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Abstract: Dysalotosaurus  lettowvorbecki ~ (Ornithopoda,
Dinosauria) is a small-sized dryosaurid iguanodontian
known from various isolated remains collected from the
Tendaguru (Upper

Micro-computed tomography of a small individual encased

Formation Jurassic,  Tanzania).
in a block offered a unique opportunity to describe c. 40
associated elements and clarify previously undocumented
anatomical details of this species. The preserved material
includes cranial elements, an almost complete cervical series,
four dorsal vertebrae, and part of the appendicular skeleton.
A comprehensive assessment of the individual, based on qua-
litative features and morphometric analyses, indicates an

early ontogenetic stage and an absolute age of 4-5 years.

Notably, the cervical vertebrae predominantly exhibit par-
tially closed neurocentral sutures, whereas the two more pos-
terior dorsal vertebrae have open sutures, along with
disarticulated neural arches. This finding challenges the sim-
ple ‘tail-to-head’ fusion pattern typically assumed for the
vertebral series of Ornithopoda, and suggests a potential cer-
vical locus of neurocentral fusion within this clade. Phylo-
genetic comparative methods indicate a complex distribution
of these neurocentral fusion patterns within Archosauria.

Key words: Dysalotosaurus, Iguanodontia, Tendaguru For-
mation, skeletal fusion, neurocentral suture, ontogeny.

IcuaNODONTIA is a diverse ornithopod clade, ranging
from the Early-Middle Jurassic to the Late Cretaceous
(Norman 2004; Rotatori et al. 2026). Early-diverging
iguanodontians were likely to have been lightly built
bipeds (Norman 2004; Maidment & Barrett 2011; Pancir-
oli et al. 2025), whereas during the Cretaceous the clade
diversified, with several taxa attaining large size and
becoming facultatively quadrupedal, ultimately culminat-
ing in the highly successful hadrosaurids (Horner
et al. 2004; Norman 2004; Barrett & Maidment 2017).
Late Jurassic iguanodontians appear to be somewhat less
diverse, although several specimens have been recovered
from North America, Western Europe and Central Africa
(e.g. Gilmore 1909; Galton 1981; Carpenter & Wil-
son 2008; Escaso et al. 2014; Carpenter & Galton 2018;
Maidment et al. 2022; Sanchez-Fenollosa et al. 2023;
Rotatori et al. 2025). Large forms present in Late Jurassic
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ecosystems, such as Camptosaurus dispar (Marsh 1879),
Cummnoria prestwichii (Hulke 1880), some Iberian taxa
(including Draconyx loureiroi Mateus & Antunes 2001;
Oblitosaurus  bunnueli Sanchez-Fenollosa et al. 2023;
SHN.JJS.015, Rotatori et al. 2025), and Uteodon aphanoe-
cetes (Carpenter & Wilson 2008), are often ascribed to
Ankylopollexia (Sereno 1986; Madzia et al. 2021). Small
iguanodontians dated to Late Jurassic are usually ascribed
to Dryosauridae (Sereno 1986; Madzia et al. 2021),
including the North American genus Dryosaurus
Marsh 1894, the East African species Dysalotosaurus let-
towvorbecki Pompeckj 1920, and the Western European
Eousdryosaurus nanohallucis Escaso et al. 2014. Other taxa
considered dryosaurids are the Early Cretaceous Valdo-
saurus canaliculatus (Galton 1975), Elrhazosaurus nigerien-
sis (Galton & Taquet 1982) and Iyuku raathi Forster
et al. 2023 (Poole 2023), whereas the enigmatic
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Callovosaurus leedsi (Lydekker 1889) (Ruiz-Omenaca
et al. 2006) is from the Middle Jurassic, and Kangna-
saurus coetzeei Haughton 1915 is from the Late Cret-
aceous. However, recent analyses recovered Iy. raathi,
K. coetzeei and Callovosaurus leedsi as members of Elas-
maria or early diverging members of Iguanodontia (Fon-
seca et al. 2024).

Dysalotosaurus lettowvorbecki is pivotal for understand-
ing iguanodontian evolution, being the best-documented
dryosaurid and the only Late Jurassic iguanodontian from
the southern hemisphere. More than 14 000 catalogued
elements  from  the  excavation  site  Ig/WJ
(‘iguanodontid’/*Werner Janensch’) in Tendaguru are
attributed to Dy. lettowvorbecki (Hibner 2011; Hiibner
et al. 2021; Schwarz et al. 2023). First mentioned by
Virchow (1919) and formally diagnosed by Pom-
peckj (1920), its remains were stored and prepared at
multiple German institutions, including the Institut und
Museum fiir Geologie und Paldontologie of the University
of Tiibingen (GPIT) (Hiibner et al. 2021). However, due
to the early death of Pompeckj and the destruction of
part of the prepared material during World War II
(Maier 2003; Hiibner 2011), only in 1955 did Janensch
eventually describe the species, using newly prepared and
mostly isolated elements in conjunction with the sketches
of Pompeckj (Janensch 1955). In addition, thousands of
elements from the Ig/WJ] quarry in Tendaguru remain
unprepared (Hiibner et al. 2021; Schwarz et al. 2023).
Subsequently, Galton (1977, 1981, 1983, 1989) redescribed
the taxon and proposed a genus synonymy with Dryo-
saurus. However, later studies re-established the validity
of the genus Dysalotosaurus, based on numerous anatomi-
cal differences (Hibner & Rauhut 2010; Hiibner 2011,
2018). More recently, the abundance of isolated elements
of the species enabled detailed studies of its palacopathol-
ogy (Witzmann et al. 2008, 2011), ontogeny (Hiibner &
Rauhut 2010; Hubner 2018), histology (Hiibner 2012),
endocranial anatomy (Sobral et al. 2012; Lautenschlager
& Hiibner 2013) and taphonomy (Hiibner et al. 2021).

A newly identified block at GPIT contains a small,
semi-articulated specimen of Dy. lettowvorbecki catalogued
as GPIT-PV-122984 and offers a rare chance to examine
the associated material of the species. This study aims to
describe the specimen and assess its ontogenetic stage,
discussing the anatomy and the ontogenetic changes of
Dy. lettowvorbecki and, moreover, providing new insights
into the life history of dinosaurs in general.

Institutional abbreviations. BSPG, Bayerische Staatssammlung
fiir Paldontologie und Geologie, Miinchen, Germany; CM, Car-
negie Museum, Pittsburgh, PA, USA; GPIT, Institut und
Museum fiir Geologie und Paldontologie of the University of
Tibingen, Germany; GZG, Geowissenschaftliches Zentrum,

University of Gottingen, Germany; MB, Museum fiir Natur-
kunde, Berlin, Germany; NHMUK, Natural History Museum,
London, UK; RBINS, Royal Belgian Institute of Natural
Sciences, Brussels, Belgium; SHN, Sociedade de Historia Nat-
ural, Torres Vedras, Portugal; SMNS, Staatliches Museum fiir
Naturkunde, Stuttgart, Germany; YPM, Peabody Museum, Yale
College, New Haven, CT, USA.

GEOLOGICAL CONTEXT

The Tendaguru area, located c¢. 60 km from Lindi in
coastal southern Tanzania, was first reported in 1906,
after the recovery of massive pieces of bone (Fraas 1908;
Hibner et al. 2021). Between 1909 and 1913, the
Museum fiir Naturkunde (MB) exploited the fossil sites
in the area, leading the German Tendaguru Expedition
(GTE), which extracted c¢. 230 metric tons of mostly
dinosaur fossils (Janensch 1914a; Maier 2003; Diez Diaz
et al. 2025). The GTE was followed by the British Tenda-
guru Expedition (1924-1931) and later the German—
Tanzanian Tendaguru Expedition (GTTE 2000) (Aberhan
et al. 2002; Bussert et al. 2009). The GTE yielded abun-
dant remains of sauropods (e.g. Janensch 1914b), Kentro-
Hennig 1915,  Elaphrosaurus  bambergi
Janensch 1920, and more than 14 000 catalogued ele-
ments attributed to the small iguanodontian Dysaloto-
saurus lettowvorbecki (HUbner 2011; Hiibner et al. 2021).
Bussert et al. (2009) elevated the previously called Ten-
daguru beds in the Lindi hinterland (‘Tendaguruschich-
ten’) to the rank of Tendaguru Formation (Fig. 1A).
These deposits, ranging from the middle Oxfordian to the
Hauterivian, accumulated under multiple transgressive—
regressive events and have been subdivided into six mem-

saurus

bers (Fig. 1B, C), in ascending order: Lower Dinosaur
Member, Nerinella Member, Middle Dinosaur Member,
Indotrigonia africana Member, Upper Dinosaur Member,
and Rutitrigonia bornhardti-schwarzi Member (Bussert
et al. 2009).

All known Dy. lettowvorbecki material, and probably
GPIT-PV-122984, were recovered from the Ig/W] quarry,
where the Middle Dinosaur Member (MDM) is exposed
(Fig. 1C). Around Tendaguru Hill, the MDM reaches
13-30 m in thickness and has been dated to the late Kim-
meridgian based on dinoflagellate cyst assemblage (Bus-
sert et al. 2009; Hubner et al. 2021). Its sedimentology
indicates a transition from tidal flats to sabkha-like
coastal plains (Bussert et al. 2009), with ostracod assem-
blages that show a transition from marine to freshwater
conditions upwards (Sames 2008). Dysalotosaurus lettow-
vorbecki are found in monodominant bonebeds, with the
taxon representing more than 90% of identified fossils
(Hubner et al. 2021). Most material consists of isolated
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FIG. 1. The Tendaguru Formation. A, position of the Tendaguru locality in Tanzania, marked with an orange star. B, geological map
of the Tendaguru area with the main stratigraphic units; the position of the Ig/WJ quarry is marked with an orange star, and some
other important quarries from the German Tendaguru Expedition are labelled with their respective letters; roads are marked by dashed
lines. C, simplified composite section of the Tendaguru Formation in the type area (based on Bussert et al. 2009); the position of the
Ig/W] bonebeds is only approximate, based on the field results of the German—Tanzanian Tendaguru Expedition; green marks the
Dinosaur members, yellow marks the intermediate members. Abbreviations: Cl, clay; ¢S, coarse-grained sand; fS, fine-grained sand; G,
gravel; mS, medium-grained sand; Si, silt. All images are modified from Hiibner et al. (2021).

elements, with a few semi-articulated and associated ske- geographic location of the site suggests attribution to the
letons (Hubner et al. 2021). Although the exact strati- middle part of the MDM (Aberhan et al. 2002; Hiibner
graphic position of the bonebeds is uncertain, the et al. 2021).
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Of the four bonebeds of the Ig/W] quarry that were
excavated during the GTE (Reck 1913; Janensch 1914b),
the third (‘Iguanodontenschicht’) and fourth ones were
the most productive. The third bonebed yielded numer-
ous well-preserved specimens between 1910 and 1912,
whereas the fourth bonebed, accessed later in 1912, con-
tained smaller individuals and was described as a ‘large
herd of small saurians’ (‘grofle Herde kleiner Saurier’)
(Hubner et al. 2021). The excavation number of GPIT-
PV-122984, which is ‘9827’, indicates that the specimen
should have been extracted from the fourth bonebed
(Hibner et al. 2021). During the years, different tapho-
nomic interpretations have been proposed:
Janensch (1914b) suggested reworking by wave action,
whereas other authors proposed attritional mortality dur-
ing drought events (Russell et al. 1980; Heinrich 1999).
Hiibner (2011, 2012) hypothesized a single mass death
event, and Hiubner et al. (2021) argued for multiple cata-
strophic events linked to repeated tidal channel crossings.

MATERIAL & METHOD

Studied material

The specimen GPIT-PV-122984 is a block that has never
been fully prepared, leaving numerous embedded ele-
ments in a mudstone matrix (Fig. 2). A label signed by
Dr Philipe Havlik in December 2009 tentatively identified
it as ‘Tendaguru material: its fine-grained matrix, bone
colouration and morphology (notably of the femur and
vertebrae), together with its small size, support its attribu-
tion to Dy. lettowvorbecki from the Tendaguru area.

The specimen bears the field number 9827 painted on
a flat bone, probably corresponding to one of the
WJ-series labels assigned during the GTE (Hiibner
et al. 2021). According to the Hans Reck 1912-1913 field
catalogue, numbers from 9800 to 9860 were assigned on
20 November 1912, probably to material of the fourth
bonebed of the Ig/W] quarry (‘grofle Herde kleiner Saur-
ier’ sensu Reck 1913). The small size of GPIT-PV-122984
is consistent with what is described for the
Dy. lettowvorbecki material coming from this specific
bonebed (Reck 1913). In addition, Hubner et al. (2021)
recovered most of the Dy. lettowvorbecki specimens stored
at GPIT as originating from the fourth bonebed.

Data acquisition & 3D imaging

A textured surface 3D model of GPIT-PV-122984 was
digitized with an Artec Spider hand scanner using Artec-
Studio 14 Professional (Artec 3D, Luxembourg) and
exported in polygon file format (.ply).

The specimen GPIT-PV-122984 was scanned using
micro-computed tomography (pu-CT) at the 3D Imaging
Lab of the University of Tiibingen using a Nikon XT H
320 with a tungsten reflection target with a maximum
voltage of 225 kV. The CT scanning was performed at
195 kV and 165 HA, using a copper filter 0.5 mm thick.
A total of 4476 projections were taken, holding four
frames per projection at 354 ms and 0.05659851 mm
voxel size. The resulting CT data were manually segmen-
ted in Amira 2021.1 (Thermo Fisher Scientific). A surface
mesh was generated for each element segmented, with a
smoothing extent factor of 5, then exported in polygon
file format (.ply) and imported into Blender v4.4.1
(https://www.blender.org/) for articulation (Fig. 3) and
rendering (detailed information in Appendix S1). 3D
meshes and micro-CT image series are available in Mor-
phoSource (Rocchi et al. 2026a; individual record links in
Appendix S1, Table S1.1).

Measurements

All skeletal measurements were taken digitally in Blender,
with semicircular canal lengths obtained using the Mea-
surelt add-on (Vazquez 2024). A summary of postcranial
measurements is provided in Table 1. The complete set of
measurements is reported in Appendix S1 (Tables S1.2—
S1.19). Measurements were taken following the defini-
tions of Hiibner & Rauhut (2018), when possible.

Ontogenetic stage assessment

To confidently assess the ontogenetic stage of GPIT-PV-
122984, different proxies were considered (Griffin
et al. 2021). Cranial element fusion was described follow-
ing Bailleul ef al. (2016), and Hiibner & Rauhut (2010)
more specifically for Dy. lettowvorbecki. The degree of
neurocentral  suture closure was assessed after
Hiibner (2018), using the nomenclature of Brochu (1996).
In particular, a ‘closed’ vertebra is defined as ‘one in
which the neurocentral suture is no longer visible’. An
open vertebra is defined as ‘completely visible from all
aspects, and the centrum and neural arch can be sepa-
rated easily’. A partially closed vertebra is ‘one in which
the suture has started closing, but is still discernible’.

Other qualitative traits and ratios were considered,
which have been shown to vary ontogenetically in
Dy. lettowvorbecki (Hubner & Rauhut 2010; Hiibner 2018)
or Dryosaurus elderae Carpenter & Galton 2018
(Dunfee 2022).

A multivariate morphometric analysis was also per-
formed following Rotatori et al. (2020). Measurements
produced on the femur and tibia of GPIT-PV-122984
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FIG. 2. The GPIT-PV-122984 block. A, view from a side of the block. B, segmentation of the CT data in the same view as A.
C, view of the block from above the semi-articulated vertebral series. D, segmentation of the CT data in the same view as C. Abbrevia-

tions: boc, basioccipital; ch, chevron; cor, coracoid; cv3-9, cervical vertebrae 3-9; d1-2, dorsal vertebrae 1-2; da, dorsal vertebra Da;

db, dorsal vertebra Db; dr, dorsal rib; fem, femur; fib, fibula; hum, humerus; ind, indeterminate cranial bone; ooc, otoccipital; pbs,
parabasisphenoid; rad, radius; sca, scapula; sop, supraoccipital; tib, tibia; ul, ulna. Scale bar represents 100 mm.

were added to the Dy. lettowvorbecki datasets produced by
Hiibner (2018). Two principal component analyses
(PCAs) were performed on both the femora and tibiae
datasets (including GPIT-PV-122984) separately, enabling
GPIT-PV-122984 to be plotted in two Dy. lettowvorbecki
population morphospaces. These analyses aimed to obtain
a first principal component (PC1) that explains a major
part of the total variance of each metric dataset, given
that in this case it is safe to assume that this component
(Hammer &

approximately represents a ‘size axis’

Harper 2008). Subsequently, two reduced major axis
(RMA) regressions were performed, one for each dataset
(both including GPIT-PV-122984), with PCl scores
regressed against the log-transformed geometric means of
the measures of each specimen. Because the growth of the
hindlimb long bones is described by a power function,
the geometric mean is a reliable proxy of absolute size
(Klingenberg 1996). Given that size has been demon-
strated to be a reliable indicator of age in
Dy. lettowvorbecki (Hibner 2012, 2018), the obtained
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FIG. 3. Elements of GPIT-PV-122984 mounted in their anatomical position. A, left lateral view. B, right lateral view. Abbreviations:
acr, anterior cervical rib; bcs, braincase; ch, chevron; cor, coracoid; cv3—9, cervical vertebrae 3-9; d1, first dorsal vertebra; d2, second
dorsal vertebra; da, anterior dorsal vertebra; db, posterior dorsal vertebra; drb, dorsal rib; fem, femur; fib, fibula; fr, frontal; hum,
humerus; otc, otoccipital; pcr, posterior cervical rib; ph, phalanx; rad, radius; sca, scapula; tib, tibia; ul, ulna. Scale bar represents

100 mm. Life reconstruction by Fabio Manucci.

RMA regressions enable the growth series of the
Dy. lettowvorbecki population and the position of GPIT-
PV-122984 in them, to be elucidated. The entire analytical

workflow was carried out in R v4.3.3 (R Core Team 2024),

using the following packages: ade4 v1.7-23 (Dray &
Dufour 2007; Dray et al. 2025); ggplot2 v3.5.0; tidyr
v1.3.1 (Wickham et al. 2024, 2025); ggrepel v0.9.6 (Slowi-
kowski et al. 2024). The missing data were replaced with
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TABLE 1. Postcranial most representative measurements (in mm).

Element Measurement

Cervical vertebrae Anteroposterior centrum ventral length
Anteroposterior centrum dorsal length
Posterior centrum dorsoventral height
Anterior centrum dorsoventral height
Anteroposterior centrum ventral length
Anteroposterior centrum dorsal length
Posterior centrum dorsoventral height

Anterior centrum dorsoventral height

Dorsal vertebrae

12.7 (min)-14.8 (max)
10.1 (min)-13.6 (max)
7.8 (min)-10.6 (max)
7.0 (min)-10.3 (max)
12.4 (min)-13.7 (max)
13.6 (min)-16.1 (max)
7.0 (min)-8.8 (max)
8.0 (min)-9.5 (max)

Scapula Shaft minimum 11.7
Maximum width distally between acromion process and glenoid 29.1
Coracoid Length between sternal process and lateroventral corner 234
Minimum dimension between the dorsal concavity and the lateroventral corner 19.5
Humerus Minimum shaft width 6.9
Length distal from the deltopectoral crest to the condyles 49.5
Radius Minimum shaft thickness mediolaterally 5.9
Ulna Medial or lateral minimum shaft thickness 6.1
Femur Maximum lateromedial width distally 33.7
Partial length from the posterior nutrient foramen to the distal end laterally 96.0
Midshaft circumference 53.4
Tibia Maximum width of the distal end 38.0
Fibula Maximum width proximally 18.7
Phalanx Median total length 15.3

the average value of the specimens for that feature, and
all of the measurements were log-transformed prior to
PCA, to explore metric linear relationships of the vari-
ables measured (Hammer & Harper 2008). PC1 and PC2
(second principal component) scores were all multiplied
by —1 for graphical purposes, to produce inverted scores.
The inverted PCI scores were then regressed against the
log-transformed geometric means of the measures of each
specimen, obtained without replacing missing data.
Scripts and datasets used for the morphometric analyses
are available in Rocchi ef al. (2026b). The age of GPIT-
PV-122984 was estimated using the formula proposed by
Hiibner et al. (2021), which found a strong correlation
between the distal femur width and the age for
Dy. lettowvorbecki, based on the histology of 19 specimens
(Hibner 2012).

Ancestral state reconstruction

The new information on the neurocentral suture fusion
of Dy. lettowvorbecki was used to investigate vertebral
fusion patterns in Archosauromorpha, considering the
presence or absence of loci of neurocentral fusion. Ver-
riere et al. (2022) defined a locus as a point from which
ossification spreads, whether it is the first vertebrae in
which ossification centres are visible or the first vertebrae

in which given elements (as is the case for the

neurocentral sutures) begin to fuse. A dataset was com-
piled from a deep literature review, recording the pre-
sence (1) or absence (0) of loci in the cervical and caudal
series of various archosauromorphs (complete list in
Appendix S3, Table S3.1). The information used by Ver-
riere et al. (2022) was revised: ambiguous data for Allo-
saurus and many species of bird genera (Gilmore 1920;
Starck 1993) were excluded; Bonitasaura and Dromaius
were recoded for this study as possessing both cervical
and caudal loci (Gallina 2011; Caldwell et al. 2024). For
Dysalotosaurus, a caudal locus of fusion (state 1) was
already recognized by Hiibner (2018), who described a
‘tail-to-head’ pattern of neurocentral closure. However,
GPIT-PV-122984 demonstrated the additional presence of
a cervical locus of fusion (state 1), previously considered
absent (state 0).

Using phylogenetic comparative methods following
Verriere et al. (2022), we performed two ancestral state
reconstructions (ASRs) on the archosauromorph dataset
to trace the evolution of the neurocentral fusion loci
within the clade. A supertree of the selected taxa was
composed as a nexus file in Mesquite v3.81 (Maddison &
Maddison 2021), using published phylogenies (Wil-
son 2002; Nesbitt 2011; Yu etal. 2020; Rotatori
et al. 2023; Cau 2024; Lania et al. 2025). The ASRs were
performed by importing supertree and the dataset into R
v4.3.3 (R Core Team 2024), using the following packages:
ape (Paradis & Schliep 2018); phytools (Revell 2024);
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paleotree (Bapst 2012); geiger (Harmon et al. 2008). The
supertree was time-calibrated using the first appearance
datum and the last appearance datum of each of its tips,
that is to say, every taxon included in the analysis, as
reported by the Paleobiology Database
(https://paleobiodb.org/; Uhen et al. 2023). Two separate
ASRs were carried out with a maximum likelihood
approach, using an all rates are different (ARD) model,
one for the cervical locus and one for the caudal locus,
respectively, and results were then plotted as percentage
pies on the nodes of a time-calibrated supertree. Given
the small size of the phylogenetic tree and the dataset,
model choice has little impact on the outcome in terms
of statistical fitting. Script and data used for the ASRs are
available in Rocchi et al. (2026b).

Phylogenetic analysis

Phylogenetic analyses were performed by adding GPIT-
PV-122984 to the matrix of Poole (2022), following the
character list of Poole (2023). As is the case for
Dy. lettowvorbecki, the coding for ornithopod operational
taxonomic units (OTUs) is often based on immature
individuals. To calibrate this issue, Poole (2022) detected
as ontogenetically sensitive characters (OSCs) the traits
that differed between the scoring of juvenile specimens of
Orodromeus, Dryosaurus and Hypacrosaurus and their
respective adult form. Poole (2022) carried out four dif-
ferent phylogenetic analyses. In the fourth analysis, scor-
ings were based on skeletally mature specimens, when it
was possible, while for species represented only by imma-
ture individuals the OSCs were rescored as unknown (‘7).
In the present study, the fourth analysis of Poole (2022)
was replicated with modifications: both the juvenile
and adult OTUs of Orodromeus, Dryosaurus and
Hpypacrosaurus were included, and for species known
only from skeletally immature individuals, including
Dy. lettowvorbecki (also Gasparinisaura, Leaellynasaura,
Anabisetia, Iyuku and Bolong), both the normal OTU
codification and the OSC version were retained. GPIT-
PV-122984, identified as an early ontogenetic stage, was
therefore represented by two OTUs (GPIT-PV-122984
and GPIT-PV-122984 OSC). A matrix of 323 characters
for 80 OTUs was edited using Mesquite v3.81 (Maddison
& Maddison 2021). Eocursor was set as the outgroup.

Five phylogenetic analyses were run in TNT v1.6
(Goloboff & Morales 2023) on the modified dataset, using
New Technology search strategies to search for the most
parsimonious trees (MPTs), using a script modified from
Vila et al. (2022). Each run included 100 rounds of sec-
torial searches, 100 cycles of tree-drifting, 100 cycles of
ratchet, and 10 rounds of tree fusing. For sectorial
searches, a minimum sector size of 5 was chosen, and

random  sector  selections and 100 cycles  of
constraint-based selection with a minimum fork of 5 were
used. For tree-drifting, the trees with a maximum differ-
ence in absolute fit of 5 and a maximum difference in
relative fit of 0.1 were explored. All other settings were
left at their default values.

One analysis used equal weighting (EW) of characters,
whereas the other four used extended implied weighting
(EIW), with k-values of 3, 5, 10 and 11, following the range
proposed by Ezcurra (2024) for 80 OTUs. A strict consen-
sus tree was calculated on the optimal trees of each analy-
sis, with synapomorphies identified for each clade. Node
robustness of each consensus tree was assessed using boot-
strap values (1000 replicates) and Bremer supports (keeping
trees suboptimal by 10 steps). The script and character
matrix used for the phylogenetic analyses and the resulting

consensus trees are available in Rocchi et al. (2026D).

SYSTEMATIC PALAEONTOLOGY

DINOSAURIA Owen 1842 (sensu Madzia et al. 2021)
ORNITHISCHIA Seeley 1888 (sensu Madzia et al. 2021)
ORNITHOPODA Marsh 1881 (sensu Madzia et al. 2021)
IGUANODONTIA Baur 1891 (sensu Madzia et al. 2021)
DRYOMORPHA Sereno 1986 (sensu Madzia et al. 2021)
DRYOSAURIDAE Milner & Norman 1984 (sensu Madzia

et al. 2021)

Genus Dysalotosaurus Pompeckj 1920
Dysalotosaurus lettowvorbecki Pompeckj 1920

Cranial skeleton

Different disarticulated but associated cranial elements were
identified, mostly from the braincase (Fig. 4A). Their lack of
fusion suggests that they were connected by cartilage in life.

Basioccipital. The basioccipital is preserved as an isolated ele-
ment with a rhomboidal outline in dorsal view (Fig. 5E, F). Its
posterior portion comprises most of the occipital condyle, with
a smooth articular surface for the atlas—axis complex, partially
eroded on its left side (Fig. 5A, B, D, E). On the dorsal surface,
irregular lateral facets for the otoccipitals indicate that the
basioccipital had a limited contribution (¢. 3 mm) to the ventral
margin of the foramen magnum (Fig. 4B). Dorsally, the medial
surface is gently transversely concave, forming the posterior
braincase floor (Fig. 5C, D, F). The ventral lip of the basioccipi-
tal component of the occipital condyle has a single, rounded
posterior tip, anterior to which a low step develops into the neck
that separates the condyle from the anteriorly located, ventrally
projecting basioccipital contribution to the basal tubera. There-
fore, the ventral surface has a concave profile in lateral view
(Fig. 5A, B). The narrowest lateral width of the neck is located
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FIG. 4. Cranial skeleton of GPIT-PV-122984. A, preserved cranial elements mounted in anatomical position in left lateral view.

B, braincase in occipital view. Right otoccipital and prootic and parabasisphenoid contribution to the left basal tuber is reconstructed
by mirroring the contralateral element. Abbreviations: boc, basioccipital; fm, foramen magnum; fr, frontal; ooc, otoccipital; pbs, para-
basisphenoid; pro, prootic; sop, supraoccipital. Scale bar represents 10 mm. Silhouette modified from Lautenschlanger &

Hiibner (2013).

near the edge of the articular surface of the condyle, while the
anterior part is wider than the condyle itself. The basioccipital
contribution to the basal tubera is formed by two laterally pro-
truding tubercles, connected by a transverse ridge on the ventral
surface. This ridge extends ventrally below the level of the occi-
pital condyle and would have contacted the parabasisphenoid
anteriorly (Fig. 5A-E), contributing to the most posterior part
of the basal tubera. Medially, the ridge forms a triradiate struc-
ture, with a very short but prominent median keel (Fig. 5E). An-
terior to the transverse ridge, a rounded articular surface
probably penetrated deep above the basisphenoid (Fig. 5E, F).
No foramina are evident.

Remarks. The basioccipital of GPIT-PV-122984, with a concave
ventral surface between a smooth contribution to the occipital
condyle and a well-developed contribution to the basal tubera,
resembles that of dryosaurids, such as Dryosaurus (Galton 1983;
Dunfee 2022) and Dy. lettowvorbecki (Sobral et al. 2012). Its
rhomboidal outline closely resembles the early ontogenetic stages
of Dy. Lettowvorbecki as in MB.R.3536 (Hiibner & Rauhut 2010),
whereas the contribution to the occipital condyle is more promi-
nent in advanced ontogenetic stages of dryosaurids (e.g.
Dy. lettowvorbecki dyA/MB.R.1373) and in larger iguanodontians
(Norman 1980, 1986; Hiibner & Rauhut 2010; Carpenter &
Lamanna 2015; Lockwood et al. 2024). In GPIT-PV-122984, the
basioccipital contributed only slightly to the ventral margin of
the foramen magnum, as in dryosaurids (Galton 1983; Hiibner
& Rauhut 2010), Ca. dispar (Gilmore 1909), Comptonatus
chasei Lockwood et al. 2024 and Tenontosaurus tilletti
Ostrom 1970 (Thomas 2015). By contrast, the basioccipital in

non-iguanodontian ornithopods such as Hypsilophodon foxii
Huxley 1870 (Galton 1974) shows a broader participation,
whereas in some large iguanodontians such as Iguanodon bernis-
sartensis Boulenger 1881 and ‘Dollodon bampingi’ Paul 2008 the
basioccipital is excluded altogether (Norman 1980, 1986). As in
most iguanodontians, GPIT-PV-122984 does not present a mid-
line ridge on the dorsal surface (endocranial floor) of the basioc-
cipital (e.g. Norman 1980; Hiibner & Rauhut 2010), in contrast
to Jeholosaurus shangyuanensis Xu et al. 2000 (Bertozzo et al.
2025) and Thescelosaurus neglectus Gilmore 1913 (Boyd 2014).
The basioccipital contribution to the basal tubera of GPIT-PV-
122984 resembles Dy. lettowvorbecki dyA/MB.R.1373 and
Dr. elderae, both with a short median keel (Hiibner & Rau-
hut 2010; Sobral et al. 2012; Dunfee 2022). In contrast, Gal-
ton (1983, fig. 1c) illustrated a ventral keel for Dryosaurus altus
(Marsh 1878) that is notably more elongated than in GPIT-PV-
122984, similar to some thescelosaurids (Boyd 2014; Avrahami
et al. 2024). The transverse ridge of GPIT-PV-122984 is more
prominent than in Dr. elderae (Dunfee 2022), extending below
the level of the occipital condyle, a condition also seen in
Cu. prestwichii, Ca. dispar (McDonald 2011) and Te. tilletti (Gal-
ton 1989), although these taxa lack a keel and possess a
button-like basioccipital contribution to the basal tubera. In
GPIT-PV-122984, the basioccipital contribution to the basal
tubera is relatively less developed, similar to the condition docu-
mented photographically for Dy. lettowvorbecki dyA/MB.R.1373,
where, even if not reported in any description, the basal tubera
(composed of parabasisphenoid and basioccipital) clearly extend
below the level of the occipital condyle (Hiibner & Rauhut 2010,
fig. 7A). The anterior prolongation that inserts between the two
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previously observed by Dieudonné et al. (2021), Dryosaurus

lateral parabasisphenoid contributions to the basal tubera in
(Carpenter & Lamanna 2015, fig. 7C) and Ca. dispar (Gil-

GPIT-PV-122984 matches the condition documented in

Dy. lettowvorbecki dyA/MB.R.1373 (Janensch 1955) and, as more 1909, pp. 206, 208; Carpenter & Lamanna 2015, fig. 7D).
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FIG. 5. Cranial skeleton of GPIT-PV-122984. A-F, basioccipital in: A, left lateral; B, right lateral; C, anterior; D, posterior; E, ventral;
F, dorsal view. G-L, left otoccipital in: G, lateral; H, medial; I, anterior; ], posterior; K, ventral; L, dorsal view. M—R, supraoccipital in:
M, left lateral; N, right lateral; O, anterior; P, posterior; Q, ventral; R, dorsal view. Abbreviations: asc, anterior semicircular canal; aps,
ascending process of the supraoccipital; bn, basioccipital neck; boc, basioccipital contribution to occipital condyle; bot, basioccipital
contribution to the basal tubera; btr, basioccipital transverse ridge; cc, common crus; otc, otoccipital condyloid; ep, epiotic co-
ossification (or anterior process of supraoccipital); fm, foramen magnum; fsa, fossa subarcuata; lps, lateral process of the supraoccipi-
tal; Isc, lateral semicircular canal; mb, medial bridge; mfm, metotic fissure posterior margin; mrb, medial ridge of the basioccipital; nc,
nuchal crest; pas, proatlas articular surface; pcr, prootic crest; pfo, posterior fossa of the otoccipital; psc, posterior semicircular canal;
ras, rounded articular surface; ved, vena capitis dorsalis (e external, i internal) foramen; vb, vestibule; xii, foramen for the cranial nerve

XII. Scale bar represents 10 mm.

Otoccipital. The left exoccipital and left opisthotic are fused into
a complex, also defined as the otoccipital (sensu Kuzmin
et al. 2021), with no visible sutures. Preserved as an isolated ele-
ment, it lacks the paroccipital process and much of the antero-
ventral region. Ventrally, a rugose facet for the basioccipital is
present (Fig. 5K), whereas posteroventrally, a squared condyloid
contributed to the dorsal part of the occipital condyle (Fig. 5G,
H, J). A pillar-like process, slightly twisted mediolaterally above
the condyloid, formed the left margin of the foramen magnum
(Figs 4B, 5]). At the dorsomedial corner of this margin lies a
shallow depression, forming a posterior fossa of the otoccipital,
surmounted by a transversely elongated, slightly convex proatlas
facet (Fig. 5H, J). A medial bridge of the otoccipital further con-
tributed to the left dorsolateral margin of the foramen magnum
(Fig. 51, J), probably excluding the participation of most of the
supraoccipital, although its medial-most portion appears to be
eroded (Fig. 4B). The supraoccipital should have draped over
the left (and right) otoccipital (Fig. 3B), contacting it on its
rugose dorsomedial surface, which preserves the cross-section of
the posterior semicircular canal in its anterior portion (Fig. 5I,
L). Anterior to the condyloid, the lateral surface curves antero-
laterally, suggesting the presence of the broken crista tuberalis
(sensu Sampson & Witmer 2007) and the posterior margin of
the metotic fissure (Fig. 51, J). However, in the area posterior to
the breakage surface, a neurovascular foramen probably includ-
ing the posterior ramus of the hypoglossal nerve (CN XII) is
preserved (Fig. 51, J). In the dorsolateral wall, the base of the
paroccipital process is marked by a concavity bounded by two
crests, the dorsalmost being the prootic crest (Fig. 5G), which
continues into the left prootic. This anterior facet, although
damaged, shows the cross-sections of the vestibule on its ventral
portion and of the anterior semicircular canal on its lateral por-
tion (Fig. 5I). The medial surface of the left otoccipital is
broadly concave, forming the left posterolateral braincase wall
(Fig. 5H, I).

Remarks. In GPIT-PV-122984 the exoccipital and opisthotic are
fused into an otoccipital, as in most ornithopods (Norman 2004).
The participation in the occipital condyle of the otoccipital of
GPIT-PV-122984 is comparable to dryosaurids (Galton 1983;
Hiibner & Rauhut 2010), Ca. dispar (Gilmore 1909) and
Te. tilletti (Thomas 2015), but less extensive than in many rhab-
dodontomorphs (Weishampel ef al. 2003; Chanthasit 2010;
Zanno et al. 2023), whereas the otoccipitals appear not to parti-
cipate in the occipital condyle in Ouranosaurus nigeriensis

Taquet 1976. The left otoccipital of GPIT-PV-122984 does not
appear to contact its counterpart ventrally to form the foramen
magnum floor, resembling the condition in dryosaurids (Gal-
ton 1983; Hiibner & Rauhut 2010), Ca. dispar (Gilmore 1909),
Co. chasei (Lockwood et al. 2024) and Te. tilletti (Thomas 2015),
but unlike Ig. bernissartensis (Norman 1980). The posterior fossa
of the otoccipital and the proatlas facet of GPIT-PV-122984 are
similar to that in Dy. lettowvorbecki BSPG AS 1 834 (Hiibner &
Rauhut 2010), whereas they are less developed than in
Ca. dispar (Carpenter & Lamanna 2015), Cu. prestwichii (Maid-
ment et al. 2022) and Th. neglectus (Boyd 2014). The dorso-
lateral depressed surface of the otoccipital of GPIT-PV-122984
resembles the description provided for Dy. lettowvorbecki (Sobral
et al. 2012), and it is shallower than in Dr. elderae (Carpenter &
Lamanna 2015).

Supraoccipital. The supraoccipital was found as an isolated but
nearly complete element. Its posterior surface is anterodorsally
inclined, and it shows a triradiate morphology, formed by a dor-
sal ascending process and two lateral processes (Fig. 5Q, R).
Each lateral process bears a subrectangular facet for an otoccipi-
tal (Fig. 5P, R) that suggests a small contribution of the
supraoccipital (c. 4 mm) to the dorsal foramen magnum margin
(Figs 4B, 50-R). Each facet preserves the posterior semicircular
canal passage laterally, more exposed on the right side due to
erosion (Fig. 5M, N, P, R). An anterior projection of each lateral
process (possibly a separate co-ossification, the epiotic; e.g. Ser-
eno 1991) forms a small portion of the lateral braincase wall
and a subtriangular ventral facet for the prootic, which bears the
anterior semicircular canal passage and the fossa subarcuata for
the floccular lobe (Fig. 5M-O, Q). The common crus (sensu
Oelrich 1956) is a large and deep recess visible in ventral view
between the prootic and otoccipital facets (Fig. 5P, R). Along
the dorsal surface of the supraoccipital, a very low and faint
sagittal nuchal crest develops from the bilobed nuchal shelf at
the end of the ascending process until nearly the dorsal margin
of the foramen magnum (Fig. 50-Q). Lateral to the nuchal
crest, the ascending process is mostly smooth. On the dorsal sur-
face, near the bases of the parietal facets that border the ascend-
ing process, a small foramen is present on each side, probably
marking the external passage of the main trunk of the vena capi-
tis dorsalis (more distinguishable on the left side; Fig. 5R). In
ventral view it is possible to see the internal foramen of that vein
(more distinguishable on the left side; Fig. 5Q), which would
have continued its path following the ventral margin of the
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parietal facet. Internally, the strongly concave surface (Fig. 50-Q)
would have enclosed the posterodorsal brain.

Remarks. GPIT-PV-122984 shows the typical triradiate shape of
the supraoccipital of non-hadrosauroid ornithopods (Nor-
man 2004), with an anterodorsally inclined posterior surface as
in Dy. lettowvorbecki dyA/MB.R.1372 (Sobral et al. 2012), Hippo-
draco scutodens McDonald et al. 2010 and Th. neglectus
(Boyd 2014), contrasting with the vertical orientation in
Ig. bernissartensis (Norman 1980), ‘Do. bampingi’ (Norman 1986)
and Ou. nigeriensis (Taquet 1976). The participation in the dor-
sal margin of the foramen magnum is reduced for the supraocci-
pital of GPIT-PV-122984, as in most dryosaurids (Galton 1983;
Hiibner & Rauhut 2010; Dunfee 2022), Ca. dispar (Gil-
more 1909), some rhabdodontomorphs (Chanthasit 2010; Zanno
et al. 2023) and Thescelosaurus Gilmore 1913 (Boyd 2014), but
unlike the majority of large iguanodontians, including hadro-
saurids, in which the supraoccipital is excluded (Taquet 1976;
Norman, 1980; Norman, 1986; Horner et al. 2004; Thomas 2015;
Lockwood et al. 2024). The exclusionary condition was recently
reported also for the specimen of Dr. elderae CM 87688, the lat-
est ontogenetic stage known for the species (Carpenter &
Lamanna 2015; Dunfee 2022). In many early-diverging ornitho-
pods, the exposure of the supraoccipital on the dorsal margin of
the foramen magnum is much more extensive than in GPIT-PV-
122984 (e.g. Galton 1974; Avrahami et al. 2024; Bertozzo
et al. 2025). The position of the openings for the semicircular
canals and of the common crus matches Dy. lettowvorbecki
dyA/MB.R.1372 (Sobral et al. 2012). The ascending process of
GPIT-PV-122984 lacks ridges or grooves, probably correlated
with the insertion of the rectus capitis posterior muscles, seen in
Co. chasei (Lockwood ef al. 2024) and some rhabdodonto-
morphs (Weishampel et al. 2003; Zanno et al. 2023). For GPIT-
PV-122984, there is no flaring posterior to the ascending process
or of the ventral processes, both reported for Te. tilletti (Tho-
mas 2015). The low nuchal crest of GPIT-PV-122984 is similar
to that in some thescelosaurids (Boyd 2014; Krumenacker
et al. 2023; Avrahami et al. 2024), whereas it is notably more
marked in the lectotype of Dr. altus YPM 1876 (Galton 1983),
Ig. bernissartensis (Norman 1980), Iani smithi Zanno et al. 2023,
Zalmoxes robustus (Nopcsa 1902) (Weishampel et al. 2003) and
Hy. Foxii (Galton 1974). A low nuchal crest is also described for
the smaller supraoccipitals of Dy. lettowvorbecki (BSPG AS I
834) and Dr. elderae (CM 11340), comparable in size and mor-
phology to that of GPIT-PV-122984, whereas in larger indivi-
duals, as Dy. lettowvorbecki dyA/MB.R.1372 and Dr. elderae CM
3392 and CM 87688, it is much sharper (Janensch 1955; Hiibner
& Rauhut 2010; Sobral et al. 2012; Dunfee 2022). Tenontosaurus
tilletti has a mostly flat external surface of the supraoccipital
(Thomas 2015). The foramina for the main trunk of the vena
capitis dorsalis of GPIT-PV-122984 resemble those reported in
Dy. lettowvorbecki (Sobral et al. 2012), whereas in Co. chasei they
are probably more dorsally located (Lockwood et al. 2024).

Prootic. The left prootic is almost entirely preserved, with minor
damage to its posterior margins. It is a subrectangular, dorso-
ventrally elongated, and mediolaterally compressed bone that
formed a substantial portion of the left dorsolateral braincase

wall. Rugose articular facets for the surrounding elements are
present (although no fusion is evident), including those for the
laterosphenoid anteriorly, the parabasisphenoid ventrally, the
supraoccipital dorsomedially and the otoccipital on the posterior
dorsal surface. On the dorsal portion of the lateral surface, a low
prootic crest, the attachment site of the musculus levator ptery-
goideus (as reported by Norman 2004), extends posteriorly and
curves dorsally, overlapping the otoccipital and contributing to
the base of the paroccipital process (Fig. 6A, D). Beneath the
crest, the ventral portion is anteroposteriorly narrower and cen-
trally pierced by a rounded and relatively large foramen
(Fig. 6A, B) for the facial nerve (CN VII). On the lateral surface,
the ventral border of the facial nerve foramen shows an antero-
ventrally defined canal for the palatine branch of CN VII
(Fig. 6A), leading into the Vidian canal of the parabasisphenoid.
The arcuate anterior margin of this region bounded the pos-
terior edge of the large trigeminal foramen (CN V) (Fig. 6A, B).
Given that this portion seems complete, the anterior margin of
the trigeminal foramen was probably not fully formed by the
prootic and was completed by the laterosphenoid anteriorly. No
clear foramen for the auditory nerve (CN VIII) is visible on the
medial surface, probably due to erosion or a non-ossified
posteroventral border. An anteroventral projection forms the
prootic contribution to the crista alaris (alternatively named
processus clinoideus by some authors, eg. Maisch &
Matzke 2019) (Fig. 6A, B, E), continuous with the crista alaris
of the parabasisphenoid. A depression on the lateral surface,
posteroventrally to the facial nerve foramen (Fig. 6A), probably
marked the attachment of musculus protractor pterygoideus
(Bertozzo et al. 2025). The posterior surface bears a smooth ven-
tral convexity for the lagenar recess, above which lie the large
vestibule cross-sections, separated by a lagenar crest, whereas
more dorsally stands the lateral semicircular canal passage
(Fig. 6B, D, E). A wide ventral gap between the prootic and
otoccipital would have housed the middle ear (Fig. 4A). In fact,
the prootic contributed to the anterior margins of the metotic
fissure and, more dorsally, the fenestra ovalis (Fig. 6A), posi-
tioned at about the same level as the trigeminal foramen and
above the facial nerve foramen. Mediodorsally, the contact with
the supraoccipital shows the anterior semicircular canal (Fig. 6B,
F) and a depression, probably the continuation of the fossa sub-
arcuata, bounded ventrally by a pronounced vestibular pyramid
(Fig. 6B, D-F). Despite being relatively pronounced, the fossa
subarcuata narrows posteriorly and does not project more an-
teriorly than the level of the anterior semicircular canal, prob-
ably accommodating only a small floccular lobe.

Remarks. In GPIT-PV-122984, the prootic seems to form only
the posterior portion of the trigeminal foramen, as reported for
most of the ornithopods (e.g. Gilmore 1909; Norman 1986; Gal-
ton 1989; Zanno et al. 2023; Lockwood et al. 2024; Bertozzo
et al. 2025), including the early ontogenetic stages of Dr. elderae,
such as CM 11340 (Dunfee 2022). Conversely, advanced onto-
genetic stages of Dy. lettowvorbecki (MB.R.1370) and Dr. elderae
(CM 3392), as also Dr. altus YPM 1876, have the foramen fully
enclosed by the prootic (Galton 1983, 1989; Sobral et al. 2012;
Dunfee 2022), a condition also seen in Th. neglectus (Boyd 2014)
and Fona herzogae Avrahami et al. 2024. Hiibner &
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FIG. 6. Cranial skeleton of GPIT-PV-122984. A-F, prootic in: A, left lateral; B, right lateral; C, anterior; D, posterior; E, ventral;

F, dorsal view. G-L, prootic in: G, anterior; H, posterior; I, left lateral; J, right lateral; K, ventral; L, dorsal view. M—R, right frontal in:
M, anterior; N, medial; O, posterior; P, lateral; Q, ventral; R, dorsal view. Abbreviations: bp, basipterygoid process; bst, parabasisphe-
noid contribution to the basal tubera; cra, crista alaris; crc, crista cranii; cup, cultriform process; dm, frontal dome; fo, fenestra ovalis;
fsa, fossa subarcuata; hyf, closed hypophyseal fenestra; la, lagenar recess; lcr, lagenar crest; mpp, m. protractor pterygoideus site; olb,
surface for the olfactory bulb; or, orbital rim; pcr, prootic crest; pf, pituitary fossa (no sella turcica); pp, preotic pendant; psc, posterior
semicircular canal; v, foramen for the trigeminal nerve; vb, vestibule; vc, Vidian canal (carotid aorta foramen); vi, notch for the abdu-
cens foramen; vpy, vestibular pyramid. Scale bar represents 10 mm.
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Rauhut (2010) hypothesized that in the early ontogenetic stage
Dy. lettowvorbecki BSPG AS I 834 may also have a fully enclosed
foramen, but the matrix obscures the anterior margin, while in
the small isolated Dy. lettowvorbecki prootic GPIT-PV-69072 the
foramen is clearly fully enclosed (Appendix S1, Fig. S1.1A, B).
The arrangement of the cranial nerve foramina and fenestra ova-
lis in GPIT-PV-122984 is similar to that described for
Dy. lettowvorbecki MB.R.1370 and Hy. foxii, with the CN VII
foramen more ventral than both the fenestra ovalis and the tri-
geminal foramen (Galton 1974; Hiibner & Rauhut 2010; Sobral
et al. 2012). In contrast, these structures are aligned in
Dr. elderae CM 3392 (Galton 1983) and Tenontosaurus dossi
Winkler et al. 1997, whereas the trigeminal foramen lies more
dorsally in the large iguanodontian NHMUK R2501 (Nor-
man 1986). The ventral margin of the CN VII foramen in GPIT-
PV-122984 bears an anteroventrally directed canal, as in
Dy. lettowvorbecki (Sobral et al. 2012). The marked depression
on the dorsal portion of the medial surface of the prootic resem-
bles that of Dy. lettowvorbecki MB.R.1370 and Dr. elderae CM
11340, commonly interpreted as the fossa subarcuata (e.g. Gal-
ton 1983; Norman 1986; Boyd 2014; Thomas 2015; Dun-
fee 2022), as adopted here. Alternatively, it has been considered
part of the channel for the endolymphatic duct (Sobral
et al. 2012) or the entrance for the ‘vena cerebralis media’
(Sues 1980). Similar fossae occur in Hy. foxii and Te. tilletti
(Galton 1989; Thomas 2015), whereas Th. neglectus shows a
shallower condition (Boyd 2014). The floccular lobe did not
project anterior to the anterior semicircular canal, as in
Dy. lettowvorbecki (Lautenschlager & Hiibner 2013).

Parabasisphenoid. Most of the parasphenoid and basisphenoid
are preserved and fused to each other to form a parabasisphe-
noid complex, with no distinguishable suture. The parasphenoid
probably forms most of the anterior rostrum, whereas the basi-
sphenoid contributes mostly to the main body. The parabasi-
sphenoid was found isolated and appears to be unfused to the
basioccipital antemortem. The anteroposterior length of the basi-
sphenoid body (from its posterior margin to the base of the ros-
trum) is ¢. 13.5 mm, which is subequal to the basioccipital
(Fig. 4A). Posteriorly, the basisphenoid forms two dorsoventrally
flattened, posterolaterally elongate contributions to the basal
tubera, divided medially by a notch (Fig. 6K, L). The parabasi-
sphenoid contribution to the left basal tubera is mostly lost,
whereas the right is preserved as an oblique plate, protruding
posterolaterally, with a rugose ventral surface for attachment of
the constrictor dorsalis musculature (Fig. 6K). Therefore, the
basal tubera would have been formed by a major contribution
of the parabasisphenoid and a minor one of the basioccipital. A
shallow depression on the dorsal surface of the parabasisphenoid
contribution to the right basal tuber is interpreted as the lagenar
recess (Fig. 6L). The dorsal surface of the parabasisphenoid is
gently transversely concave, forming the anterior braincase floor
(Fig. 6H, L). Laterally, subrectangular inclined preotic pendants
contacted the prootics (Fig. 61, J). Anteriorly, a step defines the
posteromedial walls of the pituitary fossa, and the floor of the
hypophysis (Fig. 6G, K, L). On the ventral surface, a concavity
separates the parabasisphenoid contributions to the basal tubera
from the two anterior, strongly ventrolaterally projecting

basipterygoid processes (Fig. 6G-L). Between their bases lies a
deep median pit, probably marking the closed hypophyseal
fenestra beneath the pituitary fossa (Fig. 6K). The posterior pit
margin forms a sharp transverse wall with a pointed medial pro-
jection. Each basipterygoid process bears a thin ridge separating
the posterior and anterolateral surfaces. The dorsal anterolateral
surface, at the lateral corner of the main body, forms most of
the crista alaris for attachment of musculus protractor pterygoi-
deus. The ventralmost part of the anterior surface of each basip-
terygoid process is flat. Between this ventralmost portion of the
processes and the crista alaris, on each side, a smooth concavity
may indicate a venous path (Fig. 61, J). On the dorsal posterior
surface of the basipterygoid left process, a wide foramen prob-
ably transmitted the cerebral carotid artery and the palatine
branch of the facial nerve (CN VII) into the Vidian canal
(Fig. 61, J). The right side is broken, exposing the canal section.
Both Vidian canals extend anteromedially, with exit foramina
opening on the posterolateral pituitary fossa walls (Fig. 6G, K).
Directly above the exit of the Vidian canal, a small notch could
represent the passage of the abducens nerve (CN VI), not fully
enclosed in a canal (Fig. 6G, L). The elongated parasphenoid
rostrum originates at the pituitary fossa floor, with a posterior
dorsal process for the anterior restriction of the hypophysis
(Fig. 61, J). Anteriorly, it extends as a cultriform process, taper-
ing forward with a smooth dorsal groove (Fig. 6L).

Remarks. The parabasisphenoid of GPIT-PV-122984 closely
resembles dryosaurids, having an elongated, tapering parasphe-
noid fused to the basisphenoid, posteriorly developed basal
tubera contributions, and ventrolaterally oriented basipterygoid
processes (Hiibner & Rauhut 2010; Sobral et al. 2012; Dun-
fee 2022). The anteroposterior length of the basisphenoid body
of GPIT-PV-122984 is almost identical to the basioccipital, as in
dryosaurids, Ca. dispar and Hy. foxii, whereas in Z. robustus and
in the thescelosaurids the basisphenoid body is much shorter
(Dieudonné et al. 2021; Avrahami et al. 2024). The parabasi-
sphenoid contributions to the basal tubera of GPIT-PV-122984
form prominent posterolateral flanges, comparable to
Dy. lettowvorbecki dyA/MB.R.1373 (Hiibner & Rauhut 2010;
Sobral et al. 2012) and to Cu. prestwichii (Maidment et al. 2022).
In Dr. elderae advanced ontogenetic stages (CM 87688, CM
3392), the parabasisphenoid contributions to the basal tubera
contributions are similar but proportionally less elongate,
whereas in the early ontogenetic stage CM 11340 they are more
flattened, a dispar  with
tongue-shaped tubera contributions (Carpenter & Lamanna 2015;
Dunfee 2022). The parabasisphenoid of GPIT-PV-122984 does
not bear prominent lateral cristae tuberales or ventral ridges,
unlike Te. tilletti (Thomas 2015) and Ia. smithi (Zanno
et al. 2023). The basipterygoid processes of GPIT-PV-122984
project strongly ventrally and slightly laterally, divided by a thin
ridge into posterior and anterolateral surfaces, a condition com-
parable to Dy. lettowvorbecki (BSPG AS I 834 and
dyA/MB.R.1373; Hiibner & Rauhut 2010; Sobral et al. 2012) and
Dr. elderae (Carpenter & Lamanna 2015; Dunfee 2022). In con-
trast, in Ou. nigeriensis and Ca. dispar, these processes are short
and project almost laterally (Taquet 1976; Carpenter &
Lamanna 2015). These processes are also shorter for Z. robustus

condition accentuated in Ca.
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(Weishampel et al. 2003). The deep pit between the basiptery-
goid processes of GPIT-PV-122984 is described for
Dy.  lettowvorbecki dyA/MB.R.1373  (Sobral et al. 2012),
Dr. elderae (Dunfee 2022) and Hy. foxii (Galton 1974), whereas
Ca. dispar lacks it (Carpenter & Lamanna 2015). Thescelosaurids
usually have an anteroposteriorly oriented ventral groove, but
no pits (e.g. Boyd 2014; Krumenacker et al. 2023; Avrahami
et al. 2024). The transverse crest related to the hypophyseal pit
bears a medial ventral process, comparable to Dy. lettowvorbecki
dyA/MB.R.1373 (Sobral et al. 2012) and Dr. edlerae (Carpenter
& Lamanna 2015; Dunfee 2022). The foramina of the Vidian
canals lie in the wusual ornithopod position (e.g. Sobral
et al. 2012; Thomas 2015; Bertozzo et al. 2025). The abducens
nerve in GPIT-PV-122984 probably passed through a small
notch on both sides of the posterior pituitary fossa wall, a con-
dition similar to the early ontogenetic stage of Dr. elderae CM
11340, whereas in the advanced stage of Dr. elderae CM 87688
and Te. tilletti a complete canal is present (Thomas 2015; Dun-
fee 2022). The abducens foramen was illustrated for
Dy. lettowvorbecki dyA/MB.R.1373 by Galton (1989, pl. 1, fig. 8),
but was not confirmed by Sobral et al. (2012). The cultriform
process of GPIT-PV-122984 is elongated and bears a dorsal pro-
cess, comparable to Hy. foxii (Galton 1974) and dryosaurids
(Hiibner & Rauhut 2010; Sobral et al. 2012; Dunfee 2022). In
Ou. nigeriensis, Te. tilletti and Ca. dispar no dorsal process
appears to be present (Taquet 1976; Thomas 2015; Carpenter &
Lamanna 2015).

Frontal. A fragment of the right frontal is preserved, broken an-
teriorly and posteriorly. The bone is flat, subrectangular, at least
twice as long anteroposteriorly as wide mediolaterally, and
slightly narrower anteriorly (Fig. 6Q, R). The lateral margin may
represent part of the orbital dorsal rim (Fig. 6N-R). The medial
margin forms the straight and extended interfrontal suture
(Fig. 6N, Q, R). The dorsal surface is smooth (Fig. 6R). On the
ventral side, a sinuous low ridge (the crista cranii) separates the
lateral orbital facet from the medial surface, corresponding to
the position of the right olfactory bulb (Fig. 60—Q). Posteriorly,
part of a small, flat dome is preserved (Fig. 6N, O, R). The
extent of the frontal contribution to the orbital dorsal rim can-
not be determined.

Remarks. The frontal of GPIT-PV-122984 is subrectangular and
anteroposteriorly elongated, as for dryosaurids (Janensch 1955;
Hiibner & Rauhut 2010; Dunfee 2022), Ca. dispar (Gil-
more 1909) and Iy. raathi (Forster et al. 2023). This contrasts
with the more quadrangular to polygonal (pentagonal/hexago-
nal), anteroposteriorly shorter and lateromedially wider frontals
of larger iguanodontians such as Ou. nigeriensis (Taquet 1976),
Ig. bernissartensis (Norman 1980), Te. tilletti (Thomas 2015) or
Co. chasei (Lockwood et al. 2024). GPIT-PV-122984 also differs
from the narrower frontal of Hy. foxii (Galton 1974) and
Th. neglectus (Boyd 2014). The interfrontal suture of GPIT-PV-
122984 is straight, as in Dy. lettowvorbecki (e.g. BSPG AS 1 834,
GPIT/RE/1595/17 and MB.R.1377; Hiibner & Rauhut 2010),
Dr. elderae (Dunfee 2022), Ou. nigeriensis (Taquet 1976) and
rhabdodontids (Weishampel et al. 2003; Chanthasit 2010),
whereas it is sinusoidal in Co. chasei (Lockwood et al. 2024).

Posteriorly, the frontal bears a slightly marked, flat dome, com-
parable to small specimens of Dy. lettowvorbecki (e.g. BSPG AS I
834, GPIT/RE/1595/15, GPIT/RE/1595/17; Hiibner & Rau-
hut 2010), Iy. raathi (Forster et al. 2023), and in skeletally
immature lambeosaurines (Horner efal. 2004; Evans

et al. 2007).

Indeterminate bone. A nearly V-shaped and highly distorted
bone was recovered inside the block (Fig. 2D; Appendix S1,
Fig. S1.2). It possibly represents the predentary or a palatal ele-
ment, but its deformation does not allow a secure identification.

Inner ear. Almost the entire left endosseous labyrinth of GPIT-
PV-122984 could be reconstructed (Fig. 7A), described following
the nomenclature of Sobral et al. (2012), in turn based on Oel-
rich (1956). The vestibule is a large cavity between the otoccipi-
tal and prootic (Fig. 7D-J), above the metotic fissure. It
measures ¢. 12.36 mm anteroposteriorly, 3.76 mm mediolaterally
and 3.32 mm dorsoventrally, although its posterior tract within
the prootic is not preserved. At its posterior end, within the
otoccipital, there is a posterior ampullar recess that houses the
termination of the posterior semicircular canal and lies close to
the posterior end of the lateral semicircular canal. The lateral
semicircular canal extends for c. 11.15 mm along the prootic
crest (Fig. 7D-J), running from the otoccipital into the prootic,
where it ends forming a lateral ampullar recess, close to the an-
terior ampullar recess of the anterior semicircular canal end. The
posterior end of the lateral semicircular canal lies slightly more
dorsally than the anterior one. The anterior semicircular canal,
c. 12.6 mm long, exits the prootic anteriorly at its dorsomedial
contact with the supraoccipital (Fig. 7H-J), then extends dorsally
into the anterior expansion of the supraoccipital (‘epiotic’),
bending ventrally to converge with the posterior canal in the
common crus (Fig. 7B, C). The common crus probably extended
out of the supraoccipital into the dorsal otic capsule to rejoin
the vestibule. The posterior canal describes an arcuate path of c.
11.48 mm, descending from the common crus, entering the
otoccipital on its dorsomedial surface, and ending in the pos-
terior ampullar recess (Fig. 7B—G). The anterior semicircular
canal is taller than the posterior one (Fig. 7A). On the ventral
surface of the posterior prootic a depression for the lagenar
recess is visible (Fig. 6D), extending into the parabasisphenoid,
marked dorsally by a shallow depression on the contribution to
the basal tuber (visible on the right side; Fig. 6F). This recess
probably housed the perilymphatic cistern laterally and the
cochlear duct medially. The cochlea measures at least 8.01 mm
in length, estimated from the distance between the lagenar crest
and the contact of the prootic with the
parabasisphenoid.

ventral

Remarks. Given that the braincase elements of GPIT-PV-122984
were found disarticulated, the measurements on the inner ear
structures are an approximation based on the reconstructed
morphology of the area. The semicircular canals appear to be of
comparable length, as in Dy. lettowvorbecki dyA (including
MB.R.1370 and MB.R.1372) and BSPG AS 1 834 (Sobral
et al. 2012; Lautenschlanger & Hiibner 2013), whereas in Iguano-
don Mantell 1825 the lateral canal is proportionally shorter than
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FIG. 7. Inner ear of GPIT-PV-122984. A, inferred position of the semicircular canal in left lateral view. B—-C, semicircular canals of
the supraoccipital in: B, left lateral; C, posterior view. D—G, semicircular canals of the otoccipital in: D, lateral, E, posterior;

F, anterior; G, medial view. H-J, semicircular canals of the prootic in: H, lateral, I, posterior; ], medial view. Abbreviations: asc, an-
terior semicircular canal; cc, common crus; lsc, lateral semicircular canal; psc, posterior semicircular canal; vb, vestibule. Silhouette
modified from Lautenschlanger & Hiibner (2013). Scale bar represents 10 mm.

the other two (Norman 2004, fig. 19.9). The anterior semicircu- Thomas 2015; Cruzado-Caballero et al. 2015). The lateral canal
lar canal is taller than the posterior semicircular canal, as shows a dorsoventral inclination, as in Dy. lettowvorbecki dyA/
reported for various ornithopods (Sobral et al. 2012; MB.R.1370 (Sobral et al. 2012; Lautenschlanger & Hiibner 2013)
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and Th. neglectus (Button & Zanno 2023), whereas in other
ornithopods it lies more subhorizontally (e.g. Farke et al. 2013;
Cruzado-Caballero et al. 2015; Thomas 2015). The cochlea
seems to be dorsoventrally elongated as in other ornithopods
(Sobral et al. 2012; Norman 2004).

Axial skeleton

The cervical series, lacking only the atlas and axis, and the first
two dorsal vertebrae were found semi-articulated, in opistho-
tonic posture (Figs 6B, D, 8A). Two additional dorsal vertebrae
were recovered as disarticulated elements.

Cervical vertebrae. Seven post-axial cervical vertebrae (Cv3-9)
are preserved. Cervicals are here defined as the vertebrae with at
least part of the parapophysis ventral to the neurocentral suture,
as in Norman (1980, 1986) and Forster (1990). Cv5-9 are pre-
served in articulation in the block (Fig. 6B, D), whereas Cv4 lies
disarticulated but closely associated, positioned immediately an-
terior to Cv5. An isolated neural arch, found near Cv4, is
referred to Cv3 based on morphology, and a cervical centrum
found immediately anterior to Cv4 is interpreted as the corre-
sponding centrum of Cv3, given its size and fit with the arch
(Fig. 8A-I). Because Cv9 remains articulated posteriorly with the
first dorsal vertebra, the specimen can be confidently interpreted
as possessing nine cervical vertebrae in total, including the miss-
ing atlas and axis (Fig. 8A). The post-axial cervical vertebrae are
only weakly opisthocoelous to plano-concave. The posterior
articular surface of the centra is gently concave (Figs 8F, L, R,
9C, I, O, U), whereas the anterior surface is planar to slightly
convex (Figs 8D, J, P, 9A, G, M, S). Cv5 shows an apparent ven-
tral protrusion of the anterior articular surface (Fig. 8Q), S), but
this is probably the result of taphonomic deformation. Similar
deformation is evident in Cv4 and Cv9 (Figs 8], L, 9S, U). The
dorsal margin of the anterior articular surface is slightly everted,
a feature especially clear in Cv9 (Fig. 9T, V). All cervical centra
are anteroposteriorly longer than dorsoventrally tall. This is
exaggerated in Cv3 (Fig. 8E, G), which shows an anteroposterior
length (on the ventral surface) to dorsoventral height (on the
anterior surface) ratio of 1.84. The ratio decreases posteriorly,
ranging between 1.38 and 1.61 in Cv4—6 (Figs 8K, M, Q, S, 9B,
D) and 1.25-1.34 in Cv7-9 (Fig. 9H, J, N, P, T, V). Thus, an-
terior cervical centra (Cv3-5) are proportionally longer than the
posterior ones (Cv6-9), with Cv7 the shortest. In lateral view,
the Cv3 centrum is dorsoventrally taller posteriorly than an-
teriorly, whereas the other centra have a straighter or slightly
ventrally convex ventral margin, shaped by a low keel present in
Cv4-9 (Figs 80, U, 9F, L, R, X). Cv3 also bears a keel, although
reduced (Fig. 8I). In ventral view, centra are hourglass shaped,
with anterior parapophyses laterally wider than the posterior
margin. Therefore, in lateral view, shallow ventrolateral depres-
sions extend on each side ventrally to a low ridge, which termi-
nates anteriorly in the subtriangular, laterally projecting
parapophysis (Figs 81, O, U, 9F, L, R, X). On both lateral sur-
faces, the parapophyses form a continuous curve with the lateral
portion of the anterior articular surface of the centrum. Parapo-
physes are relatively small in the anterior centra (especially Cv4)

but develop progressively larger facets posteriorly. In Cv3 a sin-
gle vascular foramen for the anterior spinal artery (also named
as foramen venosum by Witzmann et al. 2008) lies between the
unfused neurocentral synchondroses (Fig. 8B), a condition also
visible on the pedicles of its neural arch (Fig. 8C), indicating a
low degree of fusion (Brochu 1996; Ikejiri 2012). In Cv4-9, neu-
rocentral sutures remain variably visible (see Sutural Closure in
the ontogenetic stage assessment section below). These sutures
pass dorsally to the parapophyses in Cv3-7, but divide the para-
pophyses in Cv8-9. Each neural arch encloses a subcircular
neural canal with thin walls and bears the diapophyses, prezyga-
pophyses and postzygapophyses. Cv3 bears short, pointed, ven-
trolaterally directed diapophyses (Fig. 8D, F, H, I). In Cv4 the
diapophyses are weakly developed, possibly reduced to a ridge
continuous with the prezygapophysis (Fig. 8M), although ero-
sion may account for their poor preservation. In Cv5-9 the dia-
pophyses are convex facets located on the distal tip of transverse
processes that protrude on each side of the neural arch (Figs 8P,
R, 9A, C, G, I, M, O, S, U). The transverse processes change
shape along the series, from short, hooked projections in Cv5
(Fig. 8P, R) to elongate posterolateral processes in Cv9 (Fig. 9S,
U). The transverse process is incompletely preserved in several
vertebrae, with the left missing in Cv6 and the right broken dis-
tally in Cv5 and Cv7-9. Prezygapophyses vary along the series:
Cv3 bears stout, anterodorsally directed prezygapophyses
(Fig. 8E, G, H); in Cv4 they are slenderer, elongated, antero-
laterally oriented processes (Fig. 8K, M, N); Cv5-9 have reduced
prezygapophyses, with medially facing triangular facets posi-
tioned at the anterior base of the transverse processes (Figs 8Q,
S-T, 9A, E, G, K, M, Q, S, W). The prezygapophyses migrate
progressively laterally from Cv5 to Cv9. The postzygapophyses
are two posterolaterally elongated processes at the posterior mar-
gin of the neural roof. In Cv3, the postzygapophyses are twisted
and bifid distally (Fig. 8E, G, H), diverging posteriorly to the
level of the posterior articular surface of the centrum. In Cv4,
the postzygapophyses diverge from an elongate posteriorly direc-
ted stalk almost at the level of the posterior articular surface,
although the left side is damaged (Fig. 8N). Cv5 has two sepa-
rate, elongate postzygapophyses diverging at the posterior articu-
lar surface level (Fig. 8T). In Cv6-9 the divergence occurs
anterior to the posterior articular surface (Fig. 9E, K, Q, W).
The length of the postzygapophyses increases from Cv4 to Cve,
then decreases towards Cv9. At the end of each postzygapophy-
sis, facets face ventrolaterally for articulation with the prezygapo-
physes of the succeeding vertebra. Cv9 bears a deep postspinal
fossa at the junction of the postzygapophyses, immediately above
the neural canal (Fig. 9U); similar fossae may have been present
in Cv6-8, although damage occurred. The neural spine is vir-
tually absent in Cv3-5, leaving a smooth roof profile (Fig. 9E,
G, K, M, Q, S). A short, hook-like neural spine appears in
Cv6-9, increasing in height posteriorly (Fig. 9B, D, H, J, N, P,
T, V). Each spine arises immediately anterior to the divergence
of the postzygapophyses and is connected to them by the spino-
postzygapophyseal laminae.

Remarks. The cervical vertebrae count of nine, as recorded in
GPIT-PV-122984, is consistent with several non-styracosternan
iguanodontians (Norman 2004), including Dy. lettowvorbecki
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FIG. 8. Anterior cervical vertebral series of GPIT-PV-122984. A, preserved cervical and first two dorsal vertebrae mounted in anato-
mical position. B, neural arch of Cv3 in ventral view. C, centrum of Cv3 in dorsal view. D-I, reconstructed Cv3 appearance in:

D, anterior; E, left lateral; F, posterior; G, right lateral; H, dorsal; I, ventral view. J-O, Cv4 in: ], anterior; K, left lateral; L, posterior;
M, right lateral; N, dorsal; O, ventral view. P-U, Cv5 in: P, anterior; Q, left lateral; R, posterior; S, right lateral; T, dorsal; U, ventral
view. Abbreviations: acr, anterior cervical rib; cv3-9, cervical vertebrae 3-9; da, diapophysis; fo, nutritional foramen; Ir, lateral ridge;

ncs, neurocentral suture or synchondrosis; pa, parapophysis; pcr, posterior cervical rib; poz, postzygapophysis; prz, prezygapophysis;

vf, vascular foramen; vk, ventral keel. Scale bar represents 10 mm.

(Galton 1981; Hibner 2018), Ca. dispar (Gilmore 1909) and
U. aphanoecetes (Carpenter & Wilson 2008). A similar number is
also reported in the non-iguanodontian ornithopods Hy. foxii
(Galton 1974) and Talenkauen santacrucensis Novas et al. 2004
(Rozadilla et al. 2019). By contrast, most non-hadrosaurid styra-
costernans usually possess 10-11 cervicals (e.g. Norman 1980,
1986, 2004; Bertozzo et al. 2017), and Te. tilletti has 12 (For-
ster 1990). Janensch (1955) described only eight cervicals in
Dy. lettowvorbecki, based on the mounted specimen ‘dyl’ at the
MB. However, Pompeckj (1920), in his preliminary account of
now mostly lost material, suggested the presence of nine verteb-
rae. This higher count was subsequently adopted by Gal-
ton (1981) and Hiibner (2018), who hypothesized that Cv9 was
missing in dyl, a condition more consistent with other ornitho-
pods. As previously noted, the distinction between cervical and
dorsal vertebrae is commonly based on the position of the para-
pophyses relative to the neurocentral suture/synchondrosis.
However, as stressed by Lockwood et al. (2024), this criterion is
somewhat arbitrary and may have introduced artificial differ-
ences in vertebral counts across ornithopods. The cervical centra
of GPIT-PV-122984 are slightly opisthocoelous to plano-
concave, as reported for some dryosaurids (Galton 2009; Car-
penter & Lamanna 2015), Ca. dispar (Gilmore 1909),
Cu.  prestwichii (Maidment et al. 2022), rhabdodontids
(Weishampel et al. 2003; Chanthasit 2010) and Te. tilletti (For-
ster  1990). In large
non-hadrosaurid styracosternans possess strongly opisthocoelous
cervical vertebrae (Norman, 1980, 1986, 2002; Barrett et al. 2011;
2017; 2023),
U. aphanoecetes has amphiplatyan middle and posterior cervical
vertebrae (Carpenter & Wilson 2008). No notochordal pits are

contrast, V. canaliculatus and

Bertozzo et al. Bonsor et al. whereas

visible on the anterior articular surfaces, in contrast to
Ig. bernissartensis (Norman 1980) and Mantellisaurus atherfiel-
densis (Hooley 1925) (Bonsor et al. 2023). In GPIT-PV-122984,
the cervical centra are consistently longer anteroposteriorly than
tall dorsoventrally, as reported for Dy. lettowvorbecki dyl
(Janensch 1955), Iy. raathi (Forster et al. 2023), Ca. dispar (Gil-
more 1909), Cu. prestwichii (Maidment et al. 2022), Co. chasei
(Lockwood et al. 2024) and Te. tilletti (Forster 1990). However,
elongate as in V. canaliculatus and
Ta. santacrucensis, in which the length is more than double the
dorsoventral height (Barrett et al. 2011; Rozadilla et al. 2019).
Conversely, the cervical centra are proportionally taller than long
in Ig. bernissartensis (Norman 1980), M. atherfieldensis (Bonsor
et al. 2023) and Zalmoxes shqiperorum Weishampel et al. 2003.

centra are not as

The ventral margin of the post-axial cervical centra of GPIT-PV-
122984 is nearly straight, resembling that of Dy. lettowvorbecki
dyl (Janensch 1955, pl. 12, figs 5-9), U. aphanoecetes (Carpenter

& Wilson 2008) and M. atherfieldensis (Bonsor et al. 2023),
whereas it is concave in Ig. bernissartensis (Norman 1980) and
Te. tilletti (Forster 1990). None of the cervical vertebrae of
GPIT-PV-122984 has the wedge-shaped ventral margin of Cv8
described for U. aphanoecetes (Carpenter & Wilson 2008). A
ventral keel is present in GPIT-PV-122984, as in
Dy. lettowvorbecki dyl (Janensch 1955), Dr. altus (Shepherd
et al. 1977), styracosternans (e.g. Taquet 1976; Norman 1980;
Bonsor et al. 2023), and many other non-hadrosaurid ornitho-
pods (e.g. Galton 1974; Forster 1990; Carpenter & Wilson 2008;
Chanthasit 2010; Barrett et al. 2011; Forster et al. 2023). Thesce-
losaurus neglectus reportedly lacks a keel and has a ventrally flat-
tened centrum (Gilmore 1915). In GPIT-PV-122984 the
parapophyses form a continuous curve with the anterior articu-
lar surface of the centrum, as in Dy. lettowvorbecki dyl
(Janensch 1955) and Dryosaurus (Galton 1981). Conversely, in
Ca. dispar (Gilmore 1909; Carpenter & Wilson 2008, fig. 7) and
M. atherfieldensis (Bonsor et al. 2023) they are positioned more
posteriorly, whereas in Hy. foxii they form a marked angle with
the articular surface (Galton 1981). The cervical neural arches of
GPIT-PV-122984 enclose a subcircular neural canal, proportion-
ally similar to those of Dy. lettowvorbecki dyl (Janensch 1955,
pl. 12, figs 5-9) and Dr. altus (Carpenter & Galton 2018),
whereas in Dr. elderae (Carpenter & Galton 2018) the canal is
lower dorsoventrally and longer anteroposteriorly. Cv3 of GPIT-
PV-122984 lacks the median crest posterior to the prezygapo-
physes described for Ca. dispar (Gilmore 1909). Epipophyses are
also absent in GPIT-PV-122984, in contrast to some rhabdodon-
tomorphs (Weishampel et al. 2003; Chanthasit 2010; Zanno
et al. 2023) and Ta. santacrucensis (Rozadilla et al. 2019). A
small but distinct neural spine is present on Cv5-9 of GPIT-PV-
122984, resembling the condition of Dy. lettowvorbecki dyl
(Janensch 1955) and other dryosaurids (Shepherd et al. 1977;
Barrett et al. 2011), but also Co. chasei (Lockwood et al. 2024),
Z. robustus (Weishampel et al. 2003) and Hy. foxii (Galton 1974).
In Te. tilletti the spines are more prominent (Forster 1990,
fig. 1), whereas in Ca. dispar they are nearly absent (Gil-
more 1909; Carpenter & Wilson 2008).

Cervical ribs. Four cervical ribs were found in the block (Figs 3,
8A). Two of them, a left and a right one, probably belonged to
the anterior portion of the series, given that their shafts extend
posteroventrally, gently curving backward and downward from
the centrum articulation, and remain approximately parallel to
the anteroposterior axis. The other two left ribs were associated
with more posterior cervical vertebrae because they have a shaft
that curves almost vertically from the centrum articulation. In
the two anterior cervical ribs, the tuberculum is longer than the
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FIG. 9. Anterior cervical vertebral series of GPIT-PV-122984. A-F, Cv6 in: A, anterior; B, left lateral; C, posterior; D, right lateral;

E, dorsal; F, ventral view. G-L, Cv7 in: G, anterior; H, left lateral; I, posterior; J, right lateral; K, dorsal; L, ventral view. M—-R, Cv8 in:
M, anterior; N, left lateral; O, posterior; P, right lateral; Q, dorsal; R, ventral view. S-X, Cv9 in: S, anterior; T, left lateral; U, posterior;
V, right lateral; W, dorsal; X, ventral view. Abbreviations: da, diapophysis; Ir, lateral ridge; ncs, neurocentral suture or synchondrosis;
ns, neural spine; pa, parapophysis; poz, postzygapophysis; prz, prezygapophysis; psf, postspinal fossa; vk, ventral keel. Scale bar repre-

sents 10 mm.

capitulum, which instead is stouter. Conversely, in the
posterior ribs, the tuberculum is short yet robust, whereas the
capitulum is distinctly elongated. A low ridge projects poster-
iorly from the dorsal margin of the shaft in the posterior cervical

ribs.

Dorsal vertebrae. The 10th and the 11th presacral vertebrae were
found in articulation with Cv9 (Fig. 2B, D; 8A) and, given that
their parapophyses lie above the neurocentral suture, they were
identified as the first two dorsals (D1 and D2), following Nor-
man (1980, 1986) and Forster (1990). D1 bears transitional fea-
tures between cervical and dorsal vertebrae. Two additional
dorsal vertebrae were found isolated, with their neural arches
detached from their centra but still associated, named from now
on as Da and Db (Fig. 2B, D). They represent anterior to middle
dorsals, posterior to D2: spatial arrangement inside the block
and the morphology suggest that Da belonged to the D3-5
range, with Db slightly more posterior (Fig. 8A). The centra of
D1 and D2 are deformed by compression. D1 has a flat anterior
and a slightly concave posterior articular surface, whereas D2 is
gently concave on both ends (Fig. 10A, D, G, J). Da and Db
have amphicoelous centra with more pronounced concavity
(Fig. 11A, D, I, L). In D1-D2, the dorsal margins of the anterior
surfaces are slightly everted, as in the cervical series (Fig. 10B, E,
H, K). All dorsal centra are longer than tall (length/height ratio
between 1.70 and 1.31). D1 and D2 bear a prominent ventral
keel, probably accentuated by deformation (Fig. 10F, L), whereas
Da and Db have smoother keels and more rounded ventral
aspects (Fig. 11F, N). Ventrolateral depressions formed by an
anteroposterior concavity at the mid-length of the centra give
DI and D2 an hourglass outline in ventral view. This
mid-length constriction is instead nearly absent in Da and Db.
The neurocentral suture remains visible in Da and Db (see
Sutural Closure in the ontogenetic stage assessment section
below). In Da and Db, the detached centra expose a median vas-
cular foramen dorsally, flanked by irregular neurocentral synch-
ondrosial surfaces that would have articulated with the neural
arch pedicles (Fig. 11G, H, O, P). Parapophyses are consistently
positioned on the neural arch. In D1 they are small, dorsoven-
trally elongated facets at the anterior base of the transverse pro-
cesses (Fig. 10B, E). In D2 they are set more dorsally, at the
level of the prezygapophyses, forming a small anterolateral knob
(Fig. 10H, K, L). In Da and Db this parapophysis knob is more
squared, situated above the prezygapophyses, and more promi-
nent in Db (Fig. 11B, C, E, F, J, K, N). The transverse processes
are stout, with distal ends broken in D1, D2 and Db, exposing a
subtriangular cross-section with a ventral apex (Fig. 10E, K).
The transverse processes orientation in dorsal view shifts from
posterolateral in D1 (Fig. 10C, F) to more laterally directed in

D2, Da and Db (Figs 101, L, 11C, F, K, N). In anterior view the
transverse processes are only slightly dorsally inclined in D1 and
D2 (Fig. 10A, D, G, J), while in the more posterior Da and Db
the processes are markedly laterodorsally directed (Fig. 11A, D,
I, L). Robustness of the transverse processes also increases pos-
teriorly. D2, Da and Db show a series of laminae (sensu Wil-
son 1999): a posterior centrodiapophyseal lamina extends from
the ventral surface of the transverse process to the centrum; a
centropostzygapophyseal lamina extends from the pedicle to the
ventral margin of the postzygapophyses; and a postzygodiapo-
physeal lamina develops from the posterior margin of the trans-
verse process to the anterior margin of the postzygapophysis.
Together, these laminae delimit a posterior triangular depres-
sion, shallow in D2 but deeper in Da and Db (Figs 10]J, L, 11D,
F, L, N). In D1 these laminae and the depression are only
weakly developed (Fig. 10D, F). Prezygapophyses originate from
the dorsal surface of the transverse process base. They are small
in D1 (Fig. 10B, C, E), larger and anteriorly expanded in D2
(Fig. 10H, I, K), mostly broken in Da (Fig. 11E), and in Db
modified into two anterodorsally directed sheets positioned at c.
45° to the horizontal (Fig. 11], K, M). In dorsal view it is possi-
ble to define a lateral constriction at the base of the prezygapo-
physis of D2 and Db (Figs 10I, 11K). The prezygapophyses
facets consistently face dorsomedially. Postzygapophyses consis-
tently change through the series: D1 retains elongated, postero-
laterally directed processes similar to posterior cervicals
(Fig. 10B, C, E); D2 has shorter, subhorizontal projections
(Fig. 10H, J, K); whereas Da and Db preserve only reduced, sub-
horizontal posterior projections, partially broken (Fig. 11B, C, E,
J, M, N). As in Cv9, a postspinal fossa is present between the
postzygapophyses of D1 and D2 (Fig. 10D, J), while it is not
recognizable in Da and Db. The point of divergence between the
postzygapophyses of D1 and D2 is anterior to the level of the
posterior centrum surface, whereas the postzygapophyses in Da
and Db diverge posteriorly to the level of the posterior centrum
surface. Each postzygapophysis has a ventrolaterally facing facet,
inclined at c. 45° to the horizontal. In D1 the neural spine,
although relatively tall, retains a more similar morphology to the
posterior cervicals (Fig. 10B, E) than to the more posterior dor-
sals. In contrast, the spine of D2 is considerably taller, blade-like,
and marked by an anteroposterior constriction just below the
tip (Fig. 10H, I). The base of the neural spine of D1 is dorso-
ventrally inclined in lateral view, whereas it is subhorizontal in
D2. In Da, the neural spine is eroded near its base (Fig. 11A,
D), whereas in Db the dorsal portion is damaged but still pre-
served as a taller element than the spine of D2 (Fig. 111, L). The
base of the neural spine of Da and Db is subhorizontal, located
on a broad platform that forms the roof of the neural canal. In
D2 a deep fossa separates the prezygapophyses from the
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FIG. 10. Anterior dorsal vertebral series of GPIT-PV-122984. A-F, D1 in: A, anterior; B, left lateral; C, dorsal; D, posterior; E, right
lateral; F, ventral view. G-L, D2 in: G, anterior; H, left lateral; I, dorsal; J, posterior; K, right lateral; L, ventral view. Abbreviations:
cpol, centropostzygapophyseal lamina; da, diapophysis; ncs, neurocentral suture or synchondrosis; ns, neural spine; pa, parapophysis;
pedl, posterior centrodiapophyseal lamina; podl, postzygodiapophyseal lamina; poz, postzygapophysis; prz, prezygapophysis; psf, post-
spinal fossa; vk, ventral keel. Scale bar represents 10 mm.

FIG. 11. Isolated dorsal vertebrae of GPIT-PV-122984. A-F, reconstructed appearance of Da in: A, anterior; B, left lateral; C, dorsal;
D, posterior; E, right lateral; F, ventral view. G, Da centrum in dorsal view. H, Da neural arch in ventral view. I-N, reconstructed
appearance of Db in: I, anterior; J, left lateral; K, dorsal; L, posterior; M, right lateral; N, ventral view. O, Db centrum in dorsal view.
P, Db neural arch in ventral view. Abbreviations: cpol, centropostzygapophyseal lamina; da, diapophysis; ncs, neurocentral suture or
synchondrosis; ns, neural spine; pa, parapophysis; pcdl, posterior centrodiapophyseal lamina; podl, postzygodiapophyseal lamina; poz,
postzygapophysis; prz, prezygapophysis; vf, vascular foramen. Scale bar represents 10 mm.
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neural spine (Fig. 10I), whereas the same structure is shallower
in Da and Db (Fig. 11C, K).

Remarks. In GPIT-PV-122984, D1 exhibits transitional features
between cervical and dorsal vertebrae, as in most iguanodontians
(Norman 2004). The centrum of D1 is less markedly opisthocoe-
lous and anteriorly convex than the first dorsal vertebrae of
V. canaliculatus (Barrett et al. 2011) or some styracosternans
(e.g. Norman 1980, 1986; Bertozzo et al. 2017). The centra pos-
terior to D1 of GPIT-PV-122984 have gently concave articular
surfaces, resembling Dy. lettowvorbecki (dyl and dyIl/MB.R.1586;
Janensch 1955), other iguanodontians (e.g. Gilmore 1909; Car-
penter & Wilson 2008; Bonsor et al. 2023), and thescelosaurids
(e.g. Gilmore 1915; Avrahami et al. 2024). D1 and D2 centra of
GPIT-PV-122984 are anteroposteriorly longer than dorsoven-
trally tall, as in Dy. lettowvorbecki (dyl and dylI/MB.R.1586;
Janensch 1955; Hiibner et al. 2021, fig. 12A), Dr. altus (Gal-
ton 1981, fig. 1C, E), Ou. nigeriensis (Bertozzo et al. 2017), and
some thescelosaurids (Gilmore 1915; Krumenacker et al. 2023),
contrasting with  the subequal proportions  of
Ig. bernissartensis (Norman 1980), Brighstoneus simmondsi Lock-
wood etal. 2021 and rhabdodontomorphs (Weishampel
et al. 2003; Godefroit et al. 2009; Zanno et al. 2023). A ventral
keel is present on the anterior dorsal centra of GPIT-PV-122984,
diminishing posteriorly, as in Dy. lettowvorbecki  dyl
(Janensch 1955), Ca. dispar (Gilmore 1909), Probactrosaurus
gobiensis Rozhdestvensky 1966 (Norman 2002), Te. tilletti (For-
ster 1990) and some thescelosaurids (e.g. Scheetz 1999; Krume-
nacker et al. 2023; Avrahami et al. 2024). In contrast, no keel
occurs in Cu. prestwichii (Maidment et al. 2022), whereas in
many styracosternans it persists posteriorly (Norman 1980; Ber-
tozzo et al. 2017; Bonsor et al. 2023; Lockwood et al. 2024). The
parapophyses of D1 in GPIT-PV-122984 are distinct in position,
size and shape from those of the preceding cervicals, as in
Dy. lettowvorbecki dyl (Janensch 1955). D1 parapophyses are
reduced, unlike the enlarged condition in Ca. dispar (Gil-
more 1909). The parapophyses follow the typical iguanodontian
migration: dorsally onto the neural arch and laterally along the
transverse process (Norman 2004). Posterior to D1, the trans-
verse processes show a posterior depression bounded by laminae,
as in Dy. lettowvorbecki (dy27/MB.R.1486; Janensch 1955),
V. canaliculatus (Barrett et al. 2011), but also, for example,
Cu. prestwichii (Maidment et al. 2022), Co. chasei (Lockwood
et al. 2024), Ia. smithi (Zanno et al. 2023), J. shangyuanensis
(Han et al. 2012) and F. herzogae (Avrahami et al. 2024). The
prezygapophyses of D2 and Db have a basal lateral constriction,
comparable to Dy. lettowvorbecki dyl (Janensch 1955, pl. 12,
figs 17-20; Galton 1981, fig. 2K) and a Portuguese dryosaurid
(Rotatori et al. 2020). The neural spine of D2 of GPIT-PV-
122984 is apically constricted anteroposteriorly, possibly due
to taphonomy, but a similar morphology occurs in
Dy. lettowvorbecki dyl (Janensch 1955, pl. 12, figs 12, 13). The
neural arches of the anterior dorsal vertebrae of GPIT-PV-

nearly

122984 are dorsoventrally low, increasing in height posteriorly,
as in many iguanodontians (Norman 2004). Their neural spines
are relatively reduced compared with the transverse processes, as
in dryosaurids (Galton 1981, fig. 1C-F; Carpenter & Galton 2018,
fig. 29K-N), Ca. dispar (Gilmore 1909, fig. 15; Carpenter &

Galton 2018, fig. 22D) and Cu. prestwichii (Maidment
et al. 2022). In contrast, Ig. bernissartensis, B. simmondsi and
some rhabdodontids show reduced transverse processes relative
to neural spines (Norman 1980; Weishampel et al. 2003;
Chanthasit 2010; Lockwood et al. 2021).

Dorsal ribs. Three dorsal rib fragments are preserved (Fig. 3).
Two represent distal shaft segments of anterior to central dorsal
ribs. Another fragment, probably from an anterior to central
right dorsal rib, bears a stout tuberculum as a short dorsal pro-
jection anterior to the capitular process, which forms the proxi-
mal end of the fragment. The capitular process is elongated but
broken medially. That third fragment has a prominent ridge that
extends posteriorly from the dorsal margin, immediately distal
to the tuberculum.

Chevrons. Two associated chevrons are preserved. Both are rela-
tively slender and dorsoventrally short, although one is notably
smaller and interpreted as the first chevron, the larger as an an-
terior chevron (Fig. 3). The first is broken distally, whereas the
larger is nearly complete. In lateral view, both have subparallel
margins with only slight proximal and distal expansion. The lar-
ger chevron is gently posteriorly arched. In anterior view, each
chevron consists of two blade-like sheets of bone converging dis-
tally and connected dorsally by a transverse bridge that would
have articulated between adjacent caudal vertebrae.

Remarks. The first chevron of GPIT-PV-122984 is notably small
as observed in Dy. lettowvorbecki (dyl/MB.R.1586 in
Janensch 1955, pl. 13, fig. 12). This feature is listed by Gal-
ton (1981) to distinguish Dy. lettowvorbecki from Dr. altus,
which in contrast has a strong first chevron.

Appendicular skeleton

Scapula. For description, the long axis of the scapula was
oriented anteroposteriorly. The anterior portion of the left sca-
pula is preserved, whereas most of the posterodorsal blade is
broken. A crack divides the bone into anterior and posterior seg-
ments. The element flares anteriorly into its articular end
(Fig. 12A, B). The upper portion of this end bears the articular
surface for the coracoid, which terminates anterodorsally, below
the protruding acromion process. The ventral part of the articu-
lar end instead contributes to the border of the glenoid fossa
(Fig. 12A—C). The medial surface of the scapula is gently medio-
laterally concave and smooth, except for the canal for the supra-
coracoid foramen near the coracoid facet (Fig. 12A). In contrast,
laterally, two marked depressions are present at the anterior end:
the extensive deltoid fossa, dorsally delimited by a faint and dor-
soventrally narrow deltoid ridge that rises into the acromion
process at c. 20° to the long axis (Fig. 12B, C); and the smaller
but deeper supraglenoid fossa, situated near the ventral corner
of the anterior end of the scapula. The supraglenoid fossa is pos-
teriorly delimited by the marked, anteroventrally directed, scapu-
lar labrum (ventral buttress of some authors) (Fig. 12B).
Posterior to the acromion process, the dorsal margin of the
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FIG. 12. Forelimb skeleton of GPIT-PV-122984. A-C, left scapula in: A, medial; B, lateral; C, anterior view. D-F, left coracoid in:
D, medial; E, lateral; F, dorsal view. G-K, left humerus in: G, medial; H, anterior; I, lateral; ], posterior; K, proximal view. L-P, right
ulna in: L, medial; M, anterior; N, lateral; O, posterior; P, proximal view. Q-U, left radius in: Q, medial; R, anterior, S, lateral;

T, posterior; U, proximal view. Abbreviations: ac, acromion process; ag, anterior groove, bs, bicipital sulcus; bt, biceps tubercle; cas,
coracoid articular surface; df, deltoid fossa; dpc, deltopectoral crest; dr, deltoid ridge; glp, glenoid process of the coracoid; glf, glenoid
fossa; hdf, humerus distal fossa; hifo, humeral intercondilar foramen; lc, lateral radial condyle of humerus; Iscf, lateral opening of

supracoracoid foramen; mc, medial ulnar condyle of humerus; mp, medial process of ulna; mscf, medial opening of supracoracoid
foramen; pg, posterior groove; sas, scapular articular surface; sgl, supraglenoid fossa; sl, scapular labrum; stp, sternal process. Scale bar

represents 10 mm.

preserved scapula is nearly straight, whereas the posteroventral
margin is bowed and lacks a distinct bulge at the shaft base
(Fig. 124, B).

Remarks. The acromion process of GPIT-PV-122984 lacks the
prominent dorsal or hooked projection seen in Ca. dispar,
U. aphanoecetes (Carpenter & Wilson 2008), Ig. bernissartensis
(Norman 1980), P. gobiensis (Norman 2002), Rhabdodon priscus

Matheron 1869 (Chanthasit 2010), Ta. santacrucensis (Rozadilla
et al. 2019), M. atherfieldensis (Bonsor et al. 2023) and Orycto-
dromeus cubicularis Varricchio et al. 2007 (Krumenacker
et al. 2023). Instead, the acromion process of GPIT-PV-122984
is a modest anterodorsal projection, comparable to that of
Dy. lettowvorbecki (e.g. dyl, MB.R.5090, GZG.V.6287, GPI-
T/RE/5330; Janensch 1955, fig. 31; Hiibner 2018, text-fig. 3A—C)
and Dryosaurus (Carpenter & Galton 2018, fig. 30C, D), but
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more developed than in Te. tilletti (Forster 1990). A canal for
the supracoracoid foramen, similar to that of GPIT-PV-122984,
occurs in several ankylopollexians (e.g. Gilmore 1909; Nor-
man 1980, 1986; Bonsor et al. 2023; Lockwood et al. 2024),
Hy. foxii (Galton 1974), but also in Dy. lettowvorbecki
MB.R.5090 (Htibner 2018, text-fig. 3A). The narrow deltoid
ridge of GPIT-PV-122984 resembles that of Dy. lettowvorbecki
(e.g. dyl, GZG.V.6287, GPIT/RE/5330; Janensch 1955, fig. 31;
Hiibner 2018, text-fig. 3B, C) and most F. herzogae specimens
(Avrahami et al. 2024). A sharper but still narrow ridge occurs
in Dryosaurus (Shepherd et al. 1977, fig. 2A; Carpenter & Gal-
ton 2018, fig. 30C, D), Ca. dispar (Gilmore 1909),
U. aphanoecetes (Carpenter & Wilson 2008), Ou. nigeriensis (Ber-
tozzo et al. 2017) and Th. neglectus (Gilmore 1915). In contrast,
M. atherfieldensis (Bonsor et al. 2023) and Te. tilletti (For-
ster 1990) possess a wide, rounded deltoid ridge. The supragle-
noid fossa of GPIT-PV-122984 is small but distinct, as in
Dy. lettowvorbecki (e.g. dyl, MB.R.5090, GZG.V.6287, GPI-
T/RE/5330; Janensch 1955, fig. 31; Hiibner 2018, text-fig. 3A—C),
Dr. elderae (Carpenter & Galton 2018, fig. 30D), Iy. raathi (For-
ster et al. 2023), U. aphanoecetes (Carpenter & Wilson 2008)
and Cu. prestwichii (Maidment et al. 2022). Shallower fossae are
found in Ca. dispar (Carpenter & Wilson 2008; McDonald 2011)
and M. atherfieldensis (Bonsor et al. 2023), whereas such a fossa
is reduced or absent in ‘Do. bampingi’ (Norman 1986),
Hi. scutodens (McDonald et al. 2010), Co. chasei (Lockwood
et al. 2024), Te. tilletti (Forster 1990), and rhabdodontomorphs
(Weishampel et al. 2003; Chanthasit 2010; Zanno et al. 2023).
Iguanodon bernissartensis RBINS R51 clearly bears a supraglenoid
fossa, despite some contrary reports (e.g. Bonsor et al. 2023;
Lockwood et al. 2024).

Coracoid. For description, the long axis of the coracoid was
oriented dorsoventrally. The left coracoid is preserved except for
its dorsalmost portion. Even if broken anteriorly, the coracoid is
already dorsoventrally taller than anteroposteriorly long
(Fig. 12D, E). The bone is almost flat, with a medial concavity
and a lateral weak convexity. On the lateral surface, immediately
anterior to the undulating posterior margin, lies a well-marked
supracoracoid foramen (Fig. 12E), fully enclosed by the cora-
coid, opening into a posteromedially directed canal. Immediately
dorsally to this foramen, a fracture runs from the anterior to the
posterior margin of the bone (Fig. 12D, E). Near the antero-
dorsal corner of the lateral preserved surface there is a faint
biceps tubercle (sensu Prieto-Marquez 2011) (Fig. 12E). The
bone is mediolaterally thinner in its anterior portion, thickening
in its posterior part, where it forms the scapular articular surface
dorsally and part of the glenoid fossa margin ventrally (Fig. 12D—
F). In posterior view the articular surface for the scapula is irre-
gular, but it lacks well-marked ridges. At the ventromedial cor-
ner of this articular surface (immediately ventrally to the
fracture), the medial opening of the supracoracoid foramen is
visible (Fig. 12D, F), for the passage of the supracoracoid neuro-
vascular canal. Laterally, the glenoid fossa margin forms a
rounded ridge that terminates ventrally in a rounded glenoid
process (Fig. 12D, E). The scapula and coracoid contribute sube-
qually to the dorsoventral length of the glenoid margin (c.
15 mm each), although the scapular margin is transversely wider

(c. 11.5 mm) than that of the coracoid (c. 8 mm). On the ven-
tral margin, the glenoid process is separated from the more ven-
tral and subtriangular sternal process by an embayment that is
anteroposteriorly wider than dorsoventrally deep (Fig. 12D, E).

Remarks. In GPIT-PV-122984, the lateral opening of the supra-
coracoid foramen is fully enclosed within the coracoid, as in
most iguanodontians, except for some species (Norman 2004),
but medially, in GPIT-PV-122984 the supracoracoid canal opens
on the ventromedial corner of the posterior scapular contact
surface. This condition of the medial opening is also reported
for Dy. lettowvorbecki MB.R.1485 (Hiibner 2018, text-fig. 5B),
Ou. nigeriensis (Taquet 1976), ‘Do. bampingi’ (Norman 1986)
and Ta. santacrucensis (Rozadilla et al. 2019), differing from the
more anteriorly located openings of this foramen in Co. chasei
(Lockwood et al. 2024), Te. tilletti (Forster 1990), rhabdodontids
(Weishampel ef al. 2003; Chanthasit 2010), Hy. foxii (Gal-
ton 1974), most thescelosaurids (Scheetz 1999; Krumenacker
et al. 2023; Avrahami et al. 2024), and possibly V. canaliculatus
(based on the dubious IWCMS 2007-4 in Barrett et al. 2011). In
Ca. dispar, Ig. bernissartensis and Cu. prestwichii the openings of
the foramen are positioned on the articular surface both laterally
and medially (Gilmore 1909; Norman 1980; Maidment
et al. 2022) and without forming the posteromedially inclined
canal seen in GPIT-PV-122984, Ou. nigeriensis, ‘Do. bampingi’,
Ta. santacrucensis and probably Dy. lettowvorbecki MB.R.1485. A
faint biceps tubercle, as in GPIT-PV-122984, occurs in
Ca. dispar (Gilmore 1909), Ig. bernissartensis (Norman 1980),
M. atherfieldensis (Bonsor et al. 2023), and in Dy. lettowvorbecki
MB.R.1485 and MB.R.3474 (Hiubner 2018, text-fig. 5A, C), but
appears absent in Dryosaurus, Ta. santacrucensis and
Th. neglectus (Poole 2022). The glenoid process of GPIT-PV-
122984 does not develop a robust pedicle, unlike the condition
possibly reported for V. canaliculatus (based on IWCMS 2007-4,
reported in Barrett et al. 2011). A distinct sternal process is pre-
sent in GPIT-PV-122984, as in all iguanodontians (Nor-
man 2004), but it is much reduced when compared with the
hooked morphology of Te. tilletti (Forster 1990), Hy. foxii (Gal-
ton 1974), various ankylopollexians (e.g. Norman 1980; Carpen-
ter & Wilson 2008; Maidment et al. 2022; Bonsor et al. 2023;
Lockwood et al. 2024), Z. shqgiperorum (Weishampel et al. 2003),
R. priscus (Chanthasit 2010) and thescelosaurids (e.g. Gil-
more 1915; Krumenacker et al. 2023; Avrahami et al. 2024). A
similar weak, subtriangular process is documented for
Dy. lettowvorbecki (e.g. dyl, MB.R.1485, MB.R.3474, MB.R.1476,
SMNSoN2, GPIT/RE/3871; Janensch 1955, fig. 23; Hiibner 2018,
text-fig. 5A, C-F).

Humerus. The left humerus is preserved but lacks its proximal
portion, including the head (Fig. 12G-J). In anterior view, a
major fracture separates and displaces the uppermost preserved
fragment, whereas additional smaller fractures occur along the
slender diaphysis. The uppermost fragment bears a shallow
depression for the bicipital sulcus (Fig. 12G), which originally
faced anteromedially, indicating a slight torsion to the shaft. Lat-
eral to the sulcus, a low, rounded deltopectoral crest extends
from the broken dorsal margin onto the diaphysis (Fig. 12G,
H), enabling reconstruction of the position of the dorsalmost
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fragment. Originally, the crest was restricted to the anterolateral
surface of the humerus and was not visible in posterior view.
The distal epiphysis is complete, with a medial ulnar condyle
and a lateral radial condyle (Fig. 12H, J, K). The medial condyle
projects more ventrally (Fig. 12H, J), but the lateral condyle is
broader anteroposteriorly and mediolaterally (Fig. 12K). The lat-
eral margin of the medial condyle is slightly eroded. The con-
dyles are separated anteriorly and posteriorly by shallow grooves
of similar depth: the anterior groove expands into a shallow
fossa on the distal anterior surface, whereas the posterior groove
is pierced by a foramen (Fig. 12K).

Remarks. The humerus of GPIT-PV-122984 is characterized by
a slender diaphysis and a very low deltopectoral crest restricted
to the surface, a reported  for
Dy. lettowvorbecki, Dr. altus (Galton 1981), Ta. santacrucensis
(Rozadilla et al. 2019), Iy. raathi (Forster et al. 2023),
Cu. prestwichii (Maidment et al. 2022) and Or. cubicularis (Kru-
menacker et al. 2023). In contrast, the crest forms a more pro-
minent projection in Ca. dispar (Gilmore 1909; Carpenter &
Wilson 2008), M. atherfieldensis (Bonsor et al. 2023), rhabdo-
dontids (Weishampel et al. 2003; Chanthasit 2010), Hy. foxii
(Galton 1974), J. shangyuanensis (Han et al. 2012) and
Th. neglectus (Gilmore 1915). Uteodon aphanoecetes has a
rounded but distinctly developed deltopectoral crest (Carpenter
& Wilson 2008). In Ig. bernissartensis, ‘Do. bamping?,
Hi. scutodens and Te. tilletti this crest also protrudes laterally
(Norman 1980, 1986; Forster 1990; McDonald et al. 2010; Bon-
sor et al. 2023). GPIT-PV-122984 has a lateral condyle that is
mediolaterally and anteroposteriorly wider than the medial con-
dyle, as consistently demonstrated in Dy. lettowvorbecki (e.g. dyl,
SMNSoN3, SMNSoN2; Janensch 1955, fig. 34d; Hiibner 2018,
text-fig. 7E-F, table 9.2.3) and described for Ou. nigeriensis
(Taquet 1976). In contrast, the condyles are subequal in
Dr. altus YPM 1876 (Galton 1981), M. atherfieldensis (Bonsor
et al. 2023) and Or. cubicularis (Krumenacker et al. 2023),
whereas the medial condyle is wider in Iy. raathi (Forster
et al. 2023), P. gobiensis (Norman 2002), rhabdodontids
(Weishampel et al. 2003; Chanthasit 2010) and J. shangyuanensis
(Han ef al. 2012). On the anterior surface, the distal fossa of
GPIT-PV-122984 is shallow, as in dryosaurids (Janensch 1955;
Galton 1981; Hiibner 2018, text-fig. 7B, D) and Cu. prestwichii
(Maidment et al. 2022), whereas it forms a deeper distal fossa in
Ca. dispar (Gilmore 1909), Ig. bernissartensis (Norman 1980),
M. atherfieldensis (Bonsor et al. 2023) and Te. tilletti (For-
ster 1990). The medial condyle of GPIT-PV-122984 lacks a dis-
tinct supinator ridge, unlike the condition of Ou. nigeriensis
(Bertozzo et al. 2017), Cu. prestwichii (Maidment et al. 2022)
and M. atherfieldensis (Bonsor et al. 2023). In fact, apart from
slight erosion, it closely resembles the medial condyle of
Dy. lettowvorbecki SMNSoN2 (Hiibner 2018, text-fig. 7E). The
intercondylar foramen of GPIT-PV-122984 is also recorded for
Dryosaurus CM 21786 (Shepherd et al. 1977).

anterior condition

Ulna. For description, the element long axis was oriented dorso-
ventrally. A fragmentary long bone is interpreted as the right
ulna. It preserves the proximal epiphysis and part of the diaphy-
sis, whereas the distal portion is missing. In dorsal view, the

proximal end is subtriangular in outline due to the presence of
two angular processes (Fig. 12P). The olecranon is not clearly
recognizable, probably due to erosion (Fig. 12L, N, O). The
most prominent proximal projection is tentatively identified as
the medial process of the ulna, which is connected to the
posteromedial angle by a concave medial margin (Fig. 12L, M,
O). This concavity continues distally along the medial surface of
the bone (Fig. 12L). The preserved shaft, although heavily frac-
tured and distorted, tapers distally (Fig. 12L-O).

Remarks. Although erosion may have affected its preservation,
the proximal end of the ulna of GPIT-PV-122984 does not
appear to develop a prominent lateral process, similarly to
Dy.  lettowvorbecki ~ GPIT/RE/3909 and  GPIT/RE/3451
(Htibner 2018, text-fig. 6C, D), and Dr. altus YPM 187 (Gal-
ton 1981, fig. 7H). In contrast, a more pronounced lateral pro-
reported in ankylopollexians, such as
U.  aphanoecetes  (Carpenter &  Wilson 2008) and
M. atherfieldensis (Bonsor et al. 2023).

cess s some

Radius. For description, the element long axis was oriented dor-
soventrally. A slender and elongated bone, found in close asso-
ciation with the left humerus, is tentatively interpreted as the
left radius. The element appears to preserve the proximal end
and most of the diaphysis, whereas the distal end is broken. The
proximal articular surface is slightly D shaped in cross-section
(Fig. 12U), with a flatter medial margin and a gently convex lat-
eral margin (Fig. 12Q, S, U). The diaphysis has some fractures,
and it lacks some portions of bone, but overall narrows distally
while maintaining the D-shaped section. In its distalmost pre-
served portion, the radius 1is anterolaterally deflected
(Fig. 12Q-9).

Remarks. The radius of GPIT-PV-122984 is relatively gracile,
similarly to what documented in Dy. lettowvorbecki
(Hubner 2018, appendix 1), Dr. altus (Galton 1981), Iy. raathi
(Forster et al. 2023), U. aphanoecetes (Carpenter & Wilson 2008),
M. atherfieldensis (Bonsor et al. 2023), Ou. nigeriensis (Bertozzo
et al. 2017) and P. gobiensis (Norman 2002), whereas it is more
robust in Ig. bernissartensis (Norman 1980).

Femur. The left femur is preserved with its proximal portion
broken and, therefore, missing its head. The preserved shaft,
dorsal to the distal epiphysis, shows multiple fractures and
deformation. Despite these alterations, the femur was originally
slender, anteroposteriorly bowed in mediolateral view and
mediolaterally bowed in anteroposterior view (Fig. 13A-D).
Therefore, the element shaft presented medial and posterior
slightly concave surfaces. At the broken proximal edge, the an-
terior surface shows a laterally constricted process, partially sepa-
rated from the shaft, representing the base of the missing lesser
trochanter (Fig. 13A, B). The fourth trochanter is fully preserved
on the medial margin of the posterior face of what was probably
the proximal shaft (Fig. 13B-D). This trochanter is pendant
shaped and forms a posteroventrally elongated, tapering process.
A nutritional foramen lies immediately lateral to its base
(Fig. 13C). In medial view, anterior but distinct from the
trochanter base, is an oval insertion scar for musculus
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FIG. 13. Hindlimb skeleton of GPIT-PV-122984. A-E, left femur in: A, anterior; B, medial; C, posterior; D, lateral; E, distal view. F—
], left tibia in: F, anterior; G, medial; H, posterior; I, lateral; J, distal view. KO, reconstructed appearance of left fibula in: K, anterior;
L, medial; M, posterior; N, lateral; O, proximal view. P-U, right Ph IV-1 in: P, distal; Q, lateral; R, dorsal; S, proximal; T, medial;

U, ventral view. Abbreviations: aaf, anterior astragalus facet; afw, anterior fibular wing; bls, base of lesser trochanter; co, condyloid; eig,
extensor intercondylar groove; ff, fibular facet; fig, flexor intercondylar groove; ftr, fourth trochanter; lc, lateral condyle; lm, lateral
malleolus; Irf, lateral ridge of fibula; mc, medial condyle; mdf, medial depression of the femur; mm, medial malleolus; paf, posterior
astragalus facet; pnf, posterior nutrient foramen; tdr, tibial distal ridge. Scale bar represents 10 mm.

caudofemoralis longus, with a steep anterior edge and smoother
posterior border (Fig. 13B). The distal femur expands laterally
into two condyles, separated by anterior and posterior grooves
(Fig. 13A, C). Anteriorly, the extensor intercondylar groove is
shallow and V shaped, whereas the posterior flexor intercondylar
groove forms a deep sulcus (Fig. 13A, C, E). In ventral view, the
medial tibial condyle projects posteriorly with a rounded outline
and a medially expanded, nearly flat articular surface, partially
covering the opening of the flexor groove (Fig. 13E). Its medial
wall is flat, edged from the articular surface, and bears fine,
longitudinal striations, possibly for the origin of musculus
femoro-tibialis (Galton 1981), visible on the exposed bone but
not in the CT model (Appendix S1, Fig. S1.3). The lateral fibular
condyle bears posteriorly a condylid with a laterally constricted
base and a slightly convex surface (Fig. 13E). Although the med-
ial condyle is larger, both condyles end posteriorly at nearly the
same level.

Remarks. The femur of GPIT-PV-122984 is relatively gracile and
bowed in lateral view, as in dryosaurids (Janensch 1955; Gal-
ton 1981, 2009; Barrett et al. 2011; Escaso et al. 2014), whereas
rhabdodontids (Weishampel et al. 2003; Chanthasit 2010) and
skeletally mature Te. tilletti (Forster 1990) have straight shafts.
In ankylopollexians, the shaft is more robust and proximally
straighter, although still distally bowed (Norman 2004). The
fourth trochanter is proximally located, as in dryosaurids and
unlike ankylopollexians (Galton 1981; Norman 2004; Rotatori
et al. 2020). The fourth trochanter of GPIT-PV-122984 is pen-
dant shaped, as in dryosaurids (Janensch 1955; Galton 1981;
Barrett et al. 2011), Z. shgiperorum (Godefroit et al. 2009),
Ia. smithi (Zanno et al. 2023), Te. tilletti (Forster 1990), and
J. shangyuanensis (Han et al. 2012), but lacks the prominent
hook-like morphology of Hy. foxii (Galton 1974) and most thes-
celosaurids (e.g. Gilmore 1915; Scheetz 1999; Krumenacker
et al. 2023; Avrahami et al. 2024). In Iy. raathi, the fourth tro-
chanter may form a pendant process or a triangular fin, depend-
ing on the specimen (Forster et al. 2023), whereas in Ca. dispar
(Gilmore 1909) and Ob. bunnueli (Sdnchez-Fenollosa et al. 2023)
it forms a ridge, and in most styracosternans it is even wider
dorsoventrally (Norman 2004). A nutrient foramen near the
fourth trochanter, as in GPIT-PV-122984, is also present in
Dy.  lettowvorbecki ~ (Hibner 2018, appendix 1) and
V. canaliculatus (Barrett et al. 2011), J. shangyuanensis (Han
et al. 2012), and several thescelosaurids (Gilmore 1915; Avra-
hami et al. 2024). GPIT-PV-122984 has a rounded fossa for the
caudofemoral musculature on the medial side of the femur, as is
typical of dryosaurids (Barrett et al. 2011; Escaso et al. 2014).
This fossa is well separated from the fourth trochanter, as in

Dy. lettowvorbecki (Janensch 1955), Dryosaurus (Galton 1981)
and Eo. nanohallucis (Escaso et al. 2014), whereas the fossa is
separated by a raised ridge in EL nigeriensis (Galton 2009), is
located at the base of the trochanter in V. canaliculatus (Barrett
et al. 2011), and directly on the lateral face of the trochanter in
Iy. raathi (Forster et al. 2023). This fossa is closer to the tro-
chanter and extends more into the distal part of the shaft in
Ca. dispar (Gilmore 1915), many styracosternans (Norman 1980;
2017; 2021), and
J. shangyuanensis (Han et al. 2012). The extensor intercondylar
groove is shallow and open in GPIT-PV-122984 as in
Dy. lettowvorbecki (Janensch 1955; Galton 1981), Dryosaurus
(Shepherd et al. 1977; Galton 1981), Eo. nanohallucis (Escaso
et al. 2014) and Iy. raathi (Forster et al. 2023). In particular, it
resembles the V-shaped extensor groove of Dy. lettowvorbecki
(e.g. GPIT/RE/4156, MB.R.2517, MB.R.2511; Hiibner 2018, text-
fig. 16B-D). Conversely, the groove is deeper and U shaped in
V. canaliculatus (Galton 1975; Barrett et al. 2011), El nigeriensis
(Galton 2009), Ca. dispar (Gilmore 1909), U. aphanoecetes (Car-
penter & Wilson 2008), Cu. prestwichii (Maidment et al. 2022),
Draconyx loureiroi (Rotatori et al. 2022), Ob. bunnueli (Sanchez-
Fenollosa et al. 2023), P. gobiensis (Norman 2002), rhabdodon-
tids (Weishampel et al. 2003; Chanthasit 2010), and Te. tilletti
(Forster 1990). The groove is instead partially enclosed in
Ou. nigeriensis (Taquet 1976), Ig. bernissartensis (Norman 1980),
M. atherfieldensis (Bonsor et al. 2023) and Co. chasei (Lockwood
et al. 2024). The groove is absent or poorly developed in
Hy. foxii (Galton 1974), J. shangyuanensis (Han et al. 2012) and
Or. cubicularis (Krumenacker et al. 2023). The medial condyle of
GPIT-PV-122984 has a medial protrusion over the flexor groove,
as in Dy. lettowvorbecki dy36 and MB.R.2511 (Janensch 1955,
pl. 14, fig. 1d; Hiibner 2018 text-fig. 16D) and V. canaliculatus
IWCMS 2007-4 (Barrett et al. 2011, text-fig. 6H), although it is
less developed in some smaller femora of both taxa
(Dy. lettowvorbecki MB.R.2517 and GPIT/RE/4156; Hiibner 2018,
text-fig. 16B, C; V. canaliculatus NHMUK R185; Barrett
et al. 2011, pl. 1, fig. 12). A partially covered opening of the
flexor groove occurs in several iguanodontians (e.g. Nor-
man 1980; Weishampel et al. 2003; Carpenter & Wilson 2008;
Forster et al. 2023; Bonsor et al. 2023), but is fully open in Dra-
conyx loureiroi (Rotatori et al. 2022), Hy. foxii (Galton 1974)
and J. shangyuanensis (Han et al. 2012). The medial wall of the
medial condyle of GPIT-PV-122984 is flat, with fine striations
that have been described also for Dy. lettowvorbecki dy37
(Janensch 1955, pl. 14, fig. 2), and which are not as pronounced
as in Ig. bernissartensis (Norman 1980) and M. atherfieldensis
(Bonsor et al. 2023). GPIT-PV-122984 lacks anteroposteriorly
expanded distal condyles, unlike many styracosternans (e.g.

Bertozzo et al. Lockwood et al.
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Norman 1980; Bertozzo et al. 2017; Bonsor et al. 2023) and
rhabdodontids (Weishampel et al. 2003; Chanthasit 2010).

Tibia. The distal portion of the left tibia is preserved. The dis-
talmost diaphysis shows multiple fractures and is nearly elliptical
in cross-section, with flattened anterior and posterior surfaces
(Fig. 13F, G, I). The distal epiphysis is mediolaterally expanded
into medial and lateral malleoli, articulating with the astragalus
and calcaneum, respectively. In cross-section it is subtriangular,
due to a prominent dorsoventral ridge on the posterior face,
between the malleoli (Fig. 13H, J). The lateral malleolus is more
expanded laterally and slightly ventrally than the medial one,
reflecting the larger size of the astragalus relative to the calca-
neum (Fig. 13F, H, J). Between the malleoli, the anterior ventral
margin bears a dorsoventral depression forming the anterior
astragalus facet (Fig. 13F, J) for the anterior ascending process
of the astragalus. Posteriorly, a shallow depression beneath, over-
hung by the base of the distal ridge, forms a posterior astragalus
facet (Fig. 13]). This facet probably related to the articulation
with the posterior ascending process of the astragalus. The an-
terior surface of the lateral malleolus bears a flattened fibular
facet (Fig. 13F).

Remarks. The distal tibia of GPIT-PV-122984, with an expanded
epiphysis bearing distinct medial and lateral malleoli, has the
typical configuration of many dryosaurids (Janensch 1955; Gal-
ton 1981; Barrett et al. 2011) and other cursorial ornithopods
(e.g. Galton 1974; Herne et al. 2018; Forster et al. 2023), but
also of Draconyx loureiroi (Rotatori et al. 2022). It is less robust
than the distal tibiae of Ig. bernissartensis (Norman 1980),
M. atherfieldensis (Bonsor et al. 2023) and Th. neglectus (Gil-
more 1915). The subtriangular cross-section of GPIT-PV-122984
is also recorded for Dy. lettowvorbecki (e.g. MB.R.2523 and
SMNSoN5; Hiibner 2018, text-fig. 18F, G), other dryosaurids
(Galton 1981; Barrett et al. 2011; Escaso et al. 2014), Iy. raathi
(Forster et al. 2023), Ca. dispar (Gilmore 1909), U. aphanoecetes
(Carpenter & Wilson 2008), Cu. prestwichii (Maidment
et al. 2022), Draconyx loureiroi (Rotatori et al. 2022), Diluvicur-
sor pickeringi Herne et al. 2018, Hy. foxii (Galton 1974),
J. shangyuanensis (Han et al. 2012), various thescelosaurids
(Avrahami et al. 2024), and also some styracosternans (e.g. Bon-
2023; 2024), but conversely
Ig. bernissartensis, Hi. scutodens and R. priscus lack a prominent
ridge between the malleoli (Norman 1980; Chanthasit 2010;
McDonald et al. 2010). The lateral malleolus of GPIT-PV-
122984 is slightly ventrally expanded, as in dryosaurids
(Janensch 1955; Galton 1981; Barrett et al. 2011; Escaso
et al. 2014), but less so than in Ca. dispar and U. aphanoecetes
(Carpenter & Wilson 2008), Ob. bunnueli (Sanchez-Fenollosa
et al. 2023), rhabdodontids (Weishampel et al. 2003; Chantha-
sit 2010) and Te. tilletti (Forster 1990). A shallow depression on
the posterior part of the ventral surface related to the posterior
astragalus facet, like in GPIT-PV-122984, is reported for all of
the preserved specimens of Dy. lettowvorbecki (Hiibner 2018),
V. canaliculatus (Barrett et al. 2011) and Co. chasei (Lockwood
et al. 2024). Galton (1981) noted a marked posterior notch to
receive the astragalus in the distal epiphysis of the Dr. altus lec-
totype (YPM 1876) and a lost Dy. lettowvorbecki specimen

sor et al. Lockwood et al.

(dyIV), although for the latter this feature is evident only from
ambiguous (fig. 200 of Galton 1981, from
Janensch 1955, fig. 70). In contrast, the specimens listed by Gal-
ton (1981) for lacking this notch are all ascribed to
Dy. lettowvorbecki (fig. 19G-N: HMN WJ9027/MB.R.2523 and
HMN W]J975/MB.R.2524; it was also indicated in dy38 from
Janensch 1955, pl. 14, fig. 3), except for Dr. altus YPM 1884,
which again is represented only by an ambiguous drawing (Gal-
ton 1981, fig. 15B). Therefore, although Galton (1981) did not
formalize this distinction, a pronounced notch might differenti-
ate Dr. altus from Dy. lettowvorbecki.

drawings

Fibula. Two long bone fragments are interpreted as the proxi-
mal portion and part of the diaphysis of the left fibula, found
displaced, but matching in size and morphology. The fibula is
slender and elongate (Fig. 13K-N). The proximal fragment bears
several transverse fractures and a bowed outline in anterior view,
probably due to taphonomic distortion. The proximal epiphysis
is incomplete posteriorly, but the anterodorsally projecting fibu-
lar wing is preserved (Fig. 13L, N). In medial view, a dorsoven-
tral groove forms a concavity on the proximal fragment
(Fig. 13L). The proximal fragment is mediolaterally compressed
in its dorsal portion, whereas more ventrally it develops a sub-
triangular cross-section with a ridge on the lateral side
(Fig. 13K, M, O). The diaphyseal fragment has an elliptical,
anteroposteriorly compressed cross-section (Fig. 13L, N), giving
the fibular shaft a twisted appearance.

Remarks. The anterior margin of the proximal end of the
fibula of GPIT-PV-122984 is concave, because of the expansion
created by the fibular wing, as is the case in many ornitho-
pods, except for most hadrosaurids (Horner et al. 2004;
Poole 2022).

Pedal phalanx. For description, the element flexor surface was
oriented facing ventrally. A preserved pedal phalanx is tentatively
interpreted as the first phalanx of the right fourth digit (Ph IV-
1). The proximal articular surface is dorsoventrally concave with
a subtriangular outline, although damaged medially (Fig. 13S),
and is subequal in width and height. The shaft continues this
subtriangular outline, with a broad, flat ventral surface and a
narrower dorsal surface (Fig. 13R, U). Distally, the shaft tapers
both lateromedially and dorsoventrally, supporting a distal
articular surface narrower than the proximal one (Fig. 13Q-U).
The distal articular surface bears two rounded condyles, each
with a ridge at its edge: the medial ridge directed medioven-
trally, the lateral one lateromedially (Fig. 13P). The medial pro-
jection is larger, generating an asymmetrical V-shaped cross-
section of the distal end, with a ventral concavity. The ridge of
the lateral condyle ends proximally with a small proximolateral
projection (Fig. 13R).

Remarks. The preserved phalanx of GPIT-PV-122984 resembles
the morphology of some similar-sized Ph IV-1 specimens of
Dy. lettowvorbecki (e.g. GPIT/RE/6226 and MB.R.1542.2;
Hiibner 2018, text-fig. G-L), particularly with regard to the sub-
triangular proximal surface and the distal condyles configura-
tion, with the medial projection larger than the lateral one.
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ONTOGENETIC STAGE ASSESSMENT

Sutural closure

Cranial skeleton. The cranial elements of GPIT-PV-
122984 are separated along sutural surfaces, except for the
exoccipital-opisthotic and the basisphenoid—

parasphenoid, which form two fused complexes, with
obliterated suture lines (sensu Bailleul et al. 2016). In
Dy. lettowvorbecki, the exoccipital-opisthotic are report-
edly the first elements to fuse, followed by the base of the
cranium, which includes the basisphenoid, the parasphe-
noid and the basioccipital (Hiibner & Rauhut 2010). In
GPIT-PV-122984 the basioccipital is unfused and disarti-
culated from the parabasisphenoid complex, as in the
small specimen MB.R.3536, but unlike the early onto-
genetic stage BSPG AS 1 834, in which the basioccipital
and parabasisphenoid are closely sutured (Hiibner & Rau-
hut 2010). In the larger Dy. lettowvorbecki GZG V. 6481,
the basioccipital remains separated from the parabasi-
sphenoid at its suture (Hiibner & Rauhut 2010). In
Dr. elderae, the otoccipital and basicranium already form
a fused complex in early ontogenetic stages (Dunfee 2022).
The next elements expected to fuse in Dy. lettowvorbecki
are the supraoccipital and parietal (Hiibner & Rau-
hut 2010). Although the parietal is absent in GPIT-PV-
122984, the supraoccipital does not show signs of break-
age along its contact surfaces, nor fusion with the sur-
rounding bones, unlike in the larger Dy. lettowvorbecki
dyA/MB.R.1372 or other skeletally mature iguanodon-
tians, in which it is tightly fused to the parietal
(Taquet 1976; Sobral et al. 2012; Lockwood et al. 2024).
The preserved right frontal of GPIT-PV-122984 has a
straight, non-interdigitated interfrontal suture, with no
fusion with the missing left frontal (Bailleul et al. 2016),
consistent with skeletally immature ornithopods (Verdu
et al. 2015; Dunfee 2022), including Dy. lettowvorbecki
(e.g. GPIT/RE/1595/17 and GPIT/RE/1595/15;
Janensch 1955; Hiibner & Rauhut 2010).

Axial skeleton. The degree of neurocentral suture closure
varies among the preserved vertebrae of GPIT-PV-
122984. Although CT imaging slightly reduced suture
visibility =~ compared  with  the exposed  bone
(Appendix S1, Figs S1.4-S1.6), the segmentation process
enabled us to evaluate the degree of fusion not only
externally, but also on all of the synchondrosial surfaces
(Appendix S1, Figs S1.7A-D, S1.8A, B). All post-axial
cervical vertebrae except Cv3 show the neural arch
aligned with the centrum, with at least partial neurocen-
tral suture closure. In Cv3, the arch is fully disarticu-
lated from the centrum and both synchondrosial
surfaces are smooth, indicating minimal fusion (Fig. 8B,

C). Cv4 shows a faint suture line, limited to the right
side (Fig. 8M; Appendix S1, Fig. S1.4), suggesting partial
closure. In Cv5 the suture is visible anteriorly at the
arch peduncles and partly in lateral view (Fig. 8Q, S).
From the 3D model of Cv6 and Cv7, sutures are visible
only in posterior view (Fig. 9C, I). The 3D model of
Cv8 shows a partially closed left neurocentral suture,
visible across the parapophysis and posteriorly below the
peduncle (Fig. 9M—0), whereas its right suture is almost
closed (Fig. 9P). Cv9 exposes most of the neurocentral
area: the left suture is partially closed, visible anteriorly
at the parapophysis and posteriorly (Fig. 9S-U;
Appendix S1, Fig. S1.5), whereas the right is partially
closed but still largely open anteriorly (Fig. 9V;
Appendix S1, Fig. S1.6). The D1 centrum is entirely
exposed: the right neurocentral suture is well defined
and is only slightly closed (Fig. 10E; Appendix SI,
Fig. S1.5), whereas the left is almost closed (Fig. 10B;
Appendix S1, Fig. S1.6). In D2, the right neurocentral
suture is nearly open with only small bony bridges
(Fig. 10J, K; Appendix S1, Fig. S1.5), but the left one is
almost fully closed (Fig. 10H; Appendix S1, Fig. S1.6),
visible only in posterior view (Fig. 10J). The two more
posterior preserved dorsal vertebrae have their neural
arch and centrum disarticulated, given that their contact
surfaces are irregular with ridges, suggesting ongoing
fusion but still essentially open sutures (Fig. 11G, H, O,
P). In comparison, the large Dy. lettowvorbecki specimen
dyl retains at least partially open neurocentral sutures in
all preserved cervicals and dorsals (Hibner 2018). Even
the larger isolated cervicals of Dy. lettowvorbecki show
partially open neurocentral sutures (Hiibner 2018).
However, a small Dy. lettowvorbecki axis, GPIT-PV-
1120503 (Appendix S1, Fig. S1.9A-D), already has at
least partially closed neurocentral sutures, with the
neural arch firmly aligned with the centrum, similar to
what is observed in the associated vertebrae of compar-
able size in GPIT-PV-122984. Some degree of distortion
affected several of the vertebrae of GPIT-PV-122984,
probably influencing the differential closure of the neu-
rocentral through the preserved series, as
reported also by Hiibner (2018). However, the overall
degree of fusion is consistent throughout most of the
preserved cervical series, except for Cv3. Moreover, this
fusion extends into the internal portion of the neurocen-
tral synchondroses of GPIT-PV-122984. Therefore, the
observed fusion pattern is considered to be genuine and
not the result of post-mortem processes.

sutures

Appendicular  skeleton. The scapula—coracoid contact
surfaces of GPIT-PV-122984 are irregular with small
ridges, suggesting that the two elements remained
unfused.
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Qualitative traits ¢ ratios

Ontogenetically variable qualitative characters and ratios,
previously documented in Dy. lettowvorbecki and other
ornithopods, can be observed in GPIT-PV-122984.

Cranial skeleton. The basioccipital of GPIT-PV-122984
bears a rounded ventral lip with a single anterior tip, as
in early ontogenetic Dy. lettowvorbecki (BSPG AS 1 834,
MB.R.3536), whereas larger specimens (dyA/MB.R.1373,
dyB/MB.R.1367, GZG.V.6481) show a trapezoidal lip,
with two anterior tips (Hiibner & Rauhut 2010). The
basioccipital neck dorsoventral height/condyle lateral
width ratio for GPIT-PV-122984 is c. 0.51, intermediate
between small specimens of Dy. lettowvorbecki
(MB.R.3536 = 0.23; BSPG AS I 834 = 0.36) and larger
ones (0.71 for dyA/MB.R.1373; Hiibner & Rauhut 2010).
The neck lateral width/condyle lateral width ratio for
GPIT-PV-122984 is c. 1.02, which matches that of small
specimens of Dy. lettowvorbecki (MB.R.3536 = 1.04; BSPG
AS 1 834 = 0.97), but exceeds larger ones
(dyA/MB.R.1373 = 0.83; dyB/MB.R.1367 = 0.81; Hiibner
& Rauhut 2010). The basioccipital neck constriction lies
near the occipital condyle contribution in GPIT-PV-
122984, as in the case of the early ontogenetic stage
Dy. lettowvorbecki MB.R.3536, unlike the mid-length con-
striction of larger specimens. The rhomboidal outline of
the basioccipital of GPIT-PV-122984 is laterally wider
close to the level of the basal tubera than near the occipi-
tal condyle, as also for the early ontogenetic stages of
Dy. lettowvorbecki and of other ornithischians (Hibner &
Rauhut 2010). The supraoccipital of GPIT-PV-122984
bears a faint nuchal crest, as in small Dy. lettowvorbecki
(e.g. BSPG AS I 834; Hiibner & Rauhut 2010; lost speci-
men shown in Janensch 1955, fig. 7), and early onto-
genetic stage Dr. elderae CM 11340 (Dunfee 2022).
Conversely, larger dryosaurid specimens, such as
Dy. lettowvorbecki dyA/MB.R.1372 (Sobral et al. 2012) or
Dr. elderae CM 3392 and CM 87688 (Carpenter &
Lamanna 2015; Dunfee 2022) have a thin but taller and
sharper nuchal crest. The prootic crest is low in GPIT-
PV-122984, as in the early ontogenetic stage
Dy. lettowvorbecki BSPG AS I 834 (Hubner & Rau-
hut 2010), whereas in the larger dyA/MB.R.1370 it is
notably sharper (Sobral ef al. 2012). In GPIT-PV-122984,
the prootic appears to incompletely enclose the trigeminal
foramen, a condition also seen in the early ontogenetic
stage Dr. elderae CM 11340. In contrast, the trigeminal
foramen is fully enclosed by the prootic in larger dryo-
saurids, as in Dy. lettowvorbecki dyA/MB.R.1370 (Sobral
et al. 2012) and Dr. elderae CM 3392 and CM 87688
(Carpenter & Lamanna 2015; Dunfee 2022), but also in
the small Dy. lettowvorbecki prootic GPIT-PV-69072
(comparable in size to GPIT-PV-122984), which clearly

encloses the trigeminal foramen. This notable difference
between GPIT-PV-69072 and GPIT-PV-122984 may result
from damage to the latter, although there are no clear
indications of breakage, or alternatively, from intraspecies
variation. The parabasisphenoid of GPIT-PV-122984
appears to have a body length (excluding the anterior ros-
trum and the posterior contributions to the basal tubera)
subequal to the width (length/width ratio c¢. 1.09),
whereas in the larger specimen Dy. lettowvorbecki
dyA/MB.R.1373 the body of the parabasisphenoid appears
to be longer than wider (ratio c. 1.25). The parabasisphe-
noid contributions to the basal tubera of GPIT-PV-
122984 are prominent but lack the rugosity of the larger
Dy. lettowvorbecki dyA/MB.R.1373 (Hiibner & Rau-
hut 2010). The abducens foramen of GPIT-PV-122984 is
formed by a notch, as in the early ontogenetic stage
Dr. elderae CM 11340, whereas the advanced ontogenetic
stage CM 87688 possesses a fully enclosed foramen (Dun-
fee 2022). The frontal of GPIT-PV-122984 has a small,
flat dome, comparable to Dy. lettowvorbecki (BSPG AS 1
834, GPIT/RE/1595/15 and GPIT/RE/1595/17) and other
ornithopods identified as skeletally immature (Evans
et al. 2007; Forster et al. 2023).

Appendicular  skeleton. In the scapula of GPIT-PV-
122984, the posteroventral edge of the shaft base lacks
the bulge present in large Dy. lettowvorbecki (e.g.
GZG.V.6287) and resembles smaller specimens, such as
GPIT/RE/5651 (Htibner 2018). The coracoid of GPIT-
PV-122984 is gently concave posteriorly, a feature that
becomes more marked during ontogeny in
Dy. lettowvorbecki, and lacks the lateral ridge reported
for large Dy. lettowvorbecki (e.g. MB.R.1485, MB.R.3474;
Hiibner 2018). The olecranon process of the ulna in
Dy. lettowvorbecki, known to enlarge during ontogeny, is
difficult to identify in GPIT-PV-122984, and in the small
GPIT/RE/3451. The lateral proximal process of the ulna
of GPIT-PV-122984 matches the condition of the smal-
ler GPIT/RE/3451 rather than the stronger process of
the larger GPIT/RE/3909 (Hubner 2018). The femur of
GPIT-PV-122984 bears a medial muscle scar near
the fourth trochanter with a sharp anterior and fluent
posterior  edge, resembling small to medium
Dy. lettowvorbecki (e.g. MB.R.2517), whereas in larger
femora (e.g. MB.R.2511) the depression is shallower with
a steeper anteroventral edge (Hubner 2018). The exten-
sor intercondylar groove of the distal femur of GPIT-
PV-122984 is shallow, as in small Dy. lettowvorbecki (e.g.
MB.R.2517, GPIT/RE/4156), contrasting with the deeper
groove of larger specimens (e.g. MB.R.2511;
Hibner 2018). In Ph IV-1 of GPIT-PV-122984, the
proximal articular surface is subequal in lateral and dor-
soventral dimensions, unlike larger individuals, in which
it is taller than wide (Hiibner 2018).
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Morphometric analysis

For graphical purposes, all PC1 and PC2 scores were mul-
tiplied by —1 and are hereafter referred to as inverted
PC1 and PC2.

In PCA of the femora dataset, PC1 explains 78.4% of the
total variance and PC2, 3.7%. PC1 is influenced almost
equally by all measured variables, with all of the related load-
ings between —0.21 and —0.10 (Appendix S2, Fig. S2.1A),
whereas PC2 shows greater variability, with loadings ranging
between —0.17 and 0.31 (Appendix S2, Fig. S2.1A). GPIT-
PV-122984 plots close to the smaller femora in total length
in the dataset, on the left side of the Dysalotosaurus morpho-
space (Appendix S2, Fig. S2.2A), corresponding to negative
values of inverted PC1 (originally positive values of PC1).
GPIT-PV-122984 is separated from most of the other speci-
mens along PC2, which accounts for a minor portion of the
total variance.

PCA of the tibiae dataset returned a PCl1 that explains
76.8% of the total variance, and PC2, 10.5%. PC1 is simi-
larly influenced by all of the original variables, with load-
ings ranging between —0.14 and —0.27 (Appendix S2,
Fig. S2.1B), whereas the PC2 loadings range from —0.40
to 0.32 (Appendix S2, Fig. S2.1B). GPIT-PV-122984 plots
in the left Dysalotosaurus morphospace area, with small to
medium tibiae, corresponding to negative inverted PCl1
values (Appendix S2, Fig. S2.2B).

In both analyses, PC1 captures most of the variance with
similar loadings, and therefore represents an ‘overall size
axis’ (Hammer & Harper 2008), and size was demonstrated
to be a reliable ontogenetic indicator in Dy. lettowvorbecki
(Hibner 2012, 2018). In addition, given that the geometric
mean of long bone measures is a good proxy for specimen
absolute size (Klingenberg 1996), RMA regressions between
inverted PC1 and the log-transformed geometric mean
enable us to illustrate the growth series of the species, both
for the femora and the tibiae datasets.

The RMA regression model for the femora dataset shows
a strong correlation between age/size and skeletal elements
measured (p > 2 x 107'% R? = 0.8377), with GPIT-PV-
122984 plotting among the smallest specimens and probably
earliest ontogenetic stages (Fig. 14A). The tibiae regression
model, although based on a smaller sample, also shows a
good correlation between age/size and skeletal elements
measured (p > 1.48 x 107% R* = 0.6362), placing GPIT-
PV-122984 again among early ontogenetic stages (Fig. 14B).

Finally, the regression equation of Hibner ef al. (2021)
was used to estimate the absolute age of GPIT-PV-
122984: y = 0.257x — 3.936, where x is the mediolateral
distal width of the femur (c. 33.7 mm for GPIT-PV-
122984) and y the absolute age. The result indicates an
absolute age between 4 and 5 years for GPIT-PV-122984
(c. 4.72).

ANCESTRAL STATE RECONSTRUCTION

The ASR on the locus of neurocentral fusion in the cervi-
cal series shows a diversified condition among archosaur-
omorphs (Fig. 15). Pseudosuchians consistently lack a
cervical locus of neurocentral fusion, observed both in
modern crocodylians and in Triassic species (Brochu 1996;
Irmis 2007; Nesbitt 2007), suggesting its ancestral absence
in the clade. In contrast, the Triassic archosauromorph
Hpyperodapedon already shows a cervical locus of neuro-
central fusion (Heinrich et al. 2021). A cervical locus is
also seen in the pterosaur Anhanguera (Kellner &
Tomida 2000). Within Dinosauria, the locus is variably
present. Data regarding Ornithischia are scarce. At least
two ceratopsians, Montanoceratops and Protoceratops,
show a locus of neurocentral fusion in the cervical series
(Brown & Schlaikjer 1940; Chinnery & Weishampel 1998;
Irmis 2007), whereas it is apparently absent in Chasmo-
saurus (Currie et al. 2016; Griffin et al. 2021). Most
reported ornithopods, including Dryosaurus, show a sim-
ple tail-to-head closure sequence (Gilmore 1909, 1925;
Irmis 2007; Galton 2009; Griffin et al. 2021), lacking a
cervical locus of neurocentral fusion. However, the new
evidence from Dysalotosaurus suggests that such a locus
may have developed in at least some ornithopod species.
Among sauropodomorphs, a cervical locus is absent in
Triassic to Middle Jurassic taxa (Yates 2003; Galton &
Kermack 2010; Hofmann & Sander 2014; Fronimos &
Wilson 2017; Griffin et al. 2021), but present in several
Late Jurassic and Cretaceous macronarians (Ikejiri 2003;
Gallina 2011) or diplodocoids (Melstrom et al. 2016;
Tschopp & Mateus 2017), with the exception of Haplo-
cantosaurus (Hatcher 1903; Irmis 2007). Theropods gener-
ally possess a cervical locus of neurocentral fusion (De
Klerk et al. 2000; Xu et al. 2004; O’Connor 2007; Fowler
et al. 2011; Malafaia et al. 2017; Griffin 2018; Nesbitt
et al. 2019; Poust et al. 2020; Griffin et al. 2021; Caldwell
et al. 2024; Wang & Pei 2025), with exceptions such as
Eustreptospondylus (Sadleir et al. 2008) and Oksoko (Fun-
ston 2024). Extant birds consistently retain a cervical
locus (Starck 1993). The ASR indicates that absence of a
cervical locus was the ancestral archosaur condition, with
independent acquisitions in sauropodomorphs and thero-
pods. In fact, the presence of a cervical locus probably
represented the ancestral state in Neosauropoda and
Avetheropoda.

The locus of neurocentral fusion in the caudal series
is  widespread among archosauromorphs
(Appendix S3, Fig. S3.1), with few exceptions in ceratop-

extinct

sians and theropods. In contrast, extant altricial birds
show a head-to-tail closure sequence (Starck 1993), and
thus lack a caudal locus. The ASR recovered a 50% prob-
ability that the last common ancestor of the sampled
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FIG. 14. Morphometric analysis. The position of GPIT-PV-122984 is marked in orange. A, reduced major axis (RMA) regression of
the femora. B, RMA regression of the tibiae. Silhouettes of Dysalotosaurus modified from http://phylopic.org/ (credit: Matthew Demp-
sey; CC BY 4.0).
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archosauromorphs possessed a caudal locus, and the same
value is found also at the base of the clade Dinosauria.
The probability rises to 89.2%, suggesting that a caudal
locus of fusion was ancestrally present in pseudosuchians,
Cerapoda, Theropoda, and in the last common ancestor
of Plateosaurus and Sauropoda.

PHYOLOGENETIC ANALYSIS
Equal weighting

The parsimony analysis with EW for all characters
retained 312 MPTs of 1399 steps each. In the strict con-
sensus tree, both the normal and the OSC OTUs of
GPIT-PV-122984 fall inside Dryosauridae (Fig. 16A), in a
polytomy with the Dysalotosaurus OTUs (both normal
and OSC). Dryosauridae also include both Iyuku (both
normal and OSC), Dryosaurus altus (adult), and ‘Dryo-
saurus juvenile’, whereas Kangnasaurus and Valdosaurus
fall outside the clade. The inclusion of GPIT-PV-122984
among Dryosauridae is based on the following combina-
tion of characters: weakly developed acromion process
(char. 195, 1 > 0); and scapula and coracoid contribu-
tions to the glenoid fossa in craniocaudal length subequal
(char. 205, 0 > 1). Furthermore, GPIT-PV-122984 forms
a clade with the Dysalotosaurus OTUs based on: lateral
distal condyle of humerus wider (char. 216, 1 > 0); and
femur bowed laterally (char. 291, 0 > 1).

Extended implied weighting k = 3

The parsimony analysis using EIW with k = 3 for all char-
acters retained 5 MPTs of 1420 steps each. In the strict
consensus tree, both the normal and the OSC OTUs of
GPIT-PV-122984 fall inside Dryosauridae (Fig. 16B;
Appendix S4, Fig. S4.1), in a polytomy consisting of Dryo-
saurus altus, ‘Dryosaurus juvenile’ and the clade formed by
Iyuku and Dpysalotosaurus (both normal and OSC). Kang-
nasaurus and Valdosaurus fall outside Dryosauridae. The
inclusion of GPIT-PV-122984 among Dryosauridae is
based on a weakly developed acromion process (char. 195,
1> 0). The Iyuku + Dysalotosaurus clade is supported by
the absence of a ventral keel on centra of cranial and mid-
dorsal vertebrae (char. 163, 1 > 0).

Extended implied weighting k = 5

The parsimony analysis using EIW with k = 5 for all
characters retained 5 MPTs of 1415 steps each. In the
strict consensus tree, both the normal and the OSC OTUs
of GPIT-PV-122984 have the same position as in the

k = 3 analysis (Appendix S4, Fig. S4.2), supported by the
same characters.

Extended implied weighting k = 10

The parsimony analysis using EIW with k = 10 for all
characters retained 3 MPTs of 1400 steps each. In the
strict consensus tree, both the normal and the OSC OTUs
of GPIT-PV-122984 fall inside Dryosauridae (Fig. 16C;
Appendix S4, Fig. S4.3), in a polytomy with the
Dy. lettowvorbecki OTUs (both normal and OSC). Dryo-
sauridae also contains both Iyuku (normal coding and
OSC), Dryosaurus altus (adult) and ‘Dryosaurus juvenile’,
whereas Kangnasaurus and Valdosaurus fall outside the
clade. The inclusion of GPIT-PV-122984 OTUs among
Dryosauridae and inside a clade with the Dysalotosaurus
OTUs is supported by the same combination of charac-
ters recovered in the EW analysis.

Extended implied weighting k = 11

The parsimony analysis using EIW with k = 11 for all
characters retained 3 MPTs of 1400 steps each. In the
strict consensus tree, both the normal and the OSC OTUs
of GPIT-PV-122984 fall inside Dryosauridae (S4,
Fig. S4.4), in a polytomy with the Dy. lettowvorbecki
OTUs (both normal and OSC). Dryosauridae includes
also Iyuku (both normal coding and OSC), Dryosaurus
altus (adult), and ‘Dryosaurus juvenile’, whereas Kangna-
saurus and Valdosaurus fall outside the clade. The posi-
tion of GPIT-PV-122984 OTUs is supported by the same
combination of characters recovered in the EW analysis
(and in the k = 10 analysis).

DISCUSSION
Taxonomic attribution & anatomical details

The elements encased in the block GPIT-PV-122984
belong to a single small Dy. lettowvorbecki individual. No
duplicate elements were found in the block, and all of
them are consistent in size. Some elements show a sub-
parallel alignment that denotes an influence of the cur-
rents on their position; however, many elements are
articulated or semi-articulated, suggesting limited trans-
portation and implying their association. Cranial bones,
cervical, and anterior dorsal vertebrae are arranged in a
post-mortem opisthotonic position, and also all other ele-
ments are closely associated, such as the elements of the
left forearm. In addition, GPIT-PV-122984 plots in a
similar position in the RMA regressions for both the tibia
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FIG. 15. Ancestral state reconstruction for the presence of the locus of neurocentral fusion of cervical vertebrae. The position of Dys-
alotosaurus is highlighted in orange. Circles at tips show taxon states, pie charts at nodes show likelihood of ancestral states. The time
scale is modified from the International Chronostratigraphic Chart v2024/12 (Cohen et al. 2013). Silhouettes modified from http://
phylopic.org/ Credits: Dysalotosaurus, Matthew Dempsey (CC BY 4.0); all the other silhouettes (Hyperodapedon and Crocodylus, Steven
Traver; Triceratops, Jagged Fang Designs; Galeamopus, Tasman Dixon; Tyrannosaurus, Manuel Brea Lueiro; Sterna, Sharon Wegner-

Larsen) are CCO 1.0.

and the femur, indicating that the two elements match in
proportions with the rest of the Dy. lettowvorbecki
specimens.

The GPIT-PV-122984 femur shows typical features of
Dryosauridae: proximally located fourth trochanter; deep
intercondylar distal groove; and a deep pit for musculus
caudofemoralis longus at the base of the fourth trochan-
ter. Other cranial and postcranial features also support
placement in Dryosauridae. GPIT-PV-122984 is confi-
dently attributed to Dy. lettowvorbecki, distinguishable
from Dryosaurus by: prootic with the CN VII foramen
more ventrally placed than the fenestra ovalis and the tri-
geminal foramen; small first chevron; and lateral radial
condyle of the humerus mediolaterally and antero-
posteriorly wider than the medial ulnar condyle. The
taxonomic attribution is also consistent with the prove-
nance of Ig/WJ] quarry in the Tendaguru area, where
nearly only Dy. lettowvorbecki fossils occur.

Additional features observed for GPIT-PV-122984 that
are not yet explicitly reported for Dy. lettowvorbecki but
which are also present in other specimens, include:
basioccipital contribution to the basal tubera projects
below the level of the basioccipital contribution to the
occipital condyle; and distal tibia lacking a deep notch at
the level of the articulation with the posterior ascending
process of the astragalus, in contrast to Dr. altus. In addi-
tion, a cervical series of nine vertebrae can be assessed for
Dy. lettowvorbecki.

The preserved inner ear morphology is consistent with
previous descriptions of Dy. lettowvorbecki (Sobral
et al. 2012; Lautenschlager & Hiibner 2013). The antero-
posterior inclination of the lateral semicircular canal sug-
gests a slightly upturned alert posture of the head for
Dy. lettowvorbecki, potentially maximizing binocular vision
when looking upward (Lautenschlager & Hiibner 2013).

Ontogenetic trends

The separation of cranial elements, incomplete fusion of
some vertebrae and of the pectoral girdle, and several cra-
nial and appendicular features agree with the placement
of GPIT-PV-122984 as belonging to the earliest onto-
genetic stages in the morphometric growth trajectories.
Cranial characters, such as the shape and proportion of
the basioccipital, the development of the nuchal and

prootic crests, and the frontal dome, correspond to the
early ontogenetic stages of Dy. lettowvorbecki as described
by Hiibner & Rauhut (2010). Similarly, scapular and cor-
acoid morphology, the development of the femoral med-
ian muscle scar and extensor intercondylar groove, and
the proportions of the pedal phalanx are consistent with
conditions observed in the smallest individuals of
Dy. lettowvorbecki (Hibner 2018).

Two braincase features can be discussed in terms of
their potential ontogenetic variability in Dy. lettowvor-
becki. In GPIT-PV-122984, the prootic does not appear
to completely surround the trigeminal foramen, whereas
in larger individuals, the foramen is entirely enclosed
by the prootic, suggesting ontogenetic closure, similar
to Dr. elderae (Dunfee 2022). However, at least one
other small prootic of Dy. lettowvorbecki exhibits a fully
enclosed trigeminal foramen, indicating either damage
to the prootic of GPIT-PV-122984 or intraspecies varia-
tion for this feature. In contrast, the abducens foramina
of the parabasisphenoid are not fully enclosed in GPIT-
PV-122984, paralleling the condition in the early onto-
genetic stage Dr. elderae (Dunfee 2022) and suggesting
that complete enclosure may develops later in
ontogeny.

Regarding the postcranial axial skeleton of GPIT-
PV-122984, most of the preserved cervical vertebrae
exhibit partially closed neurocentral sutures, with the
exception of Cv3, which remains completely open. In
the dorsal series, D1 and D2 show partially closed
sutures, although they are mostly open on the right
side. In contrast, the two more posteriorly preserved
dorsals have completely open sutures, suggesting the
presence of a locus of neurocentral fusion in the cer-
vical series. However, the open condition in Cv3 rules
out a simple head-to-tail closure pattern, implying
that the locus is situated in the mid-cervical region,
from which fusion would have spread. Hiibner (2018)
demonstrated that caudal neurocentral sutures close
earlier ~than dorsal and cervical ones in
Dy. lettowvorbecki given that even the larger preserved
cervical vertebrae exhibit partially open neurocentral
sutures, whereas numerous completely closed vertebrae
are observed in the caudal series. The new observa-
tions concerning GPIT-PV-122984 do not contradict
the previous interpretation, but rather suggest the
existence of a complex pattern of neurocentral suture
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Dempsey (CC BY 4.0); all other silhouettes (Rhabdodon, Frangois-Louis Pelissier; Camptosaurus and Iguanodon, Tasman Dixon;
Corythosaurus, Craig Dylke) are CCO 1.0.


http://phylopic.org/
https://www.phylopic.org/images/6fd0126a-3bb1-4ff3-933e-537d8a8cf445/dysalotosaurus-lettowvorbecki
https://www.phylopic.org/images/6fd0126a-3bb1-4ff3-933e-537d8a8cf445/dysalotosaurus-lettowvorbecki
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/publicdomain/zero/1.0/

ROCCHI ET AL.: SKELETAL FUSION OF A SMALL IGUANODONTIAN 39

closure, involving two separate loci of fusion. These
loci would have been located in the caudal and cervi-
cal series, from which the fusion would have pro-
gressed toward the dorsal vertebrae. Given that the
caudals are the only preserved vertebrae of
Dy. lettowvorbecki to show consistently closed neuro-
central sutures, it is likely that the process of fusion
started in the caudal However, GPIT-PV-
122984 suggests that the process of closure started
independently at the cervical locus, without a linear
tail-to-head pattern. Furthermore, a small isolated
Dy. lettowvorbecki axis, GPIT-PV-1120503, shows par-
tially closed neurocentral sutures, supporting this
interpretation. More complete cervical and dorsal ser-
ies and caudal material of a single individual would
be needed to robustly confirm the proposed growth
dynamic. Nonetheless, the demonstrated early onset of

series.

cervical neurocentral suture closure reinforces the high
degree of precociality that has already been recognized
for many traits of Dy. lettowvorbecki (Hibner & Rau-
hut 2010; Hiibner 2012; Lautenschlager &
Huibner 2013).

Histological correlation between distal femur width and
absolute age suggests that GPIT-PV-122984 was 4-5 years
old at the time of death. This provides a direct correlation
between absolute age and the ontogenetic condition of
various cranial and postcranial features described herein,
representing a rare opportunity for Dy. lettowvorbecki,
given the scarcity of associated material.

Implications for vertebral fusion timing among Archosauria

The neurocentral fusion sequence appears to be highly
variable among archosauromorphs. Neither the simple
tail-to-head pattern observed in crocodylians nor the
head-to-tail sequence reported in some extant birds can
be wuniversally applied to extinct taxa (Brochu 1996;
Irmis 2007; Griffin et al. 2021). A caudal locus of neuro-
central fusion is widespread among archosauromorphs,
but a cervical locus is also documented in several
lineages. In particular, the presence of both caudal and
cervical loci has been identified in many theropod and
sauropodomorph  dinosaurs  (Irmis  2007;  Griffin
et al. 2021; Caldwell et al. 2024), the pterosaur Anhan-
guera (Kellner & Tomida 2000), and the rhynchosaur
Hyperodapedon (Heinrich et al. 2021). In these taxa,
neurocentral closure is initiated independently from the
anterior and posterior regions of the vertebral column.
Among ornithischians, data on neurocentral suture clo-
sure patterns remain scarce. The new evidence provided
by GPIT-PV-122984 represents the first hypothesized
description of a cervical locus of neurocentral fusion in
Ornithopoda, which probably co-occurred with a caudal

locus. All previously documented cases in ornithopods
have only a caudal locus reported, but available data on
the clade remain limited, with notably no direct reports
for hadrosaurids. According to previous studies
(Irmis 2007; Griffin et al. 2021), Dryosaurus shows a
simple tail-to-head pattern, in contrast with the cervical
locus documented here for the closely related
Dy. lettowvorbecki. Nonetheless, our first-hand observa-
tions challenge these results, which are based, most
likely, on literature reviews alone.

Ancestral state reconstructions suggest that the last
common ancestor of archosaurs lacked a cervical
fusion locus, which arose independently in multiple
lineages. In contrast, the last common ancestor of
archosaurs had a 50% probability of possessing a cau-
dal locus, although this condition was probably ances-
tral for Cerapoda (sensu Madzia et al. 2021),
Theropoda, and the last common ancestor of Plateo-
saurus and Sauropoda.

Neurocentral suture closure is often used as an onto-
genetic proxy in fossil archosaurs (Griffin et al. 2021).
However, as demonstrated here and in previous studies
(Irmis 2007; Griffin et al. 2021; Verriere et al. 2022; Cald-
well et al. 2024), closure sequences among Archosauromor-
pha cannot be reduced to the extant model patterns and
must be assessed species by species. In addition, Grif-
fin (2018) hypothesized that fusion sequence variation may
occur within populations of Coelophysis bauri. However,
detailed accounts of closure patterns remain insufficient for
most archosauromorphs, which would be essential to evalu-
ate their variation across clades, within species, and their
reliability as ontogenetic indicators. In Dy. lettowvorbecki,
cervical fusion appears to begin relatively early in ontogeny,
reinforcing the need for caution in using isolated vertebrae
to infer maturity. The degree of neurocentral suture closure
should therefore be used only in combination with other
proxies when assessing the ontogenetic stage of
Dy. lettowvorbecki, as already emphasized for archosaurs in
general by Griffin et al. (2021).

Phylogeny & ontogenetic sensitive traits

All phylogenetic analyses place both the normal and OSC
coding of GPIT-PV-122984 among Dryosauridae. How-
ever, only the EW analysis and the EIW analyses with
higher k-values (k = 10; k = 11) recover a clade formed
exclusively by GPIT-PV-122984 and Dpysalotosaurus. In
contrast, the other EIW analyses (k = 3; k = 5) fail to
fully resolve dryosaurid relationships, instead producing a
polytomy with GPIT-PV-122984, Dr. altus and the clade
formed by Iyuku and Dysalotosaurus OTUs. These results
highlight the sensitivity of the Poole (2022) matrix to
homoplasy.
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Nonetheless, the approach proposed by Poole (2022),
as modified in this study, is effective in placing early
ontogenetic specimens within a phylogenetic framework,
particularly in the case of GPIT-PV-122984, which had
already been identified as Dysalotosaurus. Poole (2022)
argued that the most reliable phylogenetic topology is
obtained by scoring ontogenetically variable characters as
unknown in taxa represented only by immature indivi-
duals. Although this principle was partially followed in
this study, the procedure of including in the same analy-
sis both OTUs scored as ‘adult’ or OSC and as ‘juvenile’
or normal is considered safer, especially for isolated or
fragmentary material. This approach enables assessment
of the placement of both scorings and their relative posi-
tions in the resulting topology.

CONCLUSION

GPIT-PV-122984 is a semi-articulated small specimen of
Dysalotosaurus lettowvorbecki (Dryosauridae, Ornithopoda,
Dinosauria) from the Upper Jurassic Tendaguru Forma-
tion (Tanzania), preserved in a single block. The material
represents a single individual, as indicated by the consis-
tent size and close association of axial, cranial and post-
cranial, and appendicular (forelimb and hindlimb)
elements. This exceptional preservation provides a rare
opportunity to examine the associated material of
Dy. lettowvorbecki, facilitating the identification of new
anatomical details and providing valuable insights into
the ontogenetic osteological variation of the species.
Qualitative traits, ratios and placement on growth tra-
jectories (RMA regressions) agree in identifying GPIT-
PV-122984 as an individual at an early ontogenetic stage.
We estimate an absolute age at the time of death between
4 and 5 years, enabling precise correlation of its morpho-
logical features with a defined ontogenetic stage. In addi-
tion to previously reported ontogenetic changes, new
patterns are demonstrated by this specimen, particularly
in the braincase and vertebral series. The near-complete
cervical series and preserved dorsal vertebrae enable
direct observation of neurocentral suture closure: most
cervicals (except Cv3) have at least partially closed
sutures, whereas the posterior dorsals retain open sutures
with disarticulated neural arches. This condition cannot
be explained by the simple ‘tail-to-head’ fusion sequence
usually assumed for ornithopods, suggesting the presence

of a cervical locus of neurocentral fusion in
Dy. lettowvorbecki.
The presence of a cervical fusion locus in

Dy. lettowvorbecki represents the first evidence of this con-
dition in Ornithopoda. Ancestral state reconstruction sug-
gests that cervical loci evolved independently in multiple

archosauromorph lineages. To refine evolutionary

interpretations and assess the reliability of neurocentral
closure as an ontogenetic stage proxy, more detailed
descriptions of closure sequences in ornithopods and
other archosauromorphs are required.

Because the specimen is skeletally immature, the phylo-
genetic analyses were conducted using a modified
approach designed to account for ontogenetic variation in
character states, derived from earlier literature (Poole
2022). This method incorporates both virtually mature
and immature character scorings in a single analysis and
has been shown to reliably place early ontogenetic indivi-
duals within a phylogenetic framework.
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