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Abstract: Styracosternan ornithopods are plenty abundant in the Lower Cretaceous fossil record of
Europe. In particular, Iguanodon, the second genus of dinosaurs described worldwide, has been found
in UK, Belgium, France, Germany, and Spain, evidencing a wide geographical distribution. Currently,
the genus Iguanodon comprises two species, the type species I. bernissartensis from the late Barremian—
Aptian of Europe and I. galvensis from the early Barremian of Teruel, Spain. The latter species is well
known mainly from perinate and juvenile specimens. Here, axial and appendicular fossils of an
adult, large and massively constructed ornithopod from the lower Barremian (Lower Cretaceous)
Camarillas Formation of Galve (province of Teruel, Spain) are described. Fossil dimensions and
some osteological evidence reveal that the specimen was a large (roughly 10 m long) ornithopod. An
autapomorphic feature in the ischium and other characters allow us to ascribe this specimen to I.
galvensis. In addition, postcranial co-ossification and fusion of the neurocentral suture indicate that
the specimen was skeletally mature. Part of the material studied here was unknown in adults of I.
galvensis, providing a better knowledge of the axial and appendicular region of this species.
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1. Introduction

Ornithopods are the most common dinosaurs registered in the Lower Cretaceous
sediments of Europe. This group is represented by small hypsilophodontids, such as
Hypsilophodon foxii (e.g., [1,2]), Gideonmantellia [3], and Vectidromeus [4]; scarce rhabdodonto-
morphans [5]; small dryosaurids like Valdosaurus [6]; and medium to large styracosternans
(e.g., [7-23]). The latter is the most prominent and well-known group in Europe, especially
in the pre-Albian sediments, with an exquisite representation constituted by the medium-
sized Mantellisaurus [8,24], Morelladon [16], Brighstoneus [22], and Portellsaurus [23] and the
large-sized taxa Magnamanus [25], Iguanodon galvensis [18,26], and L. bernissartensis [7,15,17].
In the Iberian Peninsula, styracosternans are abundant in the Barremian deposits of the
Lusitanian Basin [27-29], the Cameros Basin [25,30], the Cuenca Basin [14,31], and the
Maestrazgo Basin [15-18,20,21,23-35].

A remarkable sample of specimens from embryos to adults of the large and robust I. gal-
vensis has been described in the lower Barremian Camarillas Formation of Spain [18,21,26].
Albeit this species is represented by all the ontogenetic stages, “fully” grown specimens
are less known. In fact, the holotype is a partial sub-adult skeleton that reached 7 m in
length [26]. The largest specimen referred to I. galvensis (10 m long) collected to date is
only represented by a set of cervical and dorsal vertebrae and dorsal ribs [21], which have
yielded new data on the discrimination of both species of Iguanodon due to the anatomical
variability of the dorsal vertebrae within the dorsal region.

Hence, cranial, axial, and appendicular fossils of a large specimen of I. galvensis from
the lower Barremian Camarillas Formation in the municipality of Galve (province of Teruel,
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eastern Spain) are reported. The main aims of this work are to (1) provide a detailed
description of these fossils; (2) test dorsal vertebrae into a multivariate component analysis
to determinate morphotype affinities; (3) compare the fossil sample with those of other
styracosternans from the Lower Cretaceous of Europe; and (4) determine and discuss the
taxonomic status of the specimen, justifying the assignation to this species. This specimen
increases our knowledge on the anatomy of large specimens of 1. galvensis, providing bones
scarcely known.

1.1. Institutional Abbreviations

FCPTD, Fundacion Conjunto Paleontoldgico de Teruel-Dinépolis, Teruel, Spain; GPIT,
Institut und Museum fiir Geologie und Paldontologie of the Universitit Tiibingen, Tiibin-
gen, Germany; MIWG, Museum of Isle of Wight Geology, Dinosaur Isle Museum, Isle of
Wigth, UK; MAP, Museo Aragonés de Paleontologia (FCPTD), Teruel, Spain. MNS, Museo
Numantino de Soria, Soria, Spain; NHMUK, The Natural History Museum of Natural Sci-
ences, London, UK; RBINS, Royal Belgium Institute of Natural Sciences, Brussels, Belgium.

1.2. Other Abbreviations

CM, Cabra de Mora site, Cabra de Mora, Spain; CMP, Mas de la Parreta Carry-Mas de
Sabater site, Morella, Spain; CT, El Castellar sites, El Castellar, Spain; DS, Las Dehesillas
site, Aliaga, Spain; SC, San Cristobal site, Galve, Spain.

2. Geographical and Geological Settings

The municipality of Galve is located 60 km north of Teruel, in the province of Teruel
(Aragon, north-eastern Spain; Figure 1A,B). SC-4 site was found within the PAMESA
Ceramica Compacto S.L.U. (previously SILBECO Minerales Ceramicos S.A.) clay mine
during the paleontological tasks carried out by the FCPTD in the area. It is 500 m south of
this municipality and lies in the Maestrazgo Global Geopark (Aragonian Branch, Iberian
Range).

Geologically, the SC-4 site is placed on the Galve sub-basin, in the western Maestrazgo
Basin, Iberian Basin [36] (Figure 1C,D). This geological area is mainly constituted by conti-
nental and marine deposits from the Kimmeridgian to the early Aptian [37,38] (Figure 1E).
Concretely, the SC-4 site lies in facies of the Camarillas Formation. This lithostratigraphic
unit was defined by [39] and later redefined by [40]. Stratigraphically, the Camarillas For-
mation is composed of white and grey sandstones and conglomerates, red and varicolored
mudstones and some layers of marlstones and limestones [37,41] (Figure 1F). Originally,
this unit was interpreted as a fluvial system with low sinuosity paleochannels [37,40,42].
Moreover, the depositional system of the Camarillas Formation is interpreted as a back
barrier system with lagoonal environments in the Galve sub-basin [43]. Recently, this was
considered as a tide-dominated estuary which evolved into a barrier island-tidal inlet in
the same sub-basin [41].

The base of the Camarillas Formation overlies the lacustrine-palustrine deposits of
the El Castellar Formation, aged as late Hauterivian—early Barremian [44], with a neat
contact [39,40], while the upper limit changes gradually upwards to the shallow carbonate
platform deposits of the Artoles Formation [37,42], dated as early to late Barremian [45].

The Camarillas Formation was established as early Barremian on the basis on charo-
phytes [44], spores and pollen [46], and ostracods [47].
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Figure 1. Geographical location of the SC-4 site in the municipality of Galve, Teruel, Spain (A,B).
Geological situation of the SC-4 site at the Maestrazgo Basin, eastern Iberian Basin, redrawn
from [48] (C,D). Geological map of the municipality of Galve, redrawn and modified from [48] (E).
Stratigraphic section in the surroundings of Galve, redrawn and modified from [37,49]; ages are in
accordance with [50] (F). Abbreviations: 1, Upper Triassic (Keuper); 2, Cortes de Tajufia, Cuevas
Labradas and Barahona Formations (CCB); 3, Turmiel Formation (Tu); 4, Chelva Formation (Ch); 5,
Loriguilla Formation (Lo); 6, Higueruelas Formation (Hi); 7, Villar del Arzobispo Formation (Vi); 8,
El Castellar Formation; 9, Camarillas Formation; 10, Artoles Formation; 11, Morella Formation; 12,
Utrillas Formation; 13, Upper Cretaceous; 14, Cenozoic; and 15, Quaternary. Abbreviations: Barrem.,
Barremian; Haut., Hauterivian; Kimmerid., Kimmeridgian; 1, lower; u., upper.

2.1. Comments

The material found at the SC-4 site was in a lateral change of facies, between red
and grey shales. Consequently, some fossils from the same site display changes in col-
oration. In addition, most of the remains show an oblique distortion with respect to the
longitudinal axis.

2.2. Faunal and Flora Background

Fossils of styracosternan-like ornithopods are the most common in the Camarillas
Formation (e.g., [18,19,21,26,33,35,51-56]). Nevertheless, there also is a record of small,
basal ornithopods [3] and dryosaurids [57,58]. Theropods are represented by fossils of
spinosaurids, non-avian ceolurosaurians, and allosauroids [58-63]. Sauropods are con-
stituted by titanosauriforms [58]. In addition, there are also fossils of other vertebrates
such as chondrichthyans, such as hybodontid sharks [64,65], and osteichthyes, such as
Lepidotes and teleosteans [58,64,65]; lissamphibians [58,64,65]; testudines [66,67]; crocody-
lomorphs [68,69]; pterosaurs [58]; squamata reptiles [58,64,65]; and mammals (e.g., [70,71]).
Invertebrates such as ostracods and bivalves have also been studied [47,72].

Regarding flora and the palynological record, the Camarillas Formation has yielded
not only macroremains, such as those of the chirolepidiacean Pseudofrenelopsis, but also
schizaeacean spores and pollen of gymnosperms and angiosperms [46].
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3. Materials and Methods

The SC-4 site was initially excavated in 2013 during the paleontological control of
the Cerro de San Cristdbal site within the PAMESA clay mine. The tasks in the mine
uncovered new remains, so this locality was excavated again in the campaigns of 2018,
2020, and 2021. The results of the excavations provided a huge number of osteological
fossils that correspond to a single, large specimen of ornithopod, apart from paleobotanical
remains [46]. All the material from the SC-4 site is housed at the MAP.

Fossils from this site are referred to a single individual based on their close distribution
in the site, the consistent size and shape of the elements, and the absence of repetition
among them. The fossils recovered are cranial, axial, and appendicular elements. Here,
only the most complete and well-preserved fossils are described (Figure 2; Supplementary
Data, File S1).

Figure 2. Fossils of SC-4 specimen over a silhouette of I. bernissartensis. Silhouette obtained from [73]
for I. bernissartensis.

All the fossils were measured using a measuring tape or a digital caliper. The mea-
surements are available in Supplementary Data, File S1. The material was described and
compared with that of other large ornithopods from the Early Cretaceous of Europe in
order to test the anatomical affinities and conduct a systematic study through comparative
anatomy. The comparative study is based on first-hand examination of the material of
Iquanodon galvensis (SC-4 specimen and other individuals), “Delapparentia”, and Proa (AR-
1/103) in the MAP collection. Furthermore, anatomical data of other large styracosternan
ornithopods (e.g., Barilium, Hypselospinus, Morelladon, 1. bernissartensis, Mantellisaurus, and
Proa) were obtained from the available scientific literature. SC-4 ornithopod is not compared
with Portellsaurus due to the lack of overlapping elements [23].

Furthermore, a multivariate principal component analysis (PCA) was carried out on a
vertebral data set modified from [20,34]. It includes our own linear measurements of SC-4
specimen and data of other ornithopods obtained from other publications (Supplementary
Data, Files S1 and S2). Data were analyzed using PAST v.3.0 software [74]. Deformed fossils
have not been considered for these analyses. Only dorsal vertebrae are tested because both
cervical and caudal analysis resulted in noisy scatter plots, which failed to discriminate
different morphotypes [20,34].

Hereinafter, genus name is indicated only when it is monospecific, whereas a multi-
specific genus is abbreviated after the full mention of their genus name.

4. Systematic Paleontology

ORNITHOPODA Marsh, 1881 [75] sensu Madzia, Arbour, Boyd, Farke, Cruzado-
Caballero, and Evans, 2021 [76].

IGUANODONTIA Dollo, 1888 [77] sensu Madzia, Arbour, Boyd, Farke, Cruzado-
Caballero, and Evans, 2021 [76].

DRYOMORPHA Sereno, 1986 [78] sensu Madzia, Arbour, Boyd, Farke, Cruzado-
Caballero, and Evans, 2021 [76].
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ANKYLOPOLLEXIA Sereno, 1986 [78] sensu Sanchez-Fenollosa, Verdu, and Cobos
2023 [79].

STYRACOSTERNA Sereno, 1986 [78].

HADROSAURIFORMES Sereno, 1997 [80] sensu Sereno, 1998 [81].

IGUANODONTIDAE Sereno, 1998 [81] sensu Madzia, Arbour, Boyd, Farke, Cruzado-
Caballero, and Evans, 2021 [76].

IGUANODON Mantell, 1825 [82].

IGUANODON GALVENSIS Verdu, Royo-Torres, Cobos, and Alcald, 2015 [18].

Holotype. MAP-4787, a sub-adult specimen represented by disarticulated cranial and
postcranial bones, these latter including elements of the axial skeleton and hindlimbs. In
addition, some material was later included as part of the holotype: a neural arch (MAP-4789)
and an ungual phalanx of a manus digit I (MAP-4790) [21].

Paratype and referred material. Specimens from all the ontogenetic series found at
several bone sites [21,26,34].

Remarks. The revised diagnosis of I. galvensis is taken from that of [21], which was
modified from [26].

IGUANODON GALVENSIS.

4.1. Material

A maxillary tooth (MAP-8523), four almost complete cervical vertebrae (MAP-8494,
MAP-8501, MAP-8518, and MAP-8519) plus two partial neural arches (MAP-8511 and
MAP-8513), two anterior dorsal vertebrae (MAP-8495 and MAP-8499), an almost complete
caudal vertebra (MAP-8500), and a centrum of a middle caudal vertebra (MAP-4676) plus
four fragmented centra (MAP-6899, MAP-6970, MAP-6972, and MAP-8510), seven cervical
ribs (MAP-6889 and MAP-6893, MAP-8502, MAP-8503, MAP-8507, MAP-8514, MAP-
8518, and MAP-8519), two dorsal ribs (MAP-8496 and MAP-8497), a complete chevron
(MAP-8516), several ossified tendons (MAP-8522), a partial left (?) scapula (MAP-8517), a
fragmented sternal (MAP-8520), a fragmented right ulna (MAP-8515), an almost complete
right ischium (MAP-8498), a fragment of an ilium (?) (MAP-8505), a proximal fragment of a
left tibia (MAP-8521), and an the epiphysis of a tibia (?) (MAP-8504) (Supplementary Data,
File S1).

4.2. Description

Dentition: MAP-8523 is a worn, right maxillary crown (Figure 3; Supplementary Data,
File S1). The labial surface is enamelled. This exhibits a distally placed, primary ridge and
four accessory ridges: three mesial and one distal to the primary ridge (Figure 3A). There is
not a cingulum. A groove for an adjacent tooth is present in distal view (Figure 3B).

Figure 3. Right maxillary crown MAP-8523 of the I. galvensis specimen from the SC-4 site (Galve,
Teruel, Spain). Views: labial (A), distal (B), and mesial (C). Abbreviations: ar, accessory ridges; pr,
primary ridges.
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Cervical vertebrae: The cervical region is represented by four complete vertebrae:
MAP-8494, MAP-8501, MAP-8518, and MAP-8519 (Figure 4; Supplementary Data, File S1).
They have a certain degree of dorsoventral distortion. All centra are opisthocoelous
(e.g., Figure 4A,S) and longer than wide and high (e.g., Figure 4C,I; Supplementary Data,
File S1). The anterior and posterior articular facets are wider than high and sub-elliptical
to heart-shaped (e.g., Figure 4A,H,S). The lateral surfaces are craniocaudally concave and
dorsoventrally convex. The ventral surface displays a longitudinal keel, which widens
in more posterior centra, such as in MAP-8494 (Figure 4X). The parapophyses are robust,
tubular, and have an elliptical cross-section. They are in the anteromedian region of the
lateral surfaces (e.g., Figure 41,0).

Figure 4. Cervical vertebrae of the I. galvensis specimen from the SC-4 site (Galve, Teruel, Spain).
(A-F), MAP-8518. (G-L), MAP-8519. (M-R), MAP-8501. (S-X), MAP-8494. Views: cranial (A,G,M,S),
caudal (B,H,N,T), left lateral (C,1,0,U), right lateral (D,J,P,V), dorsal (E K,Q,W), and ventral (F,L,R,X).
Abbreviations: cr, cervical rib; dia, diapophysis; k, keel; nsp, neural spine; para, parapophysis; poz,
postzygapophysis; prz, prezygapophysis.

The neural arches are short in appearance but become longer towards most posterior
vertebrae. The neurocentral sutures are sigmoid and closed (e.g., Figure 4B,G). The neural
canal is subcircular and higher than wide in all the examples. The neural spines are thin,
dorsally low laminae, which extend craniocaudally. The prezygapophyses are flat and
elliptical (longer than wide). They are medially inclined and protrude cranially (more than
the most anterior part of the centrum). The postzygapophyses are also flat and elliptical
(longer than wide) and ventrolaterally directed (e.g., Figure 4],P,V). The diapophyses are
robust and subcircular in cross-section (e.g., Figure 4B,M). MAP-8518, MAP-8501, and MAP-
8519 have parts of the cervical ribs sutured with either the parapophyses or diapophyses
(Figure 4E,L,Q). In contrast, MAP-8494 has complete ribs fully fused with both the para-
pophyses and diapophyses (Figure 4U). In addition, there are two isolated and fragmented
neural arches (MAP-8511 and MAP-8513), which only preserve the base of the neural spine
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and the postzygapophyses. The postzygapophyses are also elliptical but those of MAP-8513
are more subcircular. In addition, they are ventrolaterally directed and separated between
them with an angle higher than 90 degrees (Figure S1 in Supplementary Data, File S1).

The most anterior vertebra MAP-8518 (probably the third) is longer and less high than
the following MAP-8501 and MAP-8519 (possible fourth and sixth vertebrae, respectively)
but resembles MAP-8494 (probably the eighth) in length and height (Supplementary Data,
File S1). So, cervical vertebrae become shorter but higher towards the middle region and
elongated again towards the posterior region. MAP-8494 displays a height similar to the
most anterior vertebra MAP-8518, but this is because of distortion. Moreover, the degree of
opisthocoely not only increases to the posterior region but, also, the ventral keel widens
and the neural arches become higher and wider (Supplementary Data, File S1). In addition,
the postzygapophyses change from a subcircular shape to sub-elliptical, being longer for
subsequent positions (e.g., Figure 4L,X).

Dorsal vertebrae: Two vertebrae (MAP-8499 and MAP-8495) are regarded as anterior
dorsals (Figure 5; Supplementary Data, File S1). Both vertebrae display slightly distorted
and fragmented neural arches, though the centra are moderately well preserved. These
centra are amphiplatyan (slightly platycoelous) (Figure 5A,G) and higher than long and
wide (Figure 5C,I). While the anterior articular facets are elliptic (i.e., higher than wide in the
cranial view, Figure 5A,G; Supplementary Data, File S1), posterior articular faces are more
subcircular (i.e., almost as high as wide, Figure 5B,H; Supplementary Data, File S1). Lateral
surfaces are markedly craniocaudally concave and dorsoventrally convex (Figure 5C,D,1]);
so, centra look highly constricted between articular faces which have everted margins, in
part because of distortion. In the ventral view, both vertebrae have a longitudinal keel,
which is more pronounced in MAP-8499 (Figure 5F) than in MAP-8495 (Figure 5L).

Figure 5. Dorsal vertebrae of the I. galvensis specimen from the SC-4 site (Galve, Teruel, Spain). (A-F),
MAP-8499. (G-L), MAP-8495. Views: cranial (A,G), caudal (B,H), left lateral (C I), right lateral (D,J),
dorsal (E,K), and ventral (F,L). Abbreviations: acdl, anterior centrodiapophyseal lamina; nc, neural
canal; dpof, diapopostzygapophyseal fossa; hyp, hyposphene; k, keel; pcdl, posterior centrodiapophy-
seal lamina; poz, postzygapophysis; spof, spinopostzygapophyseal fossa; tp, transverse process.

The neurocentral suture is sigmoid and closed in both vertebrae. The neural arch of
MAP-8499 is incomplete, crushed and distorted, and covered by bone fragments, hiding the
apophyses (Figure 5A,B). In contrast, MAP-8495 displays a neural arch with more visible
structures, though prezygapophyses are not preserved. The neural canal in MAP-8495 is
subcircular, higher than wide (Figure 5H; Supplementary Data, File S1). MAP-8495 does
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not have preserved parapophyses, but it seems that, in the area of the left lateral, between
the base of the transverse process and the vertebral centrum and both the anterior and the
posterior centrodiapophyseal laminae, there is a concave area that could correspond to this
structure (Figure 5I). The posterior lamina is more robust than the anterior one and runs
along the preserved lateral surface from a more ventral position (Figure 5I). In the caudal
view, this vertebra displays two fossae, a very concave and elliptical diapopostzygapophy-
seal fossa and another less accentuated and rhomboid spinopostzygapophyseal fossa
(Figure 5H). A hyposphene is situated in the deeper region of the diapopostzygapophyseal
fossa (Figure 5H). The postzygapophyses are flat and elliptic (longer than wide). The angle
between the transverse processes (the proximal region of the left and the base of the right)
is about 92°. In addition, MAP-8499 shows some fragments of tendons attached in the
anterior region of the base of the neural spine (Figure 5E).

The presence of dorsal vertebrae with higher than long and wide centra, parapophyses
that, although not well preserved, are presumably located at the region between the
centrum and the transverse processes (and not in the transverse process such as in the
middle to posterior dorsals), and an angle of 92° between the transverse processes is
indicative that both vertebrae are anterior dorsals. MAP-8499 is longer and higher than
MAP-8495, whereas MAP-8495 is wider and displays a wider ventral keel, so MAP-8499 is
the most anterior vertebra (possibly the fourth or third), whereas MAP-8495 occupied a
more posterior position in the dorsal series (potentially the fifth).

Caudal vertebrae: The caudal region is represented by an almost complete anterior
caudal vertebra (MAP-8500), a well-preserved middle caudal centrum (MAP-4676), and
four fragments of middle to posterior caudal centra (MAP-6899, MAP-6970, MAP-6972,
and MAP-8510) (Figure 6; Supplementary Data, File S1). The most anterior vertebra (MAP-
8500) has a platycoelous centrum (Figure 6A,B), which is higher than wide and large
(Figure 6C,D). Articular facets are sub-rectangular and higher than wide (Supplementary
Data, File S1). The lateral surfaces are craniocaudally concave and dorsoventrally convex
(Figure 6C,D). The ventral surface is narrow and compressed between the wide chevron
articular faces (Figure 6F).

The neural canal is narrow and circular (Figure 6A). The transverse processes are
wide and they are in the most proximal region of the centrum and directed laterally
(Figure 6C,D). The neurocentral suture is sigmoid and fully closed. The prezygapophyses
are oval, larger than wide and inclined anteriorly, protruding forward of the anterior
articular facet (Figure 6A). The postzygapophyses are subcircular and they are located
at the base of the neural spine and separated between them by a shallow fossa. The
neural spine is wide and robust, widening in its middle region, and posteriorly inclined
(Figure 6C).

Regarding middle to posterior caudal vertebrae, MAP-4676 is the best-preserved
example. This centrum is amphiplatyan (slightly platycoelous), with hexagonal articular
faces (Figure 61]). The posterior articular face is more concave than the anterior one
(Figure 6I-N). In the lateral view, this centrum is craniocaudally concave and dorsoventrally
convex, with a slightly anteroposterior keel (Figure 6K,L). The neurocentral suture is also
sigmoid and closed. In the ventral view, MAP-6899 displays a longitudinal ventral groove
(Figure 6M). The chevron articular facet is proportionally longer in this middle caudal
centrum than in the anterior of MAP-8500. The rest of the centra, that comprise the middle
and posterior region, also have amphiplatyan centra with hexagonal anterior and posterior
surfaces and a ventral groove but smaller (Figure 60-Z).

Along the caudal series, the vertebrae display the main anatomical features of each
region, from anterior caudal vertebrae anteroposteriorly compressed, which lengthen and
decrease in width and height to the middle region, and then they decrease in all dimensions
to the most posterior region, among other features.
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Figure 6. Caudal vertebrae of the I. galvensis specimen from the SC-4 site (Galve, Teruel, Spain).
(A-F), MAP-8500. (G,H), MAP-8510. (I-N), MAP-4676. (O-T), MAP-6972. (U,V), MAP-6970. (W-Z),
MAP-6899. Views: cranial (A,G,1,0,U,W), caudal (B, ]J,P,X), left lateral (C,K,Q,Y), right lateral (D,J),
dorsal (E,K), and ventral (F,L). Abbreviations: cf, chevron articular facet; nc, neural canal; g, ventral
groove; ns, neurocentral suture; nsp, neural spine; poz, postzygapophysis; prz, prezygapophysis; tp,
transverse process.

Cervical ribs: There are six cervical ribs, an anterior (atlas) and the other five more
posterior (Figure 7; Supplementary Data, File S1). Apart from the atlas rib (MAP-6889 +
MAP-6893), which is an elongated shaft (Figure 7A), all the consecutive cervical ribs have
capitulum and tuberculum. If they have it preserved, they retain a large capitular process,
larger than that of the capitulum. Both articular facets are oval and concave (Figure 7K,M).
The rib shaft has a smooth and convex anterior surface, whereas the posterior surface is
concave, which becomes more concave towards more posterior regions (Figure 7K). The
cervical ribs lengthen towards the posterior region.
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Figure 7. Cervical ribs of the I. galvensis specimen from the SC-4 site (Galve, Teruel, Spain). (A), MAP-
6889 and MAP-6893. (B,C), MAP-8518. (D,E), MAP-8503. (F,G), MAP-.8507. (H,I), MAP-8502.
(J,K), MAP-8519. (L,M), MAP-8514. Views: cranial (A,B,D,F,H,J,L) and caudal (C,E,G,IK,M).
Abbreviations: cap, capitulum; tu, tuberculum.

Dorsal ribs: MAP-8496 and MAP-8497 comprise two middle dorsal ribs (Figure 8).
Both ribs share the same features, though MAP-8497 is shorter than MAP-8496 (Supple-
mentary Data, File S1). The capitular process is perpendicular to the shaft of the rib and is
longer in MAP-8496 than in MAP-8497 (Figure 8). The capitulum is rugose and oval (higher
than wide) in the medial view. The tuberculum is more circular than the capitulum and
lays in the beginning of the curvature of the shaft, where a cranial depression appears. The
shaft is craniocaudally compressed, with an elliptic cross-section, and decreases in width
distally. A prominent ridge rises at the caudal surface of the shaft of both ribs and extends
from the base of the tuberculum to the most proximal third of the shaft, where it becomes
less pronounced (Figure 8A,C).

Chevrons: Only an anterior complete chevron MAP-8516 is preserved (Figure 9;
Supplementary Data, File S1). The proximal end is expanded transversely and composed
of two articular facets. Each one is also divided unequally, with the anterior part larger
than the posterior one (Figure 9A,C). The haemal canal is large but narrow. The shaft is
proximodistally elongated but laterally compressed and first narrows but slightly expands
distally. The distal end is elliptic and thin (Figure 9B).

Tendons: In addition to the two fragments of ossified tendons that lie on the anterior
part of the neural arch of MAP-8499 (Figure 5A), there are several fragments of ossified
tendons (MAP-8522). These elements are fibrous cylinders (Figure 10; Supplementary Data,
File S1).

Scapula: MAP-8517 is an anterior fragment of the blade of a scapula (Figure 11;
Supplementary Data, File S1). It is vastly crushed so it is little informative. The blade is
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wide craniocaudally but thin transversally. In addition, it is (apparently) curved caudally
(Figure 11A).

Figure 8. Dorsal ribs of the I. galvensis specimen from the SC-4 site (Galve, Teruel, Spain). (A,B), MAP-
8496. (C,D), MAP-8497. Views: cranial (A,C) and caudal (B,D). Abbreviations: cap, capitulum; r,
ridge; tu, tuberculum.

Figure 9. An anterior chevron MAP-8516 of the I. galvensis specimen from the SC-4 site (Galve,
Teruel, Spain). Views: cranial (A), left lateral (B), and caudal (C). Abbreviations: af, articular facet; hc,
haemal canal.
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Figure 10. (A-D) Ossified tendons (MAP-8522) of the I. galvensis specimen from the SC-4 site (Galve,
Teruel, Spain).

Figure 11. Fossils of the pectoral girdle of the I. galvensis specimen from the SC-4 site (Galve, Teruel,
Spain). (A-C), A scapula MAP-8517. (D-G), two fragments of the right ulna MAP-8515. Views:
lateral (A,F), dorsal (B), cranial (D), caudal (E), and medial (C,G). Abbreviations: ¢, crest.

Ulna: The right (?) ulna MAP-8515 is formed by two fragments with part of the
diaphysis and the distal epiphysis (Figure 11; Supplementary Data, File S1). MAP-8515 is
elongated, quite robust, and slightly rotates medially. The diaphysis is circular in cross-
section and has a longitudinal ridge in the lateral view that extends down to the distal end
(Figure 11F). The distal end is wider than the diaphysis and the articular face is oval and
convex (Figure 11D).

Ischium: MAP-8498 is a massive, right ischium (Figure 12; Supplementary Data,
File S1). The proximal region is constituted by both iliac and pubic peduncles, which form
an almost right angle. The former is quadrangular in both lateral and medial views and
larger and wider than the pubic peduncle. The articular surface is highly rugose and wide
and displays a marked tuberosity located in its posterior half (Figure 12A,C). In contrast,
the pubic peduncle is smaller, sub-rectangular in lateral and medial views, and has a less
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rugose articular surface (Figure 12B). The peduncles are separated by the acetabulum,
which is a sharp, deep, and semicircular concavity in the lateral view. The plate is flat to
convex in the lateral view (Figure 12A), while it is flat in the ventral view (Figure 12B). Only
the proximal part of the obturator process is preserved. The shaft is robust and has a “D”
cross-section towards the distal end. The ischium shaft appears to have been straight in its
preserved part and rotates cranially towards the most distal region.

Figure 12. The partial right ischium MAP-8498 of the I. galvensis specimen from the SC-4 site (Galve,
Teruel, Spain). Views: lateral (A) and medial (B). Detail of the tuberosity located at the iliac peduncle
in lateral view (C). Abbreviations: ac, acetabulum; ilp, iliac peduncle; is, ischium shaft; pup, pubic
peduncle; tub, tuberosity.

Tibia: MAP-8521 is a proximal epiphysis of the left tibia (Figure 13; Supplementary
Data, File S1), which suffered a process of lateromedial crushing. As a result, it was
flattened and broken in multiples fragments. Despite this, the cnemial crest and the fibular
(or lateral) and inner (or medial) condyles can be observed at least partially. The proximal
articular surface is rugose and convex (Figure 13C). The lateral surface is flat (probably due
to deformation), while the lateral one is convex craniocaudally (Figure 13A,B). The cnemial
crest is proportionally small, thin, and does not project much cranially. The fibular condyle
has been partially eroded but it was smaller than the inner condyle, which was markedly
more robust, and it is posteriorly directed. The intercondylar groove is observable and
oblique in respect to the articular surface (Figure 13A).
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Figure 13. A proximal epiphysis MAP-8521 of the left tibia of the I. galvensis specimen from the
SC-4 site (Galve, Teruel, Spain). Views: lateral (A), medial (B), and proximal (C). Abbreviations: cc,
cnemial crest; fc, fibular condyle; ic, inner condyle; g, intercondylar groove.

Dubious material: MAP-8520 is probably a sternal (Figure 14; Supplementary Data,
File S1). The fragment is composed of the craniomedial plate and caudolateral process.
It is concave and flat in cranial and caudal views, respectively. The caudolateral process
of MAP-8520 curves gently laterally (Figure 14A,B). MAP-8504 is a diaphysis of a long
bone with an elliptical cross-section, interpreted here as part of the tibia (Figure 14D,E).
MAP-8505 is probably a proximal fragment and a part of the plate of an ilium, perhaps the
caudal end of the postacetabular process, which displays part of the brevis shelf (Figure 14F;
Supplementary Data, File S1).

Figure 14. Dubious material of the I. galvensis specimen from the SC-4 site (Galve, Teruel, Spain).
(A—QC), Right sternal (?) MAP-8520. (D,E), Diaphysis MAP-8504 of a tibia (?). (F,G), Fragment
of a plate of an ilium (?) MAP-8505. Views: lateral (A,D,F), medial (B,G), and proximal (CE).
Abbreviations: br, brevis shelf; clp, caudolateral process; crmp, craniomedial plate.
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Component 2
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4.3. Results of the Morphometric Analysis

The resulting scatter plot for dorsal vertebrae is represented by two separated mor-
phospaces of European Early Cretaceous iguanodontians (Figure 15), similar to results
obtained by [20,34]. In the present analysis, the PC1 contributes 83.1 to the variance, in
contrast to the 11.9 of PC2. PC1 greatly correlates with length and height but not with width.
The sector with positive values of PC1 is occupied by robust taxa such as the Iguanodon
galvensis from the SC-4 site, Iguanodon cf. galvensis (DS-1, CM-3, and CM-8), Magnamanus
(MNS 2000/132, 2001/122,2002/95, 2003 /69, and 2004 /54), and I. bernissartensis (RBINS
R352 and CMP-MS-04). In contrast, the sector of negative values of PC1 is occupied by
iguanodontians such as the slender Valdosaurus (IWCMS) and other larger ones such as
Mantellisaurus (NHMUK R5764 and RBINS R57), a styracosternan related to Morelladon
(CT-16 and CT-17), a tall-spined iguanodontian (GPIT 1802), Morelladon (CMP-MS-03-10),
and Brighstoneus (MIWG 6344).

Iguanodon bemissartensis (RBINS R352)

50 4
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’I! ! 40 \
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Magnamanus soriaensis
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Figure 15. Scatter plot of the PCA of some iguanodontian dorsal vertebrae. Silhouettes were obtained
from www.phylopic.org for Mantellisaurus, from [73] for 1. bernissartensis, and modified from the
reconstruction of Hypsilophodon made by [73] for Valdosaurus.

5. Discussion
5.1. Size and Ontogenetic Development

Skeletal maturity can be inferred based on several indicators such as body size, the
neurocentral suture fusion (neurocentral synchondrosis), and the degree of postcranial
co-ossification, among others [83]. Regarding dimensions of the material of the Iguanodon
galvensis from the SC-4 site, some elements display a large and robust size. In fact, the
third caudal vertebra MAP-8500 is comparable in length (87 mm) and height (132 mm) to
the third caudal vertebra of the type specimen of I. bernissartensis (87 mm and 140 mm,
respectively; RBINS R51 [7,8]) estimated as 8-10 m long [84]. In addition, the fourth dorsal
vertebra MAP-8499 resembles in length (94 mm) and height (138 mm) the fifth dorsal
vertebrae of a fully mature specimen of I. cf. galvensis (98 mm and 124 mm, respectively; DS-
1) of 9-10 m long [21]. Moreover, all vertebral centra display a closed neurocentral suture,
most likely indicating that SC-4 specimen was a mature specimen, as occurs in some groups
of sauropsids, such as crocodylians (e.g., [85,86]) and some ornithopods [87,88]. In addition,
the large specimen of the SC-4 site displays some cervical ribs fused to their corresponding
vertebrae (Figure 4). Co-ossification between adjacent non-sacral vertebrae and between
these vertebrae and their corresponding ribs have been less documented than in the case of
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the sacral vertebrae for ornithopods and many other reptiles (e.g., [83,89-92]). Despite this,
costovertebral fusion has been observed in the fully mature holotype of “Delapparentia”
(in cervical vertebrae, pers. obs. V2 447 and dorsal vertebrae, [33]), an advanced-aged
specimen of Iguanodon cf. galvensis (in dorsal vertebrae, [21]), Ouranosaurus (in cervical
vertebrae, [93]), Brachylophosaurus (in cervical vertebrae, [94]), Edmontosaurus regalis (in
cervical vertebrae, [95]), and Olorotitan (in cervical vertebrae, [96]). Therefore, considering
the three criteria discussed above, the specimen from the SC-4 site was a large (around
10 m long), robust, and likely skeletally mature individual of Iguanodon galvensis.

5.2. Clade Affinities of the SC-4 Specimen

The presence of vertebral centra without pleurocoeli, dorsal and caudal vertebral cen-
tra slightly compressed anteroposteriorly, and middle caudal centra with hexagonal contour
and sinuous neurocentral suture demonstrate ornithopod affinities for the SC-4 specimen
(e.g., [20,30,97,98]). Within Ornithopoda, caudal vertebrae with hexagonal articular facets
are typical in iguanodontians such as in the SC-4 specimen (Figure 6) and unlike in hyp-
silophodontids [98]. In addition, the fossils of the SC-4 specimen clearly differ from those of
rhabdodontomorphans and dryosaurids in size. Moreover, the presence of highly opistho-
coelous centra in the cervical vertebrae (Figure 4) is diagnostic of the Styracosterna clade
sensu [12]. In addition, the maxillary crown MAP-8523 displays a primary ridge distally off-
set in the labial surface (Figure 3), like non-hadrosaurid iguanodontians (e.g., [12,19,99-101]).
Therefore, SC-4 specimen is referred to a non-hadrosaurid styracosternan.

5.3. Comparison with Other Early Cretaceous Styracosternans

Herein, only those well-preserved fossils of the SC-4 styracosternan are compared
with Early Cretaceous styracosternans from Europe.

Highly opisthocoelous and ventrally keeled cervical vertebrae (Figure 4) are a widespread
feature among styracosternans [12]. This is the case of European taxa such as Barilium [9],
Hypselospinus [10,12], Magnamanus [25], Iguanodon cf. galvensis [31,34], I. bernissartensis [7],
Mantellisaurus [8,24], and Proa (e.g., AR-1/103). Cervical vertebrae in Morelladon and
Brighstoneus are unknown [16,22].

The anterior dorsal vertebrae MAP-8495 and MAP-8499 have amphiplatyan cen-
tra with elliptical (higher than wide) articular facets such as the dorsal vertebrae of
Hypselospinus [10,12], Barilium [9], Iguanodon cf. galvensis [21], 1. bernissartensis [7], Mantel-
lisaurus [8,24], and Brighstoneus [22], in contrast to the platycoelous dorsal vertebrae of
Morelladon [16]. In addition, these vertebrae are markedly higher than long and wide, like
in Hypselospinus [10,12], Barilium [9], Magnamanus [25], Iguanodon cf. galvensis [21], and .
bernissartensis [7]. This is different to longer than high centra (or as high as long) in Mantel-
lisaurus [8,24], Morelladon [16], and Brighstoneus [22]. Dorsal vertebrae of the SC-4 specimen
have a longitudinal ventral keel such as in the anterior ones of Hypselospinus [10,12], I.
galvensis [21,26], I. bernissartensis [7], Mantellisaurus [8,24], and Brighstoneus [22]. Moreover,
centra of MAP-8495 and MAP-8499 are markedly compressed between the anterior and
posterior articulations so their margins are everted, as in the anterior dorsal vertebrae
of Iguanodon galvensis [21,26] and 1. bernissartensis [7,17,26] but unlike the craniocaudally
expanded dorsals of Mantellisaurus [8], Morelladon [16], and Brighstoneus [22]. On the other
hand, PCA also reflects that both MAP-8495 and MAP-8499 vertebrae are more like large
taxa such as Magnamanus and Iguanodon spp. than those of more lightly built Mantel-
lisaurus, Morelladon, or Brighstoneus (Figure 15). In particular, dorsal series in I. galvensis
are represented by anterior keeled and moderately compressed anteroposterior vertebrae
and middle and posterior dorsal vertebrae with a smooth ventral surface but also with
slight compression. In contrast, I. bernissartensis has keeled and highly compressed dorsal
vertebrae. Anterior dorsal vertebrae are unknown in Barilium [9], Magnamanus [25], and
Morelladon [16], so direct comparison with these taxa cannot be well contrasted.

The most anterior caudal vertebra MAP-8500 is platycoelous with sub-quadrangular
articular faces, such as in Hypselospinus [10,12], Magnamanus [25], Iguanodon cf. galvensis [34],
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Iquanodon bernissartensis [7,17], and, apparently, in Brighstoneus [22], in contrast to the
amphiplatyan ones of Barilium [9] and Mantellisaurus [8,24]. The caudal region of Morelladon
is unknown [16]. In contrast, middle to posterior caudal vertebrae of the SC-4 specimen
closely resemble those of other styracosternans in terms of the presence or absence of a
ventral groove and the shape and contour of the articular faces (e.g., [17,22,33-35,102,103]).

The preserved parts of the ulna MAP-8515 do not differ much to that of Magna-
manus [25], I. bernissartensis (Figure 58 in [7]), or Mantellisaurus [24].

The iliac peduncle of the right ischium MAP-8498 (Figure 16A) is proportionally
more massive than the pubis peduncle such as in Hypselospinus (Figure 16B) [10], I. galven-
sis (Figure 16C) [26], L. bernissartensis (Figure 16D) [7], and Morelladon (Figure 16F) [16],
unlike those more similar in proportions of Barilium (Figure 16I) [9], “Delapparentia”
(Figure 16G) [32] and, apparently, Brighstoneus (Figure 16H) [22]. The angle between
both peduncles is more accentuated in I. galvensis (Figure 16C) [26], I. bernissartensis
(Figure 16D) [26], and, possibly, in Morelladon [16]. In addition, MAP-8498 displays a
prominent tuberosity in the dorsal surface of the iliac peduncle (Figure 12C), as it has
been described as autapomorphic of 1. galvensis [26]. This feature is absent in the Euro-
pean 1. bernissartensis [7], Brighstoneus [22], and Morelladon [16]. The deep, sharp, and
semicircular margin of the acetabulum resembles also not only those of Iguanodon spp.
(Figure 16C,D) [26] but Morelladon (Figure 16F) [16], and it is unlike the British styracoster-
nans Barilium (Figure 16I) [9] and Hypselospinus (Figure 16B) [10,12]. The ischiatic shaft
seems to be straight as in Mantellisaurus (Figure 16E) or Morelladon (Figure 16F), but this trait
was individually variable in Iguanodon [19]. The ischiatic shaft of MAP-8498 is D-shaped
in cross-section as in I. galvensis [26], whereas it is triangular in I. bernissartensis [26] and
Brighstoneus [22].

Figure 16. Ischia of some European styracosternans from the Early Cretaceous. (A), MAP- 8498.
(B), Ischium of Hypselospinus, redrawn from [10]. (C), Ischium of I. galvensis, redrawn from [26].
(D), Ischium of I. bernissartensis, redrawn from [7]. (E), Ischium of Mantellisaurus, redrawn from [8].
(F), Ischium of Morelladon, redrawn from [16]. (G), Ischium of ‘Delapparentia’, redrawn from [32].
(H), Ischium of Brighstoneus, redrawn from [22]. (I), Ischium of Barilium, redrawn from [9]. Abbrevia-
tions: tub, tuberosity. Scales equal 10 cm.

To sum up, the combination of (1) amphiplatyan, (2) higher than long, and (3) markedly
transversely compressed anterior dorsal centra, (4) platycoelous anterior caudal vertebrae,
and (5) a larger iliac peduncle than the pubic and (6) deep acetabulum in the ischium
suggest affinities with Magnamanus and Iguanodon spp., as is also apparent from the PCA.
Nevertheless, the presence of a (1) marked tuberosity over the iliac peduncle and a (2) D-
shaped cross-section of the ischiatic shaft are diagnostic of I. galvensis [26]. Thus, the SC-4
specimen is, here, assigned to Iguanodon galvensis.

6. Conclusions

The osteological fossils of a massively constructed ornithopod from the SC-4 site in
facies of the lower Barremian (Lower Cretaceous) Camarillas Formation of Galve have been
described. The presence of fused cervical vertebrae and ribs and closed neurocentral suture
indicate that it was a fully mature individual. In addition, the extraordinary dimensions
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of some fossils reveal that it was a large (around 10 m) and robust specimen. Although
most of the osteological fossils resemble large taxa such as Magnamanus and Iguanodon
spp- in some anatomical features mainly in the vertebrae, the presence of a (1) marked
tuberosity over the iliac peduncle and a (2) D-shaped cross-section of the ischiatic shaft
are diagnostic of I. galvensis. The use of principal component analysis applied over dorsal
vertebrae demonstrates again that this method is very useful to discriminate whether the
ornithopod taxon is of one morphotype (robust and large-sized) or another (slender and
medium-sized). In fact, SC-4 vertebrae fall into the morphospace of large and robust related
forms like Iguanodon spp. and Magnamanus, which support its classification to Iguanodon
galvensis. The study of this specimen increases the osteological knowledge of adults of this
species and reinforces the previous diagnosis for this taxon with more fossil evidence.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/d16090586/s1. Supplementary Data, File S1. Additional informa-
tion about the SC-4 material. Supplementary Data, File S2. Data matrix of vertebrae measurements of
several ornithopods.
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