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ABSTRACT
The morphological analogy between the Spinosauridae and crocodilians rostrum has been widely 
documented. More recently, the supposed existence in Spinosauridae of specialized sensory organs 
such as those encountered in crocodilians (called ISOs for Integumentary Sensorial Organs) has been 
advanced by some authors. However, no complete representation of the neurovascular network 
in Spinosauridae rosette had yet been described and the association between dense neurovascular 
branching and skin sensitivity remained only a hypothesis. The amazing internal preservation of the 
premaxillae of Cristatusaurus lapparenti Taquet & Russell, 1998 and Spinosaurus maroccanus Russell, 
1996 from the MNHN of Paris finally gives us now a precise idea of the situation. We show by our 
tomographic results one of the best-preserved neurovascular complex discovered in a dinosaur and 
the very first complete in a Spinosauridae with the mature specimen of Cristatusaurus lapparenti. We 
found that the volume of the neurovascular system, the size of the foramina that coincides admirably 
with that of the underlying branches, and the complexity of the observed ramifications represent 
additional evidence supporting the hypothesis of a hypersensitivity of the rosette of these animals. 
Comparisons with other extinct and modern creatures that have developed efficient sensory structures 
on the front of their snouts were also made. In addition, our results tend to show a particularly high 
rate of tooth replacement in Spinosauridae from a very young age.

A tribute to Alain Bénéteau, whose collaboration was rich and sincere, 
reflecting his wonderful work in paleoillustration throughout these years. 
He was able to show that art and science could be combined admira-
bly, and that this alchemy is the best key to representing “lost worlds”.

In memory of Professor Philippe Taquet, for the discovery and the 
first descriptions of these dinosaurs, for his support and his precious 
encouragement throughout my research.

Thank you for your trust and our passionate discussions about Cuvier, 
old books and the most beautiful creatures the Earth has ever borne. 
Your broad legacy to science will continue to inspire generations of 
researchers, and you will forever remain my mentor in Palaeontology.
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INTRODUCTION

Previous research has shown that the largest representative of 
Spinosauridae, Spinosaurus aegyptiacus Stromer, 1915, had a 
highly developed neurovascular network in its muzzle (Dal 
Sasso et al. 2009; Ibrahim et al. 2014). The morphological 
analogy between the Spinosauridae and crocodilians rostrum 
has been widely documented (Taquet 1984; Rayfield et al. 
2007; Brazaitis & Watanabe 2011; Cuff & Rayfield 2013; 
Ibrahim et al. 2014). The lateral flattering and the antero-
posterior elongation of the snout resemble the arrangement 
encountered in crocodilians, pushed to the extreme in the 
gharial, Gavialis gangeticus (Gmelin, 1789). The teeth of the 
Spinosauridae are also very similar to those of the crocodilians, 
to such an extent that it is sometimes difficult to differentiate 
them. The evolutionary convergences between Spinosauridae 
and crocodilians probably do not stop there; more recently, 
the supposed existence in Spinosauridae of specialized sensory 
organs such as those encountered in crocodilians has been 
advanced by Dal Sasso et al. (2009). The complex neurovas-
cular network revealed by the CT scans of our three specimens 
of Spinosauridae was therefore the seat of blood vessels, but 
also and above all probably of the maxillary branch of the 
trigeminal nerve (V2). This branch being essentially sensitive 
(and non-olfactive), the fact that the muzzle of these animals 
(and the rosette in particular) was extremely sensitive is beyond 
doubt. A comparable network has been described in crocody-
lomorphs (Leitch & Catania 2012; Di-Poï & Milinkovitch 
2013; George & Holliday 2013; Bowman et al. 2022) and 
even in pliosaurs (DeGusta et al. 1999; Foffa et al. 2014).

We assess and discuss the degree of cutaneous sensitivity 
in Spinosauridae compared to other extinct or modern ver-
tebrates that have developed efficient sensory structures on 

the front of their snout. We hypothesize that the density of 
foramina on the front part of the snout and the degree of 
branching of the sensory channels are directly related to the 
non-olfactive snout sensitivity (Langner & Scheich 2009; 
Cunningham et al. 2010; Amendano et al. 2021; Lessner 
et al. 2023; Miyamae et al. 2024).

We subject our hypothesis to empiricism by quantitative 
observations that can not only show that Spinosauridae effec-
tively have ultrasensitive snout, but also that the latter reflects 
the compensation of another sense otherwise diminished for 
environmental or morphological reason rather than to an aquatic 
or semi-aquatic lifestyle/diet, as commonly suggested. Indeed, 
many clearly terrestrial and/or not necessarily piscivorous taxa 
have performed in the development of snouts covered with 
sensory receptors (especially mechanoreceptive). For exam-
ple, the oviparous mammals Monotremata Bonaparte, 1837 
like Tachyglossus aculeatus Shaw, 1792 with their long snout 
(Gregory et al. 1989; Manger & Pettigrew 1995; Langner & 
Scheich 2009; Doneley & Sprohnle‐Barrera 2021), the moles 
(Crumpton & Thompson 2013) or even many birds such 
as the kiwis or the ibises are concerned (Cunningham et al. 
2007, 2010, 2013).

THE VERTEBRATE NEUROVASCULAR SYSTEM

Amniota Haeckel,1866 have developed a large number of 
cutaneous sensory structures, glands and organs over the course 
of evolution. Examples include the lateral line of bony fishes 
(Bleckmann 2006; Bleckmann & Zelick 2009; Coombs et al. 
2014; Webb 2023) or the ampullae of Lorenzini of sharks 
for electroreception (Murray 1960; Kalmijn 1972; Josberger 
et al. 2016; Wueringer et al. 2021), the vomeronasal organs of 
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RÉSUMÉ
Système neurovasculaire et renouvellement dentaire du rostre des Spinosauridae : nouvelles descriptions et 
implications sur la sensibilité non-olfactive du museau des dinosaures.
L’analogie morphologique entre le rostre des Spinosauridae et des crocodiliens a été largement docu-
mentée. Plus récemment, l’existence supposée chez les Spinosauridae d’organes sensoriels spécialisés 
tels que ceux rencontrés chez les crocodiliens (appelés ISO pour Integumentary Sensorial Organs) a été 
avancée par certains auteurs. Cependant, aucune représentation complète du réseau neurovasculaire 
chez la rosette des Spinosauridae n’avait encore été décrite et l’association entre une ramification 
neurovasculaire dense et la sensibilité cutanée ne restait qu’une hypothèse. L’étonnante conservation 
interne des prémaxillaires de Cristatusaurus lapparenti Taquet & Russell, 1998 et Spinosaurus maroc-
canus Russell, 1996 du MNHN de Paris nous donne enfin une idée précise de la situation. Nous 
montrons par nos résultats tomographiques l’un des complexes neurovasculaires les mieux conservés 
découverts chez un dinosaure et le tout premier complet chez un Spinosauridae avec le spécimen 
mature de Cristatusaurus lapparenti. Nous avons constaté que le volume du système neurovasculaire, la 
taille des foramens qui coïncide admirablement avec celle des branches sous-jacentes et la complexité 
des ramifications observées représentent autant d’indices supplémentaires soutenant l’hypothèse 
d’une hypersensibilité de la rosette de ces animaux. La comparaison avec d’autres créatures disparues 
et modernes ayant développé des structures sensorielles performantes sur le devant de leur museau 
a également été faite. De plus, nos résultats tendent à montrer un taux de remplacement dentaire 
particulièrement élevé chez les Spinosauridae dès le plus jeune âge.
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snakes for olfaction and chemoreception (Halpern & Frumin 
1979; Takami 2002; Erudaitius et al. 2024), and the clusters 
of specialized cells of mammals and Sauropsida Huxley, 1864 
with highly varied functions (Romer 1956; Butler & Hodos 
2005; Crowe-Riddell & Lillywhite 2023; Lessner et al. 2023; 
Miyamae et al. 2024).

The shape, arrangement, size and location of these structures 
vary from one group to another, but they all have one thing 
in common: they are connected to afferent nerve fibers that 
send electrical signals back to the animal’s central nervous 
system. The environmental stimuli to which they are sensitive 
depend of their function: mechanoreception (for the most 
part), electroreception, chemoreception, magnetoreception, 
photoreception, etc. Sometimes, the same organ can send 
several of these informations simultaneously, like for the ISOs 
(Integumentary Sensorial Organs), specific to crocodilians 
and which we will develop further (Soares 2002; Brazaitis & 
Watanabe 2011; Leitch & Catania 2012; Di-Poï & Milinko-
vitch 2013). We will focus here on the receptors located on 
the front of the skull of the animals, since the object of the 
present research focuses on the neurovascular network of the 
premaxillae of Spinosauridae. More precisely, we will deal 
with those which are connected to the nerve fibers of the 
trigeminal nerve.

Interestingly, for current species, we can easily make the 
link between superficial sensory organs and the bony foramina 
on the snout in birds, crocodilians, etc. (Berkhoudt 1976; 
Soares 2002; Cunningham et al. 2007, 2010, 2013; Di-
Poï & Milinkovitch 2013; Moore et al. 2017; Amendano 
et al. 2021). However, the absence of foramina on the bone 
does not necessarily mean an absence of sensitivity since it 
can also be found on a horny structure of the snout as in the 
platypus (Scheich et al. 1986; Gregory et al. 1988; Manger & 
Pettigrew 1995; Langner & Scheich 2009) or even special-
ized soft structures as in the elephant’s trunk (Rasmussen & 
Munger 1996; Dagenais et al. 2021; Deiringer et al. 2023), 
the star-nosed mole (Grand et al. 1998; Sawyer & Catania 
2016), the snout of the sirenians (Reep et al. 2001; Moore 
et al. 2022) or the naked mole rat (Crish et al. 2016). Luck-
ily, most of the dinosaurs and the Spinosauridae in particular 
show a density of well-identifiable foramina on their snout 
(Berkhoudt 1976; Charig & Milner 1997; Taquet & Russell 
1998; Sereno et al. 1998; Dal Sasso et al. 2005; Ibrahim et al. 
2014; Barker et al. 2017; Bouabdellah et al. 2022).

The afferent nerve fibers transmitting sensory information 
from the jaws (including teeth and tongue) are part of branches 
of the same nerve, namely the trigeminal nerve (cranial nerve 
V). It is a character homologous to all Vertebrata Lamarck, 
1801 (Murakami & Kuratani 2008), from Agnatha Cope, 
1889 such as lampreys to Osteichthyes Huxley, 1880 and Tet-
rapodomorpha Ahlberg, 1991. This nerve has mostly sensory 
but also motor fibers. The sensory (or afferent) fibers transmit 
environmental information to the brain following surface 
stimuli (dental pain, tactile pressure, temperature differences, 
etc.) while the motor (or efferent) fibers transmit electrical 
impulses to the jaw muscles to contract the muscles to cause 
voluntary movement (chewing). We are interested here in the 

sensory aspect of this nerve V to discuss the non-olfactory 
sensitivity of the muzzle of Spinosauridae.

Several kinds of sensory organs located in the snout have 
developed during the evolution of tetrapods. They may contain 
chemoreceptors (olfaction), mechanoreceptors, thermoreceptors 
and electroreceptors. Mechanoreceptors are by far the most 
common on the snout of animals and they are innervated by 
the trigeminal nerve, which evolved in parallel in several clades 
of tetrapods. From the brain, the trigeminal nerve originates 
from the trigeminal ganglion and divides into three major 
branches or rami (Romer 1956): 1) the ophthalmic branch 
or ramus ophtalmicus (V1) passes over or in the orbit. It has 
a sensitive role and supplies the anterior skin of the snout; 
2) the maxillary branch or ramus maxillaris (V2) has a sensitive 
role as well and sends to the brain the sensitive information 
from the skin of the pre- and maxillary region of the snout, 
the upper lips and teeth. It runs along the alveolar margin, 
passing under the orbit; and 3) the mandibular branch or 
ramus mandibularis (V3) extends along the mandible in the 
Meckel’s canal and then goes through the Meckel’s foramen 
to the tip of the lower jaw. It provides information about 
sensitive stimuli (lower lips and teeth, but also the external 
auditory canal, tongue and oral cavity) and has a mechani-
cal function as well. The anterior portion of the upper jaw is 
innervated by ophthalmic and/or maxillary branches of the 
trigeminal nerve (Butler & Hodos 2005). These branches 
correspond to the neurovascular complex observed in the 
snout of Spinosauridae and other theropods.

The integumentary sense organs (ISOs) system has been 
particularly studied in last years in living crocodilians. The 
first in depth work on these specific sensory structures was 
from Soares (2002) in living alligators. Considered initially 
solely as mechanoreceptors adapted to feel vibrations in 
the water-air interface, these organs were then called DPRs 
(Dome Pressure Receptors). It was shown that the dark domes 
found on the scales of the alligators (ISOs) were therefore a 
vital utility for identifying aquatic prey, especially at night, 
when the eyes cannot be used (Soares 2002). Recent studies 
showed that the ISOs in crocodiles evolved in mechanosen-
sory but also thermo-, chemo-, and electrosensory functions, 
even exceeding the ultra-mechanoreceptor sensitivity of the 
highly innervated fingertips of primates, including humans 
(Di-Poï & Milinkovitch 2013).

MATERIAL AND METHODS

Superficially, the fossils retained for this study present 
foramina and other structures described below. Tomography 
allowed us to identify the underlying neurovascular network. 
The material consists in fossils from two taxa: Cristatusaurus 
lapparenti Taquet & Russell, 1998 (MNHN.F.GDF365, 
MNHN.F.GDF366) and Spinosaurus maroccanus Russell, 
1996 (MNHN.F.SAM124; Taquet & Russell 1998), both 
housed in the paleontology collections of the Muséum 
national d’Histoire naturelle, in Paris. The Cristatusaurus 
lapparenti fossils belong to two different individuals from the 
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Tegama Formation (Aptian, Early Cretaceous) of Gadoufa-
oua (Niger): two unfused premaxillae and a fragment of the 
right maxilla from a smaller animal (MNHN.F.GDF366), 
and two other more massive premaxillae from an adult 
(MNHN.F.GDF365), allowing some ontogenetic consid-
erations for this genus. The Spinosaurus maroccanus material 
consists of the two premaxillae and two incomplete maxil-
lae from the Albian of Gara Samani, on the northwestern 
edge of the Tademaït in the Algerian Sahara (Taquet & 
Russell 1998).

CT scanning of fossil specimens MNHN.F.GDF365, 
MNHN.F.GDF366 and MNHN.F.SAM124 were performed 
at the X-ray Tomography Imagery Platform AST-RX (Accès 
Scientifique à la Tomographie par Rayons X) of the MNHN, 
using a GE Sensing and Inspection Technologies phoenix|x-ray 
v|tome|x L240-180 CT scanner. All the data were optimized 
(rotation, crop and contrast correction) with ImageJ v.1.51 
(Schneider et al. 2012), resulting in 16 bits TIFF images.

MNHN.F.GDF365 (premaxillae): The scan was acquired 
with an isotropic voxel size of 0.10599047 mm under a volt-
age of 185 kV and a current of 450 µA (stack of 1068 slices).

MNHN.F.GDF366 (right maxillary): The scan was acquired 
with an isotropic voxel size of 0.05957385 mm under a volt-
age of 150 kV and a current of 300 µA (stack of 1860 slices).

MNHN.F.GDF366 (premaxillae): The scan was acquired 
with an isotropic voxel size of 0.06263297 mm under a volt-
age of 155 kV and a current of 350 µA (stack of 965 slices).

MNHN.F.SAM124 (maxillae): Due to the size of the speci-
men, two scans were acquired with an isotropic voxel size of 
0.13000978 mm under a voltage of 178 kV and a current of 
425 µA (stacks of 1699 and 1781 slices).

MNHN.F.SAM124 (premaxillae): The scan was acquired 
with an isotropic voxel size of 0.13423581 mm under a volt-
age of 185 kV and a current of 460 µA (stack of 1843 slices).

Furthermore, two extant crocodilians were employed for 
the purpose of comparison: 

A skull and mandible of a Gavialis gangeticus (Gmelin, 
1789) from the Natural History Museum of Geneva (MHNG 
S14.25). CT data of this specimen was performed at the 
Hôpitaux Universitaires de Genève (HUG), using a Siemens 
Biograph 128 Edge CT scanner with an isotropic voxel size 
of 0.222656 mm under a voltage of 125 kV and a current of 
140 µA (stack of 3361 slices). 

A CT dataset of a skull with mandibles from Crocodylus 
moreletii (Duméril & Bibron, 1851) was obtained from 
DIGIMORPH. This specimen, a female adult crocodile, 
came from the Gladys Porter Zoo in Brownsville, Texas. It was 
made available to The University of Texas High-Resolution 
X-ray CT Facility for scanning courtesy of the Texas Memo-
rial Museum Vertebrate Paleontology Laboratory (specimen 
number TMM M-4980). Funding for scanning was provided 
by a National Science Foundation Digital Libraries Initia-
tive grant to Dr. Timothy Rowe of The University of Texas 
at Austin (USA). This specimen was scanned by Matthew 
Colbert on 21 August 2003 along the coronal axis for a total 
of 663 slices. Each slice is 0.5 mm thick, with an interslice 
spacing of 0.5 mm.

Segmentations of these datasets were completed at the 3D 
Imaging Facilities Lab of UMR 7207 CR2P (MNHN-CNRS-
SU), using the Mimics Innovation Suite (v.20, Materialise).

ABBREVIATIONS

Institutional abbreviations
BHI Black Hills Institute, Hill City, South Dakota;
BMNH British Museum of Natural History, London;
FMNH Field Museum of Natural History, Chicago;
HUG Hôpitaux universitaires de Genève;
MHNG Muséum d’Histoire naturelle de Genève;
MNHN Muséum national d’Histoire naturelle, Paris;
MNN  National Museum of Niger, Niamey;
MSNM Museo di Storia Naturale di Milano;
TMM Texas Memorial Museum, Austin;
CR2P Centre de recherche en Paléontologie de Paris, MNHN;
SU Sorbonne Université, Paris;
CNRS Centre national de la recherche scientifique, Paris.

Other abbreviations
CT computed tomography;
DPRs dome pressure receptors;
ISOs integumentary sensory organs.

DESCRIPTIONS AND RESULTS

Originally, Taquet (1984) described unknown Spinosau-
ridae remains from two different individuals, apparently 
belonging to a same taxon from the Aptian of Gadoufaoua 
locality in Niger: supposedly dentaries, which were eventu-
ally identified as premaxillae some years later by Kellner & 
Campos (Kellner & Campos 1996). They made a descrip-
tion of both specimens with a discussion on teeth mor-
phology and serrations. Taquet & Russell (1998) named 
this new taxon Cristatusaurus lapparenti and attempted 
to differentiate all then known Spinosauridae taxa based 
on teeth serrations and on the morphology of the snout. 
The authors differentiated Cristatusaurus Taquet & Rus-
sell, 1998 from Spinosaurus Stromer, 1915 and Irritator 
Martill, Cruickshank, Frey, Small and Clarke, 1996 by the 
fact that the teeth are serrated in the former genus. It thus 
approaches more early branching forms such as Baryonyx 
Charig & Milner, 1986. Cristatusaurus would belong to the 
subfamily of Baryonychinae Sereno, Beck, Dutheil, Gado, 
Larsson, Lyon, Marcot, Rauhut, Sadleir, Sidor, Varricchio, 
Wilson & Wilson, 1998. A few months after the descrip-
tion of Cristatusaurus, Sereno et al. (1998) described other 
Gadoufaoua spinosaur material under the name Suchomi-
mus tenerensis Sereno, Beck, Dutheil, Gado, Larsson, Lyon, 
Marcot, Rauhut, Sadleir, Sidor, Varrichio, Wilson & Wilson, 
1998, arguing that Cristatusaurus lacked any distinctive fea-
tures or proportions and therefore considered it as a nomen 
dubium. In a supplementary information file, Hendrickx 
et al. (2016) gave the latest description of the spinosaurid 
material kept in the MNHN, Paris (Cristatusaurus lapparenti 
and Spinosaurus maroccanus). The description provided no 
details about premaxillary foramina or sensorial structures 
and the lack of apomorphic characters for a pertinent diag-
nosis on the premaxilla only cause the authors to consider 
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Cristatusaurus lapparenti as a nomen dubium rather than a 
synonym of Suchomimus tenerensis or Baryonyx (Charig & 
Milner 1997). Here, we provide a new description of the 
MNHN material of Cristatusaurus lapparenti and Spino-
saurus maroccanus, with a focus on the presence and density 
of foramina on the surface of the premaxillae and maxillae, 
as well as on their internal analysis by CT scan. That now 
gives us new information on the precise number, position 
and organization of the teeth of each specimen as well as a 
new vision of the neurovascular network of these animals. 
We will describe the superficial foramen distribution with 
respect to the underlying neurovascular complex for each 
specimen. The presence of certain furrows on the external 
or internal surface of the bone also informs us about the 
aspect and the arrangement of this neurovascular network.

Dental asymmetry has already been described in a same 
Baryonyx individual (Charig & Milner 1997) with a different 
number of alveoli between the left and the right dental rows. 
This feature is probably irrelevant for any diagnosis. Thus, the 
passage taken by the neurovascular network in the muzzle 
of these animals will depend on the dental distribution and 
the available interdental spaces, which will explain, in our 
opinion, certain variations between the left and the right, in 
particular on the length of the branches or the complexity 
of their subdivisions.

Interestingly, absolutely all foramina visible on the surface 
relate to preserved internal neurovascular branches. So, we 
can assume the hypothesis it is the same case on other fossils 
that would not have been tomographed and presenting such 
foramina. However, some foramina are difficult to detect on 
the surface depending on the preservation and/or preparation 
of the fossil. Some other very thin branches were detected by 
tomography.

SYSTEMATIC PALAEONTOLOGY

Superorder DINOSAURIA Owen, 1842 
Order SAURISCHIA Seeley, 1888 

Suborder THEROPODA Marsh, 1881 
Clade TETANURAE Gauthier, 1986 

Superfamily MEGALOSAUROIDEA Fitzinger, 1843 
Family SPINOSAURIDAE Stromer, 1915 

Subfamily BARYONYCHINAE Sereno, 1998

Genus Cristatusaurus Taquet & Russell, 1998

TYPE SPECIES. — Cristatusaurus lapparenti Taquet & Russell, 1998 
by monotypy.

Cristatusaurus lapparenti Taquet & Russell, 1998 
(Figs 1-11; 20A; 21; Appendices 1-3)

Cristatusaurus lapparenti Taquet & Russell, 1998: 347-353.

TYPE MATERIAL. — Holotype. Niger • 1 specimen (premaxillae and 
right maxilla portion); Gadoufaoua, Niger; GAD 5, Tegama Forma-
tion; Aptian, Early Cretaceous; MNHN.F.GDF366.

OTHER SPECIMEN EXAMINED. — Niger • 1 specimen (premaxillae of 
mature specimen); Gadoufaoua, Niger; GAD 5, Tegama Formation; 
Aptian, Early Cretaceous; MNHN.F.GDF365.

ETYMOLOGY. — From cristatus, “crested” in Latin and sauros, “lizard” 
in Greek. Cristatusaurus lapparenti was described in recognition of 
Albert F. de Lapparent. 

ORIGINAL DIAGNOSIS. — premaxillae and right maxilla portion of the 
holotype specimen MNHN.F.GDF366; premaxilla short, strongly 
‘hooked’ in lateral profile, increases in height posteriorly. Dorsal surface 
narrows into crest posteriorly. Anteriormost premaxillary alveolus 
relatively large, lateral alveoli uniformly closely spaced. Maxillary 
and dentary teeth laterally compressed in cross-section, maxillary 
teeth vertically oriented posteriorly. Dentary slightly constricted ver-
tically in mid-section, alveoli closely spaced. Maxillary and dentary 
teeth with, finely serrated carinae. Cristatusaurus may be separated 
from Angaturma Kellner & Campos, 1996 and Irritator Martill, 
Cruickshank, Frey, Small and Clarke, 1996 by presence of dental 
serrations, from Baryonyx by brevirostrine condition of premaxilla.

DESCRIPTION OF MNHN.F.GDF365 (PREMAXILLAE)
Surface description
The specimen consists of two strongly fused5 premaxillae. 
The bony surface is relatively well preserved with the original 
ornamentation for a total length of 19.2 cm and an 8.2 cm 
maximum height. The suture between them is visible on the 
dorsal surface (Appendix 1). Compared with the spinosaurins 
Spinosaurus and Irritator (Sereno et al. 1998), premaxillae are 
relatively short and robust. The maximal width of the rosette in 
ventral view is 8.8 cm at the 3rd alveolus (Fig. 2) and becomes 
thinner and thinner posteriorly (5.4 cm at the 7th alveolus).  
There is a crest on the dorsal margin of premaxillae increas-
ingly large posteriorly (Figs 1; 4A). On more complete pre-
maxillae of spinosaurids such as Baryonyx (Charig & Milner 
1986, 1997), Suchomimus (Sereno et al. 1998) and Spinosaurus 
(Sasso et al. 2005), a complex posterior margin of premaxillae 
can be observed in lateral view, consisting of a bifurcation of 
the bone in two distinct rami: a short one below and a longer 
one above, forming an elongated process articulating with 
nasal dorsoposteriorly. It lacks this posterior portion, however, 
on both Cristatusaurus specimens (MNHN.F.GDF365 and 
MNHN.F.GDF366). But on the right bone in lateral view, 
we can clearly notice a concavity on the posteroventral portion 
marking the articulation with the maxilla (Figs 1B; 7A), just 
after the 7th alveolus and below the short ramus (visible on 
the left maxilla of MNHN.F.GDF366, too). This structure is 
found in Baryonyx (Charig & Milner 1997) and Suchomimus 
(Sereno et al. 1998) and we know that the external naris are 
located close to this junction in these taxa, unlike Spinosaurinae 
(Fig. 20B, C). It must have been the same for Cristatusaurus. 
The distance between the tip of the muzzle and the 7th alveolus 
is proportionally short (13.7 cm) compared with “Spinosauri-
nae” taxa such as Spinosaurus maroccanus (Fig. 13A).

As noted by Kellner & Campos (1996), there are two bony 
ridges in the ventral side, which in this specimen are appar-
ently well connected with the premaxillae. Because of the 
incomplete preparation of the specimens, the authors made 
the hypothesis these ridges are the rostral region of vomers. 
By examining this structure in other spinosaurids, it is clear 
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that it is not the anterior segment of the vomers, but a part 
of the premaxillae themselves. For example, in Cristatusau-
rus lapparenti (MNHN.F.GDF366), there is no bony suture 
between premaxillae and these processes, nor in Spinosaurus 
maroccanus (Figs 2; 13A). Taquet & Russell (1998) assumed 
that these ventral bony processes did belong to premaxillae (by 
addition of a contact with the vomers further back, below the 
anterior part of maxillae as in Spinosaurus MNHN.F.SAM124).

The foramina identified by combining the external obser-
vations and the tomographic results amount to 49 on the 
right premaxilla and 42 on the left. Their diameter varies 
from 1 to 8 mm (for an average of 3 mm). Their density 
increases particularly on the first anterior third of the bone, 
from the maximum concavity of the alveolar margin to the 
tip of the snout, which corresponds to the rosette. Finally, 
we note the good preservation of which we can call a “pre-
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narial foramen” of 3 mm in diameter on both premaxillary 
surfaces and which extends its furrow posteriorly towards the 
maxillae (Fig. 1).

Seven alveoli are present on each side, with a relative sym-
metry between the two bones. Replacement teeth with serrated 
carinae are visible in several alveoli (Fig. 2): on the 2nd right, the 
2nd left, and the 4th left alveolus. We observed generally 5 serra-
tions each millimeter (Fig. 2) and the profile of teeth is laterally 
compressed, as typical for Baryonychinae (Sereno et al. 1998). 

Internal description
Tomographic results indicate a neurovascular network among 
the best-preserved discovered in a dinosaur and the very first 
complete described in a spinosaurid (Fig. 4B; Appendix 1B, 
D, F, H). In addition, the presence of the two fused premaxil-
lae makes it possible to compare the structure of this network 
on the bones of the same individual and to study eventual 
symmetry in the arrangement of the branches connected to 
the superficial foramina (Fig. 4; Appendix 1B, D).

The neurovascular network is described here from the pos-
terior to the anterior part of the specimen.

Two large and parallel branches run along the suture of 
the premaxillary bones on their entire length. In the most 
posterior part, they occupy a ventral position, just above the 
alveolar cavities, and fill almost the entire width of the muz-
zle at this level, each branch having a diameter of 1.4 cm for 
a bone width of 2.1 cm (Figs 3; 4B). 

Then, they go up anteriorly at an angle of about 30° to the 
level of the fourth alveolus and then form a rounding along 
the upper margin of the bones, just below its surface to the 
apex. This anterior region, which in fact represents the rosette, 
is clearly the most supplied in ramifications (generally point-
ing forward), all leading to the few large superficial foramina 
(Figs 1; 4A, B).

At the level of the 7th alveolus, a first important secondary 
branch runs dorsally (Fig. 4B; Appendix 1 B,D). It almost 
divides in two, at the base of the main branch. A first branch 
with an angle of 60° relative to the main branch goes back 
to the surface of the bone to lead to a prenarial foramen 
(Fig. 4A, B, red squares). The location of this foramen is 
special, because it leads to bone depression reflecting the 
close presence of the (not preserved) external naris at the 
back (Figs 4; 8; 20). A groove is also visible on the surface 
of the bone in continuation of this prenarial foramen (see 
description below). A second branch, this time, points for-
wards at an angle of 40° with the main branch and ends 
up at a substantially identical size foramen, about 3 mm in 
diameter. The alliance of these two branches connected at 
their base forms in lateral view what we will call the “neu-
rovascular bowl-shaped structure” (Fig. 4D). Several other 
much smaller, more or less preserved, secondary ramifications 
were revealed by the scan. They also join surface foramina. 
Interestingly, this is where the only two rearward-pointing 
rami are visible in the entire scanned neurovascular network 

FIG. 2 Cristatusaurus lapparenti red arrows
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(also seen in the younger Cristatusaurus specimen). They open 
at the level of the prenarial foramen and are only present 
on this junction zone between premaxillae and maxillae. 
In front of the 7th alveolus, all other branches are projected 
forward, or for some perpendicularly, on the lateral or dor-
sal surfaces of the bones. Between the 7th alveolus and the 
base of the rosette, an increase in the number and size of 
the surface foramina – which is reflected in the fossil by a 
complexification of the underlying neurovascular network 
– can be observed (Figs 1; 4A, B). A branch detaches from 
the main right neurovascular trunk, from the back of the 7th 
alveolus, while on the left it does so at the level of the 5th 
alveolus. There is therefore a certain asymmetry here. The left 
and right branches both extend to the margin of the third 
alveolus in a foramen, rounded off. The left one is opening 
slightly more anteriorly. Besides the location of the start of 
these two branches, a second difference can be noticed: the 
left branch is approximately twice as thick than the right one 
(Appendix 1B, D). Again, a significant number of second-
ary rami break off from the thicker branches and emerge on 
the outside of the bone by foramina. We sometimes detect 
interconnections or anastomoses between them (Fig. 4B). 
The rosette extends from the point of maximum concavity 
of the lower premaxillary margin (from the 3rd alveolus) to 
the tip of the snout where this one is the widest (8.2 cm). It 
is here that the complexity of the network becomes the high-

est. The thickest and most connected branches are found on 
the rosette with the largest foramina visible in anterior view. 
A minority of these branches directly innervates the roots of 
the teeth, while most follow longitudinally the alveolar cavi-
ties and lead to a foramen on the lateral surface of the bone.

Specific observations
Though a relative symmetry between the network of the 
premaxillae, some notable differences should be noticed. 
The changes between the left and the right premaxillae are 
here mainly due to the great variability in the location and 
size of the teeth alveoli (Figs 5; 6). However, some structures 
present a recurrence in MNHN.F.GDF365 for example, 
between each dental root, a ramus is detached from each 
of the two main neurovascular branches to rise dorsally to 
large foramen. Several pairs are easily recognizable (Fig. 4A, 
B, red circles).

The most posterior pair is directly connected on the sur-
face by prenarial foramina, which open into a well-preserved 
superficial groove on the two premaxillae and which runs 
along the bone dorsally. From the prenarial foramen, the 
pattern of these superficial furrows displays an astonishing 
symmetry between the two faces, with a clearly visible “cross” 
shape, which excludes an artefact (Fig. 4C).

It is very important to note at this point that this prenarial 
foramen is also visible and preserved on the other specimens 
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of Baryonychinae (Fig. 20), namely on the premaxilla of the 
European Baryonyx walkeri (Charig & Milner 1986, 1997) 
and that of Suchomimus tenerensis from Niger (Sereno et al. 
1998). We now know that this important foramen marks the 
exit of the posterior branch of the “bowl structure” described 
above and recurrent in the two specimens of Cristatusaurus 
lapparenti, MNHN.F.GDF365 and MNHN.F.GDF366. 
It indicates in a way the separation between the branches 
pointing forwards (in the direction of the rosette) and 
those pointing backwards (in the direction of the external 
nostrils). This new character will be examined in the dis-
cussion section, as will the interpretation of the prenarial 
grooves (Figs 1B; 4C). The right premaxilla shows another 
well-preserved nerve branching imprint just anterior to that 
described above (Fig. 4C). Grooves and channels of a similar 
nature have been described on maxillae of Tyrannosaurus 
rex Osborn, 1905 and interpreted by the authors as natural 
molds for the rami of the maxillary nerve (Brochu 2003).

Teeth
All teeth have typical apical curve found in most theropods. 
The first pair of alveoli has proportionally rather small teeth 
compared to those usually found there in Spinosauridae: 
1.75 cm long on the left and 2.25 cm on the right. They had 
not yet protruded while the animal was alive, either because 
they were not sufficiently developed (possible ontogenic rea-
sons), or because they are replacement teeth in formation, 
the main ones having been lost during decomposition or 
the fossilization process itself (Fig. 5B). We can also note the 
presence of an orphan fragment of about 1 cm long at the tip 
of the right tooth, forming an angle of 90° with the axis of 
the tooth. Small replacement teeth are sometimes partially or 
even completely returned in the alveolar cavity they occupy, 
probably due to movements and compression of the sediment 
over time (Fig. 6). The second pair of alveoli reveals a tooth 
of 5.3 cm long on the left side and 6.4 cm on the right. The 
latter appears to be the most complete in the specimen, from 
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the root (indeed very close to the bone margin) to the apex. 
A small replacement tooth of about 1 cm is present medially 
to the left main tooth. The scan shows us a very intriguing 
structure: a sort of half-moon sheath around this tooth in 
labial position (Fig. 5C). We initially thought of an artifact, 
but an in-depth study of the density of this lunula shows us 
that it is indeed a vestige of the previous main tooth, which 
occupied this alveolus. This second right alveolus therefore 
offers us both the vision of three dental generations in the 
same cavity but also a very good example of the last stage of 
the demineralization process of a tooth. Multiple levels of bone 
sections in axial view were highlighted by CT scans (Fig. 5). 
The third pair contains replacement teeth of 3.2 cm on the 
right and 2.3 cm on the left. The principal tooth is lacking 
on the right side and the left one is incomplete. Each third 
alveolus has a second small replacement tooth, like the one seen 
on the first pair (the right one is completely turned with an 
angle of 180°). The fourth pair preserved a relatively complete 
4.8 cm tooth only in the left alveolus. Here a fragment of the 
apex of a tooth is identifiable. It could be a small replacement 
tooth. Its angle and position could also match with the apex 
location of a mandibular tooth when the animal had its jaws 
almost closed. The fifth pair reveals a tooth 1.5 cm on the 
left (probably a replacement tooth) and 1.9 cm on the right 
with again a small “characteristic” second replacement tooth, 
this time pointing up. The sixth pair retained only a small 
tooth of about 1 cm on the right. The seventh and final pair 
of alveoli is free of preserved teeth (Fig. 6).

While the apex of only three teeth is visible superficially 
(one, incomplete, on the 2nd right alveolus, two on the 2nd 
and the 4th left alveoli), the CT-scans reveal a total of 12 
clearly identified fossilized teeth inside the bones (Fig. 6). 
From a general point of view, the replacement teeth were 

formed medially, along the premaxillary groove, to gradually 
occupy a more labial position as they grew, corresponding to 
the alveolar openings visible on the surface. These replace-
ment teeth developed in resorption crypts, lingually to the 
principal tooth, as described in crocodilians (Edmund 1960; 
Peyer & Zangerl 1968) and several theropods  such as Tar-
bosaurus Maleev, 1955a (Hanai & Tsuihiji 2019), Allosaurus 
Marsh, 1877 (LeBlanc et al. 2017a), Gorgosaurus Lambe, 1914 
(LeBlanc et al. 2017a) or Coelophysis Cope, 1889 (Fong et al. 
2016). The new tooth recovered minerals from the old one 
for its own construction during this gradual demineraliza-
tion. This process had never been observed or described in 
Spinosauridae. We therefore observe a similar tooth ontogeny 
in the two specimens of Cristatusaurus lapparenti and also in 
Spinosaurus maroccanus (Figs 5; 6; 13; 17A).

DESCRIPTION OF MNHN.F.GDF366 (PREMAXILLAE)
Surface description
This specimen has two separate premaxillae, with a smooth 
surface. This indicates that the bones are more eroded than 
on the mature specimen (MNHN.F.GDF365). Small parts 
are lacking on the very anterior portion. Some foramina are 
there strongly denatured, sometimes even fused with their 
neighbors. Furthermore, dark streaks on this area indicate the 
typically tubular structure of the internal bone with lamellae 
and osteons canaliculi (Müller 2009). 

The right premaxilla is 11.8 cm long and 6.6 cm high. 
The left one is 11.4 cm long and 6.5 cm high. The ventral 
view shows a total of 7 alveoli containing the principal teeth 
on both premaxillae (Fig. 9C). Secondary alveoli are visible 
on the 3rd alveolus for the right premaxilla and on the 3rd 
and the 7th alveoli on the left one (where replacement teeth 
apexes are visible). All principal teeth are crushed or lack-
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ing (Fig. 9). The structure of laterally compressed teeth of 
the Baryonychinae type (Sereno et al. 1998) can, however, 
be demonstrated by the observation of the tooth in the sec-
ond alveolus of the left premaxilla; the denticulate carina is 
clearly recognizable there. Once again, the analysis of the CT 
scans made it possible to refine the number, size and exact 
distribution of the foramina spotted on the surface of the 
specimen. Some of them, questionable, could be retained 
in this description because their direct link with underlying 
neurovascular preserved branches. We counted 50 foramina 
on the right premaxilla and 54 on the left one (Fig. 7). Their 
diameter varies from less than 1 mm to 4 mm (for an average 
of 1 mm). It also made it possible not to consider certain 
depressions that could have been mistaken for foramina with-
out internal analysis of the fossil. The density of foramina is 
greater on the front of the muzzle, at the level of the rosette 
(Fig. 7; Appendix 2).

A subcircular depression of about 1 cm in diameter was 
noted on the posterior portion of the right premaxilla, 1.5 cm 
above the alveolar margin. This is difficult to interpret but 
it seems to be the result of any trauma during the animal’s 
lifetime, like an abscess, shock or bone callus that has left a 
scar (Fig. 7B).

Internal description
The difference in density between the bone and the sedi-
ment was lower than with MNHN.F.GDF365, probably 

for taphonomic reasons. The result of the scans nevertheless 
allows revealing a complex strongly branched network. We 
note again the presence of the two main parallel branches 
in each bone that run along the premaxillary suture, with a 
diameter corresponding again to almost the entire bone in its 
posteroventral part (Appendix 2B, D). These branches then 
rise rapidly to reach the dorsal edge of the premaxillae at the 
level of the 3rd alveolus (Appendix 2F, H). They then branch 
very strongly in the rosette into numerous smaller second-
ary branches and open out via the foramina. These general 
observations coincide well with the arrangement described 
in MNHN.F.GDF365; no striking difference was noted. The 
notable differences between the two specimens relate to the 
length of each branch rather than their general arranging and 
could therefore be related to ontogeny.

Although the dorsoposterior part of the premaxillae is 
lacking, the neurovascular complex is not affected. As in 
MNHN.F.GDF365, the peculiarity of this area is the presence 
of the “bowl-shaped structure” with vascular ramifications 
pointing for the first time backwards (prenarial foramen). It 
marks the anterior beginning of the bony depression lead-
ing to the nasal cavity (Fig. 8). On the right main branch, 
behind the 7th alveolus, two secondary branches with the 
same base stand out, one pointing towards the back and the 
other laterally towards the edge of the bone, perpendicularly. 
On the left main branch, the structure is more confused but 
is nevertheless present (Fig. 8B, C).
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Just behind the 6th alveolus of the two premaxillae, another 
secondary branch is detached with an opening angle of approxi-
mately 20° with respect to the main branch, then which further 
subdivides into two smaller rami opening out to the surface 

of the bone at the 5th and 4th alveoli. In the part starting at 
the front of the 7th alveolus up to the maximum concavity 
point of the lower margin of the bone (base of the rosette), the 
preservation of the network is very choppy and incomplete in 
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the right premaxilla but much better preserved in the left one 
(Appendix 2B, D). There is the birth of a secondary branch 
which detaches from the main branch at the same angle as 
those back (approximatively 20°). It begins between the 4th 
and 5th teeth to move towards the surface of the bone leading 
to large foramina, mostly in the rosette (Fig. 8A).

From the base of the rosette (the middle of the 4th alveolus) 
to the apex of the bone, the internal conservation of the left 
premaxilla is more complete. As in MNHN.F.GDF365, the 
network here is much more branched, with most secondary 
branches (5 of the 6 in all raised on the left) leading to large 
foramina in this zone. Most of the branches in turn subdivide 
before reaching the surface of the bone. Finally, the diameter of 
the foramina is on average larger on the front of the rosette: 3 
or even 4 mm compared to 2 or 1 mm further behind (Fig. 7).

Specific observations
The secondary branches opening dorsally in pairs described in 
MNHN.F.GDF365 are found in this specimen, too (Fig. 8A). 
They are relatively symmetrical, except for the most posterior 
pair. This area corresponds to the anterior foramina of the 
“bowl-shaped” structure. The ramus is atrophied and/or badly 
preserved on the left side. There seems to be fewer interconnec-
tions between the secondary branches than in the more mature 
specimen (Figs 4B; 8A). However, the quality of preservation 
of the neurovascular network being of lower quality here, it 
is possible that these connections are not visible. The grooves 

described on the surface in MNHN.F.GDF365 running along 
the internal roof surface of the bone and connecting different 
foramen is partly found in MNHN.F.GDF366 but is much 
less preserved. The superficial breaks and the absence of the 
posterodorsal portion of the bones make its follow-up dif-
ficult, but we were able to highlight a trace of a groove over 
2 cm from one of the foramina of the “bowl” structure, as in 
the more mature specimen (Figs 4; 8).

Teeth
Surprisingly, we were able to count a total of 35 main and 
replacement teeth on both premaxillae: 18 on the right and 
17 on the left (Fig. 9). Apart from the seventh left alveolus, 
all others have principal teeth preserved but broken above the 
alveolar margin. Each alveolus contains a replacement tooth 
in addition to the main tooth. We sometimes even notice a 
second replacement tooth, always small and placed on the 
lingual side of the first ones. Each of the alveoli of the first 
pair contains a main tooth and two replacement teeth. The 
second pair has a main tooth in each alveolus as well as a 
replacement tooth. A second replacement tooth is visible on the 
right side. The third pair of alveoli shows two main teeth and 
two replacement teeth. The main tooth on the left, however, 
is reduced and not sufficiently developed to come out of the 
gum line. It was growing back following the loss of a mature 
tooth in this location (indeed, each main tooth was quickly 
replaced when it broke or fell out). The fourth pair has a main 
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tooth as well as two replacement teeth in each alveolus. The 
fifth pair illustrates a good example of a tooth replacement 
stage. The replacement tooth here present indeed begins its 
lateral demineralization action, with a second replacement 
tooth in the making. The sixth and seventh pairs both have 
main teeth accompanied by developing replacement teeth (a 
second replacement tooth is visible in the sixth right alveolus).

DESCRIPTION OF MNHN.F.GDF366 (MAXILLA)
Surface description
The sample is a portion of a right maxilla with the anterior 
and posterior parts missing. It is 10.6 cm long and approxi-
mately 3.5 cm high. There are five alveoli on the specimen. 
The first coincides with the anterior fracture of the bone and 
highlights what seems the pulp cavity of a main tooth 3.8 cm 
long (probably 0.5 cm more with the dentin and enamel layers). 
The three more posterior alveoli have the same diameter as the 

first (1.4 cm) but the teeth are broken there. They neverthe-
less have well-preserved enamel around their dentin. The fifth 
is on the posterior fracture of the bone and is not complete. 
The tooth there is broken longitudinally. The thickness of the 
dentin layer covering the pulp cavity is approximately 2 mm 
on each tooth. The lateral surface of the maxilla has 11 clearly 
identifiable foramina (Fig. 10A). Two of them open forward 
at a 45° angle and are associated with furrows in the bone, 
as observed in Baryonyx walkeri (Charig & Milner 1997), a 
sign that they were probably innervating the lips below the 
alveolar margin (Reisz & Larson 2016). The lingual surface is 
difficult to describe due to the bad preservation of the fossil. 

In ventral view, we identify lingually a bony lamina run-
ning along the maxilla, separated with alveoli by the maxillary 
groove. As can be seen in other Spinosauridae, this lamina 
gradually grows in width anteroposteriorly (Sereno et al. 1998; 
Dal Sasso et al. 2005) with 1 cm wide at the front of the sam-
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ple to reach 1.3 cm at the rear (Fig. 10B). Conversely, the 
alveolar zone decreases (1.8 cm wide at the front and 1.4 cm 
at the rear). Thanks to the breaking of the bone coupled 
with the information of the CT scans, it can be confirmed 

that the maxillary groove does not mark the separation of 
two bones and is only an invagination of the surface of the 
maxilla, containing pits of resorption of the teeth. It shows 
that the maxillary lamina does not belong to the vomer but 
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to the maxilla itself (Dal Sasso et al. 2005). The interdental 
plates are also clearly visible between each alveolus (Fig. 10B).

Internal description and teeth
The tomography shows us that the configuration of the neu-
rovascular complex in the maxillae differs from that encoun-
tered in the premaxillae (Appendix 3B, D, F, H). The main 
branch no longer overhangs the alveolar roots, but labially 
runs along the alveolar cavities on their first upper third by 
projecting secondary branches under an angle of about 45° 
between each tooth and leading to surface foramina (Fig. 11A, 
B). The teeth show a very good quality of preservation and 
two to three generations of teeth are present in each of the 
five alveoli (Fig. 11C). Only the first two main teeth do not 
have their apex broken. The first alveolus (the most anterior) 
contains this famous tooth of 3.8 cm partially visible exter-
nally due to the breakage of the bone with a replacement 
tooth in formation of 1.5 cm; the second alveolus contains a 
main tooth of 2.8 cm, a replacement tooth of 0.4 cm and a 
very reduced vestige of the old main tooth almost completely 
demineralized on the labial margin of the alveolar cavity. The 
third alveolus shows an incomplete tooth of 3.2 cm and a 
replacement tooth of 1.2 cm. The fourth one has three genera-
tions of teeth with the main (incomplete) 3.1 cm tooth already 
hollowed out laterally by a robust 2.2 cm replacement tooth 
accompanied by a second tiny 0.5 cm replacement tooth. The 
fifth alveolus contains a broken main tooth of 2.6 cm and 
still a replacement tooth of 1 cm. It should be noted that the 
replacement teeth always begin their formation at mid-depth 
of the alveolar cavity, on the lingual surface and occupying 
more and more space in the basal direction before growing 
distally to finally “come out” of the alveolus, as if the tooth 
takes the time to ensure good root strength before exposing 
itself outside the bone.

Subfamily SPINOSAURINAE Sereno, 1998

Genus Spinosaurus Stromer, 1915

TYPE SPECIES. — Spinosaurus aegyptiacus Stromer, 1915, by monotypy. 

Spinosaurus maroccanus Russell, 1996 
(Figs 12-17; Appendix 4)

Spinosaurus maroccanus Russell, 1996: 355-360. — Taquet & Rus-
sell 1998: 347-353. 

TYPE MATERIAL. — Holotype. Morocco • 1 specimen (mid-cervical 
vertebra); Kem Kem Beds, Morocco; Albian, Early Cretaceous; 
Canadian Museum of Nature; NMC50791.

OTHER MATERIAL EXAMINED. — Algeria • 1 specimen  (partial pre-
maxillae and partial maxillae);  Gara Samani, Algeria; Albian, Early 
Cretaceous; MNHN.F.SAM124.

TYPE LOCALITY. — Kem Kem Beds, Morocco.

TYPE AGE. — Early Cretaceous (Albian).

ETYMOLOGY. — From spina, “spine” in Latin and sauros, “lizard” in 
Greek. The name Spinosaurus maroccanus was attributed in reference 
to the red infracenomanian sandstones of southern Morocco (Kem 
Kem Beds), where the specimen was discovered.

ORIGINAL DIAGNOSIS. — Ratio between length of centrum (exclud-
ing anterior articular condyle) and height of posterior articular facet 
of centrum approximately 1.5 in mid-cervical vertebrae.

DESCRIPTION OF MNHN.F.SAM124 (PREMAXILLAE)
Surface description
The premaxillae are incomplete, particularly on the left side 
of which the dorsal part of the rosette is missing (Fig. 12A). 
We are in the presence of a mature animal considering the 
“strongly fused” aspect of the two bones (Taquet & Russell 
1998). The length of the right premaxilla, the most complete, 
reaches 24.5 cm.

Overall, there is no notable difference between these premaxil-
lae and those belonging to the species Spinosaurus aegyptiacus, 
except for the number of alveoli: seven in S. maroccanus and six 
in S. aegyptiacus (Fig. 13A). However, intraspecific or ontogenic 
variations in the number of alveoli appear to occur in dinosaurs 
and even on the same specimen, as on the Baryonyx holotype 
(six alveoli on the left and seven on the right (Charig & Mil-
ner 1997). The number of dental alveoli is therefore generally 
not considered a relevant feature in the diagnoses. For some 
authors, significant differences between the two species were 
found by comparison of cervical vertebrae (Taquet & Russell 
1998) and some others consider Spinosaurus maroccanus as a 
nomen dubium (Dal Sasso et al. 2005; Ibrahim et al. 2014). 
In lateral view, the anterodorsal margin of the rosette forms 
a typical curve for Spinosaurinae. The curve of the alveolar 
margin is proportionally more ovoid than in the genera of 
the Baryonychinae types (as in Cristatusaurus). The posterior 
branches of the premaxillae are not preserved. Total length of 
existing bones are approximatively 24.5 cm and a maximum 
height in frontal view of 10.4 cm. There are 28 foramina on 
the left premaxilla and 36 on the right one with a diameter 
of less than 1 to 9 mm, but most have a diameter between 
4 and 6 mm (Fig. 12). The scan showed the location of sev-
eral additional foramina, either inconspicuous on the surface 
or questionable to the naked eye. The numerical difference 
between the left and the right is due to the incompleteness 
of the left premaxilla, with a missing area of approximately 
25 cm2 on the top of the rosette (Fig. 12A).

The maximum concavity of the rosette on the alveolar 
margin is 8 cm from the apex of the snout (at the level of 
the 3rd alveolus). This is also where the rosette is the widest 
in ventral view at 13.5 cm (Fig. 14A, B). The diameter of 
the alveoli varies from 1.4 cm for the smallest to 4.4 cm for 
the largest. It should be noted that the first pair of alveoli 
subsequently has additional sub-cavities separated by a bony 
part with “autonomous” replacement teeth (Fig. 13B1). We 
could think of interdental plates, as has already been observed 
in many dinosaurs such as some hadrosaurs (LeBlanc et al. 
2016), heterodontosaurs (Butler et al. 2012) and theropods 
like juvenile dromaeosaurids (Norell et al. 1994), Coelophysis 
Cope, 1889 (LeBlanc et al. 2017a), tyrannosaurs (Hurum & 
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Sabath 2003; Funston et al. 2021; Sattler & Schwarz 2021) 
or Archaeopteryx von Meyer, 1861 (Wellnhofer 1994). It 
seems to be a primitive character in archosaurians for some 
authors (Elzanowski & Wellnhofer 1993). Such interdental 
plates have also been described in other taxa such as mosasaurs 
(Caldwell et al. 2003; Rieppel & Kearney 2005; LeBlanc 
et al. 2017b) or even snakes (Budney et al. 2006; LeBlanc 
et al. 2017b). Our CT scans have not detected any notable 
difference in densities between the premaxillary bone and this 
potential interdental plate (Fig. 13B1-B3). Given all of these 
indications, we believe that this bone separation could well 
be an interdental plate, insofar as the two teeth takes root in 
the same place (Fig. 13B3). More pushed comparisons with 
other Spinosauridae are necessary to support this hypothesis.

This potential interdental plate separating a replacement 
tooth from the main tooth in the first alveolus is not found 
both in either small (MNHN.F.GDF366) or more mature 

(MNHN.F.GDF365) Cristatusaurus individuals (Fig. 13C1-
C3). The tomographic results indicate in ventral view that 
the replacement teeth at this location, mostly invisible on the 
surface, developing very clearly in the same base alveolus as 
the main tooth, without any bony separation (not observed 
on the surface for MNHN.F.GDF365 because of the sedi-
ment but visible on CT scans).

Internal description
The internal configuration in Spinosaurinae is necessar-
ily partly different from that of Baryonychinae, such as 
Cristatusaurus. Indeed, the posterior bone processes of the 
premaxillae are more developed in Spinosaurinae and their 
external nostrils occupy a much more posterior position 
compared to Baryonychinae. We can clearly observe that 
the neurovascular branches take an increasingly ventral 
position posteriorly, eventually to emerge below the exter-
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nal nostrils in Cristatusaurus (see internal descriptions of 
MNHN.F.GDF366 and MNHN.F.GDF365). This is not 
the case in Spinosaurus where the two main neurovascular 
branches remain in a dorsal position all along the premaxillae 
to operate a descent very probably just before the opening 
of the external nostrils, at the level of the posterior suture 
between premaxillae and nasals (Fig. 14).

The left premaxilla being very incomplete, the underlying 
network is impossible to reconstruct, except at the apex of 
the rosette. The backward pointing secondary branches and 
the bowl structure described in Cristatusaurus specimens 
are not observed here perhaps due to lack of preservation 
here. However, it is very likely that such a structure was also 
present in Spinosaurus but further back, to invade the upper 
area of the outer nostrils while the main branches were to 
dip below them, as in Cristatusaurus.

On the posterior half of the specimen, the secondary 
branches extending from the two main branches are gener-
ally thin (in the order of 1 mm) and emerge more or less 
perpendicular to the surface. From the 3rd alveolus and up 
to the apex of the muzzle, the teeth widen considerably 
(Fig. 14A, B). The secondary branches also widen in this 
area, to reach a diameter of several millimeters (up to 6 mm 
for the widest); Furthermore, the orientation of the branches 
change, and they all point towards the front of the muzzle 
(Fig. 14B). Even though teeth are missing, the neurovascu-
lar network is once again found to follow their shape from 
the root to the alveolar bone margin. Globally, we find the 
same neurovascular arrangement as in Cristatusaurus. The 

widest branches directly give rise to a series of six foramina, 
which run along both sides of the bony symphysis between 
the premaxillae on the front of the rosette, in a relatively 
symmetrical way (Fig. 14A; Appendix 4B).

Teeth
 Internal scans reveal seven teeth still preserved out of the 
total 14 premaxillary alveoli (Fig. 14B). On the left premax-
illa, there is a first tooth 2.2 cm long in the first alveolus, 
pointing backwards at an angle of approximately 45° with 
respect to the alveolar margin and probably in a transitional 
situation between replacement tooth and main tooth. A resi-
due is also visible on the scan in the apical position of the 
tooth (probably the broken tip). Still on the left premax-
illa, the largest preserved tooth of the specimen is housed 
in the second alveolus. Although broken on the surface, it 
measures 6 cm in length (probably more than 10 during the 
animal’s lifetime) and 2.6 cm in diameter at the root. Since 
the dentin has dissolved, the enamel thickness can easily be 
measured here: 5.1 mm.

On the right premaxilla, the first alveolus also contains a 
1.3 cm tooth, which this time can reasonably be described 
as a replacement tooth (the main tooth not being preserved). 
The second right alveolus contains the remains of an extremely 
fragmentary tooth but suggests a size comparable to that 
which occupies the second left position. The third, fourth 
and fifth alveoli only contain replacement teeth with the 
respective sizes of 2 cm, 1.9 cm and 1.2 cm (not visible on 
the surface).

A B1 C1

B2 C2

B3 C3

FIG. 13 A B Spinosaurus maroccanus A
B1 B3 green arrow B1

B3 C Cristatusaurus lapparenti C1 C3
C1 C3 Cristatusaurus lapparenti
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DESCRIPTION OF MNHN.F.SAM124 (MAXILLAE)
Surface and internal description
The maxillae are incomplete, especially on the dorsal part, 
but allow a global and direct view of the inner cavity of 
the bones (Fig. 16A; Appendix 4A). This is why we decide 
here to describe the exterior and the interior of the fossil 
in the same section.

The right maxilla is preserved on a length of 32.5 cm 
and the left one on 28 cm. The two bones are well fused 
together and the distribution between the left and right 
alveoli is relatively symmetrical, both in position and in 

size (Fig. 15). The left bone is caudally broken at the level 
of the eighth maxillary alveolus while the right extends 
a little bit more to the ninth one. The first two pairs of 
alveoli are relatively small in diameter (1.4 cm for the 1st 
pair and 1.8 cm for the 2nd one) compared to those fur-
ther back: 3.5 cm for the 3rd pair, 4.1 cm for the 4th pair 
(the widest), then they gradually decrease in diameter for 
the following ones (3.7, 3.4, 3.2, 3 and 2.9 cm for the 9th 
pair). This configuration is identical to that observed on 
the specimen of Spinosaurus MSNM V4047 from the Kem 
Kem beds, southern Morocco (Dal Sasso et al. 2005). Ven-

A

BB

FIG. 14 Spinosaurus maroccanus A
B
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trally, proximal processes of the premaxillae are visible and 
strongly sutured with rostromedial processes of the maxillae 
at the level of the 3rd maxillary alveolus on the first anterior 
12 cm (Appendix 4C).

There are 17 neurovascular foramina superficially, on 
the right side, and 23 on the left side. Some are very thin 
(less than 1 mm in diameter) and others much thicker 
(up to 9 mm in diameter). Of course, some could not 
have been detected without the tomographic data, but the 
roof of the bones is here missing and, consequently, many 
other foramina must have been present, as evidenced by 
the numerous grooves preserved on the inner face of the 
bone (Fig. 15).

Indeed, several furrows of respectable diameters (from 1 to 
4 mm) and showing a certain anatomical regularity are visible 
on the labial internal walls of the bones, distal to the dental 
alveoli (Fig. 16B-D). The conjunction of the trajectories of 
these furrows with those of the scanned neurovascular rami 
allows us to assume that the main branch must have labi-
ally followed the alveolar cavities. The proximity between 
dental cavity, bone and neurovascular network described 
in the premaxillae is found in the maxillae as well. The 
branches are interconnected, cross the bone, then follow 
the dental wall in a groove (partially in the alveolar lumen) 
to “plunge” back into the interdental bone, and then join 
the next alveolus and/or the surface of the maxilla by one 
or more foramina (Fig. 16D).

The branches revealed by the tomography are the larg-
est of the scanned specimens (between 0.4 and 0.8 cm in 
diameter) and lead outwards at an angle of approximately 

45° with respect to the surface of the bone for those located 
between the 1st and 6th pairs of alveoli, the most posterior 
branches tend to pierce the bone perpendicularly or even 
to point backwards, like a “neurovascular fan”. Moreover, 
they systematically occupy the interalveolar bone zones and 
are the extension of a very complex and interconnected 
network whose arrangement can be sketched by observing 
the grooves on the internal walls of the bones, labially and 
along the alveolar cavities (Figs 16; 17B). All these elements 
show, again, that these rami were probably connected to 
two main neurovascular branches that should run along 
the maxillae labially to alveolar cavities on their first upper 
third, like what was described in the right maxilla fragment 
of Cristatusaurus lapparenti.

Teeth
The left maxilla still contains four alveoli with broken and/
or fragmented teeth. In the 2nd alveolus is the best-preserved 
tooth with its 3.2 cm and such visible characteristics of 
Spinosaurinae such as a rather circular section with a slight 
carina without serrations and typical longitudinal striations 
(Fig. 17Aa1). A first-generation replacement tooth of 2.1 cm 
is in the 4th alveolus. The 5th alveolus houses a main tooth 
3.4 cm long. The 6th alveolus contains a main tooth 4.1 cm 
long and in the process of lateral demineralization by a 
well-preserved replacement tooth of 3 cm with a second-
generation replacement tooth of 0.5 cm (Fig. 17Aa2).

The right maxilla reveals a main tooth broken in two 
longitudinally in the 3rd alveolus as well as a replacement 
tooth fragment of barely 0.5 cm in the 6th alveolus.
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COMPARISONS AND DISCUSSION

GENERAL CONSIDERATIONS

As we have seen in the descriptions of the premaxillae, the 
foramina are not only more and more numerous as we approache 
the rosette but also statistically wider. These two indices led to 
consider an important neurovascularization of the rosette in 
particular. In all extant taxa requiring increased sensitivity of 
the snout, this increasing density of foramina or pits towards 
the front is observed: birds (Gentle & Breward 1986; Cun-
ningham et al. 2007, 2010; Hieronymus & Witmer 2010; 
Amendano et al. 2021), mammals (Manger et al. 1998; Pet-
tigrew 1999; Miyamae et al. 2024), fishes (Vullo et al. 2016), 
crocodilians (Soares 2002; Di-Poï & Milinkovitch 2013), etc. 
This is also the case in several extinct groups such as pliosaurs 
(Sassoon et al. 2012; Foffa et al. 2014) or phytosaurs (Lees 
1907; Anderson 1936; Hungerbühler et al. 2012; Datta et al. 

2021). In addition, since the diameter of the nerves is propor-
tional to the diameter of the bone foramina, it can be deduced 
that the nerve ramifications were dense on the surface of the 
dermis of the snout of Spinosauridae. Physiological studies 
demonstrate this aspect in many modern animals. DeGusta 
et al. (1999) already made the link between the size of foram-
ina and that of the fiber to which it is attached in primates. 
George & Holliday (2013) concluded the same and showed 
by comparative analysis in several modern crocodilians that 
the size of foramina was a strong indicator to predict the size 
of the nerves they contain and for the number of axons pre-
sent (Fig. 19). Clearly, the greater the diameter of the foramen 
is, the greater the diameter of the nerve is (so the number of 
axons also increases). The authors consider that this correlation 
can easily be used for fossil forms and that there is no reason 
to question this model. That is why we propose to apply it to 
dinosaurs and Spinosauridae in particular.
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FIG. 16 Spinosaurus maroccanus A
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NEUROVASCULAR NETWORK AND SKIN SENSITIVITY IN 
MUZZLE OF SPINOSAURIDAE AND OTHER TETRAPODS

Non-avian theropods
Studies of potential integumentary sensory organs and other 
sensitive adaptations in theropods have been developing very 
rapidly in recent years. Most seem to converge in favor of a 
greater diversity of sensory adaptations than we previously 
thought in dinosaurs. 

Following a comparative study of the teeth of several thero-
pods, Rothschild & Naples (2017) suggested that the Alber-
tosaurinae in particular must have had a chamber containing 
organs sensitive to the direction of the wind in their pro-
nounced dental groove in order to orient themselves, like 
current weathervanes.

Series of foramina running along the nasal bones of the 
Cenomanian abelisaurid Skorpiovenator Canale, Scanferla, 
Agnolin & Novas, 2009 have also been described (Canale et al. 
2009). The underlying channels are probably connected to the 
trigeminal nerve (Cerroni et al. 2022). The authors leave several 
hypotheses open as to the usefulness of these foramina, includ-
ing the presence of sensory organs. The arrangement of these 
neurovascular branches which point to the roof of the bone 
recalls that we described in the premaxillae of Cristatusaurus.

Barker et al. (2017) revealed through tomographic study a well-
developed neurovascular network in the premaxilla and maxilla 
of Allosauroidea Neovenator salerii Hutt, Martill & Barker, 1996 
(Barremian, lower Cretaceous of UK). This theropod is consid-
ered to be a typically terrestrial predator and the authors also 
consider a link between this network and sensory structures on 
the animal’s snout. A calculation of the ratio between the volume 
of the network and the bone was carried out: about 7.3% for the 
premaxilla and an average of 4.1% for the maxilla (which sup-
ports the hypothesis of a sensitivity increased as one approaches 
the apex of the snout). This ratio observed in the premaxillae 
of Cristatusaurus lapparenti is respectively 9.39 % for the juve-
nile MNHN.F.GDF366 and 9.99 % for the mature specimen 
MNHN.F.GDF365. That is, almost 10 % of the total volume 
of the premaxilla is “filled” with nerves and blood vessels, which 
is comparatively about a third more than observed in a “classic” 
terrestrial theropod as Neovenator. If we consider this ratio of 
neurovascular occupation as being the proportional reflection 
of sensory sensitivity, the Spinosauridae would undoubtedly be 
among the most successful non-avian dinosaurs in this field. 
Other comparative studies between theropods are, however, 
necessary to support or invalidate this hypothesis.

In Tyrannosauridae in general, the number of foramina is 
quite important on the jaws and more and more clues point to 
a sensory adaptation on the muzzle of these apex predators. In 
Albertosaurus Osborn, 1905 and Alioramus Kurzanov, 1976, there 
is a second horizontal row of large foramina above the traditional 
alveolar margin (Hurum et al. 2003). The bony surface of the 
skull of Daspletosaurus horneri Carr, Varricchio, Sedlmayr, Rob-
erts & Moore, 2017 also suggests a scaly integument with what 
may look like integumentary sense organs (Carr et al. 2017). 

In Tyrannosaurus rex, a row of foramina that follows the edge 
of the antorbital fenestra, called “circumfenestral row”, have 
been identified on FMNH PR2081, “Sue” (Brochu 2003). 

Several other pits and foramina are visible between alveolar 
and circumfenestral rows (Fig. 18B). The right maxilla shows 
imprint of ramifying nerve between two foramina, which prob-
ably indicates that the axons and blood vessels connecting these 
openings should innervate and irrigate several structures. From 
the CT scans, Brochu (2003) was able to demonstrate that the 
foramina of the alveolar and circumfenestral rows joined in an 
internal ramus certainly belonging to the maxillary branch of 
the trigeminal nerve, which supports the sensory function of 
these openings, as in the other tetrapods.

The skull of Tyrannosaurus rex was recently scanned again, 
and the scans confirm an amazingly developed neurovascular 
network in both jaws (Carr et al. 2017; Bouabdellah et al. 2022).

Another interesting comparison between the Spinosauridae 
and the large Tyrannosauridae can be made by considering 
the effective surface of the supposedly sensitive epidermis: the 
longirostre strategy of the Spinosauridae makes it possible to 
gain in sensory surface due to the elongation of the muzzle 
itself, whereas the Tyrannosauridae, in addition to having the 
most massive skulls in theropods, developed a strongly convex 
maxillae on their lower margin, which induces by corollary a 
larger space for a sensory network, potentially. The same pattern 
is present in the Asian tyrannosaur Tarbosaurus bataar Maleev, 
1955 (Hurum & Sabath 2003).

By comparison, the rostral neurovascular system of the maxil-
lae is known to be primitively very stable in its configuration in 
the Diapsida: a broad main branch running horizontally along 
each maxilla, tubular, parallel to the alveolar margin and sending 
secondary branches at regular intervals leading directly to the 
row of typical and aligned labial foramina (Porter & Witmer 
2015; Barker et al. 2017; Benoit et al. 2021). This configuration 
is different in Tyrannosaurus rex insofar as the main neurovas-
cular root is not uniformly horizontal but operates at an angle 
to rise until it occupies a position superior to the large dental 
alveoli of the maxillae (Bouabdellah et al. 2022). We interpret 
this oblique and dorsal configuration of the maxillary branches 
in Tyrannosaurus as a possible adaptation of innervation and 
vascularization of mechanoreceptive sensory organs on almost all 
the surface of their enlarged maxillae, just as the Spinosauridae 
did with their premaxillae surface. Our interpretation of these 
results is that Tyrannosauridae must also have a high sensitiv-
ity in their snout and maybe even very sensitive lips. The work 
of Cullen et al. (2023) provides additional information on the 
probable presence of soft tissues covering the teeth of theropods.

Recent phylogenetic analyses suggest that physical char-
acteristics typical of large tyrannosauroids are the result of 
a mosaic evolution (Brusatte & Carr 2016). The size of the 
body has gradually increased and with it, the power of bite, a 
more robust muzzle (in the shape of a U) or even asymmetric 
keels on the teeth to better bleed to death the prey in the late 
branching taxa such as Tyrannosaurus rex and Tarbosaurus 
bataar. All these developments show an improvement of the 
skull to kill more efficiently. Other adaptations such as the 
size and the number of the foramina on the bones of the two 
jaws (Fig. 18A-C), the well-developed neurovascular network, 
the large surface of the maxillae, and the configuration of the 
underlying neurovascular branches suggest a possible hyper-
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sensitivity of the epidermis of the anterior half of the muzzle 
in Tyrannosaurus rex.

We suggest the hypothesis that theropods with very entan-
gled forelegs and, like Tyrannosauridae or Abelisauridae, had 
to interact with their environment mainly with their muzzle. 
There are some indications that these reduced forelimbs were 
nevertheless robust and equipped with powerful muscles, cer-
tainly for an intraspecific display (Brochu 2003; Hutchinson 
et al. 2005; Lockley et al. 2008; Burch 2017).

It is quite reasonable to imagine these dinosaurs with more 
highly sensitive snout to interact with their congeners, their 
offspring, feel the pressure, temperature or even the variations of 

the wind as proposed by Rothschild and Naples (Rothschild & 
Naples 2017).

Their missing tactile information and compensated by sensi-
tive integumentary structures on the snout should be compared 
with the way in which Spinosauridae compensated their olfac-
tory sense and their sight (not very effective under water) by 
an ultrasensitive longirostrale strategy to feel the vibrations of 
their direct environment.

The cases of these frankly terrestrial theropods show us that 
it is not necessary to be long nosed to be “sensitive of the 
muzzle” (and even by looking at extant species). The longi-
rostral character has more of a hydrodynamic utility and for 
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FIG. 18 Tyrannosaurus rex A B Tyrannosaurus rex
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the mode of nutrition (rapid lateral movements for catching 
fish, as observed in the gharial) rather than an obligatory 
sign of sensitivity.

In 2020, the holotype of the Compsognathidae Juravena-
tor Göhlich & Chiappe, 2006 (Kimmeridgian, Late Jurassic) 
showed an astonishing diversity in the structure of the scales 
of the animal and in particular some strangely resembling 
the sensory domes of current crocodilians (Bell & Hendrickx 
2020). The authors put forward the hypothesis of an increased 
cutaneous sensitivity for nocturnal aquatic hunting, its orbits 
being strongly developed.

Birds (avian dinosaurs)
The extant avian dinosaurs represent the closest relatives of 
the extinct theropod forms and, as such, are a good represen-
tation of the very wide range of sensory strategies developed 
in dinosaurs. Indeed, under the stratum corneum of their 
beak, the premaxillae and maxillae of birds sometimes have 
many foramina, like Spinosauridae, directly connected to the 
trigeminal network (Gentle & Breward 1986; Hieronymus & 
Witmer 2010; Amendano et al. 2021). The presence of very 
sensitive mechanoreceptive organs, such as Herbst or Merkel 
corpuscles, has been well documented on the rostrum of 
many avians (Gentle & Breward 1986; Cunningham et al. 
2010; Rhinn et al. 2013). In several taxa, links have been 
made between the number of foramina on the jawbones and 
the density of the trigeminal sensory fibers. Ratites like the 
ostrich Struthio camelus Linnaeus, 1758 and the emu Dromaius 
novaehollandiae Latham, 1790 have an arrangement and a 
number of bony pits are comparable in both species and sug-
gest increased extra and intraoral sensitivity (Crole & Soley 
2017). These animals peck regularly and instinctively, so it is 
useful for them to quickly discriminate between the different 
elements that encounter their beak, vision not being able, once 
again, to suffice for this purpose.

The Anatidae also show a high density of foramina on 
the front of their premaxilla (Berkhoudt 1976). The nerve 
ramifications underlying these foramina are connected to the 
trigeminal nerve (Amendano et al. 2021). Ducks and swans 
must be able to rely more on the mechanoreception of their 
snout than on their vision to choose the right algae and other 
plant debris to ingest.

The example of probing birds (woodcocks, Apterygidae and 
Charadriiformes) is particularly interesting because, for these 
phylogenetically distant groups, the mechanisms for detecting 
prey found in mud or on the ground are similar. Recurrent 
sensory structures on the long snout of these birds reflect a 
new example of evolutionary convergence, the configuration 
of which is reminiscent of that found in Spinosauridae. In 
kiwis Apteryx Shaw, 1790, vision is extremely reduced and 
even useless in many respects, so much so that some individu-
als are blind. However, this does not prevent the animal from 
feeding and does not substantially impact its life expectancy. 
The sense of vision being compensated by other senses in these 
nocturnal animals: auditory, olfactory and, of course, tactile 
(Moore et al. 2017). While olfaction is widely used, prey on 
the ground can also be detected by the waves they propagate 

through the air as they move (Cunningham et al. 2007). These 
waves reach the fine vibrissae at the base of the beak and tell 
the animal’s cortex the exact location of their origin (Martin 
et al. 2007). For probing of prey buried in the ground, on 
the other hand, it is the pressure-sensitive mechanoreceptors 
housed in the numerous foramina at the end of the snout that 
come into play (Cunningham et al. 2007, 2013). Again, the 
trigeminal branches transmit tactile information to the brain.

Some aquatic and semi-aquatic taxa
Phytosauria. Phytosaurs represent a well-known and long-
studied sister group of Archosauria. They seem to have also 
adopted a strategy analogous to the longirostre species already 
described (Lees 1907; Anderson 1936; Hungerbühler et al. 
2012) such as “grabbing” conical teeth, a developed rosette 
covered with numerous foramina, even in young individuals 
(Heckert et al. 2013), and trigeminal neurovascular network 
along the premaxilla, maxilla and dentary. This seems to correlate 
with the presence of sensory organs (Lessner & Stocker 2017).

Pliosauroidea. In pliosaurs, some specimens reveal a signifi-
cant number of foramina on the premaxilla and the dentary 
(Sassoon et al. 2012). A neurovascular complex has also been 
described in the rostrum of a very large individual of Plio-
saurus kevani Benson, Evans, Smith, Sassoon, Moore-Faye, 
Ketchum & Forrest, 2013 (Foffa et al. 2014). The authors 
considered that the strong neurovascular ramifications attached 
to the teeth and the foramina could suggest the presence of 
sensory organs, like the ISOs of crocodilians. They counted 
more than 200 foramina on the premaxillae and incomplete 
maxillae of this individual.

Other extinct aquatic Sauropterygia taxa show many foramina 
and pits on the front of the snout (Mosasauridae, Ichthyosau-
riformes, Plesiosauroidea, etc.) but more extensive comparative 
and tomographic studies still need to be carried out to make 
a solid link with any potential sensory organs. Some groups 
still represented today such as the Testudinata have many sen-
sory corpuscles in their rhamphotheca, which certainly play 
a mechanoreceptive role in the coordination of movements 
under water (Buchtová et al. 2009).

Crocodilians. In crocodilians, a higher concentration of 
integumentary sensory organs (ISOs) is found near the teeth 
and on the anterior half of the skull. In Alligatoridae (Soares 
2002), ISOs are only on the cranial region, while in Crocodylus 
Laurenti, 1768, Tomistoma Müller, 1838 and Gavialis Gmelin, 
1789, they are also found on all scales of the animal’s body 
(Leitch & Catania 2012). On Nile crocodile Crocodylus niloti-
cus, most of scales have one ISO except for some scales of the 
face, which can have as many as thirty. This is an adaptation 
for higher sensitivity around the mouth (Di-Poï & Milinko-
vitch 2013). In mammals, chemoreceptors are all concentrated 
on the tongue and the mechanoreceptors diffused on all the 
surface of the skin. In crocodilians, these two types of recep-
tors are within the ISOs themselves. Di-Poi and Milinkovitch 
(Di-Poï & Milinkovitch 2013) have even demonstrated that 
facial ISOs are the first cutaneous sensory structures devel-



253 

Neurovascular system and dental renewal in the rostrum of Spinosauridae

GEODIVERSITAS • 2026 • 48 (12)

oped in Crocodylus niloticus embryos, thus emphasizing their 
vital importance for the animal from an early development.

The comparison between Spinosauridae and crocodilians is 
historical and widely documented in the scientific literature 
(Taquet 1984; Holtz 1998; Rayfield et al. 2007; Cuff & Ray-
field 2013). The very large number of foramina as well as the 
first indications of the presence of a neurovascular structure 
in the snout of Spinosaurus aegyptiacus, as in crocodilians, 
further prompted this comparison (Dal Sasso et al. 2009; 
Ibrahim et al. 2014). In addition, the long snouted morphol-
ogy of these animals ended up portraying them as “crocodiles 
like” dinosaurs.

The fact that crocodilians ISOs have been particularly 
studied in recent years, coupled with the fact that Spino-

sauridae have often been compared to them because of their 
morphological analogies should not, however, lead us to 
conclude that they also have ISOs sensu stricto. Indeed, as 
we saw above, even if the neuronal integration of the sensory 
organs remains relatively stable during the evolution of the 
tetrapods (via the branches of the trigeminal nerve), there are 
no models of constant organizations of these sensory organs, 
each taxon having adopted a very sensitive snout having given 
birth to new sensory structures without synapomorphic link. 
We know, however, that it is indeed the maxillary branch 
of the trigeminal nerve (in addition to the blood vessels) 
which extends into the maxilla and premaxilla of crocodil-
ians (Fig. 19), the ophthalmic branch being further back 
(Leitch & Catania 2012).
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FIG. 19 A C Crocodylus moreletii
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Our CT scans of the rostra of two Gavialidae (Gavialis 
gangeticus and Tomistoma schlegelii) and two Crocodylidae 
(Crocodylus niloticus and Crocodylus moreletii Duméril & 
Bibron, 1851) highlight this trigeminal network in a remark-
able way (Fig. 19). The maxillary (and mandibular) branches 
are particularly ramified and developed and the evolutionary 
convergence with the Spinosauridae is once again evident, 
particularly if we compare this with the position of the nostrils 
(Fig. 19C, F). Note that the main branches along the maxillae 
of these crocodilians are mostly above the dental roots and 
send rami between each tooth to supply the lateral foramina 
and the neurovascular line running along the alveolar margin 
(Fig. 19A, B, D, E). This arrangement seems, as we described, 
to be different in Cristatusaurus lapparenti and Spinosaurus 
maroccanus where the main branches are in a labial position 
with respect to the teeth, at the level of the upper third of 
their height (Figs 8; 11; 14; 16; 17).

In addition, although sensitive integumentary structures are a 
definite asset for creatures living in water, it would be reductive 
to think that these sensory organs are the direct result of an 
amphibious behavior only (Leitch & Catania 2012). The link 
between the presence of ISOs or analogous structures with a 
specific diet (fish-eating) was precisely reinforced by the fact 
that spinosaurids have often been compared to crocodilians 
(specialized fish-eaters) due to their anatomical similarities. 
However, we find relatively similar structures in other taxa, 
not necessarily piscivorous, from theropods to mammals 
(Berkhoudt 1976; Andres et al. 1991; Brecht et al. 1997; 
Anjum et al. 2006; Cunningham et al. 2007; Crumpton & 
Thompson 2013; Crish et al. 2016; Crole & Soley 2017; 
Doneley & Sprohnle‐Barrera 2021).

High sensitivity to changes in fluids (air, water) or surround-
ing solids having contact with the body (mud or earth) is in 
all cases of vital importance for these specialized animals. The 
speed of propagation of a (mechanical) sound wave in a fluid, 
due to the movement of prey for example, will only depend on 
the nature of the environment in which it evolves (Romagnan 
2011). Air and water are the main fluids in which animals 
move. The speed of the wave will be greater as the density of 
the fluid is. Thus, the “quality” of the waves transmitted in an 
aqueous environment is much higher than that of the waves 
transmitted in the air (Ionescu 1924): about 340 m/s in the 
air against 1470 m/s in the water. Developing organs sensi-
tive to the reception of these mechanical waves will therefore 
be a determining asset for fishing and an important driver 
of natural selection in the evolution of several taxa such as 
crocodilians or Spinosauridae.

Mammalia
Mechanoreceptors in the snout of mammals are present 
mostly in the shape of vibrissae or “sensory hairs”. Like the 
ISOs of the crocodilians, mammalian vibrissae represent an 
interesting example of sensory anatomical structures attached 
to a complex and branched trigeminal network, as also seen 
in our Spinosauridae specimens. Vibrissae are mainly devel-
oped and abundant in three groups of mammals: 1) the ter-
restrial carnivorous/rodents; 2) the “burrowing” mammals; 

and 3) a lot of marine mammals (not only carnivorous). 
Brecht, Preilowski & Merzenich (Brecht et al. 1997) have 
shown that there are two main types of vibrissae in rodents: 
those responsible for tactile recognition of objects or prey in 
contact with the mouth, significantly more numerous at the 
tip of the snout and rather small, and those allowing spatial 
localization which are located further back and are usually 
larger. Dehnhardt & Kaminski (1995) found a correlation 
between mechanoreceptors density and sensibility in seals. 
In these animals, whiskers also play a role in locating prey 
by perception and analysis of water movement (Dehnhardt 
et al. 1998, 2001; Wieskotten et al. 2010, 2011; Gläser et al. 
2011; Grant et al. 2013; Hanke et al. 2013). In the star-nosed 
mole Condylura cristata Linnaeus, 1758 a large concentra-
tion of mechanoreceptive domes is present on each of the 22 
appendices of the snout. These mechanoreceptors (called here 
Eimer organs) are increasing in density from the proximal to 
the distal part of appendices, like the mechanoreceptor fingers 
in primates (Sawyer & Catania 2016). Moreover, the maxil-
lary line (with the maxillary branch of the trigeminal nerve) 
is particularly wide in this species (Grand et al. 1998). In 
extreme situations in which mammals live exclusively under-
ground (like the naked mole rat), where animals cannot rely 
on the vision, a complex system of vibrissae is developed on 
the face and extends over the rest of the body, like the ISOs 
of some crocodilians. Between these “somatic vibrissae”, 
the skin is heavily innervated by sensory fibers in the naked 
mole rat (Crish et al. 2016). The shrew Suncus etruscus Savi, 
1822 the smallest mammal in the world, measures less than 
10 cm and weighs 1.8 g. This insectivorous shrew can catch a 
grasshopper in flight. Laboratory experiments demonstrated 
that the animal was using its whiskers vibrations covering its 
long snout to locate their prey more efficiently than no eye 
could do (Anjum et al. 2006). The mechanoreceptor sensi-
tivity of the snout of many other specialized mammals has 
already been demonstrated by numerous studies, from the 
lips of the elephant shrew, manatees and dugong (Reep et al. 
2001; Moore et al. 2022) to the vibrissae of hippopotamus 
(Springer et al. 2021).

Home (1802) noticed a long time first that the olfactory and 
optic nerves of the monotreme Ornithorhynchus paradoxus Blu-
menbach, 1800 were “abnormally large”. Since a link between 
the volumes of the nervous system in the bill of Monotremes 
has been made with the specialized sensory organs located in it. 
The ability to electroreception in the platypus Ornithorhynchus 
paradoxus has been discovered in 1986 (Scheich et al. 1986) 
and demonstrated many times subsequently (Gregory et al. 
1988; Manger & Pettigrew 1995; Langner & Scheich 2009). 
The animal can detect moving and still underwater preys as 
well. We now know that the mechanical-electrosensory system 
of Monotremes is as sophisticated as the vision in primates 
(Pettigrew et al. 1998). The muzzle of Monotremes is cov-
ered with highly specialized organs and strongly innervated 
large, myelinated nerve fibers joining the maxillary branch 
of the trigeminal nerve. In addition, the density of these 
sensory organs is again dependent of the animal’s needs to 
feel the vibrations of the fluid around it. In Ornithorhynchus 
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anatinus Shaw, 1799 from Australia (aquatic burrower), the 
number of electroreceptors is approximately 40 000; in the 
long snouted echidna Zaglossus bruijnii Peters & Doria, 1876 
from the tropical forests of New Guinea (wetland burrower), 
the number rises to 2000; and in the short-snouted echidna 
Tachyglossus from Australia (burrowing in dry areas), there are 
400 electroreceptors (Andres et al. 1991; Pettigrew 1999).

These animals are the only mammals capable of electrore-
ception. It suggests that this sensory character is not inherited 
but phylogenetically appeared de novo, in association with this 
burrowing lifestyle quite unique in mammals (Proske et al. 
1998), which requires efficient reception of electromagnetic 
waves propagated in a fluid. All these examples of sensitive 
structures in mammals show us that the sensory organs of the 
snout can have different appearances depending on the taxa 
but that they are always linked to a very developed vascular 
and trigeminal network, as in the Spinosauridae.

Sensory information from the vibrissae stimulation of all 
mammals is transmitted to the brain by the maxillary branch 
of the trigeminal nerve, which passes through a cranial opening 
present in most Eutheria Gill, 1872: the infraorbital foramen 
(Grand et al. 1998). There is a correlation between the size of 
the foramen and infraorbital mechanoreceptors density (not 
just those vibrissae) of the maxillary region (Muchlinski 2010; 
Crumpton & Thompson 2013). Thus, this character (diam-
eter of the foramen/canal) is directly related to the amount of 
nerve fibers and blood vessels necessary for the functioning 
of this sensory network, and not a simply inherited feature. 
The interpretation of Muchlinski was tested on several small 
sized mammals, especially moles, because they show a wide 
range of behaviors and environmental adaptations. In 2013, 
Crumpton found that the size of the infraorbital foramen 
(IOF) varies according to the habitat of the animal. In other 
words, mammalian species having the same habitat prefer-
ences develop a comparable size of the IOF, independently 
of their phylogeny (Crumpton & Thompson 2013). This 
observation is important because it allows for a direct con-
nection between the skeletal anatomy and sensory soft tissues 
of different taxa. It reminds us once again of the fact of evo-
lutionary convergences for animals living in the same type of 
environment and having the same sensory detection needs.  It 
is true that the more animals have burrowing lifestyle, the more 
tactile sensitivity is developed. The complex of the trigemi-
nal branches is hypertrophied in these forms (Crumpton & 
Thompson 2013). The need to feel the vibrations from the 
environment may be responsible for the size and the density 
of some foramina, especially those related to the branches of 
the trigeminal nerve. This feature is so totally paraphyletic and 
could concern also fossil forms, as Spinosauridae, whether the 
animals were aquatic, semi-aquatic or terrestrial.

Spinosauridae
Due to the very rearward position of the nasal cavities in Spi-
nosauridae, we can thus exclude senso strictu olfactory function 
from the premaxillary neurovascular network and reasonably 
assume a highly developed sensory need on the front of the 
muzzle. In Spinosauridae, a high density of neurovascular 

foramina, which open at the anterior extremity of the snout 
of Spinosaurus aegyptiacus, were interpreted as housing pres-
sure receptors that detect water movement (Dal Sasso et al. 
2009; Ibrahim et al. 2014). Based on computed tomographic 
scan of a specimen of Spinosaurus aegyptiacus, Ibrahim et al. 
(2014) observed that neurovascular foramina converge within 
the premaxilla and are separate from other spaces within the 
snout bones. The authors consider this arrangement close to 
that observed in some pliosaurs (Foffa et al. 2014) and which 
seems to be afferent trigeminal branches.

Our descriptions provide a more precise view of this trigemi-
nal arrangement of neurovascular branches in the rostrum of 
Spinosaurus, despite the fragmentary condition of the Parisian 
specimen, MNHN.F.SAM124. In particular, the scans of the 
right upper portion of the premaxilla of Spinosaurus maroc-
canus show a grouping of secondary branches in dorsal posi-
tion of the dental roots, following the shape of the latter and 
joining the main parallel branches just below the bony roof 
(Fig. 14A). Furthermore, the main branches, which continue 
to run along the rostrum in the maxillae, then show a more 
inferior position, running labially to the dental sockets on 
their upper third. This configuration is also found in the two 
specimens of Cristatusaurus, proof of a probable constancy 
of this arrangement in the Spinosauridae (Figs 8; 11; 14). 
The interconnections (or anastomoses) especially visible on 
the mature Cristatusaurus specimen sometimes involve one 
of the main branches with finer and secondary ramifications 
(Fig. 4B), proof of a common nerve and vascular nature 
(Savastano et al. 2015).

The three premaxillae studied here show a remarkable increase 
in the number of superficial foramina as one approaches the 
apex of the rosette. The underlying network perfectly follows 
what is observed on the surface, namely an increasing com-
plexity of the network and ramifications towards the tip of the 
snout. A minority of the ramifications nourish and innervate 
the dental roots but the vast majority furrow between the alveoli 
to end in the foramina on the surface of the bone and join 
what could be non-olfactory sensitive cutaneous structures, 
perhaps resembling the ISOs described in crocodilians. We 
know that a very anterior orientation of the internal channels 
usually indicates a need for significant neurovascularization 
in this area of the muzzle, both in blood vessels and nerve 
endings. The size of the foramina fairly accurately reflects 
the width of the underlying canals, which are rather broad 
(DeGusta et al. 1999; George & Holliday 2013). 

For some authors, dinosaurs, and theropods in particular, 
must have had lips (Reisz & Larson 2016) and support the 
statistical correlation between the density of extraoral foramina 
and the presence of soft structures that can precisely resem-
bling lips (Morhardt 2009). In addition, the enamel must 
usually remain moist to avoid premature aging (Witmer et al. 
2013; Zheng et al. 2013; Tamisiea 2023). We can note that 
the opening of the most anterior foramina of the rosette of 
Spinosaurus maroccanus present clearly visible furrows in the 
bone, extending the trajectory of the underlying neurovascular 
branches at an angle of inclination of 45° with respect to the 
bone surface. This configuration could support the hypoth-
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esis of innervation/nourishing of a soft structure along the 
anteroventral margin of the rosette.

Our descriptions have made it possible to highlight other 
remarkable common points in the three Spinosauridae speci-
mens, as the parallel pairs of secondary branches, which pierce 
the convex bony roof of the rosette. Also, the presence of 
numerous superficial furrows directly in continuity with the 
inner network especially on posterodorsal regions (Figs 4C; 
16B-D) is an additional clue for continuity of trigeminal 
nerve endings and blood vessels in skin structures. At this 
stage, it is important to recall the vascular role of the network, 
which has already been described as possibly important for 
the evacuation of excess heat, in large dinosaurs in particular 
(Porter & Witmer 2020). The indications of passage of fur-
rows that we have described on the surface of the bones, and 
which extend the openings of certain foramina are all potential 
zones to innervate, of course, but also to vascularize, which 
makes them strategic points for heat exchanges (evacuate the 
heat accumulated in the body and cool the animal’s blood if 
necessary). The superficial furrows with a “cross” shape that 
we described at the exit of the prenarial foramina of Cristatu-
saurus represents a good example. These grooves were probably 
linked to the nasal cavity of the animal’s flesh nostrils, which 
were in this area. The nasal openings are in fact often a site 
of significant heat exchanges in amniotes and blood flow is 
sustained there (Langman et al. 1979; Hillenius 1992; Hil-
lenius & Ruben 2004; Bourke et al. 2018).

ABOUT THE TEETH OF THE SPECIMENS

Although we believe that the two specimens of Cristatusau-
rus have sufficient characters to differentiate them from the 
European taxon Baryonyx (especially because of less diving 
anterior portion of the premaxillae and presence of the well-
defined premaxillary crest), the characters linked to the teeth 
to differentiate taxa of Spinosauridae from each other, like 
the size of the alveoli, are not diagnostic. For example, to 
distinguish Baryonyx from Cristatusaurus, Hendrickx et al. 
(2016) noted that the first pair of alveoli was much smaller 
than the second in Cristatusaurus and that this is not the case 
in its European cousin. This observation is correct for the 
holotypic specimen of Cristatusaurus (MNHN.F.GDF366) 
but not for the more mature individual (MNHN.F.GDF365). 
Indeed, the tomographic study reveals a first pair of alveoli 
almost as large as the second in this specimen, which would 
therefore not differentiate it from the alveolar conformation 
of Baryonyx. Differences in the size of the alveoli and even the 
number of teeth is, in our opinion, not relevant diagnostic 
characters since they relate to ontogenetic, taphonomic and 
even intraspecific differences, which Hendricks also concludes 
(Hendrickx et al. 2016).

Our tomographic results highlight the large number of 
teeth in the alveoli of the three specimens, with often even 
three generations present per alveolus (Figs 5; 6; 9; 11; 14). 
The presence of a large number of dental crypts containing 
replacement teeth indicates a significant turnover rate and 
continued dental synthesis (Tucker & Fraser 2014). Alveolar 
chambers large enough to accommodate three generations of 

teeth have already been described in some theropods such as 
Allosaurus, Gorgosaurus (LeBlanc et al. 2017a) or Tyrannosaurus  
(Sattler & Schwarz 2021). The presence of three generations 
of teeth in each alveolus of the younger Cristatusaurus speci-
men is evidence of intense and uninterrupted dental develop-
ment in these animals from an early age. The fact that there 
are fewer replacement teeth in the more mature individual 
of Cristatusaurus confirms that the rate of tooth replacement 
decreases as animals grow, as has already been suggested in 
tyrannosaurids (Erickson 1996; Sattler & Schwarz 2021). 

Finally, note that the very deep rooting of the teeth in the 
jaws of Cristatusaurus gave them great robustness, particularly 
in the apical zone of the rosette. This series of teeth should 
in fact make it possible to firmly hold the prey, caught in the 
concavity of the rostrum, behind the rosette. It is here that 
the teeth are generally the smallest among the Spinosauridae 
because they had to leave space for the interlocking of the 
underlying dentary, with a series of teeth proportionally very 
large and fan shaped.

Although the shape of more or less conical teeth has become 
established among the Spinosauridae, this does not mean a 
strictly piscivorous diet for these dinosaurs. Indeed, certain 
clues seem to let us suppose a more generalist diet with the 
discovery of a spinosaur tooth between two cervical vertebrae 
of a pterosaur (Buffetaut et al. 2004) or the remains of what 
seems to be a young Iguanodon Mantell, 1825 in the stomach 
of Baryonyx (Charig & Milner 1997).

COMPARISON OF CRISTATUSAURUS,  
SUCHOMIMUS AND BARYONYX
The curvature of the anterodorsal margin of the premaxilla in 
labial view has sometimes been used as a feature to differenti-
ate the taxa of Spinosauridae (Hendrickx et al. 2016; Lakin & 
Longrich 2019), but their comparison by superimposition 
is complicated, in particular for Cristatusaurus, which lacks 
important posterior elements for such a comparison (external 
nostril, dorsoposterior blades of premaxillae, etc.). Thanks to 
the tomography, we propose here two interesting anatomical 
characters as reference points to help in the correct orienta-
tion of the bones and therefore in their comparison: first, the 
trajectory taken by the two main neurovascular branches for 
Cristatusaurus when they dive dorsoventrally (after the 7th 
alveolus) and then the location of the prenarial foramen in all 
specimens, indicating the onset of the prenarial depression (see 
description of MNHN.F.GDF365 and MNHN.F.GDF366). 
Unfortunately, the prenarial foramen is not preserved in the 
juvenile specimen, due to bone breakage, but the underlying 
neurovascular “bowl structure” tells us its approximate posi-
tion. By homothety, we were able to superimpose the two 
specimens of Cristatusaurus considering the plunging angle 
of the neurovascular branches and we obtain a good correla-
tion with the circumference of the two snouts (considering 
the slight bony erosion on the front and on the roof of the 
rosette of the younger specimen), including the curvature of 
the alveolar margin (Fig. 20). In the absence of tomographic 
data, it is difficult for us to accurately perform the same opera-
tion of neurovascular superimposition by adding Baryonyx 
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and Suchomimus. However, considering the dorsal margin 
of their more complete premaxillae as well as the location of 
their conspicuous prenarial foramen, we see an almost perfect 
overlap between Cristatusaurus and Suchomimus (Fig. 20B) In 

Baryonyx, we can note a more developed anteroventral exten-
sion of the premaxillae than in the other specimens, giving 
the rosette a more hooked appearance (Fig. 20C). This is a 
clear differentiation between Baryonyx on the one hand and 

A
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C

FIG. 20 Cristatusaurus lapparenti Suchomimus tenerensis  
Baryonyx walkeri 

A
Cristatusaurus lapparenti green orange

B
Suchomimus tenerensis blue et al. Cristatusaurus lapparenti green

C Baryonyx walkeri red Cristatusaurus 
lapparenti green
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Cristatusaurus/Suchomimus on the other. It should also be 
noted that the premaxilla of Baryonyx is much larger than that 
of the mature specimen MNHN.F.GDF365. However, the 
individual is nevertheless considered by its discoverers as an 
immature individual (Charig & Milner 1997) because of the 
lack of fusion between the bones of both skull and vertebrae 
on the specimen. This was observed on skulls of some other 
young theropods (Tsuihiji et al. 2011), where the internal 
surface between the two premaxillae is very smooth, like on 
MNHN.F.GDF366. A third point shared by Cristatusaurus 
and Suchomimus is the premaxillary crest (which originally 
gave its name to Cristatusaurus) due to the thinning of the 
upper margin of the premaxillae by the digging extending the 
narial fossa anteriorly. Even though the crest of the younger 
specimen is heavily damaged, we can get an idea of   it by 
comparing the labial view of this individual with the more 
mature specimen MNHN.F.GDF 365, especially in relation to 
the location of his neurovascular network (Appendices 1F-H 
and 2F-H). Thus, as suggested in the original diagnosis of this 
taxon (Taquet 1984; Taquet & Russell 1998) and in the light 
of our tomographic results, we consider this character to be 
a diagnostic feature of Cristatusaurus, especially as it is not 
present in Baryonyx. Nor is this crest linked to ontogenic or 
intraspecific variability (Hendrickx et al. 2016), since it is pre-
sent in two individuals at different stages of maturity. Finally, 
the presence of this crest in Suchomimus tenerensis suggests 
that the latter can be referred to Cristatusaurus and is indeed 
a junior synonym of Cristatusaurus. What is more, the two 
taxa are sympatric: all Baryonyx specimens are European (from 
England and Portugal) while Suchomimus and Cristatusaurus 
shared a relatively similar geographical distribution (Niger). 

ABOUT THE LIFESTYLE AND HUNTING TECHNIQUES  
OF SPINOSAURIDAE

Dinosaurs had scaly skin except for some avian theropods 
being covered with feathers on all or part of their body from 
the Middle Jurassic (Dhouailly 2009; Barrett et al. 2015; 
Hendrickx et al. 2022; Frank 2024; Wang et al. 2024). The 
Spinosauridae should not have been an exception. But thick 
and keratinized skin does not mean less sensitive skin.

A typical anatomical clue of the “fishing predator” is, of 
course, the terminal rosette of the snout of Spinosauridae. 
All members of this family share the longirostrine morphol-
ogy, with a terminal rosette on the premaxillae and dentaries. 
These two characters are now interpreted as an adaptation to 
a predominantly fishing diet and to aquatic or semi-aquatic 
habits for several taxa like, of course, crocodilians but also 
pliosaurs (Foffa et al. 2014) or even some muraenesocids fishes 
such pike congers (Vullo et al. 2016). This analogous skull 
morphology could be very effective to grap and capture preys 
with high biting speed. Our descriptions of the premaxillae of 
the two specimens of Cristatusaurus lapparenti and Spinosaurus 
maroccanus revealed a higher concentration of foramina on 
the rosette (Figs 1; 4; 7; 12), which indicates a greater need 
for innervation and vascularization and therefore, by corollary, 
greater sensitivity, as we have seen. We have here defined the 
rosette as being the portion going from the apex of the snout 

to the point of maximum concavity of the alveolar margin. 
We note that 68% to 78% of the significant foramina (more 
than 1 mm in diameter) are in this apical zone (Table 1). The 
last statistical element in favor of a development of sensory 
organs on the rosette that we were able to highlight is the 
ratio between the volume of the neurovascular network con-
tained in the premaxillae and that of the bone material itself 
(without considering the teeth), considering that the latter is 
proportional to the cutaneous sensory need of the area con-
cerned (Table 2). Only the two specimens of Cristatusaurus 
lapparenti were considered here for the calculation of this 
ratio. Indeed, the specimen of Spinosaurus maroccanus being 
too fragmentary internally to make the measurement relevant.

In addition, note that the Spinosauridae were perhaps able 
to move their mandibular ramus laterally when they opened 
their jaws because their mandibular symphysis was mobile as 
in all theropods, since the teeth were connected by connective 
tissue (Hendrickx et al. 2016). Their enlarged pharynx would 
have made it possible to eat very large prey, like in Pelecanidae 
and some pterosaurs (Langston 1981; Witton & Naish 2013). 
Many fishes lived in mid-Cretaceous North African streams, 
some of modest sizes, such as Serenoichtys Dutheil, 1999 or 
Erfoudichthys Pittet, Cavin & Poyato-Ariza, 2010 and other 
rather large like Aidachar Nessov, 1981 (Mkhitaryan & Averi-
anov 2011) or the 3-meter long cartilaginous fish Onchopristis 
Stromer, 1917. We know now these were at least part of the 
Spinosaurus regime (Sasso et al. 2005). Crocodiles currently 
mainly attack land animals by being in abundance in calm 
water on the banks (migrating wildebeest for example). For 
them, it is therefore a matter of catching their prey quickly, 
stunning them by spinning around and then drowning them 
so that they can devour them more easily. Unlike the croco-
dilians, the Spinosauridae probably hunted on the bank for 
large preys (and not in the water), but with the same system 
of detecting waves in an aqueous environment, with the front 
of their snout submerged in water. Here are some anatomical 
clues supporting this hypothesis.

Firstly, it has been shown that the skull of Baryonyx walk-
eri shared proportionally biomechanics characteristics like 
that of the current gharial (Gavialis gangeticus), with a long, 
compressed snout, a secondary palate and the loss or reduced 
antorbital fenestrae helping resist bending (Rayfield et al. 
2007). Conversely, larger skulls with no secondary palate 
(find in other theropods) are more resistant to lateral tor-
sion (but less on bending). Nevertheless, Cuff & Rayfield 
(Cuff & Rayfield 2013) also showed that considering the 
real size of the animal, Baryonyx was not so close to the 
gharial performance, because a large size can withstand 
more dorsoventral or mediolateral loads. They also included 
Spinosaurus aegyptiacus in their study and showed that this 
taxon was actually closer to the biomechanical performance 
of the gharial. Anyway, both Baryonyx and Spinosaurus (but 
especially Spinosaurus) better support ventrodorsal than 
mediolateral stress or torsion in their jaws. Plunging the 
mouth open into the water to capture a large prey was to 
cause a huge ventrodorsal resistance. Indeed, water being a 
fluid much denser than air, the effort required to maintain 
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and extract the prey was gigantic. This is an interesting clue 
to the hypothesis of heron-like fishing from the bank to 
come up and “throw” the prey onto dry land to devour it 
(Draulans 1987; Cuff & Rayfield 2013). Secondly, it is also 
suggested that the median crest on the top of the Spinosaurus 
(and Cristatusaurus) skull must have reduced friction in the 
water and made the dorsoventral movements of the head 
more hydrodynamic (Gimsa & Gimsa 2021). Thirdly, the 
study of the semicircular canals of the Brazilian Spinosauri-
nae Irritator challengeri, with their inclination of 45° relative 
to the cranial roof, indicates that this dinosaur must have 
been particularly precise in its downward head movements, 
giving it a great ability to catch its prey by quickly lowering 
its head (Schade et al. 2020), as many piscivorous preda-
tors do from the shores like herons, storks, egrets (Draulans 
1987; TOJO 1996; Papakostas et al. 2005; Choi et al. 2007; 
Matsinos et al. 2012) or bears (Gende et al. 2001; Gende 
2002; Klinka 2004; Gende & Quinn 2004; Lincoln & 
Quinn 2019). Although recent anatomical clues such as 
the elongation of caudal neural spines suggest that some 
Spinosauridae could propel themselves efficiently in water, 
particularly Spinosaurus aegyptiacus (Ibrahim et al. 2020), 
this does not, however, discredit the theory of fishing from 
the bank (Hone & Holtz 2021). The three clues that we 
provided above also support this theory. Perhaps small prey 
could have been captured underwater by active swimming 
(Ibrahim et al. 2014, 2020), although this has not been 
demonstrated so far (Myhrvold et al. 2024). In any case, we 
believe that this would not have been the case for large prey, 
which had to be removed from the water quickly. These larger 
preys undoubtedly offer a more interesting yield in terms of 
energy input versus the energy deployed by active hunting.

We know from ethological observations that crocodilians 
preferentially hunt large terrestrial prey from the water, in 
the flood below the surface (like the wildebeest during their 
migration). We believe that Spinosauridae did the opposite: 
they must have preferentially hunted large aquatic prey from 
the bank. The goal for the dinosaurs, like the crocodilians, 
was certainly to kill their prey as efficiently as possible. The 
crocodilians try to drown them by stunning them and spin-
ning around during the attack. Spinosauridae had to deprive 
large prey living in the water of oxygen, therefore, in our 
opinion, to get them out of the water as quickly as possible 
with a rapid movement of the head ventrodorsally, like herons, 
since, let us remember, these dinosaurs were not adapted to 
lateral cranial tensions but rather ventrodorsally.

Thus, we advance the hypothesis that, Spinosauridae had 
to hunt their prey more by executing not only fast but also 
with vertical movements when they were on the shore, the 
front of the snout in the water and the nostrils above the 
water surface (Fig. 21). Indeed, it is likely that the developed 
neural spines of some of these animals (like Spinosaurus) 
and the long hypapophyses of the last cervical/ first dorsal 
vertebrae (Gomani 1997; Evers et al. 2015) should be used 
primarily to link the tendons of the powerful neck muscles 
to quickly extract their prey once identified by their ultra-
sophisticated sensory organs by literally “lifting” them out 
of the water. A complex system of ligaments can also explain 
the elongation of neural spines, as in other vertebrates such 
as the giraffe Giraffa camelopardalis Linnaeus, 1758 which 
has a particular ligament with striated fibers reminiscent of 
those found in muscles and which also participate in move-
ments (Murie 1872; Holdrege 2005). When watering, the 
animal’s head is in fact level with the surface of the water 

TABLE 1 Cristatusaurus lapparenti 
Spinosaurus maroccanus 

*

Taxon Specimen

Number of 
foramina –

right premaxilla

Number of 
foramina –

left premaxilla
Total number 
of foramina

Number of foramina  
on the rosette  

(with percentage of total)

Cristatusaurus 
lapparenti

Cristatusaurus 
lapparenti

Spinosaurus 
maroccanus

TABLE 2
Cristatusaurus lapparenti 

Taxon Specimen
Volume of bone (without 
alveoli) – Premaxillae

Volume of the 
neurovascular  
network – Premaxillae

Percentage of 
neurovascular network 
in the bones (without 
alveoli volume)

Cristatusaurus lapparenti
Cristatusaurus lapparenti
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point and it can raise its long neck quickly in the event of 
danger (Williams 2016). Other taxa share this paraphyletic 
character of neural spines developed on the thoracic verte-
brae when the animals must have strengthened muscles in 
their neck (buffalos, bison, gorillas, etc.).

About the behavior of young Spinosauridae individuals: The 
rosette of young Spinosauridae was already highly innervated 
and vascularized, with more interconnected branches, as we 
showed in the description of the smaller premaxilla of Cris-
tatusaurus. In addition, tooth replacement was more active 
in young individuals, given that MNHN.F.GDF366 has 
three generations of teeth in each of its alveoli, which is 
not the case in the mature specimen. It must indeed have 
been common for teeth to break or fall out for all young 
theropod dinosaurs. If the animal was hunting aquatic prey, 
it must also be remembered that the density of the water 
caused more stress on the teeth than for prey in the open air. 

Finally, the remains of several Spinosaurus individuals 
proportionally smaller than those previously discovered were 
described in 2019 (Lakin & Longrich 2019). These remains 
(vertebrae, a portion of premaxilla and a quadrate) were 
acquired from traders in the Erfoud region (Morocco). The 

authors estimate that they would come from the Ifezouane 
Formation rather than the Aoufous Formation, based on 
taphonomic data (Krassilov & Bacchia 2013). Adult Spi-
nosaurus were indeed present in the Ifezouane Formation, 
especially based on teeth and other remains found in this 
area (Stromer 1914; Kellner & Campos 1996; Dal Sasso 
et al. 2005; Ibrahim et al. 2014; Benyoucef et al. 2015; 
Hendrickx et al. 2016; Lakin & Longrich 2019). Young 
animals therefore seemed to evolve in the same environ-
ments after having reached a respectable size of a few meters 
and had to live and hunt in the same way as adults. Only 
very young individuals (estimated at less than two meters 
in length) do not seem to be represented in these same 
deposits, due to the absence of bone remains and teeth of a 
size proportionally adapted to these stages of development 
(Lakin & Longrich 2019). Hunting for fishing undoubtedly 
requires significant and complex learning, as observed today 
on several Archosaurians such as crocodilians and aquatic 
birds (Coombs 1989; Whitaker 2007; Campos et al. 2012; 
Lakin 2022). This parental care may be a primitive character 
for archosaurians in general (Brazaitis & Watanabe 2011). 
Mechanically, it must also have been important for young 

FIG. 21 Cristatusaurus lapparenti 
Erfoudichtys rosae
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Spinosauridae to fine-tune the coordination between the 
sensory electrical signals received from their trigeminal nerve 
to the cerebral cortex and the contraction of their muscles 
to correctly execute the downward-upward movements of 
the snout to avoid any unnecessary injury or trauma and 
ultimately ensure the best possible chance of survival.

Given the biomechanical, anatomical and paleoenviron-
mental indices described above, we argue that at least some 
Spinosauridae must have been able to hunt underwater for 
small preys, especially the most recent forms like Spinosaurus. 
They were perhaps, however, more adapted to lying in wait 
on the banks or standing motionless in any case for largest 
preys like Onchopristis, their muzzle just below the surface 
of the water, using their sensory organs, prepared for rapid, 
coordinated movements to catch their prey.

CONCLUSION

The amazing quality of preservation of the neurovascular 
network of the premaxillae of both Cristatusaurus lappar-
enti and Spinosaurus maroccanus finally gives us a precise 
idea of its anatomy. No complete representation of the 
neurovascular network of a Spinosauridae rosette has ever 
been described before. Our tomographic results show one 
of the best-preserved premaxillary neurovascular complex 
discovered in a dinosaur and the very first complete in 
a spinosaur with the mature specimen of Cristatusaurus 
lapparenti. We found that the volume of the network, the 
size of the foramina admirably coinciding with that of the 
underlying scanned branches, as well as the comparison 
with other extinct and extant animals that have developed 
efficient sensory structures represent as many additional 
indices supporting the hypothesis of a hypersensitivity of 
the rosette of Spinosauridae. In addition, the tomographic 
analysis of the premaxilla of the young individual of Cris-
tatusaurus lapparenti reveals a neurovascular network just 
as dense (or even denser) and more generations of teeth 
than in the mature specimen. We believe that these indices 
underline a sustained sensory need and a significant dental 
replacement rate from a very young age.

The idea that animals using their snout as an anatomi-
cal part “exploring the environment” have strong sensory 
innervation in this area and have therefore developed a 
trigeminal nervous system is commonly accepted. Whether 
it is a shark, an alligator, a platypus or a Spinosauridae, we 
observe the same thing. The evolutionary convergences, 
widely documented, between Spinosauridae and extant 
crocodilians is legitimate but must be considered now as 
highly reductive, in particular by the presence of structures 
similar to the ISOs found in crocodilians sensu stricto on 
the snout of these dinosaurs. Numerous strategies leading 
to the development of non-olfactory sensory organs on the 
snout have been described in this article and underline the 
paraphyletic nature of the presence of such structures. This 
sensitivity of the snout depends neither on the environment 
(because it is found in aquatic, semi-aquatic, terrestrial and 

even underground taxa), nor on the animal’s diet. In our 
opinion, it is predominately linked to the animal’s need to 
feel the vibrations of the fluids in its environment when 
one or more of its senses is lacking (the senses of sight or 
touch in particular). Even the longirostral aspect is not 
necessarily due to increased sensitivity; it is simply a more 
efficient way of catching prey mechanically underwater. 
Non-longirostrum skulls may also be sensitive (tyranno-
saurs, rats, cats, horses, proboscideans, etc.). An aquatic or 
semi-aquatic lifestyle can encourage certain taxa to adopt 
efficient non-olfactive sensitive structures, because waves 
travel faster in water than in air. But we saw that many 
other animals, even clearly terrestrial, could need a “sensi-
tive muzzle”. Finally, even if you have a sensitive nose, this 
does not mean a strict fish-eating diet. Several clues such as 
the shape of the teeth, the environments frequented or even 
the oxygen isotopic ratios analyzed in certain bones tend 
to support the thesis of a fish-eating diet. But other fossil 
evidence shows a possibly broader diet (small dinosaurs, 
pterosaurs, etc.). That said, it seems to us that when these 
animals fished, they must have done so from the bank, at 
least for large prey, with the rosette of their muzzle in the 
water, according to the morphological and biomechanical 
clues. An overview of several taxa that are phylogenetically 
distant but have adopted such sensory structures through 
evolutionary convergence allows us to have a better appre-
ciation of the situation. The skin sensitivity of dinosaurs 
(and of the snout in particular) seems more complex than 
previously thought. This work should open new interpre-
tative perspectives of future tomographic studies on the 
premaxillary and maxillary neurovascular network that 
will teach us more about the sensory degree of the snout 
of Spinosauridae and dinosaurs in general.

Supplementary data
3D data and CT scans accessible on MorphoMuseuM (Pittet & 
Goussard 2025):  https://doi.org/10.18563/journal.m3.272
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