test these phylogenies, 
future cladistic analyses should take into account the new morpho-
logical traits seen in Portugalosuchus by encoding them alongside 
DNA data.
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