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Abstract 13 

A rostral beak, a highly keratinized tissue covering the perioral region of the skull, has been 14 

hypothesized for many sauropodomorphs and eusauropods over the past few decades by several 15 

authors, based on dental, morphological, and neurovascular evidence. However, there has so far 16 

been no objective and comprehensive way to assess and test this hypothesis. We here present the 17 

first analytical framework for investigating and reconstructing the perioral tissues in a fossil 18 

archosauromorph, using information provided by correlations between the rostral neurovascular 19 

system and the perioral bones (premaxillas, maxillas and dentaries) in extant archosaurs. We test the 20 

framework on a Camarasaurus sp. specimen, for which the potential presence of a robust 21 

connective gingival tissue has previously been hypothesized. We built the framework by examining 22 
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a taxonomically broad selection of skulls of modern eusuchians, chelonians, lepidosaurs, and birds, 23 

allowing us to define specific reference models for each possible tissutal condition hypothesized for 24 

extinct archosaurs: carnous lips (lepidosaurs), corneous beak (birds and chelonians) and a lipless 25 

condition (eusuchians). Our analytical framework is based on two main components: Firstly, a 26 

quantitative statistical examination of the number, morphology and distribution of neurovascular 27 

foramina using binomial correlations between the different foramina and facial neurovascularization 28 

rate estimates and exploratory Principal Component Analysis (PCA); secondly, a qualitative 29 

assessment of the osteological correlates associated with different tissue conditions, defining several 30 

distinct characters within each dental arch and identifying the qualitative traits associated with each 31 

reference tissue condition. Both components aim to describe how the neurovascular system 32 

develops and extends into the perioral region within the reference models, allowing for comparison 33 

and association with the species under investigation. Applying this analytical framework to our test 34 

specimens revealed that Camarasaurus exhibit values comparable to those of modern birds, which 35 

served as the reference model for the development of a corneous beak. This novel tissue condition 36 

described for Camarasaurus, characterized by the coexistence of a keratinous covering and a 37 

complete dentition, we here term an odontoscutum, a corneous structure with the main function of 38 

protection and mechanical support for the dentition. We describe its probable morphology and 39 

extension in Camarasaurus based on the information provided by the neurovascular correlates. 40 

Given the numerous lines of evidence supporting the presence of highly keratinized facial tissues in 41 

several taxa within Sauropodomorpha, we propose that this tissue condition is ancestral to this 42 

lineage, initially developing in the rostral region of sauropodomorphs and subsequently expanding 43 

caudally to encompass the entire perioral region and dentition in more derived eusauropods.  44 
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Introduction 47 



The study of perioral soft tissues in fossil archosaurs has historically been limited by the scarce 48 

recovery of specimens preserving such features, with the exception of a few rare specimens 49 

(Wiersma and Sander 2017). Over the years, several indirect methodologies have been proposed 50 

and employed to infer these non-preserved tissues, based on anatomical, morphological, 51 

biomechanical, or neurovascular analyses of a fossil taxon, yet they remain poorly analysed and 52 

characterized for this group. This is problematic, as information on the perioral tissue type would be 53 

significant for a wide range of topics on the feeding biology of archosaurs, including masticatory 54 

mechanics (Galton 1973; Ford 1997; Soons et al. 2012; Lautenschlager et al. 2013; Wiersma and 55 

Sander 2017; Régent et al. 2024), feeding strategies (Knoll et al. 2006; Zanno and Makovicky 2011; 56 

Lautenschlager et al. 2013; Mallon and Anderson 2014), dental wear (Ford 1997; Wiersma and 57 

Sander 2017; Paul 2018; Wiersma and Sander 2019; Cullen et al. 2023; Régent et al. 2024), and 58 

dietary range (Galton 1973; Norman and Weishampel 1985; Dodson 1987; Zanno and Makovicky 59 

2011; Mallon and Anderson 2014; Cullen et al. 2023). 60 

In extinct and extant archosaurs, the perioral region of the cranium—bounded by the premaxilla, 61 

maxilla, and dentary—is defined by the degree of keratinization expressed by the outer epidermal or 62 

dermal layers of the integument (Rutland et al. 2019; Yenmiş and Ayaz 2023), resulting in three 63 

inferred primary tissue configurations: (1) a carnous condition with complete lizard-like lips, in 64 

which the dentition is entirely covered and enclosed by a thick gingival epithelium with limited 65 

epidermal keratinization, producing a complete oral seal that maintains internal moisture and retains 66 

masticated food, as observed in modern lepidosaurs (Bellairs 1949; Bakker 1986; Ford 1997; 67 

Witmer 1997; Hieronymus et al. 2009; Paul 2018; Cullen et al. 2023); (2) a lipless condition in 68 

which each tooth is embedded in a thick gingiva that covers only its basal portion, supported by 69 

pronounced dermal keratinization of the integument forming horny scutes, while leaving the labial 70 

surface of the dentition exposed, as in modern crocodilians (Ford 1997; Soares 2002; Carr et al. 71 

2017; Cullen et al. 2023); and (3) a heavily keratinized condition in which a rigid, continuous 72 

cornified sheath (rhamphotheca) covers the entire perioral bony surface, associated with edentulism 73 



or with reduction or morphological modification of the dentition, as observed in both non-avian 74 

dinosaurs, birds and chelonians (Norell et al. 2001; Wyneken 2001; Knoll et al. 2006; Hieronymus 75 

et al. 2009; Zanno and Makovicky 2011; Lautenschlager et al. 2013; Mallon and Anderson 2014; 76 

Button 2018; Figgener et al. 2019; Porter and Witmer 2020; Aguilar-Pedrayes et al. 2024; Piro and 77 

Hospitaleche 2024). These epithelial configurations are not only related to the maintenance and 78 

protection of the dentition, but are also associated with the ventilation, thermoregulation, and 79 

feeding dynamics of individual taxa (Morhardt 2009; Lautenschlager et al. 2013; Porter and Witmer 80 

2015; Porter et al. 2016; Carr et al. 2017; Porter and Witmer 2020). 81 

By examining the fossil record, numerous methodologies and investigative approaches have been 82 

developed to reconstruct the soft tissues associated with various dinosaur and archosaur taxa. 83 

Analysing the morphology of the perioral bones in ornithischian dinosaurs, Galton (1973) described 84 

a lateral gap between the protruding bodies of the maxilla and dentary, suggesting the presence of a 85 

carnous, cheek-like structure in these dinosaurs that would have retained buccal plant material 86 

during mastication and increased the efficiency of the masticatory apparatus. This approach was 87 

subsequently applied to ornithopods and theropods, incorporating preliminary observations of facial 88 

foramina (Norman and Weishampel 1985; Bakker 1986). Witmer (1997) introduced a novel 89 

theoretical framework based on phylogenetic bracketing to reconstruct the soft-tissue characteristics 90 

of a taxon, using information from its phylogenetically adjacent lineages. Knoll et al. (2006) 91 

conducted a cranial neuromorphological assessment of the facial and trigeminal nerves in 92 

Diplodocus to test the hypothesis that its large external bony narial aperture could have supported a 93 

prehensile proboscis, but didn’t find any evidence to support this hypothesis. Morhardt (2009) 94 

proposed a quantitative correlation between the number of extra-oral foramina on the anterior 95 

cranial bones and the overlying soft tissues in extant sauropsids, noting that foramina densities 96 

exceeding 100 may correlate with the absence of extra-oral tissue and the presence of specialized 97 

sensory structures. The evidence and conclusions presented, however, rely solely on the number of 98 

facial foramina, without considering their distribution, morphology, or, most importantly, the 99 



substantial biases introduced when species with specialized aquatic and thermoregulatory 100 

adaptations, such as crocodilians and sirenians, are included in the comparison. Hieronymus et al. 101 

(2009) analyzed superficial bone morphology and histology associated with multiple classes of skin 102 

structures to identify osteological and histological correlates of specialized facial integument in 103 

centrosaurine ceratopsids, including epidermal scales, horn sheaths, cornified thick skin pads, 104 

projecting skin structures, and armor-like dermis. However, the modern references proposed by 105 

Hieronymus et al. (2009) considered features observed on cranial bones beyond the perioral region, 106 

leading them to describe patterns that appear broadly consistent and unambiguous, but which may 107 

exhibit significant variation or modification when examined specifically within the perioral region. 108 

This concern is further amplified when the authors' conclusions are applied, without additional 109 

scrutiny or qualification, to infer the presence and distribution of such soft tissues in the perioral 110 

region of diverse fossil taxa (Carr et al. 2017; Cullen et al. 2023; Terras et al. 2026). An analysis of 111 

the dental characteristics of Camarasaurus and Europasaurus—including dental wear, tooth-112 

replacement dynamics, root exposure, and the presence of isolated tooth rows—supported the 113 

hypothesis of a tough, keratinized gingival connective tissue in these taxa (Wiersma and Sander 114 

2017; Wiersma and Sander 2019; Régent et al. 2024), without, however, being correlated to, or 115 

compared with, the pattern of rostral cranial neurovascularization. Finally, a suite of characters—116 

facial foramina and vascularisation, tooth-replacement rate, enamel histology of the crown, the 117 

tooth-to-skull length ratio, and the surface texture of the perioral bones—have been analyzed to 118 

evaluate the presence or absence of lips in Tyrannosaurus (Carr et al. 2017; Cullen et al. 2023), and 119 

recently also in Triassic arcosauromorphs from South Brazil (Terras et al. 2026). However, the 120 

authors' considerations regarding the use of facial foramina are based solely on the general 121 

arrangement and alignment of a limited number of foramina. The overall distribution pattern along 122 

the entire dental arcade, the morphology of the foramina themselves, the morphology of the 123 

surrounding osseous tissue, or the potential sensory and thermoregulatory biases that may influence 124 

these observations and the resulting conclusions, were not taken into account.  125 



Perioral tissues influence multiple aspects of an organism’s biology, including its masticatory 126 

performance and overall feeding efficiency. Consequently, their characterization in extinct taxa 127 

must be as comprehensive and analytically objective as possible. The aim of our study is to 128 

establish a new analytical framework for identifying such tissues in the perioral region of fossil 129 

archosaurs through both quantitative and qualitative examination of the osteological correlates 130 

preserved in the cranial remains. We then evaluate these correlates in relation to the morphology 131 

and distribution of the rostral neurovascular system and to the effects exerted by this system—and 132 

the soft tissues it supports—on the dentigerous bones and dentition (when present) of the organism. 133 

To facilitate the development and continuation of research in this field, our proposed framework is 134 

designed to be easily replicable by other researchers and readily integrable with other analytical 135 

approaches—such as CT scanning and internal reconstructions of the neurovascular system—136 

thereby improving the characterization and reconstruction of the morphology and evolution of these 137 

tissues within Archosauromorpha. 138 

Materials and methods 139 

Data collection was structured to establish reference models for the three main tissue conditions 140 

inferred for fossil archosaurs: We sampled modern crocodilians for the lipless condition with exposed 141 

dentition; modern lepidosaurs for the fleshy-lipped condition; and modern birds and chelonians for 142 

the rhamphotheca (Fig. 1) (see Supplementary Material 1 for detailed description and characterization 143 

of each tissutal condition). However, given the thicker corneous tissue and the distinct neurovascular 144 

distribution in the cranial rostral region of chelonians, we divide and classify beak tissue into two 145 

distinct models: a covering rhamphotheca, as in birds, and a mechanical rhamphotheca, as in turtles 146 

and tortoises. This nomenclature is defined based on the thickening of the corneal covering and its 147 

presumed mechanical efficiency, which is more robust and voluminous in chelonians and more 148 

compact and expanded in birds (G. G. pers. obs. based on the examination of multiple dry osteological 149 

specimens).  150 



 151 

Fig. 1. In vivo photographs of the four tissue conditions proposed for arcosauromorphs: A carnous 152 

lips in a Komodo dragon (Varanus komodiensis); B lipless condition with exposed dentition in a Nile 153 

crocodile (Crocodylus niloticus); C covering rhamphotheca in a lava heron (Butorides sundevalli); D 154 

mechanical rhamphotheca in an Aldabra giant tortoise (Aldabrachelys gigantea). Photos by Dennis 155 

Hansen (A, C, D) and Jeremy Bishop, unsplash.com (B). 156 

We examined a broad and taxonomically diverse set of taxa from the herpetological and 157 

ornithological collections of the Field Museum of Natural History (Chicago, USA), including 21 158 

species of crocodilians, 44 species of lepidosaurs, 33 species of chelonians, and 209 species of birds. 159 

Only specimens exhibiting clearly visible and intact facial foramina and bone-surface morphologies 160 

were included. 161 

We selected the specimen of Camarasaurus sp. from the Siber Collection Aathal of the Natural 162 

History Museum of the University of Zurich (NMZ 1000002; formerly SMA 0002), currently on 163 



display in the Aathal Dinosaur Museum, Zurich, Switzerland, as the primary test case for our new 164 

soft-tissue investigation framework. It is an ideal candidate because of the excellent state of 165 

preservation of the skull, and because a previous study had hypothesised the presence of a robust 166 

gingival connective tissue in this specimen, based on analyses of tooth wear, replacement, and 167 

morphology (Wiersma and Sander, 2017). We included two additional specimens to assess whether 168 

the distributional patterns observed in Camarasaurus NMZ 1000002 could represent a statistical bias 169 

or a taxon-specific adaptation, namely Kaatedocus siberi (NMZ 1000004) and Galeamopus pabsti 170 

(NMZ 1000011), both also on display at the Aathal Dinosaur Museum (Zurich, Switzerland). Due to 171 

the incompleteness and taphonomic deformation affecting the premaxillary and maxillary 172 

surfaces of Kaatedocus, its data were used only in analyses concerning the lower dental arcade. 173 

Our analytical framework consists of two complementary parts. The first component is quantitative 174 

and involves a multivariate analysis designed to compare facial neurovascularisation using variables 175 

that describe the morphology and spatial arrangement of the facial foramina of the perioral bones 176 

(maxilla, premaxilla, and dentary). The zoological dataset with known soft-tissue conditions 177 

constitutes the baseline reference for the three tissutal conditions inferred for archosaurs, and their 178 

association with the target fossil species will be evaluated. The second component is qualitative and 179 

consists of a visual assessment of newly defined osteological correlates specific to soft-tissue 180 

conditions, based on the analysis of zoological specimens with documented soft-tissue anatomy. The 181 

osteological data of the target fossil species are compared and qualitatively evaluated against the 182 

defined characters of the zoological reference models. The integration of the results from the two 183 

sections provides the most probable soft-tissue condition for the target fossil species, based on the 184 

information inferred from the rostral cranial neurovascular system. 185 

Quantitative analysis 186 

For each specimen, we examined the foramina present on the lateral surfaces of the maxilla, 187 

premaxilla, and dentary. The variables defined and measured included the highest and lowest 188 



anteroposterior diameters of the foramina for each bone, the total number of foramina, and, for the 189 

foramina defined in this study as Alveolar Margin Foramina (AMF), their number, mean 190 

anteroposterior diameter, and maximum and minimum distances from the alveolar margin. AMFs are 191 

large, orthogonally oriented, well-defined foramina regularly arranged parallel to the alveolar margin 192 

on the lateral surface of all perioral bones, although they are particularly conspicuous in the maxilla 193 

and dentary. For the purposes of this study, AMFs were operationally identified based on a consistent 194 

alignment parallel to the alveolar margin and a comparatively larger size relative to adjacent foramina 195 

within the same specimen. These foramina serve as the conduits for the majority of the innervation 196 

and vascular supply to the gingiva and lips (when present) (Porter and Witmer 2015, 2016; Porter et 197 

al. 2016; Bouabdellah et al. 2022; Cullen et al. 2023; Lessner et al. 2023;).  198 

To standardise the dataset and enable effective and objective comparisons, the data from the 199 

individual bone elements were grouped by dental arch (upper and lower). This approach was adopted 200 

because birds exhibit extreme reduction of the maxilla, with foramina present only on the premaxilla, 201 

whereas some chelonians and lizards show marked reduction of the premaxilla (Hieronymus and 202 

Witmer 2010; Ollonen et al. 2018; Felice et al. 2020; Tokita et al. 2021). The selected variables were 203 

chosen based on their direct anatomical and functional relationship with perioral neurovascularisation 204 

and soft-tissue support (Ford 1997; Morhardt 2009; Bouabdellah et al. 2022; Cullen et al. 2023; 205 

Lessner et al. 2023). 206 

All measurements were taken by a single operator (G. G.) to minimize inter-observer variability, 207 

using a digital caliper (precision ±0.01 mm). Fossil specimens were measured only when anatomical 208 

landmarks were clearly identifiable and minimally affected by taphonomic distortion. Variables 209 

showing evidence of severe post-depositional deformation were excluded from the analyses. 210 

We then reprocessed the data as follows. The morphology of the foramina was approximated as 211 

circular, and their surface areas were calculated (A=πr2), where the radius was derived from the 212 

measured diameter. The maximum and minimum foraminal surface areas for each dental arch were 213 



multiplied by their respective total numbers to estimate the lowest and highest total foraminal surface 214 

areas. Because complete measurement of every individual foramen was not consistently feasible 215 

across all specimens, total surface area was estimated using these minimum and maximum 216 

approximations. 217 

Averaging these values yielded a mean neurovascular surface (MNS) for each dental arch. 218 

Additionally, the number of AMFs was multiplied by the maximum foraminal surface area to provide 219 

an estimate of the gingival neurovascular surface (GNS). Finally, the GNS was divided by the MNS 220 

to obtain the neurovascular heterogeneity rate (NHR), defined here as a measure of the homogeneity 221 

of neurovascular supply distribution between the gingival and medial regions of the dental arch. 222 

Higher NHR values indicate that the neurovascular output is concentrated along the alveolar margin, 223 

whereas lower values reflect a more uniform distribution across the dental arch, consistent with 224 

observations in modern taxa and their associated perioral tissues (Norell et al. 2001; Porter and 225 

Witmer 2015; Aguilar-Pedrayes et al. 2024). 226 

A min foramina = 2   (1) A max foramina = 2   (2) 227 

A tot min = N tot foramina x A min foramina   (3)    A tot max = N tot foramina x A max foramina   (4) 228 

MNS =     (5) GNS = N AMFs x A max foramina   (6) 229 

NHR =    (7) 230 

The different extant species were grouped according to the nomenclatural ranks currently in use, 231 

while acknowledging that these higher-level taxa are not necessarily or effectively evolutionarily 232 

comparable. To investigate patterns and analogies in the distribution and organization of perioral 233 

neurovascular output between sauropod specimens and reference taxa, we generated two sets of 234 

bivariate scatter plots to visually assess overlap, separation trends, and overall associations, without 235 

implying formal hypothesis testing. The first plot compared the total number of foramina with the 236 



number of AMFs, and the second compared the total number of foramina with NHR. These variables 237 

were selected as they effectively segregated specimens by taxonomic affiliation, producing distinct 238 

clusters for each reference taxa group. Plots were generated separately for the upper and lower dental 239 

arches, with points color-coded by taxonomic group.  240 

In addition, an exploratory Principal Component Analysis (PCA) was conducted to characterize the 241 

overall variance structure of the dataset using all sampled variables. However, due to the pronounced 242 

imbalance in sample sizes between fossil and modern datasets, the results were interpreted solely as 243 

a preliminary exploration.  244 

All analyses were conducted and graphically represented using the open-source statistical software 245 

RStudio (version 2024.09). The complete dataset used for the statistical analyses are uploaded as 246 

Supplementary Material 2 & 3. 247 

Qualitative analysis 248 

We defined and characterized seven characters as osteological indicators of the development of the 249 

rostral neurovascular system, thereby allowing inference of the type of perioral tissue likely to be 250 

present in archosauromorphs. For each character (except for the third), we defined four possible 251 

states, each associated with a specific tissue condition (Tab. 1). The formulation of these characters 252 

and their states was based on the examination and analysis of more than 300 taxa of modern reptiles 253 

and birds with documented tissue conditions, as well as on a comprehensive review of the relevant 254 

scientific literature. Additionally, we conducted extensive photographic documentation of the 255 

superficial bone morphology, with a particular focus on porosity, surface roughness, and grooves. 256 
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  Lepidosauria 

reference 

condition (-2 

value) 

Crocodylia 

reference 

condition (-1 

value) 

Aves 

reference 

condition 

(+1 value) 

Chelonia 

reference 

condition 

(+2 value) 



Rostral 

neurovascular 

configuration 

None or few 

(0-6) well-

defined 

orthogonal 

foramina, 

compact 

surface without 

rugosity 

Numerous (6-

120) well-

defined 

orthogonal 

foramina, 

homogenous 

unorganized 

distribution, 

corrugated 

porous surface 

Numerous 

(6-120) 

tangential 

foramina, 

rostral 

accumulation

, porous 

surface 

Extremely 

numerous 

(120-350) 

tangential 

foramina, 

rostral 

accumulation

, highly 

pororus 

surface 

Perioral foraminal 

pattern 

Few (<20) 

well-defined 

orthogonal 

foramina (only 

AMFs), linear 

distribution 

Numerous 

(20-250) 

orthogonal 

foramina, 

homogenous 

unorganized 

distribution, 

numerous 

AMFs 

distributed 

homogeneousl

y along dental 

margin 

  

Numerous 

(20-250) 

tangential 

foramina, 

rostral 

distribution, 

few AMFs 

linearly 

distribuited 

along dental 

margin 

Extremely 

numerous 

(250-600) 

tangential 

foramina, 

rostral and 

marginal 

distribution, 

few AMFs 

linearly 

distribuited 

along dental 

margin 

Inner expansion 

degree 

Limited and irregular inner bone 

surface, no superficial expansion 

or flattening (-2 value) 

Expanded, flat, smooth inner 

bone surface (+2 value) 

Bone surface 

morphology 

No surface 

grooving or 

rugosity 

Highly 

irregular and 

ramificated 

corrugation 

without 

distributional 

pattern 

Presence of 

rostroventrall

y oriented 

grooving 

Smooth 

surface with 

occasional 

rostroventrall

y oriented 

grooving 

Palatal foraminal 

pattern 

None-few (0-5) 

well-defined 

foramina 

Numerous 

(10-100) well-

defined 

foramina, 

linear 

distribution 

parallel to 

alveolar 

margin 

  

Presence of 

marginal-

rostral 

grooving, 

rostral 

accumulation 

of foramina 

Extremely 

numerous 

(100-250) 

foramina 

with lateral 

and rostral 

accumulation 



Dentition 

morphology and 

distribution 

Complete 

dental covering 

Complete 

dental 

covering, 

partial apical 

roots 

exposure, 

rostral 

diastema 

Rostral or 

caudal 

edentulism in 

at least one 

dental arch 

Complete 

edentulism 

Neurovascularizati

on pattern of the 

alveolar margin 

Compact bone 

without any 

kind of 

rugosity 

Higly 

unorganized 

corrugation, 

ramificated 

grooving, 

homogenous 

distribution of 

foramina 

Bone margin 

highly 

porous, 

tangential 

foramina or 

grooving 

with 

marginal-

rostral 

orientation 

Extremely 

porous bone 

margin and 

surface 
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Table 1. Brief description of the different qualitative traits and their corresponding assigned scores. 259 

For an extended version of these descriptions, refer to Supplementary Material 1. 260 

Seven characters were defined as osteological indicators of rostral neurovascular system 261 

development, allowing inference of the associated tissue types. Except for the third character, four 262 

states were identified in archosauromorphs, each corresponding to a specific tissue condition (lipped, 263 

lipless, covering bird-like beak, mechanical turtle-like beak). These characters and states were 264 

established based on the examination of more than 300 taxa of modern reptiles and birds with 265 

documented tissue conditions. Numerical values for each trait are assigned on a five-point scale from 266 

-2 to +2, with -2 representing fleshy, poorly keratinized facial skin and +2 representing thin, heavily 267 

keratinized skin. A value of 0 is given when a character is absent due to incompleteness, taphonomic 268 

damage, or when it cannot be identified. The four tissue reference models—lepidosaurs (-2), 269 

crocodilians (-1), birds (+1), and chelonians (+2) —are distributed across the scale. The final score is 270 

calculated as the average of the trait values, when present and identifiable. 271 



𝑃𝐶𝐼 =
∑ 𝑠𝑐𝑜𝑟𝑒

𝑁 𝑡𝑟𝑎𝑖𝑡𝑠
   (8) 272 

Positive PCI (Perioral Correlates Index) values indicate highly keratinised tissue, while negative 273 

values indicate a fleshier condition. For QI (Qualitative Index) scores approaching zero, the tissue 274 

condition of the specimen is uncertain or cannot be determined using this methodology. Accordingly, 275 

an interval of ±0.15 is defined for indeterminate perioral tissue identification. The presence of specific 276 

facial-covering tissues corresponds to a specialized pattern of neurovascularisation of the dental arch. 277 

Therefore, the QI score can also reflect neurovascular distribution in diagnostic cranial regions, such 278 

as the rostral region in beak-bearing species and the gingival-alveolar region in lipped species. The 279 

development of this analytical framework was inspired by sexual dimorphism indices traditionally 280 

employed for sex estimation in human skeletal remains within archaeological and forensic contexts 281 

(Acsádi and Nemeskéri 1970; Walrath et al. 2004). 282 

Given the partial taphonomic degradation of the bone surface and its uniformly dark coloration, 283 

photogrammetric models of the individual cranial elements of NMZ 0002 were also generated using 284 

a Canon EOS 70D, to better visualize surface morphologies and the distribution and morphology of 285 

the various foramina. The resulting models were processed in Agisoft Metashape version 2.3.1 and 286 

subsequently edited and rendered using Blender version 5.1.  287 

Institutional abbreviations 288 

FMNH Field Museum of Natural History, Chicago, USA; 289 

CXM Chuxiong Prefectural Museum, China; 290 

NZM Natural History Museum of the University of Zurich, Switzerland; 291 

SMA Sauriermuseum Aathal, Switzerland. 292 
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Results 294 

Qualitative results 295 

Morphological description of Camarasaurus sp. NMZ 1000002 296 

 297 

Fig. 2. Close-up of the bone surface and foramina of the left premaxilla of NMZ 1000002 in lateral 298 

view. A Photograph. B Three-dimensional rendering of the bone surface obtained with 299 

photogrammetry. Scale bar =3 cm 300 

The lateral surfaces of the premaxilla and maxilla are dorsoventrally expanded and relatively uniform, 301 

with irregularities and depressions limited to numerous foramina and associated neurovascular 302 

grooves (Figs. 2, 3). Approximately 30–40 foramina are present on the lateral surface of the 303 

premaxilla, with diameters ranging from 0.5 to 2.0 mm. They appear homogeneously distributed 304 

across the entire lateral surface, with the largest (approximately 10–12) concentrated in the central–305 

upper region of the premaxilla and the smallest mainly distributed along the alveolar and rostral 306 

margins (Fig. 2). All foramina display an oblique orientation and a rostroventral trajectory, with short 307 

but distinct rostroventrally directed grooves. Three AMF are visible approximately 30 mm from the 308 

alveolar margin. 309 



 310 

Fig. 3. Close-up of the bone surface and foramina of the left maxilla of NMZ 1000002 in lateral view. 311 

A Photograph. B Three-dimensional rendering of the bone surface obtained with photogrammetry. 312 

Scale bar = 2 cm 313 

The lateral surface of the maxilla exhibits approximately 40–50 foramina, ranging from 0.5 to 4.0 314 

mm in diameter and oriented obliquely with a rostroventral direction. Their distribution appears to be 315 

bounded by a shallow oblique depression extending from the ascending process of the maxilla to the 316 

alveolar margin, approximately 40 mm posterior to the posterior-most tooth (Fig. 3). The largest 317 

foramina (approximately 12–15) are mainly concentrated at the base of the ascending process and in 318 

the central portion of the maxilla, whereas the smaller ones occur predominantly along the alveolar 319 

margin. The larger foramina give rise to pronounced rostroventrally directed neurovascular grooves, 320 

reaching lengths of up to 40–50 mm and ventrally accompanied by a greater number of smaller, 321 



evenly distributed foramina. Six AMF are linearly arranged approximately 50–60 mm parallel to the 322 

alveolar margin. 323 

 324 

Fig. 4. Close-up of the alignment of palatal foramina inside the lingual surface of the right maxilla 325 

and premaxilla of NMZ 1000002. Scale bar = 3 cm 326 

In medial view, although the region is not perfectly preserved or fully exposed from the matrix, 327 

approximately 14–16 palatal foramina can be identified (4–5 in the premaxilla and 10–11 in the 328 

maxilla). Each measures about 2–3 mm in diameter and is linearly arranged along the lingual alveolar 329 

margin (Fig. 4). 330 



 331 

Fig. 5. Close-up of the bone surface and foramina of the rostral region of the right dentary of NMZ 332 

1000002 in lateral view. A Photograph. B Three-dimensional rendering of the bone surface obtained 333 

with photogrammetry. Scale bars = 4 cm 334 

 335 

In the dentaries, a clear dorsoventral expansion is evident toward the dentary symphysis (Figs. 5, 6). 336 

On the lateral surface, approximately 25–30 foramina are present, displaying an orthogonal-to-337 

oblique orientation and a dorsorostral trajectory. These foramina appear larger than those of the upper 338 

jaw, ranging from 1 to 5 mm in diameter. Their distribution is bounded by an oblique bony slope 339 

extending caudally from the ventralmost portion of the dentary symphysis to the first tooth. Within 340 

this region, the foramina are evenly arranged, although a notable concentration occurs in the rostral 341 

portion (Figs. 5, 6). Approximately 10–12 AMF are present, linearly arranged at a distance of 40–60 342 



mm from the alveolar margin. In medial view, 10–12 palatal foramina are present and aligned along 343 

the alveolar margin. 344 

 345 

Fig. 6. Close-up of the bone surface and foramina of the rostral region of the left dentary of NMZ 346 

1000002 in lateral view. The yellow patches represent the possible preserved soft tissue described by 347 

Wiersma and Sander (2017). A Photograph. B Three-dimensional rendering of the bone surface 348 

obtained with photogrammetry. Scale bars = 3 cm 349 

Camarasaurus sp. NMZ 1000002 qualitative scores 350 

  351 

Qualitative characters Camarasaurus 

score 

Features observed 

Rostral neurovascular 

configuration 

+1 High abundance of tangentially oriented, 

rostrally directed foramina in both the 

premaxilla and the distal portion of the 

dentary.  

Perioral foraminal pattern +1 Overall rostral concentration of foramina, 

characterized by a tangential, 

rostroventral orientation.  

Inner expansion degree +2 All perioral bones exhibit a flat, regularly 

expanded internal bone surface.  

Bone surface morphology +1 Presence of a rostroventrally oriented 

pattern of linear neurovascular grooves.  



Palatal foraminal pattern -1 Presence of a linear arrangement of well-

defined foramina parallel to the dental 

margin.  

Dentition morphology and 

distribution 

-1 Presence of a complete dentition 

exhibiting moderate exposure of the intact 

apical portions of the tooth roots.  

Neurovascularization pattern 

of the alveolar margin 

+1 Abundance of small-sized foramina along 

the alveolar margins, with occasional 

pronounced dorsal linear neurovascular 

grooving.  

Table 2. Summary description of the qualitative traits assigned to NMZ 1000002, including the 352 

description of the observed morphological characteristics. 353 

 354 

𝑃𝐶𝐼𝐶𝑎𝑚𝑎𝑟𝑎𝑠𝑎𝑢𝑟𝑢𝑠 =
∑𝑠𝑐𝑜𝑟𝑒

𝑁 𝑡𝑟𝑎𝑖𝑡𝑠
=

1 + 1 + 2 + 1 − 1 − 1 + 1

7
= +

4

7
= ~0,571 355 

 356 

The PCI value of Camarasaurus NMZ 1000002 is positive and outside the non-determination range 357 

(±0.15), indicating a tendency toward highly keratinized tissue, such as a cornified sheath and a 358 

rhamphotheca. The value typically attributed to the rhamphotheca of birds is around +1, and since 359 

NMZ 1000002's score falls between +0.5 and +1, this indicates a condition approaching that of 360 

modern birds, though not yet fully developed or entirely comparable, suggesting the likely presence 361 

of partial cornified coverage of the perioral region in Camarasaurus. 362 

 363 

Quantitative results 364 



 365 

Fig. 7. Binomial scatter plots between the total number of foramina, the number of AMFs (left) and 366 

NHR (right) for the upper dental arcade of the reference groups and the sauropod taxa. It is possible 367 

to observe a clear distributional overlap of the Sauropoda group with Aves. Group colors: purple, 368 

Lepidosauria; blue, Crocodylia; orange, Aves; black, Chelonia; green, Sauropoda. Sauropod taxon 369 

symbol: circle = Galeamopus pabsti NMZ 1000011; square = Camarasaurus NMZ 1000002 (left 370 

side). Camarasaurus lentus silhouette adapted from Scott Hartman (PhyloPic), licensed under CC 371 

BY-NC-SA 3.0. 372 

 373 

 374 



 375 

Fig. 8. Binomial scatter plots between the total number of foramina, the number of AMFs (left) and 376 

NHR (right) for the lower dental arcade of the reference groups and the sauropod taxa. There is a 377 

clear distributional overlap of the Sauropoda group with Aves. Group colors: purple = Lepidosauria; 378 

blue = Crocodylia; orange = Aves; black = Chelonia; green = Sauropoda. Sauropod taxon symbol: 379 

circle = Galeamopus pabsti NMZ 1000011; triangle = Kaatedocus siberi NMZ 1000004; square = 380 

Camarasaurus NMZ 1000002 (left side); rhombus = Camarasaurus NMZ 1000002 (right side). 381 

Camarasaurus lentus silhouette adapted from Scott Hartman (PhyloPic), licensed under CC BY-NC-382 

SA 3.0. 383 

 384 

 385 



 386 

Fig. 9. Scaled principal component analysis (PCA) of the reference group dataset with the values of 387 

the sauropod taxa of the superior (left) and inferior (right) dental arcades. Group colors: purple = 388 

Lepidosauria; blue = Crocodylia; orange = Aves; black = Chelonia; green = Sauropoda. Sauropod 389 

taxon symbol: circle, Galeamopus pabsti NMZ 1000011; triangle, Kaatedocus siberi NMZ 1000004; 390 

square, Camarasaurus NMZ 1000002 (left side); rhombus, Camarasaurus NMZ 1000002 (right 391 

side). Camarasaurus lentus silhouette adapted from Scott Hartman (PhyloPic), licensed under CC 392 

BY-NC-SA 3.0. 393 

 394 

The scatter plots show a clear clustering of the extant reference groups for both dental arcades (Figs. 395 

7, 8). These groups are arranged along an approximately linear gradient, consistent with the 396 

logarithmic transformation of the original data. The groups of Lepidosauria and Chelonia occupy 397 

opposite extremes, with Aves occupying an intermediate position. All three Sauropoda specimens 398 

cluster together and largely overlap with the Aves cluster, the extant tissue reference for the presence 399 

of a keratinous rhamphotheca, in both upper and lower dental arcades (Figs. 7, 8). 400 

The PCA correctly distinguished between the different reference groups, including the Sauropoda, 401 

but showed no overlap between them (Fig. 9). The first two principal components account for 52.2% 402 

and 28.1% of the total variance in the upper dental arcade dataset, and 50.9% and 30.4% in the lower 403 



dental arcade dataset, respectively. To test the discrimination efficacy of the selected variables, 404 

MANOVA and LDA analyses were performed on the dataset of the extant reference groups (see 405 

Supplementary Material 1). Given the small sample size of three Sauropoda specimens, the patterns 406 

within the PCA should be considered preliminary and cannot currently be validated statistically. The 407 

limitation of fossil data can exaggerate group partitioning in ordination analyses such as PCA. The 408 

inclusion of additional specimens and refinement of the newly defined variables will improve the 409 

reliability and resolution of future analyses. 410 

 411 

Discussion 412 

A corneous coverage (odontoscutum) for Camarasaurus 413 

As demonstrated by the results of the multivariate analyses and the morphological quantification of 414 

the facial foramina and rostral neurovascularisation, Camarasaurus sp. NMZ 1000002 is associated 415 

with the Aves reference group, characterized by a rhamphotheca-like tissue covering the perioral 416 

surface and margin. Accordingly, we can roughly determine the extent of such a tissue across the 417 

perioral region of Camarasaurus in general by the osteological correlates of the neurovascular system 418 

present in the maxillary, premaxillary, and dentary bones of this specimen as described above. Within 419 

each dental arch, its two-dimensional extent can be delimited by three main boundaries: the tooth 420 

row, the shallow oblique depression/step that delimits the foramina distribution and the dorsoventral 421 

limits of the premaxillae, maxillae and dentaries. 422 

The oblique depression step present in both dental arches of Camarasaurus NMZ 1000002 is 423 

analogous to the pronounced lip, or bony overgrowth, defined by Hieronymus and Witmer (2010) at 424 

the interface between bone surfaces covered by highly keratinized tissue and the adjacent soft 425 

integument. Furthermore, they noted that this feature may be absent when the transition between rigid 426 

and soft tissues is gradual. This structure therefore represents the limit of the caudal extent of the 427 



cornified covering in Camarasaurus, which, without a distinct demarcation (but with a clear 428 

delimitation of the distributional range of the foramina), was likely gradually replaced by typical 429 

squamous epithelial tissue (Fig. 10). 430 

 431 

Fig. 10. In vivo reconstruction of the possible extent of the perioral corneous covering 432 

(odontoscutum) in Camarasaurus (red) and of the transitional epithelium (green) described by 433 

Hieronymus and Witmer (2010). The facial skin area characterized by a squamous covering is 434 

depicted in grey. Original artwork by Fabio Manucci. 435 

Regarding the teeth-line limit, Wiersma and Sander (2017) hypothesized the presence of a dense 436 

gingival tissue for Camarasaurus that served both as a covering and a support for the dentition, based 437 

on the crowns’ and roots’ labial integrity and on an exclusive apical worn pattern. Using the evidence 438 

provided by their study as a reference, the extent of this tissue would be delimited to the gingival 439 

region, extending approximately until mid-crown height. However, given the results obtained from 440 

our study, these features are attributable to the rigid external cornified covering, which, analogous to 441 

the avian beak, was likely characterized by continuous growth, vertically limited only by the 442 



mechanical wear resulting from contact with its opposing upper and lower counterparts (Campàs et 443 

al. 2010; Urano et al. 2018). 444 

Furthermore, in Camarasaurus the crown apices are slightly curved lingually in both the upper and 445 

lower jaw. As a result, these apices would have been offset from any rigid, linearly extended corneous 446 

tissue parallel to the perioral bone surface, and thus remained exposed to abrasion from plant material 447 

during bark and branch stripping (Young et al. 2012). A corneous sheath, like a rhamphotheca, is 448 

characterized by an appositional growth pattern, where the superficial keratinous layers overlie the 449 

increasingly larger and newly deposited internal layers (Urano et al. 2018). Therefore, the cessation 450 

of development of such a hard coating at a specific arbitrary point of the dental crown is unlikely. 451 

However, given the masticatory biomechanics in Camarasaurus, where the lower dental arch inserts 452 

internally to the upper arch, and contact occurs along the mesial and distal edges of the crowns 453 

(Wiersma and Sander 2017), it is likely that the contact line between the upper and lower component 454 

of the rhamphotheca-like structure, respectively the gnathotheca and the rhinotheca, did not coincide 455 

with the dental occlusion line, but was positioned slightly below. The gnathotheca, therefore, would 456 

not have covered the entire labial surface of the mandibular crowns, leaving their apical portion 457 

exposed (Fig. 11). This would have been compensated by the linguo-apical portion of the upper teeth, 458 

which still provided protection for the labio-apical surface of the lower teeth when the mouth was 459 

closed, thereby shielding the basal portion of the crowns and the dental roots from wear. In addition, 460 

based on the osteological correlates, we found no evidence for a potential lingual–palatal 461 

development of this keratinized covering in either dental arch, as can be observed in birds and turtles, 462 

indicating an exclusively lateral extent of this tissue in Camarasaurus. 463 



 464 

Fig. 11. In vivo reconstructions and morphological characterization of the odontoscutum in 465 

Camarasaurus in lateral and frontal views, depicting both open- and closed-mouth configurations. 466 

Original artwork by Fabio Manucci. 467 

The enhancement of biomechanical performance generated by the development of a keratinous 468 

rhamphotheca has already been analyzed for the rostrally edentelous Erlikosaurus andrewsi 469 

(Lautenschlager et al. 2013), proving how it would have helped dissipate stress and strain produced 470 

during mastication, making the rostral components of the skull, which are more susceptible to 471 

mechanical stresses, stiffer and increasing their performance. Young et al. (2012) tested the 472 

distribution of mechanical stress in a Diplodocus skull during various feeding modes, finding a high-473 

stress regime at the base of the teeth during branch stripping and other feeding strategies. This 474 

elevated level of mechanical stress should have resulted in a high risk of tooth breakage, which the 475 

authors suggest was compensated for by a high rate of dental replacement in this species. However, 476 

no evidence of teeth showing signs of such failure has been found in the fossil record. It is instead 477 

possible that Diplodocus, along with other members of the Diplodocidae group, may also have been 478 

characterized by the presence of a keratinous covering on the perioral margin, which could have 479 

served as an anchor and support for the dentition, ensuring greater resistance and mechanical capacity 480 



against the aforementioned stresses. Moreover, Camarasaurus was capable of exerting much greater 481 

bite forces than Diplodocus (Button et al. 2014), due to its adaptations as a generalized browser of 482 

coarse or potentially even woody plant materials (Fiorillo 1998; Whitlock 2011; Steiner 2018), and 483 

it was characterized by a lower rate of dental replacement (Chure et al. 2010; D’Emic et al. 2013). 484 

Therefore, the presence of a highly keratinized perioral covering would have been even more essential 485 

to ensure a proper masticatory efficiency, dental integrity, and environmental adaptability. 486 

Based on its extent and its covering and protective role for the dentition, this newly described tissue 487 

condition we thus define as an odontoscutum (from Greek odóntos, “tooth,” and Latin scutum, 488 

“shield”). It refers to a keratinized covering of the perioral region (or its rostral component) that 489 

coexists with the underlying dentition, acting as protection against mechanical abrasion and providing 490 

structural support and anchorage for the teeth. 491 

Furthermore, the results generated by the quantitative component of the framework demonstrate that 492 

the distributional overlap of neurovascular and foraminal values with the avian reference group is not 493 

limited to Camarasaurus, but also includes Kaatedocus and Galeamopus. This finding supports that 494 

a keratinized odontoscutum likely was widespread among sauropod dinosaurs. A future expansion of 495 

the dataset of sauropodomorph taxa analyzed using the framework proposed in this study will help 496 

clarify and potentially confirm this hypothesis. 497 

 498 

Evidence for beak-like structures within Sauropodomorpha 499 

For basal sauropodomorphs, the presence of a narrow horny beak is supported by several osteological 500 

correlations documented in multiple specimens. In the Argentine Riojasaurus incertus (Bonaparte 501 

and Pumares 1995), a well-defined lateral expansion of the rostral-most portion of the premaxilla and 502 

of the symphysial region of the lower jaw has been described, suggesting the presence of a keratinous 503 

covering of these regions. A similar platform is also observed in the premaxilla of Adeopapposaurus 504 



mognai (Martínez 2009), Leyesaurus marayensis (Apaldetti et al. 2011), Jingshanosaurus xinwaensis 505 

(CXM-LT9401), and Lishulong wangi (Zhang et al. 2024), based on a concentration of rugosities and 506 

foramina that are vertically arranged parallel to the alveolar margin of the lateral surface of the 507 

premaxilla, with obliquely ventrally oriented openings. Furthermore, in Adeopapposaurus, a strongly 508 

rugose depression bordered by a protuberance is present on the rostral lateral surface of the dentaries, 509 

surrounded by several foramina (Martínez and Alcober 2009). The combination of these features is 510 

consistent with the presence of a cornified sheath as a covering (Hieronymus et al. 2009). 511 

Moreover, several basal sauropodomorphs, including Adeopapposaurus mognai (Martínez and 512 

Alcober 2009), Arcusaurus pereirabdalorum (Yates et al. 2011), Coloradisaurus brevis (Apaldetti et 513 

al. 2014), Jingshanosaurus xinwaensis (Zhang et al. 2020; Zhang et al. 2020), Leyesaurus marayensis 514 

(Apaldetti et al. 2011), Lishulong wangi (Zhang et al. 2024), Macrocollum itaquii (Müller 2020), 515 

Massospondylus carinatus (Yates and Barrett 2010), a massopodan sauropodomorph from 516 

Switzerland (Lania et al. 2025), Mussaurus patagonicus (Pol and Powell 2007), Pantydraco caducus 517 

(Galton and Kermack 2010), Riojasaurus incertus (Bonaparte and Pumares 1995), Sarahsaurus 518 

aurifontanalis (Marsh and Rowe 2018), Thecodontosaurus antiquus (Yates 2003), Plateosaurus 519 

trossingensis (Prieto-Márquez and Norell 2011), and a non-Plateosaurus plateosaurid from 520 

Greenland (Campo 2021), all exhibit an edentulous rostral surface located between the tip of the 521 

dentary and the root of the first tooth, approximately as thick as the width of a dental alveolus. In 522 

some taxa (Sarahsaurus, Thecodontosaurus, Plateosaurus, and Riojasaurus), this surface is also 523 

associated with a ventral curvature of the distal portion of the dentary. These features, typical of basal 524 

sauropodomorphs, can be interpreted as direct evidence for the presence of a rostral horny beak in 525 

these taxa (Sereno 1997). This pronounced rostral keratinization represents a condition analogous to 526 

the heavily cornified maxillary and dentary nail reported by Hieronymus and Witmer (2010) within 527 

the compound rhamphotheca of procellariiform birds, where it serves an auxiliary and supportive role 528 

in the browsing of plant material. 529 



A beak-like structure composed of a tough keratinized gingival connective tissue has been 530 

hypothesized to cover, protect, and anchor the dentition in the basal macronarians Europasaurus 531 

(Wiersma and Sander 2019; Régent et al. 2024) and Camarasaurus (Wiersma and Sander 2017). This 532 

hypothesis is supported by wear confined to the apical regions of the teeth, dental roots that protrude 533 

beyond the alveolar socket but show no wear traces, and the presence of extensive root resorption 534 

that does not compromise the teeth’s functional positioning (Wiersma and Sander 2017; Wiersma and 535 

Sander 2019; Régent et al. 2024). 536 

Further evidence derives from the recovery of intact isolated tooth rows (ITRs) in these taxa, 537 

preserved in functional alignment despite being completely detached from any form of bony 538 

containment, suggesting the presence of an external keratinous tissue that stabilized the teeth during 539 

taphonomic processes (Wiersma and Sander 2017; Wiersma and Sander 2019; Régent et al. 2024). 540 

ITRs are not restricted to basal macronarians, but have also been reported in basal eusauropods 541 

(Shunosaurus, Chatterjee and Zheng 2002), diplodocoids (Diplodocus, Whitlock et al. 2010; 542 

Lavocatisaurus, Canudo et al. 2018; Lingwulong, Xu et al. 2018; Apatosaurus, Peterson et al. 2022; 543 

Bajadasaurus, Garderes et al. 2024), and titanosauriformes (Giraffatitan, Janensch 1935; Kosch et 544 

al. 2014; Abydosaurus, Chure et al. 2010; Phuwiangosaurus, Suteethorn 2015, personal 545 

communication), indicating that this feature is widespread within Eusauropoda. 546 

In the eusauropod Bagualia alba, rostral beak-like bony processes have been described in the anterior-547 

most portions of the premaxilla and dentary, consistent with the presence of a highly keratinized 548 

sheath, as indicated by the abundance of foramina that render these regions markedly porous (Gómez 549 

et al. 2024). Similar bony depressions delimiting the teeth-bearing region occur on the laterodorsal 550 

surface of the dentary of Lavocatisaurus (Canudo et al. 2018), and on both the dentary and maxilla 551 

of Bajadasaurus (Gardères et al. 2024). In both specimens, the corresponding regions are rich in 552 

foramina and display neurovascular grooves directed toward the alveolar surface of the bone. A 553 

similar neurovascular condition has also been reported for the diplodocoid Nigersaurus (Sereno et al. 554 



2007) and for the titanosaurs Nemegtosaurus (Wilson 2005), Sarmientosaurus (Martínez et al. 2016), 555 

and Tapuiasaurus (Chure et al. 2010). These osteological features may likewise be attributed to the 556 

presence of a keratinous covering (Sereno et al. 2007; Hieronymus et al. 2009). 557 

However, alternative morphologies have also been proposed for these corneous sheaths. In the 558 

titanosaur Bonitasaura salgadoi, the dorsal margin of the lower jaw exhibits an edentulous, thickened 559 

horizontal edge, pierced by several neurovascular foramina and associated with a robust, keratinized, 560 

guillotine-like cropping mechanism for processing tough plant material (Apesteguía 2004). 561 

Comparable morphologies—comprising an extensive edentulous region and a short, rugose 562 

postalveolar ridge—have also been reported in Lavocatisaurus (Canudo et al. 2018), Rapetosaurus 563 

(Rogers and Foster 2004), and possibly Antarctosaurus (von Huene 1929). 564 

In addition, on the most rostral portion of the premaxilla, several titanosaur embryos exhibit egg teeth 565 

bony structures used by the embryo to pierce the mineralized eggshell during hatching (Chiappe et 566 

al. 2001; Garcia 2007; Garcia et al. 2010; Kundrát et al. 2020; Lord 2020). However, given the 567 

absence of teeth within these projections, their sinuous morphology and their pronounced internal 568 

vascularisation (Kundrát et al. 2020), it is more likely that they represent the osteological correlate of 569 

a caruncle, a temporary cornified projection observed in the embryos of crocodiles, birds, and turtles, 570 

and considered the primary centre of keratinization in the rhamphothecae of turtles and birds (Alibardi 571 

2020; Lord 2020). 572 

All of the evidence above demonstrates that the presence an odontoscutum – a specific, adapted 573 

keratinized hard tissues that functions as a protective covering to prevent abrasion or damage, as well 574 

as anchoring the dentition or serving as a cropping device— represents an intrinsic, shared traits of 575 

the Sauropodomorpha clade, potentially present from birth and ontogenetically modified in 576 

correlation with allometric growth in the most derived taxa.  577 

The paradox of the toothed beak 578 



The prevailing view on the coexistence of dentition and a keratinized covering of the perioral region, 579 

such as a rhamphotheca, is that these conditions are mutually exclusive, with the presence of one 580 

considered to preclude the other (Harris et al. 2006; Louchart and Viriot 2011; Wang et al. 2017; 581 

Yang and Sander 2018; Tokita et al. 2021). This view is primarily based on the evolutionary, 582 

ontogenetic, and embryological processes of the avian clade, which represents the principal reference 583 

group for studying the emergence of extreme epithelial keratinization and the development of a 584 

toothless beak (Louchart and Viriot 2011).  585 

The basal-most Jurassic members of the avialan lineage possessed a complete dentition (Turner et al. 586 

2012; Brusatte et al.,2014), followed by Cretaceous forms exhibiting progressive tooth reduction and 587 

corneification of the oral epithelium (Dumont et al. 2016; Louchart et al. 2016; Field et al. 2018; Wu 588 

et al. 2021), ultimately culminating in fully edentulous neornithines equipped with a keratinized beak 589 

by the end of the Cretaceous and the beginning of the Paleogene (Bhullar et al. 2015; Erickson et al. 590 

2017; O’Connor et al. 2020; Wu et al. 2021). It has been hypothesised that a heterochronic truncation 591 

of odontogenesis (Wang et al. 2017; Yang and Sander 2018), combined with a mutation of the keratin 592 

deposition genes inside the oral epithelium (Louchart and Viriot 2011), and a loss of signaling 593 

between the epithelium and the mesenchyme (Harris et al., 2006) determined the rostral or caudal 594 

edentulism and a heavy deposition of keratin in those lineages. However, the development and 595 

extension advance of the rhamphotheca was not directly correlated with the teeth loss in that region, 596 

since there is evidence of several species of birds, dinosaurs and pterosaurs that possessed a 597 

keratinous covering a complete dentition (Balanoff et al. 2009; Hu et al. 2011; O’Connor and Chiappe 598 

2011;Wang et al. 2012; Rodrigues et al. 2015;  Bestwick et al. 2018; Witton 2018; Jacops et al. 2020; 599 

Martill and Smith 2025), and that the presence of a full or partial rhamphotheca was necessary prior 600 

to edentulism to be adaptively viable (Louchart and Viriot 2011). 601 

Moreover, Aguilar-Pedrayes et al. (2024), using a multinomial regression model, demonstrated that 602 

the presence of a strong keratinised epithelium does not directly antagonize with a presence of teeth, 603 



and that their coexistence was common in Dinosauria. The condition and the evolutionary history of 604 

modern Aves could probably represent a specific case in which the development of a keratinized beak 605 

was selected for at the expense of dentition, due to its morphological adaptability to various forms of 606 

foraging and food resources (Storer 1971; Zusi 1984; Proctor and Lynch 1993; Feduccia 1997), and 607 

depended on a high  metabolic rate (Feduccia 1997), the presence of a muscular gizzard containing 608 

ingested grit (Dilger 1957; Giofriddo and Best 1996; Reilly et al. 2001; Wings 2007; Wings and 609 

Sander 2007), small body size and the sustained powered flight specific to this group. 610 

Therefore, the presence of a keratinized covering and a fully developed dentition in Camarasaurus, 611 

and possibly other sauropods and sauropodomorphs, is possible and could be justified by a relaxation 612 

of the functional selective pressure that controlled their relationship, as the odontoscutum would have 613 

primarily functioned as support and protection for the dentition, playing only a limited secondary role 614 

in the browsing or stripping of plant material.  615 

The morphological simplification of teeth (Sereno and Wilson 2005; Button et al. 2014; Melstrom et 616 

al. 2021), the development of species-specific crown enamel wrinkling (Holwerda et al. 2015; 617 

Wiersma and Sander 2017; Régent et al. 2024), and the reduction of dental replacement rates (D’Emic 618 

et al. 2013; Melstrom et al. 2021; D’Emic et al. 2024) in the more derived groups of this clade, such 619 

as titanosaurians or diplodocids, could represent a form of dental coevolution, with an increasingly 620 

greater development and mechanical aid being provided by these keratinized structures. Furthermore, 621 

the teeth anchorage provided by such a keratinized covering would have enabled more efficient dental 622 

substitution, maintaining the teeth in situ and functionally efficient until their detachment, perhaps in 623 

an isolated tooth row (ITR) (Janensch 1935; Chatterjee and Zheng 2002; Britt et al. 2008; Chure et 624 

al. 2010; Whitlock et al. 2010; Kosch et al. 2014; Peterson et al. 2022; Réegent et al. 2024), or by 625 

temporarily replacing the mechanical function of a tooth, in the case of a single heterogeneous 626 

replacement, until the complete eruption of the replacement tooth. 627 



 628 

Fig. 12. Life reconstruction by Fabio Manucci depicting two Camarasaurus individuals in their 629 

natural environment. 630 

Conclusions 631 

The cranial rostral neurovascular system provides robust evidence for reconstructing perioral soft 632 

tissues in extinct archosauromorphs. We conducted a combined quantitative and qualitative 633 

investigation to compare the basal macronarian Camarasaurus with extant reference models of 634 

known facial soft-tissue conditions, and the results show a strong correlation with the avian reference 635 

model, supporting the presence of an extensive, highly keratinized epithelial covering. This tissue, 636 

which we here defined as an odontoscutum, likely covered much of the maxilla, premaxilla, and 637 

dentary, overlapping the dentition and serving primarily as protection against mechanical abrasion, 638 

while also contributing to food acquisition and processing. We also found a similar pattern for two 639 

other Sauropoda taxa, Galeamopus and Kaateedocus.  640 



These findings further suggest that such keratinized coverings may represent a plesiomorphic 641 

condition within Sauropodomorpha, with rostral cornifications in early sauropodomorph taxa and a 642 

caudal expansion in more derived lineages. The coexistence of this tissue with a complete dentition 643 

indicates a functional integration rather than replacement, likely reflecting a relaxation of selective 644 

pressures on oral food processing structures and a shift toward supportive and protective roles. 645 

Future expansion of the dataset to include a broader range of sauropodomorph taxa will be essential 646 

to refine these eco-evolutionary interpretations, clarify lineage-specific adaptations, and improve the 647 

accuracy of soft tissue reconstructions. Ultimately, this will contribute to more reliable biomechanical 648 

models and a deeper understanding of feeding strategies and ecological diversification within the 649 

clade. Furthermore, the application of our approach to a broad range of theropod taxa could provide 650 

additional insights and evidence regarding how the rostral region of the skull was modified and 651 

adapted through evolutionary time, ultimately leading to the emergence of true rhamphothecae in 652 

coelurosaurs.  653 
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