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Abstract

The El Castellar Formation (upper Hauterivian-lowermost Barremian, Lower Cretaceous) in the southwest of the Maestrat
Basin (Spain) has yielded diverse dinosaur remains, mostly fragmentary bones. This study describes, morphometrically analy-
ses, and compares several isolated postcranial fossils of large ornithopods from three new different sites in the municipality
of Cabra de Mora (Pefiagolosa sub-basin, Teruel Province). The fossils are attributed to styracosternan ornithopods, and
some of them are related to the species Iguanodon galvensis, representing the oldest known record related to this taxon in the
Iberian Peninsula. Moreover, this study verifies the hypothesis of the coexistence of at least two different styracosternans—
a medium-sized form and a large-sized one—during the late Hauterivian-early Barremian in the Pefiagolosa sub-basin. In
addition, we formally describe the first dinosaur tracksite of the El Castellar Formation in this sub-basin. All ichnites are
preserved as natural casts, and their trackmakers are likely to have been related to large styracosternans. Hence, the evidence
provided here by both bones and tracks supports the idea that large ornithopods were the predominant dinosaurs in the
wetlands of an extensive coastal plain.
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Abundancia de grandes dinosaurios ornitopodos en la Formacion El Castellar
(Hauteriviense-Barremiense, Cretacico Inferior) de la subcuenca de Pefiagolosa (Teruel,
Espana)

Resumen

La Formacién El Castellar (Hauteriviense superior-Barremiense basal) en el suroeste de la Cuenca del Maestrazgo (Espafia)
ha proporcionado diversos fosiles de dinosaurios bastante fragmentarios. Aqui describimos, analizamos morfométricamente y
comparamos varios restos postcraneales aislados de grandes ornitépodos procedentes de tres yacimientos en el municipio de
Cabra de Mora (subcuenca de Pefiagolosa, provincia de Teruel). Los fosiles son atribuidos sistematicamente a grandes orni-
tépodos estiracosternos, y algunos de ellos son relacionados con Iguanodon galvensis, 1o que implica que estos restos pueden
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representar el registro més antiguo relacionado con dicho taxdn en la Peninsula Ibérica. Ademads, este estudio comprueba la
hipétesis de la presencia de al menos dos formas de estiracosternos durante el Hauteriviense tardio-Barremiense temprano
en la subcuenca de Pefiagolosa, uno de talla grande y otro de talla mediana. Adicionalmente, se describe formalmente el
primer yacimiento de icnitas de dinosaurios en la Formacion El Castellar de esta subcuenca. Todas las icnitas estin preser-
vadas como hiporrelieves convexos y sus productores podrian estar relacionados también con grandes estiracosternos. Por lo
tanto, la evidencia aqui proporcionada tanto por los restos directos como por las icnitas respaldan la idea de que los grandes
ornitopodos eran los dinosaurios predominantes en los diferentes humedales desarrollados en una extensa llanura costera.

Palabras clave Cuenca del Maestrazgo - Cretacico Inferior - Formacién El Castellar - Ornithopoda - Styracosterna - Icnitas

1 Introduction

The Early Cretaceous sediments on the Iberian Peninsula
have yielded numerous dinosaur fossil finds (e.g. Alcala
et al., 2018; Pereda-Suberbiola et al., 2012). In relation to the
Hauterivian-Barremian section, the saurischians are repre-
sented by brachiosaurid and rebbachisaurid sauropods (e.g.
Fernindez-Baldor et al., 2011; Royo-Torres et al., 2017), teta-
nuran theropods such as spinosaurids (e.g. Isasmendi et al.,
2020; Malafaia et al., 2020a, 2020b), carcharodontosaurids
(Gasca et al., 2014a; Ortega et al., 2010), and coelurosaurs
(e.g. Torrente et al., 2018) such as ornithomimosaurs (Cuesta
et al., 2021; Pérez-Moreno et al., 1994). The ornithischian
dinosaurs are mainly ankylosaurs (Gasulla et al., 201 1; Pereda-
Suberbiola et al., 2007) and ornithopods. This latter group of
dinosaurs is the most abundant and highly diverse. They are
represented by small basal ornithopods related to Hypsilopho-
don (e.g. Ruiz-Omeiiaca et al., 2012), rhabdodontomorphans
(Dieudonné et al., 2016), dryosaurids (e.g. Galton, 2009), and
medium to large-sized non-hadrosaurid styracosternans (e.g.
Fuentes-Vidarte et al., 2016; Gasca et al., 2014b; Gasulla et al.,
2014, 2015; Verdu et al., 2015, 2019). The diversity of Iberian
styracosternans of the Hauterivian-Barremian range includes
Magnamanus soriaensis, in the upper Hauterivian-lower Bar-
remian of Soria Province (Fuentes-Vidarte et al., 2016); Iguan-
odon galvensis, in the lower Barremian of Teruel Province
(Verdu et al., 2015, 2018, 2020); Portellsaurus sosbaynati, in
the lower Barremian of Castellén Province (Santos-Cubedo
et al., 2021); Iguanodon bernissartensis and Mantellisaurus
atherfieldensis, in the upper Barremian of Cuenca and Cas-
tellon Provinces (Gasulla et al., 2014; Llandres et al., 2013;
Sanguino & Buscalioni, 2018; Sanz et al., 1982); and Morel-
ladon beltrani, in the upper Barremian of the latter province
(Gasulla et al., 2015).

In this study, we report the discovery of new skeletal
remains and tracks of large ornithopod dinosaurs in the El
Castellar Formation (Salas, 1987) of the Pefiagolosa sub-
basin (Maestrat Basin, Teruel, Spain; Salas & Guimera,
1996). Despite their fragmentary and isolated nature, verte-
brate remains are highly abundant and diverse in this unit.
The dinosaur evidence recorded in the El Castellar Formation
of this sub-basin verifies a high diversity of medium to large
styracosternan remains (Cobos et al., 2012; Guerrero & Cobos,
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2017; Verdd et al., 2019). Specifically, some fossils have been
attributed to a large-sized morphotype related to the genera
Iguanodon and Magnamanus, and others to a medium-sized
one related to Morelladon (Verdu et al., 2019).

Although dinosaur tracks are also moderately abundant
in the Barremian of the Pefiagolosa sub-basin (Cobos et al.,
2013), no tracks from the El Castellar Formation have been
formally described yet. Despite this, several tracks of orni-
thopod dinosaurs preserved as convex hyporeliefs, also called
infillings or natural casts, have been mentioned and described
in the consecutive Barremian Camarillas and Artoles forma-
tions in this sub-basin (Benito et al., 2015; Cobos & Gasco,
2012; Cobos et al., 2013, 2016). Some of these large orni-
thopod ichnites (as Iguanodontipus in Cobos & Gasco6, 2012)
have been assigned to the Caririchnium ichnogenus (Diaz-
Martinez et al., 2015).

The aims of this study were: (a) to perform a systematic
study of the large ornithopod skeletal remains found in the
CM-3, CM-4, and CM-S8 sites in Cabra de Mora (Teruel Prov-
ince), describing and comparing them with other related taxa,
(b) to test them in a morphological multivariate analysis with
other iguanodontians, and (c) to describe and interpret some
dinosaur tracks recorded in this municipality.

Institutional abbreviations FCPTD, Fundacién Conjunto
Paleontolégico de Teruel-Dindpolis, Teruel, Spain; GPIT,
Institut fiir Geowissenschaften, Tiibingen, Germany; IWCMS,
Dinosaur Isle, Sandown, UK; MAP, Museo Aragonés de
Paleontologia, Fundacién Conjunto Paleontolégico de Ter-
uel-Dinépolis, Teruel, Spain; MDS, Museo de Dinosaurios
de Salas de los Infantes, Salas de los Infantes, Spain; MNS,
Museo Numantino de Soria, Soria, Spain; MPT, Museo Pro-
vincial de Teruel, Teruel, Spain; NHMUK, The Natural His-
tory Museum, London, UK; RBINS, Royal Belgian Institute
of Natural Sciences, Brussels, Belgium; USNM, National
Museum of Natural History, Smithsonian Institute, Washing-
ton, USA; YPM, Yale Peabody Museum of Natural History,
New Haven, USA.

Other abbreviations AR, Mina de Santa Maria de Arifio
site, Teruel, Spain (material deposited at MAP); CM, Cabra de
Mora site, Cabra de Mora, Teruel, Spain (all material with this
acronym is deposited at MAP); CMP-MS, Mas de la Parreta
Quarry-Mas de Sabater site, Morella, Spain; CT, El Castellar
site, El Castellar, Spain.
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2 Geographic and geological settings

Dinosaur bonesites CM-3, CM-4, and CM-8 are geographi-
cally located in the western surroundings of Cabra de Mora
Village, in the northwest of the Gudar-Javalambre region
(Teruel Province, Spain; Fig. 1a).

Geologically, they are included in one of seven sub-
basins, the so-called Pefiagolosa, controlled by synsedi-
mentary faults which make up the Maestrat Basin (Salas
& Guimera, 1996), in outcrops of the El Castellar Forma-
tion (Salas, 1987). In this sub-basin, the El Castellar For-
mation usually overlies the Villar del Arzobispo Formation
(Kimmeridgian-Tithonian sensu Campos-Soto et al., 2017),
the uppermost of which is considered to be the Aguilar
del Alfambra Formation (Tithonian-Berriasian) by Aurell
et al. (2016). However, in the area of Cabra de Mora, this
lithostratigraphic unit rests over the Mora de Rubielos For-
mation (upper Berriasian-lower Valanginian sensu Salas
et al., 2001 and Campos-Soto et al., 2017) and is overlain
by the Camarillas Formation (lower Barremian, Martin-Clo-
sas, 1989; Schudack & Schudack, 2009; Villanueva-Amadoz
etal., 2015; Fig. 1b, c).

The El Castellar Formation of the Pefiagolosa sub-basin
is dated to the upper Hauterivian-lowermost Barremian
through an association of charophytes (Martin-Closas,
1989). In general, this lithostratigraphic unit is lithologi-
cally divided into two stages (Cobos et al., 2012). The
lower one consists of an alternation of violet and grey
shales with passes of evaporites and channelled bodies of
sandstones. The upper part is composed of grey marls inter-
calated with limestones (Cobos et al., 2012). According to

Fig. 1 Geographical and
geological situation of the study
area. a Geographical loca-

tion of Cabra de Mora Village
(Teruel, Spain). b Geological
map of Cabra de Mora (Teruel,
Spain) with the location of
CM-3, CM-4 and CM-8 bone-
sites, redrawn from Fig. 2a in
Campos-Soto et al. (2017). ¢
Simplified stratigraphic section
in the surrounding area of Cabra
de Mora (modified from the
unpublished Doctoral Thesis of
Cobos, 2011 and based on data
obtained from Campos-Soto
etal., 2017, 2019). Kimm. Kim-
meridgian, Tithon. Tithonian,
Haut. Hauterivian
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Fernandez-Labrador (2016, unpublished data), the sedi-
mentary environment of the El Castellar Formation in the
Pefiagolosa sub-basin may have been a coastal wetland
system.

The CM-3, CM-4, and CM-8 sites are located in the
lower part of the upper section of the El Castellar Forma-
tion, where there is a sequence of carbonate layers with some
bodies of sandstones (Fig. 1c). Two of these layers, located
above the levels with fossil bones, present different tracks
preserved as natural casts on their underside, and they extend
longitudinally along 350 m. Hereafter, we refer to these lay-
ers as Level 1 and Level 2.

3 Material and methods

The described fossils comprise 10 vertebral centra and a
fibular fragment of three large ornithopods (Table 1). The
remains were found ex-situ at the sites CM-3, CM-4, and
CM-8 sites, as a result of the palacontological tasks carried
out by the FCPTD in the municipality of Cabra de Mora, and
later housed in the MAP. The materials from each site were
described individually and separately.

The tracks studied here include a convex hyporelief with
tridactyl morphology found ex situ, and others found in situ
at Levels 1 and 2.

In this study, new ornithopod remains from the CM-3,
CM-4, and CM-8 sites were systematically studied follow-
ing the evolutionary hypothesis of Iguanodontia proposed
by Verdu et al. (2018). Furthermore, these fossil bones were
compared with those of other ornithopod dinosaurs from

0000/ 1

lower Barremian

Haut.]

per Berriasian-lower Valanginia

Kimm.- Tithon.

Villar del Arzobispo Fm.
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Table 1 Measurements (in mm)
of the remains found in CM-3,

CM-4 and CM-8 sites in Cabra
de Mora (Teruel, Spain)

Taxa (site) Collection numbers Element L Ha Hp Wa Wp
cf. Styracosterna indet. (CM-4) MAP-4563 Cay 3 76 65 61 55 62
MAP-4566 Cays 35 - 54 - 54
Iguanodon cf. galvensis (CM-8) MAP-8044 D, 95 104 103 - 91
MAP-8043 Ca, s 88 136 146 123" 140
Iguanodon cf. galvensis (CM-3) MAP-8036 Cg 115 97 - 125 -
MAP-8038 D, 97 128 117 132 -
MAP-8035 Ds - 113 - 78 -
MAP-8037 Dy 4 93 124 130* 122 107
MAP-4561 So¢ 117 (67, 104 118 124 149
posterior
centrum)
MAP-8033 Cay ;109 102 103 - -
L H w
MAP-8042 Fi 141%* 41 105

C cervical, D dorsal, Ca caudal, S sacral vertebrae, Fi fibula, L length, Lt total length, H height, W wide, a

anterior, p posterior

# .
Estimated measurements

the Lower Cretaceous of the Iberian Peninsula and other
regions, mainly Europe, through first-hand study of their
remains housed in different institutions or by consulting the
available descriptions. For these comparisons, the genus
name was indicated when this is the subject to be discussed
and not its species, and the non-abbreviated specific name
is used throughout the entire study. Assignations in open
nomenclature were made following Sigovini et al. (2016).

Furthermore, multivariate principal component analysis
(PCA) was performed on a data set (modified from Verdi
et al., 2019) including linear measurements (length, height,
and width) obtained from cervical, dorsal, and caudal cen-
tra from CM sites and other iguanodontian specimens: the
dryosaurids Dryosaurus altus and Valdosaurus canalicula-
tus, the basal ankylopollexian Camptosaurus dispar, and the
styracosternans Magnamanus soriaensis, Iguanodon bernis-
sartensis, Iguanodon cf. galvensis, Iguanodon sp., CT-16
and CT-17 styracosternans, Mantellisaurus atherfieldensis,
Morelladon beltrani, and indeterminate tall-spined iguano-
dontian (see Table 1 in Supplementary Information). For
this, we applied a methodology similar to that used by Verdd
et al. (2019), which does not take into account deforma-
tion and distortion (among other taphonomic processes). In
summary, this consisted of an analysis of each data set cor-
responding to cervical, dorsal, and caudal measurements by
PCA using PAST v3.0 software (Hammer et al., 2001) in two
ways: first, using the raw data, and second, removing the size
component from the data set. Unlike in Verdu et al. (2019),
the bootstrapping option was set to 9,999. For further details
on the methods, please refer to Verdu et al. (2019).

@ Springer

4 Systematic palaeontology

DINOSAURIA Owen, 1842

ORNITHISCHIA Seeley, 1887 (sensu Madzia et al.,
2021).

ORNITHOPODA Marsh, 1881 (sensu Madzia et al.,
2021).

IGUANODONTIA Dollo, 1888 (sensu Madzia et al.,
2021).

DRYOMORPHA Sereno, 1986 (sensu Madzia et al.,
2021).

ANKYLOPOLLEXIA Sereno, 1986 (sensu Madzia et al.,
2021).

STYRACOSTERNA Sereno, 1986 (sensu Madzia et al.,
2021).

4.1 cf. Styracosterna indet
4.1.1 Material from CM-4 site

Two centra of the middle caudal vertebrae (MAP-4563 and
MAP-4566; Fig. 2a, b).

Geographical and geological location These fossils were
found in the CM-4 site in the Cabra de Mora municipality
(Teruel, Spain; Fig. 1a). El Castellar Formation (Pefiagolosa
sub-basin, Maestrat Basin), upper Hauterivian-lowermost
Barremian (Lower Cretaceous; Fig. 1b, c).

Description Caudal vertebrae. MAP-4563 and MAP-
4566 are two centra of the middle caudal vertebrae, although
the latter represents only a fragment of an articular facet.
MAP-4563 (Fig. 2a) is an amphiplatyan (slightly platycoe-
lous) centrum. The cranial articular facet is hexagonal and
wider than high. In the lateral view, this centrum shows a
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Fig.2 Fossils from CM-4

and CM-8 sites. a, b Caudal
vertebrae of cf. Styracosterna
indet. from CM-4 site: a Middle
caudal centrum MAP-4563 in

anterior (al), left lateral (a2),
and ventral (a3) views; and

b fragment of middle caudal
centrum MAP-4566 in anterior
or posterior (b1), and ventral
(b2) views. ¢, d Vertebrae of
Iguanodon cft. galvensis from
CM-8 site: ¢ Middle-to-anterior
dorsal centrum MAP-8044 in
posterior (cl), right lateral (c2),
ventral (¢3), and dorsal (c4)
views; and d anterior caudal
centrum MAP-8043 in anterior
(d1), posterior (d2), right lateral
(d3), left lateral (d4), and ven-
tral (d5) views. Abbreviations:
c¢f chevron facet; g groove; nc
neural canal; np neural pedicels;
tp transverse process. The
anatomical profiles have been
redrawn and modified from the
caudal region of Iguanodon
bernissartensis drawing in
Norman (1980) and from the
dorsal region of Mantellisaurus
atherfieldensis drawing in Nor-
man (1986)

rectangular profile that is longer than high. The ventral sur-
face is concave, with a longitudinal groove and a chevron
facet. On the other hand, the fragment MAP-4563 shows a
cranial or a caudal articular facet less high and wide than
both of MAP-4563, and apparently lacks the ventral groove
(Fig. 2b). Both caudal vertebrae may have been positioned in
the middle caudal region for having centra longer than wide
and high, and with hexagonal articular and chevron facets,
similar to the middle caudal vertebrae of some styracoster-
nans, such as Iguanodon bernissartensis and Mantellisau-
rus atherfieldensis (e.g. Norman, 1980, 1986). In addition,
the proportions of MAP-4563 (Table 1) together with the
presence of a ventral groove, which is occasionally present
on the ventral side of some middle caudal centra in some
iguanodontians (Verdu et al., 2017 and references therein),
also suggest that MAP-4563 belongs to this part of the tail
region, and possibly between the 28th and 30th positions.

For its part, MAP-4566 might have belonged to any of the
most posterior middle caudal vertebrae, possibly between
the 35th and 37th vertebrae, because it is slightly smaller
than MAP-4566 and lacks a ventral groove.

HADROSAURIFORMES Sereno, 1997 (sensu Madzia
et al., 2021).

IGUANODONTOIDEA Norman, 2002 (sensu Verdu
et al., 2018).

IGUANODON Mantell, 1825

IGUANODON GALVENSIS Verdu et al., 2015

4.2 Iguanodon cf. galvensis
4.2.1 Material from CM-8 site

A middle-to-anterior dorsal centrum (MAP-8044; Fig. 2c)
and an anterior caudal vertebra (MAP-8043; Fig. 2d).

@ Springer
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Geographical and geological location These remains
originate from the CM-8 site in the Cabra de Mora munici-
pality (Teruel, Spain; Fig. la). El Castellar Formation
(Pefagolosa sub-basin, Maestrat Basin), upper Hauterivian-
lowermost Barremian (Lower Cretaceous; Fig. 1b, c).

Description Dorsal vertebra. The middle-to-anterior
dorsal centrum MAP-8044 is highly eroded and fragmented
(Fig. 2c). This centrum is amphiplatyan with a sub-elliptic to
sub-rectangular caudal facet. In the lateral view, it is rectan-
gular, higher than long, and has craniocaudally concave and
dorsoventrally convex lateral surfaces without parapophyses.
The ventral surface is rounded and smooth. The neurocentral
suture is sinuous and closed. MAP-8044 may have belonged
to the 6th or 8th dorsal vertebra because it lacks parapophy-
ses over the centrum, is amphiplatyan, and has sub-elliptical
(higher than wide) articular facets, as in some large styracos-
ternans such as Barilium dawsoni (Norman, 2011), Hypselo-
spinus fittoni (Norman, 2015), Iguanodon galvensis (Verda
et al., 2020), Iguanodon bernissartensis (Norman, 1980),
and Mantellisaurus atherfieldensis (Norman, 1986).

Caudal vertebra. The anterior caudal vertebra MAP-8043
is well-preserved and is one of the largest centra studied
in this work (Fig. 2d). The centrum is platycoelous with
sub-quadrangular articular facets. It is craniocaudally com-
pressed and is higher than wide and long. The neural canal
is reduced, and the transverse processes are very robust
and laterally projected. The ventral surface is smooth and
exhibits a wide chevron facet. The neurocentral suture is
sinuous and fully closed. MAP-8043 may have belonged to
any caudal vertebrae between the 2nd and the 5th because
it is a highly platycoelous centrum with sub-quadrangular
articular facets, craniocaudally compressed, and with a wide,
developed chevron facet as observed in other styracoster-
nans, for instance Hypselospinus fittoni (Norman, 2015),
Magnamanus soriaensis (Fuentes-Vidarte et al., 2016), and
Iguanodon bernissartensis (Norman, 1980).

4.2.2 Material from CM-3 site

Several centra comprising one middle-to-posterior cervi-
cal vertebra (MAP-8036; Fig. 3a), three anterior and mid-
dle dorsal vertebrae (MAP-8038, MAP-8035, MAP-8037;
Fig. 3b—d), two posterior sacral vertebrac (MAP-4561;
Fig. 4a), one middle caudal vertebra (MAP-8033; Fig. 4b),
and the proximal epiphysis of the left fibula (MAP-8042;
Fig. 4¢).

Geographical and geological location These fossils come
from the CM-3 site in the Cabra de Mora municipality (Ter-
uel, Spain; Fig. 1a). El Castellar Formation (Pefiagolosa
sub-basin, Maestrat Basin), upper Hauterivian-lowermost
Barremian (Lower Cretaceous; Fig. 1b, c).

Description Cervical vertebra. MAP-8036 is an almost
complete middle-to-posterior cervical centrum (Fig. 3a). It

@ Springer

is strongly opisthocoelous, with a convex and heart-shaped
cranial facet and a concave caudal facet with a pentagonal
outline. Both facets are slightly wider than high. The ven-
tral view shows a wide longitudinal keel. The craniolateral
parapophyses have great development. MAP-8036 may
have corresponded to the 7th or the 8th cervical vertebrae
due to the fact that it is a highly opisthocoelous centrum
with wider rather than higher articular facets, and wide
parapophyses, similar to those found in the middle-to-
posterior cervical vertebrae of other styracosternans such
as Iguanodon cf. galvensis (Verdu et al., 2020), Mantel-
lisaurus atherfieldensis (Norman, 1986), and Eolambia
caroljonesa (McDonald et al., 2012).

Dorsal vertebrae. The most anterior region of the dorsal
vertebrae is represented only by the centrum MAP-8038
(Fig. 3b). This is slightly opisthocoelous; its higher-than-
wide cranial facet is convex and heart-shaped, while the
caudal facet is concave and highly eroded. The lateral
surfaces have a certain degree of concavity craniocau-
dally, and they converge into a wide and rounded keel
ventrally. In addition, this centrum shows a sinuous and
completely closed neurocentral suture. MAP-8038 might
have belonged to the 1st or 2nd dorsal vertebra based on
the absence of parapophyses on the centrum, its degree
of opisthocoely, and the slight development of the ventral
keel, as observed in other styracosternans, for instance
Iguanodon galvensis (Verdu et al., 2018), Iguanodon bern-
issartensis (Norman, 1980), Mantellisaurus atherfieldensis
(Norman, 1986), and Eolambia caroljonesa (McDonald
etal., 2012).

The middle region of the dorsal vertebrae is represented
by dorsal centra MAP-8035 (Fig. 3c) and MAP-8037
(Fig. 3d). MAP-8035 is highly eroded, and only its ante-
rior half is preserved. The cranial facet is elliptical, higher
than wide, and flat. The lateral surfaces are craniocaudally
concave. In the ventral view, this centrum does not have a
longitudinal keel. In the parts where it is preserved, MAP-
8035 exhibits a sinuous and closed neurocentral suture. In
contrast, MAP-8037 is nearly complete and is the best-pre-
served dorsal centrum from the CM-3 site. This element,
with a cylindrical morphology and rectangular profile, is
taller than wide and long, amphiplatyan, and has elliptical
to sub-quadrangular articular facets. The lateral surfaces are
craniocaudally concave and dorsoventrally convex, causing
the margins of the articular facets to protrude. The ventral
surface is rounded and without a longitudinal keel. The
neurocentral suture is sinuous and completely closed. Both
MAP-8035 and MAP-8037 are middle dorsal vertebrae as
they have flat and elliptical to sub-quadrangular articular
facets, such as the middle dorsal centra of Barilium daw-
soni (Norman, 2011), Iguanodon cf. galvensis (Verdu et al.,
2020), Iguanodon bernissartensis (Norman, 1980), and
Mantellisaurus atherfieldensis (Norman, 1986). While the
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Fig. 3 Fossils of Iguanodon cf. a1
galvensis from CM-3 site (I):

a Posterior cervical centrum
MAP-8036 in anterior (al),
posterior (a2), lateral (a3),
dorsal (a4), and ventral (a5)
views; b anterior dorsal centrum
MAP-8038 in anterior (bl), left
lateral (b2), right lateral (b3),
and ventral (b4) views; ¢ middle
dorsal centrum MAP-8035 in
anterior (cl), posterior (c2), left
lateral (c3), right lateral (c4),
and dorsal (¢5) views; d Middle
dorsal centrum MAP-8037 in
anterior (d1), posterior (d2),
left lateral (d3) and ventral (d4)
views. k keel, nc neural canal,
np neural pedicels, p parapo-
physis. The anatomical profiles
have been redrawn and modified
from Mantellisaurus atherfield-
ensis drawing in Norman (1986)

higher rather than wider articular facet of MAP-8035 sug-
gests that it may have occupied a more anterior position in
the middle dorsal region, probably between the 5th and the
7th dorsal vertebrae, the proportions of MAP-8037 as well
as the presence of everted margins over the centrum indicate
that this centrum may have occupied a more posterior posi-
tion in the middle dorsal region, possibly between the Oth,
10th, or 11th dorsal vertebrae.

Sacral vertebrae. MAP-4561 represents two fused sacral
vertebrae (Fig. 4a). The most anterior vertebra is more
eroded and fragmented, and only preserves its posterior
region. However, the posterior vertebra of MAP-4561,

significantly better preserved, has a wider than long plat-
ycoelous centrum with sub-circular articular facets. These
vertebrae have the base of their neural spines completely
fused each other. Besides, it has several sub-circular depres-
sions and a closed neurocentral suture in the region where
the neural spine meets the centrum. MAP-4561 may have
been located in the most posterior region of the sacrum due
to the presence of a longitudinal groove extending along
the ventral side, likewise the posterior sacral vertebrae of
Iguanodon bernissartensis (Norman, 1980), Iguanodon
galvensis (unpublished specimens MAP-8048 and MAP-
8116), and Equijubus normani (McDonald et al., 2014), and
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Fig.4 Fossils of Iguanodon cf.
galvensis from CM-3 site (II):
a Sacral vertebrae MAP-4561
in anterior (al), posterior (a2),
ventral (a3), and left lateral
views (a4), and an interpreta-
tive drawing in lateral view
(a5); b middle caudal centrum
MAP-8033 in posterior (b1),
left lateral (b2), and ventral
(b3) views; and ¢ proximal end
of the left fibula MAP-8042 in
distal (c1), medial (c2) views,
and on the left fibula of Igua-
nacolossus fortis (¢3), redrawn
from McDonald et al. (2010). ac
acetabulum, ca caudal vertebra,
¢f chevron facet, ct contact
surface for the fibular process of
tibia, g groove, ic intercentrum,
il ilium, is ischium, nc neural
canal, ns neural spine, s sacral
vertebra, s7? possible sacral 7,
587 possible sacral 8, sr sacral
ribs. The anatomical profiles
have been redrawn and modi-
fied from the sacral and caudal
region of Iguanodon bernis-
sartensis drawing in Norman

(1980)

possibly with the 7th and 8th vertebrae because both centra
are craniocaudally compressed, unlike the anterior sacral
vertebrae of some styracosternans such as Iguanodon bernis-
sartensis (Norman, 1980) and Mantellisaurus atherfieldensis
(Norman, 1986).

Caudal vertebra. The caudal vertebrae are only rep-
resented by MAP-8033, the left half of a middle caudal
centrum (Fig. 4b). It is amphiplatyan, sub-rectangular,
and slightly longer than high in the lateral view. In addi-
tion, it has craniocaudally concave lateral surfaces. The
ventral view shows a longitudinal groove extending along
the concave ventral surface and an articular facet of the
chevron. The neurocentral suture is sinuous and fully
closed. MAP-8033 belongs to a middle caudal vertebra
because it lacks transverse processes over the centrum,
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but it has a chevron facet as in other styracosternans, for
instance Iguanodon bernissartensis and Mantellisaurus
atherfieldensis (Norman, 1980, 1986). The individually
variable ventral groove is also present in the middle cau-
dal vertebrae of some ornithopods (Verdt et al., 2017 and
references therein). According to its proportions, this cen-
trum might have occupied a position between the 14th and
17th caudal vertebrae.

Fibula. MAP-8042 is the proximal end of the left
fibula and is the single appendicular element preserved
in CM-3 (Fig. 4c). This fragment is craniocaudally
expanded and roughly crescent-shaped in the distal
view. It has a flat medial surface with a certain degree
of concavity and a flat-to-convex lateral surface. Moreo-
ver, MAP-8042 has two sub-circular protuberances. The
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lateral one is highly developed and has a medial projec-  corresponds to the articular surface that receives the
tion, and the other, barely developed, is almost at aright  fibular process of the left tibia.

angle with the shaft. They are separated by a slightly

concave surface with an elliptical morphology, which

Fig.5 Scatter plot of the PCA
of iguanodontian vertebral
specimens using raw data. a
Cervical centra. b Dorsal centra. Mantellisaurus atherfiejdlensis
¢ Caudal centra. Ornithopod
silhouettes obtained from
phylopic.org, except Morella-
don’s which was modified from
Mantellisaurus picture in Paul
(2008, Fig. 1c)
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5 Results of the multivariate analysis

Only the results of the PCA from the raw data are
described here (Fig. 5). PCA from data after remov-
ing the component of the size resulted in a very noisy
scatter plot, and it was difficult to establish any affin-
ity for Cabra de Mora specimens (see Supplementary
Information).

5.1 Cervical vertebrae

PC1 contributes 90.4% to the variance, while PC2 contrib-
utes 8.5%. PCA loading scores indicate that correlation with
the length, height, and width is high with PC1, but not with
PC2 (Table 2). The cervical centra of CM-3 appear in the
sector with positive scores for both PC1 and PC2 (Fig. 5a),
but are not included in the morphospace of any iguanodon-
tian analysed. The morphospace occupied by the cervical
centra of Iguanodon (i.e. Iguanodon bernissartensis, Iguan-
odon sp., and Iguanodon cf. galvensis) is mainly restricted
to the sector with positive values of PC1 as CM-3, but with
negative values of PC2. Unlike CM-3, the cervical centra
of Mantellisaurus atherfieldensis are resolved mainly in the
negative values of PC1, but extend into both negative and
positive values of PC2.

5.2 Dorsal vertebrae

In this analysis, PC1 contributes 87% of the variation,
while PC2 accounts for 10%. PC1 correlates highly with
height and width and to a lesser extent with length, unlike
PC2 (Table 2). Here, the resolved scatter plot is similar
to that obtained by Verdu et al., (2019: Fig. 6¢) with two

differentiated groups (Fig. 5b): large-sized ornithopods,
including Iguanodon and Magnamanus, occupying positive
values of PC1, and small-to-medium-sized iguanodontians,
including the styracosternans Mantellisaurus atherfieldensis,
Morelladon beltrani, and the indeterminate styracosternan
MOR2 (sensu Verdi et al., 2019) from the CT-16 and CT-17
sites. Both CM-3 and CM-8 overlap with the morphospaces
of large-sized iguanodontians, in particular Magnamanus
soriaensis and Iguanodon bernissartensis.

5.3 Caudal vertebrae

PCI1 represents 90.4% of the variance, whereas PC2 rep-
resents only 8.5%. As in the case of cervical centra, load-
ing scores indicate that PC1 is highly correlated with the
length, height, and width, unlike PC2 (Table 2). There is
no separate morphospace, and each overlaps with the other.
The separation between small-to-middle-sized iguanodon-
tians and the large-sized ones observed in the dorsal centra
is not present here. This situation can be explained by the
similar dimensions and proportions observed between the
distal caudal centra in large iguanodontians and proximal
centra in smaller ones (Verdu et al., 2019). Despite this, both
CM-3 and CM-8 are resolved in or near the morphospace of
large-sized ornithopods (Fig. 5c¢), consistent with the results
observed in dorsal vertebrae. In particular, the caudal cen-
tra of CM-3 partially overlap with Magnamanus soriaensis,
while CM-8 is included in the morphospace of Iguanodon
sp. and is very close to the large styracosternan MOR1
(sensu Verdd et al., 2019) of CT-16. The caudal centra of
CM-4 are different, being resolved in the morphospace of
Valdosaurus canaliculatus, Camptosaurus altus, and the
styracosternans Mantellisaurus atherfieldensis and Magna-
manus soriaensis (Fig. 5¢).

Table 2 Output data of the PCA PC

Eigenvalue = % variance  Confidence interval Correlation
Eig2.5% Eig97.5% L H W

Cervical centra

1 3494.18 90.397 0.85129  94.224 0.93933 0.926 0.98497

2 329.921 8.5353 4.5581 13.352 —0.34067 0.35898 0.12213

3 412.521 1.0672 0.7019 92.594 0.040015 0.1169 -0.12213
Dorsal centra

1 1840.73 87.163 81.761 91.78 0.77838 0.98167 0.93641

2 219.847 10.41 64.777 15.259 0.58441 0.10809  —0.33337

3 512.364 2.4262 1.2663 3.611 022932 —0.156%4 0.10952
Caudal centra

1 3494.18 90.397 0.85129  94.224 0.96145 0.94863 0.94966

2 329.921 8.5353 4.5581 13.352 0.083905 —0.3151 0.30867

3 41.2521 1.0672 0.7019 92.594 0.26186  —0.02849  —0.053532

L length, H height, W width
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Fig.6 Natural tracks from
Levels 1 and 2 of El Castellar
Formation in the area of Cabra
de Mora (Teruel, Spain). a
Overview of both levels. b Sub-
cylindrical infillings recorded
on the underside of Level 2 (the
scale equals 1 m). ¢ Some of the
greater tracks from Level 2. d
Ex situ convex hyporelief and
without a clear anatomical mor-
phology (the scale bar equals
25 cm). e Tridactyl natural cast
on the underside of rolled block
from Level 2. f Interpretation
of the tridactyl track (the scale
equals 10 cm)

6 Palaeoichnology
6.1 Material

Several tracks of dinosaurs preserved as natural casts, among
which one of tridactyl morphology stands out (Fig. 6).

6.2 Geographical and geological situation

The tracks studied here are located on the underside of
the so-called Levels 1 and 2 of the El Castellar Formation
(Pefiagolosa sub-basin, Maestrat Basin), upper Hauterivian-
lowermost Barremian (Lower Cretaceous; Figs. 1b, c; 6a).
These layers overlie the CM-3, CM-4, and CM-8 sites in the
Cabra de Mora municipality (Teruel, Spain).

6.3 Description

6.3.1 Layers with tracks

All convex hyporeliefs are developed on plastic and
deformed marl-shales, and they are made up of limestone

(those recorded at Level 1) and sandy limestones (those
recorded at Level 2). These natural casts are generally

deep, irregular, and massive, without an external struc-
ture or skin marks. The tracks located at Level 1 do not
exceed 20 cm in depth, and their degree of conservation
is moderately worse than those presented at Level 2. The
latter have more defined and verticalized subcylindrical
profiles (Fig. 6b) and a higher content of quartz grains.
Furthermore, the infillings are deeper and longer, reach-
ing depths of up to 40 cm and a maximum length of 35 cm
(Fig. 6¢). In some outcrops of Level 2, the overlapping of
different hyporeliefs is common, which may distort the
morphology and the original size of these tracks.

6.3.2 Exsitu hyporeliefs

In the surroundings of Levels 1 and 2 outcrops, there are
some ex situ hyporeliefs and blocks that, when present-
ing a sandy matrix with a high presence of quartz grains,
may come from Level 2. All these natural casts have a
subcylindrical morphology profile and a poorly defined
plantar surface (Fig. 6d). However, a convex hyporelief
is slightly better preserved in a loose block (Fig. 6e).
This track is tridactyl, mesaxonic, and subsymmetri-
cal, wide or wider than longer, such as those pes tracks
described to large ornithopod trackmakers and assigned

@ Springer



118

Journal of Iberian Geology (2022) 48:107-127

to Iguanodontipodidae ichnofamily (Diaz-Martinez et al.,
2015; Lockley et al., 2014; Vialov, 1988; references
therein). In addition, it shows relatively short, robust digits
with a similar length (slightly mesaxony), but with digit III
being somewhat more developed anteroposteriorly, and an
apparently rounded heel (Fig. 6f).

7 Discussion
7.1 Ontogenetic development and size

Fossil assemblages from each site, which show similar
preservation features and are consistent in size (Table 1),
represent three different individuals. In particular, two
large individuals are distinguished in the CM-3 and CM-8
sites, and a smaller one in CM-4. This variation in size
may be explained by ontogenetic (i.e. the smaller specimen
is an immature individual of the larger one) or taxonomi-
cal reasons (i.e. large and smaller individuals represent
different taxa). In fact, the presence of both medium and
large-sized styracosternans has been demonstrated in the
El Castellar Formation (Verdu et al., 2019). To discrim-
inate between these two possibilities, it is necessary to
determine the degree of ontogenetic development of these
remains.

During the growth of ornithopods, several changes
occurred in the axial skeleton that allow us to assess the
degree of ontogenetic development of these vertebral
remains. Among these, the degree of closure of the neu-
rocentral suture (e.g. Griffin et al., 2020; Hiibner, 2018;
Verdd, 2017) and fusion of sacral vertebrae (Horner et al.,
2004) stand out. The complete closure of the neurocen-
tral suture in the dorsal centra of CM-3 and CM-8 indi-
cates that these remains may belong to two sub-adult or
adult individuals (Verdu, 2017 and references therein). In
addition, the sacral centra in MAP-4561 is completely co-
ossified, similar to the sacral vertebrae of other skeletally
mature ornithopods (Horner et al., 2004).

In relation to their size, the centra of CM-3 and CM-8
are comparable with the vertebrae of other large ornitho-
pods of the Lower Cretaceous of Europe. The anterior dor-
sal centrum MAP-8038 of CM-3 is longer (97 mm) than
the first and second dorsal vertebrae of specimen RBINS
1551 of the medium-sized styracosternan Mantellisaurus
atherfieldensis (68 and 70 mm respectively, Norman, 1986)
estimated to be 6.5 m long (Norman, 2014). The middle
dorsal centra MAP-8044 of CM-8 and MAP-8037 of CM-3
show a length (95 and 93 mm, respectively) similar to that
of their homologous vertebrae in specimen RBINS 1534 of
the large-sized styracosternan Iguanodon bernissartensis
(6th and 10th dorsal, 93 and 98 mm respectively; Norman,
1980, 1986) which was roughly 8—10 m long (Norman,
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2014; Paul, 2008), but both are slightly shorter than the
equivalent vertebrae of a mature specimen of Iguanodon
cf. galvensis, 9-10 m long (e.g. MAP-2067 and MAP-
2065, 112 and 108 mm respectively, Verdu et al., 2020).
Other vertebral centra such as the anterior caudal centrum
MAP-8043 of CM-8 is almost as long (88 mm) and high
(136 mm) as the anterior caudal vertebrae of the RBINS
1534 specimen of Iguanodon bernissartensis (e.g. 4th
caudal vertebra, 87 and ~ 140 mm, respectively; Norman,
1980, 1986). Therefore, these observations on measure-
ments of the vertebrae are consistent with observations
in the pattern of closure of the neurocentral suture, and
CM-3 and CM-8 are likely to belong to an adult individual
of a huge styracosternan. Based on the size of CM-3 and
CM-8 centra, their comparison with the vertebrae of more
complete and articulated specimens of Iguanodon bernis-
sartensis (Norman, 1980), Mantellisaurus atherfieldensis
(Norman, 1986), and Iguanodon cf. galvensis (Verdu et al.,
2020), and with the skeletal reconstructions of Norman
(2004) and Paul (2008), we interpret the size of adult spec-
imens of CM-3 and CM-8 as being very similar to that
inferred by Paul (2008) for the Iguanodon bernissartensis
holotype (RBINS 1534) of approximately 8-9 m long.

In the case of a CM-4 ornithopod, it is difficult to establish
a concrete stage of development on the basis of the degree
of closure of the neurocentral sutures. This follows a cau-
docranial pattern and occurs in early stages in the caudal
region of some archosaurs (e.g. Brochu, 1996; Ikejiri, 2012,
2015), including ornithopod dinosaurs (Galton, 2012; Hiib-
ner, 2018) such as Iguanodon (Verda, 2017), but alternatives
to this sequence of closure have been also described in this
clade (Griffin et al., 2020 and references therein). The mid-
dle caudal centrum MAP-4563 of CM-4 is larger (76 mm)
than the 29th caudal vertebra of RBINS 1551 specimen of
Mantellisaurus atherfieldensis (70 mm; Norman, 1986) and
that of a sub-adult specimen of Iguanodon bernissartensis
(RBINS 1730, 74 mm; Norman, 1980, 1986), which was
approximately 7 m long (Verdu et al., 2017), but smaller than
the 27th caudal vertebra of an adult specimen of this species
(RBINS 1534, 98 mm; Norman, 1980, 1986) or its homolo-
gous vertebrae in an adult specimen of Magnamanus soriaen-
sis (e.g. MNS2003/69.434b, 107 mm; Fuentes-Vidarte et al.,
2016). Using only the size as a reference, the CM-4 remains
belonged to a sub-adult of a large-sized species or an adult of
a medium-sized species and, therefore, the difference in size
observed between the CM-4 ornithopod and those of CM-3
and CM-8 was due to ontogeny, taxonomy, or both.

7.2 Major-group assignment of skeletal remains
The following characters (although they are not diagnostic

of the group) demonstrate that the remains of CM-3, CM-4,
and CM-8 belong to ornithopod dinosaurs: (1) vertebral



Journal of Iberian Geology (2022) 48:107-127

19

centra without pleurocoeli, (2) dorsal and caudal centra
slightly compressed between the articular facets, (3) middle
caudal centra with hexagonal outline, and (4) the presence
of sinuous neurocentral suture in some of them (Knoll, 2009;
Norman, 2004; Pereda-Suberbiola et al., 2011; Verdu et al.,
2019, 2020).

The ornithopods identified in the Hauterivian-Barremian
section of the Iberian Peninsula are small non-iguanodontian
ornithopods related to Hypsilophodon (Ruiz-Omefiaca et al.,
2012), rhabdodontomorphans (Dieudonné et al., 2016),
dryosaurids (e.g. Galton, 2009) and medium to large-sized
non-hadrosaurid styracosternans (e.g. Fuentes-Vidarte et al.,
2016; Gasulla et al., 2014, 2015; Sanguino & Buscalioni,
2018; Santos-Cubedo et al., 2021; Verdu et al., 2015, 2020).
In relation to such diversity, the remains from CM-3, CM-4,
and CM-8 much more closely resemble those of large styra-
costernans, as discussed in the following paragraphs.

7.2.1 CM-4

The middle caudal centra of CM-4 (Fig. 2a, b) belonged
to Iguanodontia because they show hexagonal articular
facets (Norman, 2004). However, their sizes differ from
those of their homologous vertebrae in non-styracosternan
iguanodontians. In fact, MAP-4563 is almost twice as long
(76 mm) as its equivalent in the IWCMS 2013.175 speci-
men of the dryosaurid Valdosaurus canaliculatus (e.g.
20th caudal, 49 mm, Barrett, 2016) and much longer than
the middle caudal vertebrae of a rhabdodontomorpha (e.g.
MDS-VG.102, 10.9 mm, Dieudonné et al., 2016). Instead,
MAP-4563 is more similar to the middle caudal vertebrae
of some styracosternans, such as sub-adults of the large-
sized Iguanodon bernissartensis and presumably adults of
medium-sized Mantellisaurus atherfieldensis, as indicated
in the previous section. Despite their significant size and the
relative abundance of styracosternan remains in the El Cas-
tellar Formation, the isolated nature of CM-4 remains does
not allow these fossils to be classified with more precision
than cf. Styracosterna indet. because no diagnostic features
of these clades have been identified in these specimens.

7.2.2 CM-8

In the case of CM-8, the anterior caudal vertebra MAP-
8043 is craniocaudally compressed (Fig. 2d), similar to the
anterior caudal vertebrae of some ornithopods such as the
ankylopollexians Camptosaurus dispar (Gilmore, 1909),
Uteodon aphanoecetes (Carpenter & Wilson, 2008; sensu
McDonald, 2011), Barilium dawsoni (Norman, 2011),
Hypselospinus fittoni (Norman, 2015), Magnamanus sori-
aensis (Fuentes-Vidarte et al., 2016), Iguanodon bernis-
sartensis (Norman, 1980), Mantellisaurus atherfieldensis
(Norman, 1986), Ouranosaurus nigeriensis (Bertozzo et al.,

2017; Taquet, 1976), and Eolambia caroljonesa (McDon-
ald et al., 2012), among others. Moreover, these remains
are similar (amphiplatyan dorsal centrum and platycoelous
anterior caudal centrum with sub-quadrangular articular
facets) to the remains of CM-3 and those described in other
medium to large-sized styracosternans (e.g. Fuentes-Vidarte
et al., 2016; Norman, 1980, 1986; Verdd et al., 2015, 2020).
Furthermore, in terms of absolute size, the vertebral centra
of CM-8 are only comparable with the centra of large-sized
styracosternan ornithopods at the current state of our knowl-
edge of ornithopod diversity; therefore, they are considered
to belong to this clade.

7.2.3 CM-3

The middle-to-posterior cervical vertebra MAP-8036
(Fig. 3a) has a strongly opisthocoelous centrum, like the cer-
vical centra of other styracosternans such as Barilium daw-
soni (Norman, 2011), Hypselospinus fittoni (Norman, 2015),
Iguanodon cf. galvensis (Verdu et al., 2020), Iguanodon
bernissartensis (Norman, 1980), Mantellisaurus atherfield-
ensis (Norman, 1986), Proa valdearinnoensis (AR-1/103),
Ouranosaurus nigeriensis (Bertozzo et al., 2017; Taquet,
1976), and hadrosaurids (Horner et al., 2004). In fact, Nor-
man (2015) recovered the opisthocoely in the cervical ver-
tebrae as a character that diagnoses the Styracosterna clade
in his phylogenetic analysis. This feature is not observed
in non-styracosternan ornithopods such as Hypsilophodon
foxii (Galton, 1974), rhabdodontomorphans (Osi et al.,
2012; Weishampel et al., 2003), or the basal ankylopollex-
ian Camptosaurus dispar (Gilmore, 1909). In styracoster-
nans, it is also common to have the anterior dorsal centrum
moderately opisthocoelous (Norman, 2015) as in MAP-8038
(Fig. 3b) and other European taxa such as Hypselospinus
fittoni (Norman, 2015), Iguanodon bernissartensis (Nor-
man, 1980), Iguanodon galvensis (Verdu et al., 2018), and
Mantellisaurus atherfieldensis (Norman, 1986). Therefore,
the ornithopod remains of CM-3, similar to those of CM-8,
are assigned to Styracosterna.

7.3 Comparison with Early Cretaceous
styracosternans from Europe

7.3.1 CM-4

MAP-4563, assigned to Styracosterna indet., is an amphip-
latyan (slightly platycoelous) middle caudal vertebrae simi-
lar to those of specimens of CM-3, perinates of Iguanodon
galvensis (Verdd, 2017), and mature specimens of Man-
tellisaurus atherfieldensis (Norman, 1986), but unlike the
amphicoelous of Barilium dawsoni (Norman, 2011) or the
platycoelous of Magnamanus soriaensis (Fuentes-Vidarte
et al., 2016) and Iguanodon bernissartensis (Norman,
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1980). The middle caudal vertebrae of Morelladon beltrani
are unknown (Gasulla et al., 2015). The lateral surfaces of
MAP-4563 retain a slight ridge craniocaudally expanded,
similar to the crested middle-to-posterior vertebrae of
Barilium dawsoni (Norman, 2011), Hypselospinus fittoni
(Norman, 2015), Magnamanus soriaensis (Fuentes-Vidarte
et al., 2016), Iguanodon bernissartensis (Norman, 1980),
and Mantellisaurus atherfieldensis (Norman, 1986). How-
ever, PCA analysis does not clarify the taxonomic affinity of
CM-4, as it is included not only in the morphospace of the
medium-sized styracosternan Mantellisaurus atherfieldensis,
but also the large-sized Magnamanus soriaensis (Fig. 5¢).
Therefore, the CM-4 remains belonged to an iguanodontian,
probably a styracosternan, with unclear affinities with other
Early Cretaceous European species.

7.3.2 CM-8 and CM-3

Here, comparisons are made with both CM-8 and CM-3
specimens because we assume that they belong to the same
or a very close species due to they share very similar dor-
sal vertebrae. The middle dorsal centra MAP-8035 and
MAP-8037 of CM-3 and MAP-8044 of CM-8 are amphip-
latyan and have elliptical to sub-rectangular articular facets
(higher than wide; Fig. 7a, b), resembling the dorsal centra
of Barilium dawsoni (Norman, 2011), Hypselospinus fittoni
(Norman, 2015), Magnamanus soriaensis (Fuentes-Vidarte
et al., 2016), Iguanodon cf. galvensis (Verdu et al., 2020),
Iguanodon bernissartensis (Norman, 1980, 1986), Mantel-
lisaurus atherfieldensis (Norman, 1986), and Brighstoneus
simmondsi (Lockwood et al., 2021), but unlike the platycoe-
lous dorsal centra of Morelladon beltrani (Gasulla et al.,
2015). Additionally, these centra are dorsoventrally higher
than craniocaudally long, like the middle dorsal vertebrae of
the large-sized styracosternans Barilium dawsoni (Norman,
2011; Fig. 7c), Magnamanus soriaensis (Fuentes-Vidarte
et al., 2016; Fig. 7d), Iguanodon cf. galvensis (Verdu et al.,
2020; Fig. 7e), and Iguanodon bernissartensis (Norman,
1980; Verdd et al., 2020; Fig. 7f), but also the medium-sized
styracosternan Brighstoneus simmondsi (Lockwood et al.,
2021). They differ from the longer-than-high mid-to-poste-
rior dorsal vertebrae of the medium-sized styracosternans
Mantellisaurus atherfieldensis (Norman, 1986; Fig. 7g) and
Morelladon beltrani (Gasulla et al., 2015; Fig. 7h). Further-
more, some styracosternans exhibit a ventral keel in their
dorsal vertebrae, such as Barilium dawsoni (Norman, 2011),
Hypselospinus fittoni (Norman, 2015), Iguanodon bernis-
sartensis (Norman, 1980, 1986), Mantellisaurus atherfield-
ensis (Norman, 1986), Brighstoneus simmondsi (Lockwood
et al., 2021), and Morelladon beltrani (Gasulla et al., 2015).
In contrast, a ventral keel is absent in the dorsal centra of
CM-3 (Fig. 7a) and CM-8 (Fig. 7b), similar to Iguanodon
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galvensis (Verdu et al., 2020; Fig. 7e) and Magnamanus
soriaensis (Fuentes-Vidarte et al., 2016; Fig. 7d). In addi-
tion, the dorsal centra of CM-3 and CM-8 are moderately
compressed between both articular facets, resembling those
of Iguanodon cf. galvensis (Verdd et al., 2020) and Magna-
manus soriaensis (Fuentes-Vidarte et al., 2016), but unlike
the highly compressed centra of Iguanodon bernissartensis
(Norman, 1986).

The posterior sacral vertebrae of MAP-4561 (Fig. 7i) in
CM-3 have a deep ventral groove similar to that observed
in some posterior sacral vertebrae of Iguanodon galvensis
(e.g. unpublished specimens MAP-8048 and MAP-8116),
Iguanodon bernissartensis (Norman, 1980; Verdud et al.,
2018; Fig. 7j), and Proa valdearinnoensis (unpublished
specimen AR-1/103). However, this groove is not present in
the sacrum of Barilium dawsoni (Norman, 2011; Fig. 7k),
Hypselospinus fittoni (Norman, 2015; Fig. 71), Mantellisau-
rus atherfieldensis (Norman, 1986; Fig. 7m), and Morel-
ladon beltrani (Gasulla et al., 2015; Fig. 7n), which have a
ventral keel instead (Fig. 7k—n). In addition, Brighstoneus
simmondsi apparently shows a ventral keel on the first sacral
vertebra, but the rest of the sacral vertebrae are flat (Lock-
wood et al., 2021). The sacrum is unknown in Magnamanus
soriaensis (Fuentes-Vidarte et al., 2016). This ventral groove
has been described in the sacrum of other non-European
styracosternans such as Equijubus normani (McDonald
etal., 2014), Bactrosaurus johnsoni (Godefroit et al., 1998),
Gilmoreosaurus mongoliensis (Prieto-Marquez & Norell,
2010), and some hadrosaurids (Horner et al., 2004).

The anterior caudal centrum MAP-8043 of CM-8 is plat-
ycoelous with sub-quadrangular articular facets, a smooth
ventral surface with wide chevron facet, and reduced neural
canal, similar to the anterior caudal vertebrae of Hypselospi-
nus fittoni (Norman, 2015), Magnamanus soriaensis (MNS
2000/132.2; Fuentes-Vidarte et al., 2016), and Iguanodon
bernissartensis (Norman, 1980). The two first caudal ver-
tebrae of Brighstoneus simmondsi are, or at least appear to
be, slightly platycoelous (Lockwood et al., 2021). Other
European styracosternans such as Barilium dawsoni (Nor-
man, 2011), and perinates of Iguanodon galvensis (Verdd,
2017) or Mantellisaurus atherfieldensis (Norman, 1986)
have anterior caudal vertebrae with amphiplatyan centra.
The anterior caudal vertebrae of Morelladon beltrani and
mature specimens of Iguanodon galvensis have not been
described (Gasulla et al., 2015; Verdd, 2017).

The middle caudal centrum MAP-8033 of CM-3 is
amphiplatyan as MAP-4563 in CM-4 (although they are
not comparable in size and position), similar to those of
Mantellisaurus atherfieldensis (Norman, 1986; Table 1), and
perinates of Iguanodon galvensis (Verdd, 2017). It differs
from the amphicoelous caudal vertebrae of Barilium daw-
soni (Norman, 2011) or the platycoelous of Magnamanus
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Fig.7 Comparison of some remains of CM-3 and CM-8 with other
styracosternans of the Lower Cretaceous of Europe. a Dorsal cen-
trum MAP-8037 in anterior (al), lateral (a2) and ventral (a3) views.
b Dorsal centrum MAP-8044 in anterior (bl), lateral (b2) and ven-
tral (b3) views. ¢ Middle dorsal vertebra NHMUK R798 of Barilium
dawsoni in lateral view (c1) (redrawn from Norman, 2011). d Dorsal
vertebra MNS 2001/122.576 of Magnamanus soriaensis in anterior
view (d1) (redrawn from Fuentes-Vidarte et al., 2016). e Dorsal ver-
tebra MAP-2074 of Iguanodon cf. galvensis in anterior (el), ventral
(e2) and lateral (e3) views (redrawn from Verdi et al., 2020). f Dor-
sal vertebrae of RBINS R352 specimen of Iguanodon bernissarten-
sis in lateral (f1) and ventral (f2) views (redrawn from Verdu et al.,
2020). g Dorsal vertebra of RBINS 1551 specimen of Mantellisaurus
atherfieldensis in lateral (gl) and ventral (g2) views (redrawn from

soriaensis (Fuentes-Vidarte et al., 2016), and Iguanodon
bernissartensis (Norman, 1980).

The proximal epiphysis of the left fibula MAP-8042
of CM-3 closely resembles (proximal end craniocaudally
expanded with a concave medial side and a flat-to-convex

Norman, 1986). h Dorsal vertebra CMP-MS-03-10 of Morelladon
beltrani in anterior (h1) and lateral (h2) views (redrawn from Gasulla
et al., 2015). i Sacral vertebrae MAP-4561 in ventral view (il). j
Sacrum of 1535 RBINS specimen of Iguanodon bernissartensis in
ventral view (j1) (redrawn from Norman, 1980). k Sacrum NHMUK
R3789 of Barilium dawsoni in ventral view (k1) (redrawn from Nor-
man, 2012). 1 Partial sacrum NHMUK R1635 of Hypselospinus fit-
toni in ventral view (11) (redrawn from Norman, 2015). m Sacrum of
Mantellisaurus atherfieldensis in ventral view (ml) (redrawn from
Norman, 1986). n Sacrum of Morelladon beltrani in ventral view
(nl) (redrawn from Gasulla et al., 2015). ac acetabulum, ca caudal
vertebra, g groove, il ilium, is ischium, k keel, s sacral vertebra, sd
sacrodorsal vertebra, sv, smooth ventral surface

lateral side, and with crescent shaped in distal view) those
described for other European styracosternans such as the
right fibula of one perinate of Iguanodon galvensis (MAP-
4902, Verdu, 2017), Iguanodon bernissartensis (Norman,
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1980), and Mantellisaurus atherfieldensis (NHMUK
R6464, Norman, 1986), but also with other non-European
iguanodontians as the styracosternan Iguanacolossus fortis
(McDonald et al., 2010).

To summarise, CM-3 and CM-8 fossils resemble those
of the Iberian styracosternans Magnamanus soriaensis,
Iguanodon galvensis, and Iguanodon bernissartensis in hav-
ing: (1) amphiplatyan middle dorsal centra with (2) ellipti-
cal (higher than wide) articular facets, (3) which are higher
than long in lateral view; and (4) posterior sacral vertebrae
with a ventral groove (latter unknown in Magnamanus
soriaensis and CM-8), and (5) platycoelous anterior cau-
dal centrum (unknown in CM-3) with (6) sub-quadrangular
articular facets (unknown in CM-3). Given this combination
of characters (some of them appearing in the diagnosis of
Iguanodon and their species sensu Verdd et al., 2018), here
we preliminarily assign these remains to Iguanodon genus,
expecting that the anatomical similarities of Magnamanus
with Iguanodon species—it potentially belongs to Iguano-
don—pointed out by Verdu et al. (2020) to be clarified in
the future. In the same way, the PCA results also support the
similarity of the dorsal and caudal centra of CM-3 and CM-8
to those of the large-sized styracosternans Magnamanus or
Iguanodon (Fig. 5b, c). Finally, these remains are attributed
in open nomenclature to Iguanodon cf. galvensis, because
dorsal vertebrae are moderately compressed between both
articular facets and do not present a ventral keel as in Iguan-
odon galvensis (Verdu et al., 2020; condition present as well
in Magnamanus, Fuentes-Vidarte et al., 2016), but unlike the
highly compressed centra with a ventral keel of Iguanodon
bernissartensis (Norman, 1980).

7.4 Diversity of large ornithopods in the El Castellar
Formation of the Pefiagolosa sub-basin

Verdu et al. (2019) proposed the existence of at least two
morphotypes of large ornithopods, a large-sized styracos-
ternan morphotype (MOR1) related to Magnamanus and
Iguanodon, and another medium-sized styracosternan
related to Morelladon beltrani (MOR?2), after the study of
some dorsal and caudal vertebrae from this lithostratigraphic
unit.

As mentioned above, it is unknown if CM-4 (cf. Sty-
racosterna indet.) corresponds to an adult of medium-size
species or a sub-adult of a large one. The amphiplatyan mid-
dle caudal vertebra MAP-4563 of CM-4 is different to and
shorter (76 mm) than those of the platycoelous or amphicoe-
lous of the large MORI1 (e.g. MAP 4548, 100.8 mm; Verdi
et al., 2019) or to the more anterior and amphicoelous of the
medium MOR?2, despite being similar in length (MAP-3906,
76.6 mm; Verdu et al., 2019). However, this vertebra is simi-
larly amphiplatyan to those of the CM-3 (here as Iguanodon
cf. galvensis) and perinates of Iguanodon galvensis, but also

@ Springer

to the medium-sized styracosternan Mantellisaurus ather-
fieldensis. Therefore, the CM-4 specimen (cf. Styracosterna
indet.) cannot be confidently ascribed to either medium or
large-sized styracosternan morphotypes, given the available
evidence as previously reported in comparison with Euro-
pean taxa.

CM-3 and CM-8 (both attributed to Iguanodon cf. galven-
sis) have more features in common with the genera Iguano-
don and Magnamanus than with any other styracosternan
described for the Hauterivian-Barremian range of the Iberian
Peninsula, as is also the case for the large-sized morphotype
(MOR1) described by Verdi et al. (2019). In fact, CM-8 and
MORI1 share similar platycoelous anterior caudal vertebrae
with sub-quadrangular articular facets, a unique element
common to both specimens. These caudal vertebrae are dif-
ferent from the amphicoelous vertebrae of MOR?2 in Verdu
et al. (2019). The higher-than-long and amphiplatyan dor-
sal vertebrae of CM-3 and CM-8 (Iguanodon cf. galvensis),
not recovered in MOR1, clearly differ from those of longer-
than-high and platycoelous dorsal vertebrae of MOR2
(Verdu et al., 2019). Although the Lower Cretaceous fossils
of Iguanodon and Magnamanus have not been described
in the El Castellar Formation of the Pefiagolosa sub-basin,
they have been identified in other lithostratigraphic units,
such as the presence of Iguanodon galvensis in the imme-
diately overlying lower Barremian Camarillas Formation of
the Galve sub-basin (Verdu et al., 2015, 2020) or Magna-
manus soriaensis in the upper Hauterivian-lower Barremian
Golmayo Formation of the Cameros Basin (Fuentes-Vidarte
et al., 2016). Therefore, CM-3, CM-8, and MOR1 might rep-
resent different specimens of the same large-sized styracos-
ternan, perhaps related to Iguanodon galvensis, as stated in
this work for the two former specimens. The classification of
part of this material to Iguanodon cf. galvensis corroborates
the probable existence of this taxon in the sediments of the
El Castellar Formation in the Pefiagolosa sub-basin. This not
only represents the potential oldest record for this species,
but also allows us to eliminate the exclusive paleogeographic
distribution for Iguanodon galvensis in the Galve sub-basin
and extend it, as of now, to the Pefiagolosa sub-basin.

Other remains, such as the proximal end of the left fibula
MAP-8042 of CM-3, are very similar, both in size and in the
previously mentioned characteristics, to that of an indeter-
minate styracosternan from the El Castellar Formation in the
same-named municipality (Cobos et al., 2012) correspond-
ing to the medium-sized morphotype (MOR?2) in Verdt et al.
(2019); therefore, the differences are not significant for this
partial bone in both large and medium-sized morphotypes.

The PCA results of this study verified the hypothesis that
two types of non-hadrosaurid styracosternans, one medium
and other large-sized, are present in the upper Hauterivian-
lowermost Barremian El Castellar Formation, as has also
been reported for other Lower Cretaceous lithostratigraphic
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units in Europe (Verdu et al., 2019 and references therein).
This is particularly evident in the case of the dorsal verte-
brae, where MOR2 centra are resolved as overlapping by
the morphospace occupied by medium-sized styracosternans
such as Morelladon beltrani, and CM-3 and CM-8 (Iguano-
don cf. galvensis) by the morphospace of large-sized styra-
costernans such as Magnamanus soriaensis and Iguanodon
bernissartensis (Fig. 5b).

These styracosternans, represented by two morphotypes,
may have been the dominant dinosaurs in the extensive
coastal wetland system where the materials of the El Castel-
lar Formation were deposited. In addition, these ornithopods
share the ecosystem with other Barremian dinosaurs in this
sub-basin and in the nearby Galve sub-basin (e.g. Cobos
et al., 2012; Gasca, 2011; Gasca et al., 2008, 2018; Luque
et al., 2006; Royo-Torres & Cobos, 2007; Verdi et al., 2019),
as well as with testudines (e.g. Pérez-Garcia et al., 2013,
2017), crocodyliforms, and fishes (Arribas et al., 2019;
Guerrero & Cobos, 2017), among other vertebrates.

7.5 Palaeoichnology interpretation

In general, the natural casts from Level 1 are highly irregu-
lar and do not show a clear anatomical morphology. How-
ever, those from Level 2, with a fine-grained matrix and
composed mainly of grains of quartz and ferruginous ele-
ments, show a higher degree of preservation. Although the
anatomical definition is worse, these infillings resemble
those described in the Rio Alcal site and assigned to large
ornithopod trackmakers by Cobos et al. (2016). In addition,
the best-preserved tridactyl track (Fig. 6e, f), found on the
underside of a metric sandstone block from Level 2, shows
similar features: (1) mesaxonic and tridactyl tracks, with (2)
sub-symmetrical pes morphology that is as wide as or wider
than long, to those described and assigned to the Iguanodon-
tipodidae ichnofamily (Diaz-Martinez et al., 2015; Lockley
et al., 2014; Vialov, 1988). Here, we assigned this track to
Iguanodontipodidae indet. because of the absence of diag-
nostic characteristics. However, this natural cast resembles
Caririchnium-like morphology (e.g. Diaz-Martinez et al.,
2015; Figueiredo et al., 2022; Leonardi, 1984; Meyer &
Thiiring, 2003) for having: (1) wide heel impression (unlike
the small, rounded heel of Iguanodontipus and the large,
bilobed one of Hadrosauropodus), (2) relatively short and
robust digits, with (3) rounded ends (unlike the narrow ones
of Iguanodontipus). This ichnogenus is usually related to
basal styracosternans (Diaz-Martinez et al., 2015; Lockley
et al., 2014). Therefore, the assignment of the tracks to these
potential trackmakers is consistent with these data and with
the abundance of skeletal remains of these dinosaurs in the
El Castellar Formation of the Pefiagolosa sub-basin (Cobos
et al., 2012; Guerrero & Cobos, 2017; Verdu et al., 2019;
this work).

These ornithopod trackmakers may have a height to
the acetabulum of 135 cm for the smallest (35 cm of track
length) and 180 cm for the largest (45 cm of track length),
according to Alexander (1976), or 190 and 250 cm accord-
ing to Lockley et al. (1983). The disparity between these
estimates suggests that they were produced by individuals
of different sizes. Some of them denote, together with some
bones described in this article (Table 1), the large size that
this type of dinosaur might have reached during the Early
Cretaceous. These data are congruent with the height up to
the acetabulum inferred from the skeletal reconstruction of
Paul (2008) for Iguanodon bernissartensis holotype (RBINS
1534 specimen), which is approximately 210 cm.

The large ornithopod-dominated ichnofauna in these
facies of the El Castellar Formation corroborates that they
frequented the coastal wetlands during the Hauterivian-Bar-
remian of the current Pefiagolosa sub-basin. In fact, Verda
et al. (2020) reported that Iguanodon and similar iguano-
dontians recurrently occupied areas near sources of fresh
water in lacustrine, fluvial, and other depositional systems
with more marine influence due to the association of several
specimens of Iguanodon of different ages and tracks of large
ornithopods in this type of facies.

8 Conclusions

This paper describes several ornithopods postcranial remains
from the CM-3, CM-4, and CM-8 sites. All these fossils
come from the upper Hauterivian-lowermost Barremian
(Lower Cretaceous) of the El Castellar Formation of the
Pefiagolosa sub-basin and belong to three large ornithopods
related to Styracosterna. The bones found in CM-3 and
CM-8 belonged to two adult individuals, as evidenced by
the presence of a closed neurocentral suture in the dorsal
vertebrae and the size of the elements. In contrast, CM-4 was
probably a sub-adult or adult based on its size.

The remains of CM-3 and CM-8 are assigned to Iguan-
odon cf. galvensis due to a combination of characters pre-
sent in the dorsal, sacral, and caudal vertebrae, particu-
larly the presence of dorsal centra which are moderately
compressed between both articular facets and without a
ventral keel, as in Iguanodon galvensis. In fact, the multi-
variate analysis (PCA) revealed a great affinity of the cer-
vical and dorsal vertebrae of CM-3, and dorsal vertebra
of CM-8, with the large-sized ornithopods Magnamanus
and Iguanodon, though it is unclear for caudal vertebrae.
This, in combination with their systematic study and the
presence in this unit of other morphologically different
dorsal vertebrae, verified the hypothesis of the presence
of two morphotypes of non-hadrosaurid styracosternans
in the El Castellar Formation: one medium-sized, related
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to Morelladon, and another large-sized, related to Iguan-
odon galvensis. CM-3 and CM-8 specimens represent the
oldest record referable to Iguanodon galvensis and extend
the distribution of this taxon to the Pefiagolosa sub-basin.
On the other hand, neither the multivariate analysis nor
the anatomical features of the CM-4 vertebrae allow us
to determine its taxonomic affinity with more precision
than cf. Styracosterna indet. and to assign them to the
medium or the large-sized morphotypes.

Finally, the tracks found in the upper section of the El
Castellar Formation, which are all preserved as natural
casts, are related to large ornithopod trackmakers. The
unique presence of ornithopod tracks together with the
large number of large-sized styracosternan remains in this
unit and geological area provides new evidence that these
dinosaurs may have been frequent in the coastal wetlands
that represent the El Castellar Formation in the Pefiagolosa
sub-basin.
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