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Abstract: Iguanodontia (Dinosauria, Ornithischia) is a

speciose group of herbivorous dinosaurs that include the

famous genus Iguanodon, one of foundational members of

the clade Dinosauria. Despite their very long history of

research, several aspects of their systematic relationships and

their evolutionary history remain somewhat nebulous. There

is currently a lack of consensus between different phylo-

genetic matrices due mainly to: (1) undersampling of post-

cranial characters; and (2) the absence of several key taxa.

We assembled a data matrix from pre-existing datasets, inte-

grating our observations on several overlooked species

(mainly from Europe) and extensively sampling cranial and

postcranial characters, thereby creating one of the most com-

plete datasets for iguanodontian dinosaurs to date. We per-

formed a series of phylogenetic analyses, employing

maximum parsimony and Bayesian inference, and an histori-

cal biogeographic analysis. Overall congruent topologies

between the two methods recovered, for the first time, a new

clade of high-sailed styracosternans here named Ourano-

sauria. We ran different Bayesian inference analyses, employ-

ing morphoclock and fossilized birth–death models. Some of

the tip-dated analyses, indicated an Early to Middle Jurassic

origin of Iguanodontia during a palaeoclimatically

(hyperthermal) and palaeogeographically (continental frag-

mentation) dynamic context. According to this scenario, the

Iguanodontian major radiation could be tracked back to

the Pliensbachian–Toarcian, pre-dating by 16 million years

the first ichnological evidence attributed to this clade.

Furthermore, the diversification of all the major clades

occurred by the Late Jurassic, then experienced local extinc-

tion events in different areas during the Early Cretaceous.

Prior to the Jurassic–Cretaceous transition, iguanodontians

spread globally.

Key words: Dinosauria, phylogenetics, Jurassic, Cretaceous,

systematics, Iguanodontia.

IGUANODONTIA (sensu Madzia et al. 2021) is a dinosaur

clade that includes Iguanodon, one of the foundational

members in the earliest definition of Dinosauria

(Owen 1842), and one of the most speciose groups of

ornithischian dinosaurs (Norman 2004). Iguanodontians

are known from all continents, and have a very long his-

tory of research (Horner et al. 2004; Norman 2004;

Dieudonné et al. 2020). The oldest representatives of this

clade are known from the Middle–Upper Jurassic of Eur-

ope (Ruiz-Omeñaca et al. 2006) and ichnological evidence

supports them already being present in Europe and North

Africa as early as the Bathonian (dePolo et al. 2020; Klein

et al. 2023; Oussou et al. 2023). During the Late Jurassic,

iguanodontians represented a minor component of global

faunal assemblages (Foster 2020), while herbivorous dino-

saurs were mainly represented by sauropodomorphs and

thyreophorans. Early Cretaceous faunas show a reversed

situation, where iguanodontians achieved global distribu-

tion and are the most abundant herbivorous dinosaurs,

with subordinate abundances of sauropods and thyreo-

phorans (Galton 2009; Chiarenza et al. 2022). This large-

scale trophic turnover occurred between the Late Jurassic

and the lower half (pre-Barremian) of the Early Cret-

aceous, although the abruptness of this event is still a

matter of debate. The fossil record of both the USA

(Utah) and the UK suggests that the Jurassic–Cretaceous
turnover was abrupt (Edgar et al. 2023; Kirkland†These authors equally contributed to this work.
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et al. 2025), whereas the Angéac-Charente

Fossil-Lagerstätte in France (the only site firmly dated to

the Berriasian) shows no significant difference in palaeo-

diversity and faunal composition from Late Jurassic eco-

systems (Allain et al. 2022).

Systematic inter-relationships of the earlier diverging

iguanodontian forms (i.e. non-hadrosaurids) and their

macroevolutionary history have been subject of debates

regarding especially the affinities of some of the earliest taxa

and what the ingroup Iguanodontia includes (McDo-

nald 2012; Verdú et al. 2015; Bell et al. 2018; Xu

et al. 2018; Cruzado-Caballero et al. 2019; Herne

et al. 2019; Rozadilla et al. 2019; Dieudonné et al. 2020;

Poole 2022; Alarcón-Muñoz et al. 2023). Specifically, recent

time calibrated phylogenetic analyses focusing on the

inter-relationships of the early diverging ornithischians

pushed back the origin of Iguanodontia to the early Middle

Jurassic (Boyd 2015; Dieudonné et al. 2020; Poole 2022),

with some analyses suggesting an even earlier origin (Rota-

tori et al. 2023; Panciroli et al. 2025). These recent finds

imply a long ghost lineage, which hampers our understand-

ing of early diversification patterns within this clade during

the earliest stages of the Jurassic. Moreover, divergence

times for the main clades appearing in the fossil record in

the Lower Cretaceous (e.g. Iguanodontidae, Hadrosauroi-

dea) seem to be inconsistent between different analyses

(Boyd 2015; Dieudonné et al. 2020; Poole 2022). The main

disagreements among the topologies recovered and their

implied macroevolutionary histories are due to uneven

taxon sampling within matrices and over-representation of

cranial characters in the datasets, as has been shown in the

case of earlier diverging neornithischians (McDonald 2012;

Boyd 2015; Xu et al. 2018; Brown et al. 2021). In many of

the above-mentioned analyses, the growing European fossil

record of iguanodontians dated to the Late Jurassic and

Early Cretaceous is key, although currently underrepre-

sented, obscuring this major transition in the macroevolu-

tion of Iguanodontia and the potential implications on

understanding the biogeography of the earlier diverging,

European forms of this clade.

For this contribution, we compiled a novel dataset that

includes several Late Jurassic and Early Cretaceous Eur-

opean iguanodontians combining a reappraisal of histori-

cal specimens and new discoveries (Ruiz-Omeñaca 2011;

Escaso et al. 2014; Verdú et al. 2015; Vidarte et al. 2016;

Maidment et al. 2022; Rotatori et al. 2022, 2025; Bonsor

et al. 2023; Sánchez-Fenollosa et al. 2023). We made an

effort to thoroughly sample the usually overlooked post-

cranial skeletons, by means of compiling characters from

pre-existing datasets, in order to build a more balanced

dataset for different anatomical districts. The topology

resulting from phylogenetic analyses was then analysed to

explore the evolutionary and biogeographical history of

the clade Iguanodontia.

MATERIAL & METHOD

Taxon sampling

The current data matrix includes most non-hadrosaurid

iguanodontian species known in the fossil record, focus-

ing specifically on non-hadrosauroid iguanodontians.

Furthermore, we reviewed and included several neglected

specimens from the Late Jurassic and Early Cretaceous of

Europe. We used the dataset of Xu et al. (2018) as a

starting point, implementing subsequent modifications

from the literature (Lockwood et al. 2021; Rotatori

et al. 2022) and novel additions based on our own obser-

vations. A preliminary version of this dataset was recently

published (Rotatori et al. 2025). We preferred the

above-mentioned dataset as a starting point, over more

recent ones (i.e. Poole 2022) for the following reasons:

Xu et al. (2018) dataset has been frequently updated and

revised by several specialists (i.e. Lockwood et al. 2021,

2024; Maidment et al. 2022; Rotatori et al. 2022, 2025;

Bonsor et al. 2023), therefore we assume it is less prone

to errors in character scoring and better reflects the cur-

rent consensus. Furthermore, the results of those analyses

have been considered the ‘standard’ for iguanodontian

systematics and taxonomy for the last eight years, and

therefore offer the perfect background for comparative

analytical works.

For this study, we personally examined several key spe-

cimens (Table 1). Remaining specimens were scored from

the available literature, integrating novel anatomical data

from reappraisal of several key specimens (i.e. Chiarenza

et al. 2021; Maidment et al. 2022; Bonsor et al. 2023). The

scorings of the taxa were maintained as in the original

matrices. During the expansion of the character list, we

added any missing character entries to the original dataset

based on a review of the literature. The only taxon that

has been re-scored from its original coding is Tethysha-

dros insularis, based on first-hand observations of AAC

and FF following the new published revision of this taxon

(Chiarenza et al. 2021). The newly added taxa were

mostly scored from scratch, although if present, original

taxa scorings were taken into account or integrated.

Newly added taxa and specimens include the following:

Iani smithi Zanno et al. 2023 is an early diverging-

rhabdodontomorph recovered from the Cenomanian age

Mussentuchit Member of the Cedar Mountain Formation,

central Utah, USA (Tucker et al. 2023). This species

represents one of the earliest known rhabdodontomorphs

to date. Until the discovery of Iani smithi, the only

well-established clade within Rhabdodontomorpha was

Rhabdodontidae, that inhabited Late Cretaceous ecosys-

tems of Europe but there was no consensus regarding

which were their closer relatives (Maidment et al. 2026).
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Poole (2022) recovered Tenontosaurus tilletti as the ear-

liest diverging member of Rhabdodontomorpha, and the

anatomical characters of Iani smithi supported this inter-

pretation, also in subsequent phylogenetic analyses (Fon-

seca et al. 2024). This specimen was scored by literature

revision, including the scoring of its original description

(Zanno et al. 2023).

Eousdryosaurus nanohallucis Escaso et al. 2014 is a spe-

cies of early diverging iguanodontian dinosaur, repre-

sented so far only by the holotype SHN.JJS.170. This

specimen has been dated to the uppermost Kimmeridgian

beds of the Lusitanian Basin, Portugal. Escaso

et al. (2014) recovered this taxon within Dryosauridae

alongside Dryosaurus altus, Dysalotosaurus lettowvorbecki,

Valdosaurus canaliculatus, Kangnasaurus coetzei, Callovo-

saurus leedsi and Elrhazosaurus nigeriensis. Subsequently,

Dieudonné et al. (2020) recovered Eousdryosaurus nano-

hallucis as the earliest diverging member of Elasmaria.

Later analysis, which included first hand examination of

the holotype of SHN.JJS.170, recovered Eousdryosaurus

nanohallucis within Dryosauridae (Rotatori et al. 2023).

This interpretation was supported by other authors as

well (Fonseca et al. 2024). This taxon was scored by

first-hand examination.

Draconyx loureiroi Mateus & Antunes 2001 is repre-

sented by the holotype and sole specimen ML 357, which

includes postcranial and dental material described by

Mateus & Antunes (2001) and in more detail by Rotatori

et al. (2022). This specimen was recovered from the lower-

most Tithonian beds of the Lusitanian Basin, Portugal. It

was originally described as a member of Camptosauridae

(Mateus & Antunes 2001), but subsequently recovered as

an early diverging member of Styracosterna (Rotatori

et al. 2022, 2025). Other analyses recovered this specimen

either as sister to Ankylopollexia or to Oblitosaurus bun-

nueli (Rotatori et al. 2023; Sánchez-Fenollosa et al. 2023).

This specimen was scored by first hand examination.

Cumnoria prestwichii (Hulke) Seeley 1888a is based on

the holotype and only specimen OUMNH J.3303, recovered

from the upper Kimmeridgian beds of the Kimmeridge Clay

Formation, UK. This specimen is represented by a partial

skeleton that includes cranial and postcranial material

(Maidment et al. 2022). Despite being described in the late

19th and 20th centuries (Hulke 1880; Galton & Powell 1980),

this specimen was considered by some authors for a long

time within the genus Camptosaurus (Galton & Powell 1980;

Carpenter & Lamanna 2015; Carpenter & Galton 2018; Sá-

nchez-Fenollosa et al. 2023), while others considered it to be

a distinct genus (Seeley 1888a; McDonald 2011; Maidment

et al. 2022; Rotatori et al. 2025). Since Cumnoria represents

one of the most complete iguanodontian dinosaurs from

Europe dated to the Late Jurassic, the establishment of its

systematic affinities is pivotal for elucidating the early evolu-

tion of the clade. The scoring of this specimen by Maidment

et al. (2022) was included, plus new first hand observations

of additional characters not present in matrix of Xu

et al. (2018).

Oblitosaurus bunnueli Sánchez-Fenollosa et al. 2023 is

one of the largest sized ankylopollexian dinosaurs recov-

ered from the Upper Jurassic of the Iberian Peninsula. It

was discovered in the Kimmeridgian–Tithonian Villar del

Arzobispo Fm., and is represented mainly by dental and

postcranial material. It was recovered as sister to Draco-

nyx loureiroi in its original description (Sánchez-Fenollosa

et al. 2023). The authors hypothesized the presence of an

Iberian Late Jurassic clade, whose recovery would have

several implications regarding the evolution of this clade

in Iberia. The scoring of this taxon was integrated from

its original description (Sánchez-Fenollosa et al. 2023),

with characters not present in the original of Xu

et al. (2018) dataset scored by literature review.

SHN.JJS.015 (Ankylopollexia indet.) was described by

Rotatori et al. (2025) and represents a new species, not

TABLE 1 . List of the specimens examined for this study.

Taxa Specimens

Barilium dawsoni NHMUK R798, R798b, R799, R800–806,
4771, R4772, R4742, R2357, R3788

Camptosaurus

dispar

YPM 1880, 1887; USNM 4282, 5473, 5818,

5819

Cumnoria

prestwichii

OUMNH J.3303

Delapparentia

turolensis

MPT/I.G.

Dryosaurus sp. AMNH 834; CM 3392; YPM 1876

Dysalotosaurus

lettowvorbecki

GPIT/RE/3612, 72385, 69069, 69068,

69064, 72408, 69075, 72333; NHMUK

R6861, R8351, R12317, R12328; SMNS

52349

Hypselospinus

fittoni

NHMUK R1635, R1635, R1635, R1148,

R1148

Iguanodon

bernissartensis

RBINS 05144, 01733

Iguanodon galvensis MAP-4787, 4902, 5152

Magnamanus

soriaensis

MNS 2000, 2001, 2002, 2003

Mantellisaurus

atherfieldensis

NHMUK R11521

Proa

valdeorrinaensis

MAP AR-1-2012, AR-1/19, AR-1-2013,

AR-1-4413, AR-1-4439, AR-1-4370

Tenontosaurus

tilletti

AMNH FARB 3061, AMNH 3040, 3039,

3014; YPM 5456

Theiophytallia kerri YPM 1858

Uteodon

aphanoecetes

CM 11337

Valdosaurus

canaliculatus

IWCMS.2001.4.m, IWCMS.2013.175
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yet formally named, of large sized ankylopollexian dino-

saur in the Upper Jurassic beds of the Lusitanian Basin of

Portugal. Its large size is comparable with that of Oblito-

saurus bunnueli (Rotatori et al. 2025), clearly differing

from other coeval species. Hereafter, we refer to this spe-

cimen as ‘SHN specimen’ for the sake of simplicity. This

specimen was scored by first hand examination.

Morelladon beltrani Gasulla et al. 2015 is a species of

high-sailed styracosternan iguanodontian, based on the

holotype and only specimen CMP-MS-03. Morelladon

comes from Arcillas das Morellas Fm., and is Barremian

in age. Gasulla et al. (2015) recovered this species as a

styracosternan of uncertain affinities in their analysis,

whereas subsequent analyses recovered as sister to Mantel-

lisaurus atherfieldensis (Verdú et al. 2017a). This specimen

was scored from the original descriptions.

Delapparentia turolensis, Ruiz-Omeñaca 2011 is repre-

sented by a very fragmentary, probably very old indivi-

dual, the holotype MPT/I.G., that includes elements of

pectoral and pelvic girdles, and part of the axial skeleton

(Ruiz-Omeñaca 2011; Gasca et al. 2015). This specimen

was recovered from the Camarillas Fm., dated to the

lower Barremian (Medrano-Aguado et al. 2023). Since its

formal description, the validity of this taxon has been

questioned and it is often considered to be a junior syno-

nym of Iguanodon bernissartensis (Verdú et al. 2017a;

Gasulla et al. 2022). However, we revaluate it as a differ-

ent terminal taxon than Iguanodon bernissartensis due to

the results presented here. This specimen was scored by

first hand examination.

‘Iguanodon’ galvensis Verdú et al. 2015 is based on sev-

eral individuals, representing different ontogenetic stages

(Verdú et al. 2015), recovered from the lower Barremian

Camarillas Fm. (Verdú et al. 2015; Medrano-Aguado

et al. 2023). This taxon has been considered the second

valid species within the genus Iguanodon (Verdú

et al. 2017a, 2017b). However, because it is recovered

herein as more closely related to other Iberian taxa than

to Iguanodon bernissartensis, we regard its assignment to

this genus as dubious. This specimen was scored by first

hand examination.

Magnamanus soriaensis, Vidarte et al. 2016 is an extre-

mely robust species of styracosternan dinosaur, recovered

from the uppermost Hauterivian to lower Barremian Gol-

mayo Fm. (Vidarte et al. 2016). The only specimen is the

holotype, an associated skeleton including cranial, axial

and appendicular elements, that was previously recovered

as a styracosternan of uncertain affinity (Vidarte

et al. 2016; Santos-Cubedo et al. 2021). This specimen

was scored by first hand examination.

The resulting matrix comprises a total of 51 terminal

taxa. Lesothosaurus diagnosticus was set as the outgroup in

all the phylogenetic analyses and the cerapodan Hypsilo-

phodon foxii is the only other non-iguanodontian

included. Although the non-iguanodontian cerapodan

sampling may appear scarce, we note that Hypsilophodon

foxii is the best described and documented in phylo-

genetic analyses among early diverging taxa, most of

which have recently been considered nomina dubia (Bar-

rett & Maidment 2025).

Character sampling

The original matrix (Xu et al. 2018) and subsequent itera-

tions (Maidment et al. 2022; Bonsor et al. 2023) suffered

from the lack of postcranial characters. In those matrices,

cranial characters accounted for approximately 61% of

the total, postcranial for approximately 39%. This pro-

blem was partially emended in an earlier version of the

current dataset (Rotatori et al. 2025), although we present

here the natural follow-up of that preliminary work. It is

clear that both cranial and postcranial characters yield

significant phylogenetic signal (Li et al. 2020) and several

recent matrices have already implemented this notion in

their character list (Dieudonné et al. 2020; Brown

et al. 2021; Poole 2022). We adopted a ‘guided super

matrix approach’, in which we condensed several charac-

ters from different published datasets: Prieto-Márquez

et al. (2019), Dieudonné et al. (2020), Takasaki

et al. (2020), and Poole (2022). We further extensively

sampled the under-represented areas of the skeleton in

the original matrix, focusing on the following anatomical

parts: scapular girdle, manual elements, pelvic girdle and

axial skeleton (Fig. 1A). In the above-mentioned datasets,

these anatomical parts played a major role in the struc-

ture of the topology. Lastly, we added or reformulated

some characters, including:

Character 91. Carpus, composition of the carpus (after

Norman 2015, char. 79) (Fig. 2): (0) composed of some

fully ossified and separate carpals, including the ulnare,

radiale, intermedium and distal carpals; (1) composed of

multiple carpals interlocked together to form a solid car-

pal block; (2) composed of multiple carpals fused

together to form a solid carpal block; (3) reduced to two

small separate carpals.

Comments: the carpus is one of the anatomical struc-

tures that underwent major transformations during the

evolutionary history of iguanodontian dinosaurs, in order

to sustain a quadrupedal stance (Maidment & Bar-

rett 2014; Poole 2022). Overall, neornithischians and

early-diverging iguanodontians have a carpus composed

by several small unfused carpal bones. In some later

diverging iguanodontians these elements become progres-

sively larger and show different degrees of fusion between

them; in hadrosauroids they become two reduced,

unfused elements (Poole 2022).
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Several authors have included characters related to this

structure in their phylogenetic analyses or anatomical

description (Norman 1986; Sereno 1986; Weishampel

et al. 2003; Poole 2022). However, we modified this char-

acter adding a state (1): carpus composed of multiple car-

pals interlocked together to form a solid carpal block.

This condition was addressed for the first time by Rota-

tori et al. (2022) while describing the new carpal material

of the holotype of Draconyx loureiroi, although they did

not provide a formal definition/description of the charac-

ter. Functionally, the state 0 indicates a grasping hand

while states 1 to 3 indicate progressively more rigid struc-

tures. We discuss its evolutionary significance later in the

corresponding section.

Character 135. Radiale, fusion to the intermedium:

(0) absent; (1) partially fused (suture still visible); (2) total

fusion (suture obliterated).

F IG . 1 . Illustration of the composition of the dataset. A, the sampled anatomical regions and the original datasets; scale bar represents

1 m. B, the percentage of cranial and postcranial characters. Silhouette: Slate Weasel (CC BY-SA 4.0; Wikimedia Commons).
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F IG . 2 . Illustration of Character 91, composition of the carpus: composed of fully ossified and separate carpals, including the ulnare,

radiale, intermedium and distal carpals (A–C), composed of multiple carpals interlocked together to form a single and solid carpal

block (D–F), composed of multiple carpals fused together to form a single and solid carpal block (G–I), reduced to two small separate

carpals (J–K). Modified from Rotatori et al. (2022); J–K after Tsogtbaatar et al. (2019). Abbreviations: dc, distal carpal;

in, intermedium; mc, metacarpal; ra, radiale; ul, ulnare.
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Comments: when commenting on the composition of

the carpus, other authors focused on the general degree

of fusion of the whole structure, proposing cumulative

character states (e.g. Poole 2022). Here we decided to

break down the general morphology of the carpus

(Char. 91, see above) and this character describes its anat-

omy more in detail, since different fusion pattern may

occur that produce the same carpal structure.

Character 185. Sacral vertebrae, number, including dorso-

sacrals and sacrocaudals: five or fewer (Fig. 3A), six

(Fig. 3B), seven (Fig. 3C), eight or more (Fig. 3D).

Comments: scores on the number of sacral vertebrae

are, again, very widespread in phylogenetic matrices

(Weishampel et al. 2003; Butler et al. 2008; Poole 2022).

We modified the original character statement from

Poole (2022), to include distinct scorings for six, seven

and eight or more. The higher number of sacral vertebrae

is generally associated with longer iliac blades.

Of the currently included 215 characters (139 of which

are postcranial ones, accounting for 64.65% of the total),

the majority of these characters include features from the

axial skeleton (97 characters) representing 45.12% of the

character scorings. Characters related to the appendicular

skeleton and girdles (42) represent 19.53% of the total.

The 76 cranial characters account for 35.35% of the total

(Fig. 1B). The character list was constructed to exclude

overweighting and repetition of characters. The following

characters were treated as ordered as in the original refer-

ence datasets: 140, 141, 142, 143, 144, 145, 146, 147, 148,

149, 150, 151, 152, 154, 155, 156, 157, 158, 159, 160, 175,

177, 187, 201, in both maximum parsimony and Bayesian

inference analyses.

Datasets, TNT files, nexus files and scripts to replicate

the analyses described here are provided in Rotatori

et al. (2026).

Phylogenetic analyses

Maximum parsimony. The dataset produced was analysed

using the script of Vila et al. (2022) in TNT v1.6 (Golob-

off & Morales 2023). We used New Technology search

strategies to search for most parsimonious trees (MPTs).

We ran a driven search with 10 initial addition sequences,

finding the minimum length 10 times. We used 100

rounds sectorial searches, 100 cycles of tree-drifting,

100 cycles of ratchet and 10 rounds of tree fusing, with

the following parameters: for sectorial searches we set the

minimum size of sectors to five and used random sector

selections and 100 cycles of constraint-based selections

with a minimal fork of five. For tree-drifting, we explored

trees with a max difference in absolute fit of five and a

maximum difference in relative fit of 0.1. All other

settings were left at their default values. The following

command will set TNT v1.6 ready for this analysis:

drift : fitdiff 5 rfitdiff 0:1; sectsch : rss minsize 5; sectsch :
css minfork 5 rounds 100; xmult : rss
css drift 100 ratchet 100 fuse 10 replications 10 hits 10;

We used both equal weighting and extended implied

weighting for both datasets. Following Ezcurra (2024) and

considering a matrix with fewer than 60 terminal taxa, we

explored all concavity constants (k) from 3 to 11 to

explore the effect of down weighing homoplasy on the

dataset. Strict consensus topologies for k=3–k = 11 are

provided in Appendix S1. The TNT scripts to reproduce

the analyses are provided in Rotatori et al. (2026).

To further test the topological stability of our analyses

we used an R script to assess the completeness index of

the taxa, which is calculated as:

number of scored characters for certain taxon=

total number of characters� 100

Then we removed the taxa with a completeness index

less than 30% and repeated the tree search protocol as

above.

Bayesian inference. We performed both non-clock and

clock analyses employing Bayesian Inference, with the

software MrBayes v3.2.7a run on the CIPRES platform

(Ronquist et al. 2012b). In the non-clock analysis charac-

ter evolution followed the Mk model (Lewis 2001) and

the values were sampled from a gamma distribution. The

analysis sampled 30 000 000 generations per run, sampled

with Metropolis-coupled Markov chain Monte Carlo

(MCMCMC) method for four runs of four chains per

run. The initial ‘burn-in’ was set at 25%. Convergence of

independent runs and stationarity were assessed using the

program Tracer v1.7.1 (Rambaut et al. 2018) considering

effective sample size (ESS) for each parameter informative

with values ≥200. Moreover, we assessed potential scale

reduction factor (PRSF), average standard deviation of

split frequencies (ASDSF) and marginal likelihood, as

indicators of the good quality of the analysis.

The clock analysis used the same model for character

evolution, while as a clock model we employed the mor-

phological clock (hereafter, ‘morphoclock’ for sake of

simplicity) (Lee et al. 2014). To implement morphoclock

model into MrBayes we chose a uniform tree model, and

we used independent gamma rate as relaxed clock model.

Used a mix of tip and node dating, deriving an informa-

tive prior from the tip ages for the nodes. Therefore, we

did not provide an informative prior for the age of the

root, which was derived as any other node within the

topology. Absolute age calibrations derived from literature
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revision, are provided as raw data (ST2). Stratigraphic

ranges were used in combination with FAD/LAD in order

to address age uncertainty in the tips (ST2). We chose

this character evolution model over other competing ones

(e.g. Gavryushkina et al. 2014) to avoid

over-parametrization of the analysis. The analysis sampled

80 000 000 generations per run, sampled with the

MCMCMC method for four runs of four chains per run.

The initial ‘burn-in’ was set at 25%. In order to warrant

congruent time-calibration in MrBayes, we created a

‘dummy’ terminal taxon scored as ‘?’ only for all charac-

ters and constrained its position in the topology as a sis-

ter taxon of Hypsilophodon foxii, then pruned it a

posteriori. Convergence of independent runs and statio-

narity were assessed via Tracer v1.7.1 (Rambaut

et al. 2018). As in the clock analysis, we assessed PRSF,

ASDSF and marginal likelihood, as indicators of the good

quality of the analysis.

Convergence of independent runs was assessed using:

ASDSF (c. 0.003 for non-clock analysis, c. 0.005 for clock

analysis), PSRF = 1 for both analyses, ESS for each para-

meter was >200 for and marginal likelihood (harmonic

mean: �2598.07 for non-clock analysis, �2628.19 for

clock analysis). The main divergence times are summar-

ized in Table 2.

To test the robustness of the results, we also ran three

more clock analyses in which we adopted different clock

priors or using different models. We ran one additional

morphoclock model of Lee et al. (2014) and two different

simple fossilized birth–death (FBD) model analyses (Gav-

ryushkina et al. 2014). We left the model choice unaltered

for the characters and relative character priors. In the

modified version of morphoclock we included a soft

upper bound (210, 215) consistent with the stratigraphic

range of Ornithischia (Baron 2019; Fonseca et al. 2024).

The clockrate prior was modelled from the non-clock

analysis, subdividing the median value for tree length in

substitutions from posterior trees by the age of the tree,

based on the average of the distribution for the root prior

(7.86/215 = 0.04) following Simões et al. (2020a, 2020b).

We modelled rates based on a log-normal distribution,

with the rates sampled from the log-normal distribution

and the mean of the log-normal distribution given the

value based on the non-clock tree estimate (0.04) in nat-

ural log scale = �3.2188. We chose to use the exponent

of the mean to provide a broad standard deviation

(e0.04 = 1.040).

We ran also two FBD model analyses, sampled under

diversity strategy, maximizing the probability of modern

day taxon sampling (‘dummy’ taxon) and corrected to

avoid sampled-ancestor option. One analysis retained the

clock priors used in the first morphoclock analysis, while

the second FBD implemented the clock priors of the

modified version of the morphoclock analysis. A sum-

mary of the Bayesian sensitivity tests are provided in

Appendix S1.

The scripts to replicate non-clock and clock analyses

are provided in Rotatori et al. (2026).

Character modelling

Historical biogeography. To reconstruct the historical bio-

geographic history of iguanodontians, we employed the

maximum compatibility tree (MCT) from the clock ana-

lysis, and used the R package BioGeoBEARS

(Matzke 2018) to test which biogeographical model best

fits the evolutionary history of Iguanodontia: we tested

for DIVALIKE and DIVALIKE+ j, DEC and DEC+ j,

BAYAREALIKE and BAYAREALIKE + j. These models

incorporate key phenomena involved in historical biogeo-

graphy, like dispersal and vicariance (DIVALIKE, model-

ling dispersal and vicariance events, but does not include

sympatric-subset speciation events), founder effect with

jump dispersal (the j indicates a founder-event ‘jump’

speciation modelled as additional parameter), dispersal-

extinction and cladogenetic events (DEC) and lastly dis-

persal, extinction and sympatry (BAYAREALIKE)

(Matzke 2014). Each taxon was scored for the following

five areas: North America, South America, Europe, Asia

and Africa. We used a dispersal matrix with pairwise dis-

persal multipliers that considers different dispersal prob-

abilities between land masses as tectonic evolution

progressed throughout the Mesozoic (i.e. time-stratified

analysis), with main continental reconfigurations differ-

ently set at intervals between 152, 123, 117, 100, 90, 72

and 66Ma based on palaeogeographic constraints in

Upchurch & Chiarenza (2024). Following these palaeo-

geographic constraints, connectivity scores were

embedded in a dispersal matrix in which values near 1

indicate an almost continuous land connection (e.g.

Europe–Asia), whereas values approaching 0 mark strong

oceanic barriers or insurmountable dispersal distance for

a terrestrial tetrapod (e.g. Asia – South America).

F IG . 3 . Illustration of Char. 185, sacral vertebrae, number, including dorsosacrals and sacrocaudals: five or fewer (A), six (B), seven

(C), eight or more (D). (Silhouettes from https://www.phylopic.org/: Camptosaurus dispar, Tasman Dixon (CC0 1.0); Equijubus nor-

mani, Pete Buchholz (CC BY-SA 3.0); Matellisaurus atherfieldensis (CC BY 3.0), Iguanadon bernissartensis (CC BY-SA 4.0), both Mat-

thew Dempsey.)
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BioGeoBEARS was instructed to let each lineage occupy

at most two areas simultaneously; composite states such

as Europe+ Africa were therefore allowed when the

ancestral-state reconstruction implied a broadly distribu-

ted ancestor. We employed Akaike information criterion

with finite correction (AICc) (Sugiura 1978) and AIC

weights (Burnham & Anderson 2002) to choose the best

fitting model (i.e. the model exhibiting the lowest AICc,

thus the highest AICc weight was considered the best-

supported fit to the data), see Table 3.

We provide dispersion matrix probabilities alongside with

the script and the data to replicate the analyses, as well as

the raw results of all five models in Rotatori et al. (2026).

Institutional abbreviations. AMNH, American Museum of

Natural History, New York, NY, USA; CM, Carnegie Museum

of Natural History, Pittsburgh, PA, USA; GPIT, Geologisch-Pal-

äontologisches Institut der Eberhard-Karls-Universität Tübingen,

Germany; IWCMS, Isle of Wight County Museum Service

(MIWG, Museum of Isle of Wight Geology, was used for acces-

sions prior to 1994), Dinosaur Isle Museum, Isle of Wight, UK;

MAP, Museo Aragonés de Paleontologı́a, Teruel, Spain;

ML, Museu da Lourinhã, Lourinhã, Portugal; MNS, Museo

Numantino de Soria, Spain; NHMUK, Natural History Museum,

London, UK; MPT, Museo de Teruel, Spain; OUMNH, Oxford

University Museum of Natural History, UK; RBINS, Royal Bel-

gian Institute of Natural Sciences, Brussels, Belgium;

SHN, Sociedade de História Natural, Torres Vedras, Portugal;

SMNS, Staatliches Museum für Naturkunde, Stuttgart, Germany;

USNM, National Museum of Natural History, Smithsonian

Institution, Washington DC, USA; YPM, Yale Peabody Museum,

New Haven, CT, USA.

RESULTS: PHYLOGENETIC ANALYSIS

Maximum parsimony

The equal weighting analysis returned 32 trees of 643

steps (consistency index = 0.473, retention index = 0.788,

rescaled consistency index = 0.373). Hereafter we describe

some of the most important topological features illu-

strated in the strict consensus tree (Fig. 4). The earliest

diverging clade within Iguanodontia is Rhabdodontidae,

which includes Iani smithi, Rhabdodon sp., Zalmoxes shqi-

perorum and Zalmoxes robustus as in many recent phylo-

genetic analyses (e.g. Zanno et al. 2023). Synapomorphies

of this clade are the well-developed primary ridge on the

labial surface of dentary teeth, becoming less prominent

apically (Char. 70: 0>1); wide maxillary crowns, albeit still

smaller than dentary crowns (Char. 73: 0>1); ventral sul-

cus absent on caudal centra (Char. 191: 0>1).

In this topology, Tenontosaurus tilletti is sister taxon to

Dryomorpha, as commonly found by other workers (Xu

et al. 2018; Maidment et al. 2022; Poole 2022; Rotatori

et al. 2022; Bonsor et al. 2023). Within Dryosauridae, we

recovered Valdosaurus canaliculatus, Dysalotosaurus let-

towvorbecki, Dryosaurus altus and Eousdryosaurus nanohal-

lucis, the latter two taxa are recovered as sister taxa

(synapomorphies: ventral margin of the coracoid rela-

tively blunt and roughly right-angled, Char. 86: 0>1).

Cumnoria prestwichii is recovered sister to Ankylopollexia,

as in (Maidment et al. 2022). The earliest diverging mem-

bers of Ankylopollexia are Oblitosaurus bunnueli, Campto-

saurus dispar and the SHN specimen. The placement of

O. bunnueli contrasts with the its original description of

Sánchez-Fenollosa et al. (2023) in being more deeply

nested within Ankylopolexia, and actually being recovered

as a member of Styracosterna. Notably, this species was

not recovered as sister to Draconyx loureiroi. We recov-

ered a ‘high-sailed’ styracosternans clade sister to Hadro-

sauriformes, which includes Brighstoneus simmondsi,

Ouranosaurus nigeriensis and Morelladon beltrani (synapo-

morphies: neural spine centred in dorsal centra,

Char. 129: 1>0; very tall neural spine relative to centrum,

and compared to tallest caudal, dorsal or sacral

Char. 140: 0>2; caudodorsally oriented dorsal margin of

post-acetabular process, rising dorsally relative to the

acetabular margin, Char. 150: 0>1).

TABLE 2 . Divergence times for major clades within Iguanodontia recovered from different analyses.

Model Clockrate

prior

Informative

root prior

Root Iguanodontia Dryomorpha Ankylopollexia Styracosterna Hadrosauroidea

Morphoclock Normal

distribution

No 191 186.5 183.7 178.1 174.9 149.6

Morphoclock Derived from

NC

Yes 213 207 203 199.6 195.9 162

FBD Normal

distribution

No 192 167.8 164.2 155.7 152 128

FBD Derived from

NC

Yes 211 171.6 166.8 156.1 153.5 129.4

FBD, fossilized birth–death; NC, non-clock analysis. Bold text indicates model discussed in detail.

10 PALAEONTOLOGY , VOLUME 69

 14754983, 2026, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/pala.70057 by U

niversidad D
e Z

aragoza, W
iley O

nline L
ibrary on [29/04/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



TABLE 3 . Model log-likelihood (lnl) scores with Akaike information criterion (AIC) scores for BioGeoBEARS models.

Model LnL k AIC AICc deltaAICc AICc_wt

DEC �95.6008 2 195.2016 195.4516 15.0094542 0.0004713

DEC+ j �86.9658 3 179.9316 180.4422 0 0.8562486

DIVALIKE �95.9961 2 195.9922 196.2422 15.799986 0.0003175

DIVALIKE+ j �88.7571 3 183.5141 184.0247 3.58254434 0.1427777

BAYAREALIKE �112.786 2 229.5715 229.8215 49.3793199 1.62E-11

BAYAREALIKE + j �95.4062 3 196.8124 197.323 16.8807957 0.0001849

The two best supported models are shown in bold (the best model is DEC + j).

F IG . 4 . Strict consensus tree of the maximum parsimony analysis employing equal weighting. Numbers are Bremer support values,

star symbols indicate Bootstrap values >50%. Abbreviation: Ig., Iguanodontia. (Silhouettes from https://www.phylopic.org/: Zalmoxes

robustus (CC BY 3.0); Scott Hartman; Dysalotosaurus lettowvorbecki, Matthew Dempsey (CC BY 4.0); Ouranosaurus nigeriensis, Scott

Hartman (CC BY-NC-SA 3.0) Edmontosaurus annectens, Matthew Dempsey (CC BY 3.0).)
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We did not recover a monophyletic Iguanodon clade as

Verdú et al. (2017a); instead, we recovered all the Iberian

styracosternans nested within the same clade, which com-

prises of ‘Iguanodon’ galvensis, Magnamanus soriaensis

and Delapparentia turolensis (synapomorphies: coronoid

process of dentary perpendicular to the dorsal edge of the

dentary ramus Char. 52: 0>1; shape of the apex of the

coronoid process of dentary in lateral or medial view sub-

oval and anteroposteriorly expanded Char. 53: 1>0).

Mantellisaurus atherfieldensis and Barilium dawsoni are

recovered as more deeply nested than other hadrosauri-

forms being the earliest diverging branches of Hadrosaur-

oidea. Synapomorphies of Hadrosauroidea are: the

curvature of the femoral shaft moderately bent postero-

medially along the proximal half of the shaft

(Char. 115: 1>0); a lateral profile of the dorsal or latero-

dorsal margin of the ilium distinctly depressed over the

supraacetabular process and dorsally bowed over the

proximal region of the preacetabular process

(Char. 152: 0>1).

The other extended implied weighting analyses (Fig. 5)

recovered a similar topology of the consensus tree, despite

the relatively high homoplasy identified in the dataset, with

CI below 0.5 for all most parsimonious trees. All trees

recovered a well-resolved Ankylopollexia and successive

nested clades, with differences observed towards the root

of the tree, characterized by the higher density in homo-

plasy. The strongest down weighing of the homoplasy

(k = 3) recovered Brighstoneus simmondsi as the earliest

diverging member within Hadrosauroidea, a poorly

resolved Dryosauridae and the putative rhabdodontomorph

Iani smithi within Ankylopollexia. Concavity constants lar-

ger than 4 recovered almost the same topology, but inter-

estingly for this work, the high sailed Brighstoneus

simmondsi is recovered in a clade with Ouranosaurus niger-

iensis and Morelladon beltrani. Once the k value goes over

7, Dryosauridae is partially resolved, with Dryosaurus altus

and Eousdryosaurus nanohallucis forming a clade. Finally,

large concavity constants (from k = 9 to k = 11) stabilize

and show the last change in the topology, with Iani smithi

recovered at the base of Rhabdodontomorpha, the clade in

which was originally described.

The extended implied weighting analysis with k = 11

returned one single tree of 644 steps (consistency

index = 0.472, retention index = 0.787, rescaled consis-

tency index = 0.371). The topology is mostly consistent

with the equal weighting analysis (see Figs S4–S10),
although we note some important differences. Oblito-

saurus bunnueli is here recovered as styracosternan, more

deeply nested than Camptosaurus dispar and the SHN

specimen (synapomorphy: morphology of the fourth tro-

chanter of femur slightly mediolaterally thick and sub-

triangular, Char. 116: 0>1), differing from the original

placement of Sánchez-Fenollosa et al. (2023).

Mantellisaurus atherfieldensis and Barilium dawsoni are

recovered as earliest diverging members of the clade Igua-

nodontidae, which includes the Iberian styracosternans

‘Iguanodon’ galvensis, Delapparentia turolensis and Magna-

manus soriaensis (synapomorphy: preacetabular process

moderately axially twisting so that the lateral surface of

the process faces dorsolaterally, Char. 100: 0>1).

The rest of the topology does not differ significantly

from that of the original matrix and subsequent iterations

(Xu et al. 2018; Lockwood et al. 2021, 2024; Maidment

et al. 2022; Rotatori et al. 2022, 2025; Bonsor et al. 2023;

Sánchez-Fenollosa et al. 2023).

The sensitivity test after the removal of the taxa <30%

complete did not produce any evident difference with the

main maximum parsimony analysis (Fig. S1).

Bayesian inference

The non-clock analysis returned a topology largely consis-

tent with the maximum parsimony analyses (see the max-

imum compatibility tree, Fig. S14).

One of the main differences between the non-clock

analysis and the others is the placement of Iani smithi,

which is not recovered within Rhabdodontidae (Zanno

et al. 2023), but as sister to the node Tenontosaurus

tilletti+ Dryomorpha. Draconyx loureiroi and Cumnoria

prestwichii are recovered as sister taxa, diverging earlier of

the node Ankylopollexia. Both the SHN specimen and

Oblitosaurus bunnueli in this analysis are recovered within

Styracosterna, more deeply nested than of both original

descriptions (Sánchez-Fenollosa et al. 2023; Rotatori

et al. 2025). As in the maximum parsimony analysis, the

clade of high-sailed styracosternans (Ouranosaurus niger-

iensis, Morelladon beltrani and Brighstoneus simmondsi) is

recovered (synapomorphies: morphology of the dorsal

edge at the joint between the central plate and post-

acetabular process of ilium, dorsoventrally thickened and

laterally bulgy, forming a non-everted, weakly developed

eminence, Char. 102: 2>3; central length of cervical ver-

tebrae remains approximately the same or decrease pos-

teriorly, Char. 129: 1>0; very tall neural spine relative to

the centrum, relative to tallest caudal, dorsal or sacral,

Char. 140: 0>2; caudodorsally oriented dorsal margin of

post-acetabular process, rising dorsally relative to

the acetabular margin, Char. 150: 0>1; absence of a ven-

tral sulcus on the ventral surface of caudal

centra, Char. 191: 1>0; subequal facets of chevrons,

Char. 198: 0>1). Barilium dawsoni is recovered within

Iguanodontidae, a clade recovered in this analyses

with Iguanodon bernissartensis + (‘Iguanodon’ galvensis +
(Delapparentia turolensis+ Magnamanus soriaensis)) as

members (synapomorphies: coronoid process of dentary

perpendicular to the dorsal edge of the dentary ramus,

12 PALAEONTOLOGY , VOLUME 69
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Char. 52: 0>1; shape of the apex of the coronoid process

of dentary in lateral or medial view sub-oval and antero-

posteriorly expanded, Char. 53: 1>0). Mantellisaurus

atherfieldensis is recovered as the earliest diverging mem-

ber of Hadrosauroidea, as in Bonsor et al. (2023). The

rest of the topology does not differ significantly from pre-

vious iterations of the original matrix (Xu et al. 2018;

Lockwood et al. 2021, 2024; Maidment et al. 2022; Rota-

tori et al. 2022, 2025; Bonsor et al. 2023; Sánchez-

Fenollosa et al. 2023).

The clock analysis (Fig. 6) presents some topological

differences compared to other analyses as well. Consider-

ing the topology of the MCT (Fig. 6), Tenontosaurus til-

letti is recovered within Rhabdontomorpha, alongside

Iani smithi and Rhabdodontidae, consistent with previous

studies (Poole 2022; Zanno et al. 2023). Camptosaurus

dispar and Uteodon aphanoecetes are recovered as sister

taxa, as Hypselospinus fittoni is recovered sister to the

node Lanzhousaurus magnidens + Bayannurosaurus perfec-

tus. The clade of high-sailed styracosternans remains

unaltered (synapomorphies: curvature of the femoral shaft

in antero-posterior view absent – nearly straight diaphysis

– along the entire shaft, with a slightly medially curved

proximal third, Char. 115: 0>1; central length of cervical

vertebrae remains approximately the same or decrease

posteriorly throughout the series, Char. 129: 1>0; very tall

neural spine relative to centrum, and in comparison to

tallest caudal, dorsal or sacral, Char. 140: 2; caudodorsally

oriented dorsal margin of post-acetabular process, rising

dorsally relative to the acetabular margin, Char. 150: 1;

absence of a ventral sulcus on the ventral surface of cau-

dal centra Char. 191: 0), whereas we recover Mantelli-

saurus atherfieldensis+ Barilium dawsoni sister to

Iguanodontidae, which includes Iberian styracosternans

(synapomorphies: coronoid process of dentary perpendi-

cular to the dorsal edge of the dentary ramus,

Char. 52: 0>1; shape of the apex of the coronoid process

of dentary in lateral or medial view suboval and antero-

posteriorly expanded, Char. 53: 1>0). These results are

found consistently also in the sensitivity tests employing

different Bayesian models (Figs S1–S4).
We note that most of the clades have long ghost-

lineages, of at least 10 million years; the earliest diver-

gence times allocated between the Early and the Middle

Jurassic. This may be due to the clock model selection,

which may be biased to allocate older divergence times at

earlier diverging nodes (e.g. Crisp et al. 2014; dos Reis

et al. 2016). The sensitivity tests employing different clock

and tree models returned minor incongruences in the

topology; the difference is very marked regarding

divergence-times for major clades, confirming that model

selection has had a significant impact on divergence-times

estimation (see Table 2). In general, FBD models return

younger divergence times compared to morphoclock

ones, recovering divergence times that are more closely

aligned with the known sampled age ranges of fossil taxa,

hence presenting a more ‘literal reading’ of the fossil

record in their (FBD) outputs (Ronquist et al. 2012a; Ho

et al. 2015; Zhang 2022).

We remark that the results of the present original ana-

lysis are in agreement with the work of Rotatori

et al. (2023), in which the application of a Skyline FBD

model on a different dataset (a modified version of the

matrix of Dieudonné et al. 2020) found congruent results.

Furthermore, clock-rates are overall constant through all

the topology, with the exception of the initial radiation of

Iguanodontia (186Ma, in the Pliensbachian) and the

appearance of later-diverging hadrosauroids (Hadrosauri-

dae). This may be an artefact due to the taxon-sampling

of this specific dataset, although we note that other spe-

cialists recovered an acceleration in evolutionary rates

coinciding to the appearance of hadrosaurids (Stubbs

et al. 2019; Chiarenza et al. 2021, 2024).

The rest of the topology does not differ significantly

from previous iterations of the original matrix and subse-

quent iterations (Xu et al. 2018; Lockwood et al. 2021,

2024; Maidment et al. 2022; Rotatori et al. 2022, 2025;

Bonsor et al. 2023; Sánchez-Fenollosa et al. 2023).

SYSTEMATIC PALAEONTOLOGY

As mentioned in previous paragraphs, in all the analyses

we recovered a clade that we previously referred to as

‘high-sailed styracosternans’. Due to the consistency in

the results obtained and high support values for this

clade, we propose hereafter the formal erection of the

clade according to the PhyloCode standards.

F IG . 5 . Strict consensus tree of the maximum parsimony analysis employing extended implied weighting with concavity constant

k = 11, and missing entries having half of the homoplasy of observed entries, capped at 4. Parts of the tree that show changes in

topology with lower concavity constants are highlighted in black bordered boxes and the corresponding alternative topology is shown

in grey bordered boxes, indicating the value of k at which the topological change occurs. For topologies of each consensus tree from

k = 3 to k = 11, see Appendix S1. (Silhouettes from https://www.phylopic.org/: Zalmoxes robustus (CC BY 3.0); Scott Hartman; Dysa-

lotosaurus lettowvorbecki, Matthew Dempsey (CC BY 4.0); Ouranosaurus nigeriensis, Scott Hartman (CC BY-NC-SA 3.0) Edmontosaurus

annectens, Matthew Dempsey (CC BY 3.0).)
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F IG . 6 . Maximum compatibility tree (MCT) from the time-calibrated Bayesian inference analysis. Numbers represent diverging times

for each node. Red dots indicate posterior probabilities values >0.5. Evolutionary rates are mapped on the tree as clock-rate median.

(Silhouettes from https://www.phylopic.org/: Zalmoxes robustus (CC BY 3.0); Scott Hartman; Dysalotosaurus lettowvorbecki, Matthew

Dempsey (CC BY 4.0); Ouranosaurus nigeriensis, Scott Hartman (CC BY-NC-SA 3.0); Iguanadon bernissartensis (CC BY-SA 4.0) Mat-

thew Dempsey; Edmontosaurus annectens, Matthew Dempsey (CC BY 3.0).)
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DINOSAURIA Owen 1842

ORNITHISCHIA Seeley 1888b

ORNITHOPODA Marsh 1881

IGUANODONTIA (Sereno 1986)

STYRACOSTERNA Sereno 1986

OURANOSAURIA nov.

Definition. The largest clade containing Ouranosaurus

nigeriensis Taquet 1976 but not Iguanodon bernissartensis

Boulenger 1881 or Hadrosaurus foulkii Leidy 1858.

Reference phylogeny. Figure 4 (this work), maximum parsi-

mony analysis.

Composition. In all the analyses, the taxa Ouranosaurus

nigeriensis and Morelladon beltrani are recovered within

the clade. Brighstoneus simmondsi is also present in this

clade in all analyses, with the exception of those with very

low concavity constants used for downweighing homo-

plasy (k ≤ 3).

Synonyms. No other taxon names are currently in use for

the same or approximate clade.

Remarks. The affinity of Brighstoneus simmondsi and Our-

anosaurus nigeriensis were first recovered by Lockwood

et al. (2021) in their 50% majority rule consensus tree

(Lockwood et al. 2021, fig. 23c), although this analysis

did not include Morelladon beltrani, which previous ana-

lysis recovered as an indeterminate ankylopollexian

(Gasulla et al. 2015). Bertozzo et al. 2025 also recovered

Morelladon beltrani in a clade with Oranousaurus nigerien-

sis. In this case though, Brighstoneus simmondsi was

recovered in a more nested position.

The Bremer support values for maximum parsimony

are 3 for equal weighting analysis, but 1 for implied

weighting k = 11. Analyses employing Bayesian inference

recovered posterior probabilities >0.50 for this clade.

All the parsimony analyses recovered the following

synapomorphies: neural spine of the dorsal vertebrae

centred over centrum, high dorsal neural spine (Fig. 7)

and caudodorsally oriented post-acetabular process. The

Bayesian analyses recovered the presence of a nearly

straight curvature of the femoral shaft in anteroposterior

view, with a slightly medially curved proximal third, dor-

sal edge of the ilium at the joint between the central plate

and postacetabular process is dorsoventrally thickened

and laterally bulgy, forming a well-developed eminence

that has a slightly everted, more laterally expanded pos-

terior half, caudal vertebrae without sulcus on ventral sur-

face, craniocaudal length of the distal facets for chevrons

on proximal caudal vertebrae are longer than the ventral

surface of the vertebrae.

Historical biogeographic reconstruction. We ran the historical

biogeographic analysis only employing the original mor-

phoclock analysis, excluding the sensitivity analyses since

they produced too unrealistic divergence times (Fig. S2)

or presented polytomies that had to be artificially resolved

(Figs S3, S4). The two best-supported models are DEC+ j

(AICc = 180.44) and DIVALIKE+ j (AICc = 184.03)

(Table 3). Because the DIVALIKE+ j (dispersal-

vicariance, no sympatry + jump founder effect) model

(Ronquist 1997) often outperforms alternative model

classes in AIC-based comparisons (Matzke 2014), we

report results from both DEC+ j and DIVALIKE + j, to

ensure that our conclusions are not contingent on a sin-

gle modelling framework (Fig. 8). The DEC+ j model

combines the classic Dispersal-Extinction-Cladogenesis

events with the founder-effect speciation mechanism

(Matzke 2014). The origin of Iguanodontia is recovered

in Europe in the Early Jurassic, around 186 million years

ago (Pliensbachian). The first occurrence in the fossil

record of a definitive iguanodontian is dated to the Callo-

vian of Europe (Ruiz-Omeñaca et al. 2006), implying a

ghost lineage of approximately 20–30 million years. This

starkly contrasts with previous analyses, regarding both

the diverging times and geographical context (Boyd 2015;

Poole 2022). Our analysis recovered several cladogenetic

events that indicate Europe as the main diversification

area for the clade with dispersals from there towards

North America (since the Middle Jurassic) and later

(from the Late Jurassic) towards Asia. The earliest branch

dispersing in North America is Rhabdontomorpha, more

precisely the lineage that gave rise to Tenontosaurus tilletti

being the first fossil evidence of such dispersal. Later,

iguanodontians continued to diversify in Europe, and

both Dryosauridae and Ankylopollexia appeared in North

America around 180 million years ago, in the Toarcian.

This appears in stark contrast with a literal reading of the

fossil record, since the very first ankylopollexians recog-

nizable as such appear not earlier than the Late Jurassic

(Norman 2004). Both of these clades dispersed in the Jur-

assic in other parts of Laurasia (North America) and

Gondwana (Africa). Styracosternans originated in North

America in the Middle Jurassic around 174 million years

ago, in the Aalenian stage, but subsequently dispersed and

radiated in Europe, dispersing for the first time in Asia

during the Oxfordian–Kimmeridgian. Similarly to Anky-

lopollexia, the first definitive fossils recognizable as styra-

costernans are dated either to the Late Jurassic or to the

Early Cretaceous, depending on different systematic views

(McDonald 2012; Carpenter & Galton 2018), implying an

extensive ghost lineage for this group. Ouranosauria and

Iguanodontidae evolved and co-existed in Europe; their

origin is estimated to be in the Tithonian stage (Fig. 4),

but the first dispersal into Gondwana is represented by

the Ouranosaurus nigeriensis lineage. Of both clades, we
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still do not have sampled fossils dated to the Jurassic, but

their Early Cretaceous presence implies a compatible

ghost lineage tracing back to at least the latest Jurassic

(Norman 2004, 2012; Ruiz-Omeñaca 2011; Gasulla

et al. 2015; Verdú et al. 2015; Vidarte et al. 2016; Lock-

wood et al. 2021).

F IG . 7 . Illustration of characters 140 (A–C) and 129 (D–E), some of the main synapomorphies of Ouranosauria. Character 140, height of the

neural spine relative to that of the centrum of the tallest caudal dorsal or sacral vertebrae: short neural spine, ratio up to 2.10 (A), ratio 2.10

and up to 3.25 (B) and very long neural spine, ratio greater than 3.25 (C). Character 129, dorsal vertebrae, neural spine: anteriorly positioned or

centred over the dorsal centrum (D), starting to project posteriorly to their own centrum at some point within the dorsal vertebral series (E).

ROTATORI ET AL . : MACROEVOLUTION OF IGUANODONTIA 17
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Hadrosauroidea dispersed out of Europe into Asia

(Late Jurassic, c. 145Ma) and North America (before the

Early–Late Cretaceous transition, c. 115–110Ma) and,

besides the sporadic re-immigration to North America

from Europe of the lineage represented by Eolambia carol-

jionesa, it mainly diversified in Asia. Later diverging forms

dispersed into North America by the Albian, 112 million

years ago. The clade of Telmatosaurs transsylvanicus and

Tethyshadros insularis from the ‘Transylvanian islands’

and the Adriatic Carbonate Platforms, is the first lineage

of hadrosauroids to reappear in Europe from Asia, by the

Conacian, around 87 million years ago. Hadrosauridae

are here interpreted to have first originated and diversi-

fied in North America in the Late Cretaceous, around 84

million years ago, during the Santonian stage.

Character evolution. We mapped the distribution of two

characters, which are here considered to be highly diag-

nostic in systematic and taxonomic discussions of Iguano-

dontia: the composition of the carpus (Fig. 9; Char. 91)

and the number of sacral vertebrae, including dorsosacral

and caudosacral ones (Fig. 10; Char. 185) on the strict

consensus tree of the maximum parsimony.

The carpus is composed of unfused elements

(Char. 91: 0) in neornithischians (e.g. Hypsilophodon

foxii), early diverging iguanodontians (e.g. Tenontosaurus

tilletti, Dryosaurus altus, Dysalotosaurus lettowvorbecki),

and in the early diverging ankylopollexians (e.g. Draconyx

loureiroi, Uteodon aphanoecetes). However, among the lat-

ter group, Camptosaurus dispar is the earliest taxon to

show a carpus that is composed by several elements that

are firmly interlocked into a solid structure (Char. 90: 1).

This condition appears to be present in several different

lineages of styracosternans and early diverging hadrosaur-

oids. Iguanodon bernissartensis and Magnamanus soriaensis

show a carpus formed by several carpal bones fused

together to form a solid carpal unit (Char. 91: 2). Tethy-

shadros insularis and Hadrosauridae present a carpus

composed by two small carpals (Char. 91: 3).

The count of sacral vertebrae is quite variable in the

phylogeny: Lesothosaurus diagnosticus presents up to five

sacral vertebrae (Char. 185: 0) while the earliest diverging

members of Neornithischia and Iguanodontia show six

sacral vertebrae (Char. 185: 1). This condition is retained

by several taxa nested within Ankylopollexia and Styracos-

terna, however, several lineage-specific trends arise within

the mentioned clades. For instance, Uteodon aphanoecetes

reversed to the condition of having a count of five sacral

vertebrae (Char. 185: 0), while Bayannurosaurus perfectus,

Ouranosaurus nigeriensis, Brighstoneus simmondsi and Man-

tellisaurus atherfieldensis independently acquired a count of

seven sacral vertebrae (Char. 185: 1). Iguanodon bernissar-

tensis is the only non-hadrosaurid styracosternan to show a

count of eight sacral vertebrae. Within Hadrosauroidea,

the count ranges from six to seven, while eight or more

sacral vertebrae is a synapomorphy of Hadrosauridae.

DISCUSSION

Systematic relationships of Iguanodontia

All phylogenetic analyses independent of the tree-searches

strategies and character optimization criteria recover

overall consistent consensus topologies, although there

are some minor differences among them. These discre-

pancies were expected, since several other workers focus-

ing on the phylogenetic relationships of Iguanodontia

have remarked how unstable, and how sensitive to taxon

and character sampling, these relationships are (McDo-

nald 2012; Xu et al. 2018; Rozadilla et al. 2019, 2020;

Lockwood et al. 2021; Poole 2022; Sánchez-Fenollosa

et al. 2023).

One of the main shortcomings that these specialists

have tried to overcome, is the inclusion of several pre-

viously neglected or overlooked European taxa within the

general phylogenetic framework of the clade (Lockwood

et al. 2021; Maidment et al. 2022; Rotatori et al. 2022;

Bonsor et al. 2023; Sánchez-Fenollosa et al. 2023). Our

dataset performed one additional step towards this direc-

tion, including for the first time several Late Jurassic to

Early Cretaceous taxa from the Iberian Peninsula, a key

palaeobiogeographical region due to its position close to

Gondwanan and Mid-Atlantic plates (a classic ‘dispersal’

highway between Gondwanan and Laurasian plates;

Krause et al. 2019).

The most notable result from our analysis is the recov-

ery of a well-supported novel clade of high-sailed

F IG . 8 . Historical biogeographic reconstruction of Iguanodontia, employing the DIVALIKE+ j model chosen by the BioGeoBears

analysis using the time calibrated MCT. Major biogeographic events are indicated across the topology by numbered arrows, with

ancestral areas represented by the pie charts; circled numbers represent main clades in Iguanodontia. (Silhouettes from https://www.

phylopic.org/: Zalmoxes robustus (CC BY 3.0); Scott Hartman; Dysalotosaurus lettowvorbecki, Matthew Dempsey (CC BY 4.0); Ourano-

saurus nigeriensis, Scott Hartman (CC BY-NC-SA 3.0); Iguanadon bernissartensis (CC BY-SA 4.0) Matthew Dempsey; Edmontosaurus

annectens, Matthew Dempsey (CC BY 3.0).)
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F IG . 9 . Distribution of the character states of the carpal anatomy (Char. 91) within Iguanodontia mapped onto the strict consensus tree.
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Iguanodontians, Ouranosauria. Overall, the main distin-

guishing feature of this group is the presence of extremely

high neural spines of the dorsal vertebrae, which groups

together taxa from the early–mid Cretaceous of Europe

and Africa. The sister clade relationship of Brighstoneus

simmondsi and Ouranosaurus nigeriensis were first

F IG . 10 . Distribution of the number of sacral vertebrae (Char. 185) within Iguanodontia mapped onto the strict consensus tree.
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recovered by Lockwood et al. (2021) in their 50% majority

rule consensus tree. Several other lines of osteological evi-

dence are presented in their work that possibly relate Our-

anosaurus nigeriensis and Brighstoneus simmondsi, but see

Lockwood et al. (2021) for details. Gasulla et al. (2015)

recovered Morelladon beltrani as a hadrosauriform of

dubious affinities in their analysis, although they noted

several similarities between this taxon and Ouranosaurus

nigeriensis. These similarities include the proportional

height of neural spines of dorsal and sacral vertebrae com-

pared to the height of their centra, shape and orientation

of the preacetabular process of the ilium (Gasulla

et al. 2015). In particular Gasulla et al. (2015, p. 11), stated

that ‘the neural spines of Morelladon resemble those of

Ouranosaurus nigeriensis in being more anteroposteriorly

expanded distally than proximally. However, the neural

spines of Ouranosaurus nigeriensis are characterized by

being extremely high (as much as 9 times centrum height)’

and regarding the ilium: ‘As in . . . Ouranosaurus nigerien-

sis, the preacetabular process of the ilium in Morelladon is

transversely compressed and oriented vertically, differing

from the from the lateral torsion shown by Barilium daw-

soni . . .’ (Gasulla et al. 2015, p. 19).

Furthermore, the morphology of the tibia bears another

similarity between the two taxa recognized by Gasulla

et al. (2015, p. 22): ‘the tibia of Morelladon is very similar

in morphology to those of Mantellisaurus and Ourano-

saurus and more slender and lightly built than in Iguano-

don bernissartensis’.

Accordingly, the recovery of a monophyletic Ourano-

sauria is consistent with all lines of evidence reported to

date. We propose that a high-sailed, endemic clade of

iguanodontian dinosaurs inhabited western Europe and

Gondwana during the Early Cretaceous. The recently

described Istiorachis macarthurae Lockwood et al. (2025),

another styracosternan from the Isle of Wight, presents

marked hyperelongation of the neural spines, similar in

morphology and neural spine/centrum height ratio to

Morelladon beltrani and Ouranosaurus nigeriensis (Lock-

wood et al. 2025). New analyses are needed to test for the

inclusion of Istiorachis macarthurae within Ouranosauria,

but we note that in the original phylogenetic analysis by

Lockwood et al. (2025), which also used a modified ver-

sion of Lockwood et al. (2021), they recovered Istiorachis

as sister to Ouranosaurus (therefore by definition a mem-

ber of this clade). Lockwood et al. (2025) discussed how

the hyperelongation of the neural spines is a character

most likely to be related to quadrupedality. Indeed, oura-

nosaurs and their peculiar structure appears in tandem

with increased body-size (Chiarenza et al. 2021) and sev-

eral osteological correlates to quadrupedal stance (Maid-

ment & Barrett 2014; Lockwood et al. 2025). Future

discoveries or a critical re-examination of key specimens

will be required to test this hypothesis.

Taxonomic implications for the monophyly of Iguanodon

Our parsimony and Bayesian analyses consistently recover

a paraphyletic Iguanodon grade: the Bernissart material

traditionally referred to Iguanodon bernissartensis forms a

lineage separate from an Iberian Barremian clade com-

prising ‘Iguanodon’ galvensis, Delapparentia turolensis and

Magnamanus soriaensis. From an alpha-taxonomic per-

spective, such paraphyly requires a narrowing of Iguano-

don to a diagnosable, monophyletic unit anchored on the

Bernissart hypodigm, and reallocating Iberian species that

demonstrably fall outside that lineage. We therefore treat

Iguanodon sensu stricto (s.s.) as the I. bernissartensis line-

age only and regard the Iberian Barremian forms as

members of Iguanodontidae (sensu Madzia et al. 2021)

outside the genus Iguanodon. In both the implied weight-

ing k9–12 analyses (Fig. S4) and the tip-dated Bayesian

analysis (Fig. 4), I. bernissartensis plus Iberian styracoster-

nans are recovered within Iguanodontidae, as previously

defined by Verdú et al. (2015, 2017a), since ‘Iguanodon’

galvensis is recovered in all the analyses as more closely

related to the clade formed by Magnamanus soriaensis+
Delapparentia turolensis, than to Iguanodon bernissartensis.

Delapparentia turolensis was erected by Ruiz-Ome-

ñaca (2011), and its affinities were better discussed by

Gasca et al. (2015). Later works considered this species to

be a nomen dubium (Norman 2015, Verdú et al. 2017a),

suggesting that it could be considered as a junior syno-

nym of Iguanodon bernissartensis. However, several fea-

tures are incongruent with the referral to Iguanodon

bernissartensis. As reconstructed by Gasca et al. (2015),

the shape of the preserved prepubic process in Delappar-

entia turolensis, falls outside the intraspecific variability

documented for Iguanodon bernissartensis: the pubic shaft

shows strongly concave/convex dorsal and ventral margins

and a cranial apex projecting dorsocranially (Verdú

et al. 2017b), a condition closer to that observed in Lur-

dusaurus arenatus (Taquet & Russell 1999). Direct com-

parison of the iliac blade with Iguanodon bernissartensis is

complicated by documented taphonomic distortion in the

Bernissart sample (Verdú et al. 2017b; see also Nor-

man 2012): the preacetabular process ranges from being

strongly ventrally deflected to sub-horizontal. However, as

stated by Verdú et al. (2017b): ‘most of the

I. bernissartensis specimens from Bernissart have distorted

ilia, but the dorsal margin of the ilium is only slightly

convex and nearly straight in specimens with roughly

undistorted dorsal margins, such as RBINS R51, RBINS

R341, and RBINS R352, as previously described by Nor-

man (2012)’. In this regard, the dorsal blade of the ilium

of Delapparentia turolensis falls within the range of varia-

tion reported by the authors.

By contrast, the Barremian clade from Iberia is sup-

ported by consistent mandibular and pelvic morphologies.
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Two dentary characters diagnose this grouping: a coro-

noid process that is set approximately perpendicular to

the dorsal margin of the dentary (Char. 52: 1) and whose

apex is suboval and anteroposteriorly expanded

(Char. 53: 0). Because ‘I.’ galvensis lacks the eight-sacral

count autapomorphic of Iguanodon s.s. and shows the

Iberian mandibular morphology, its retention within

Iguanodon would perpetuate paraphyly. We therefore

remove ‘I.’ galvensis from Iguanodon and regard it as

requiring a new generic name within Iguanodontidae, to

be accompanied by a formal differential diagnosis against

I. bernissartensis, Delapparentia and Magnamanus.

Delapparentia turolensis and Magnamanus soriaensis

share as unambiguous synapomorphy a mediolaterally

compressed, dorsoventrally narrow and parallel-sided pre-

pubic process (Char. 106: 2). This condition is different

from both ‘Iguanodon’ galvensis and Iguanodon bernissar-

tensis which present almost identical prepubic process,

indeed a mediolaterally compressed, and deeply expanded

dorsoventrally in the distal region (Char. 106: 3). The

character causing the nesting of Delapparentia turolensis

and Magnamanus soriaensis in a clade alongside with

‘Iguanodon’ galvensis, is the coronoid process of dentary

perpendicular to the dorsal edge of the dentary ramus

(Char. 52: 0>1) and its finger-like apical shape

(Char. 53: 1>0).

A re-diagnosis of Iguanodon s.s. is best built around

features that: (1) overlap with frequently preserved ele-

ments; and (2) show minimal homoplasy in our matrices.

The most reliable autapomorphy we recover for

I. bernissartensis among non-hadrosaurid styracosternans

is a sacral count of eight vertebrae (Char. 185), a condi-

tion otherwise restricted to Hadrosauridae in our sample.

We pair this with a compound character set that should

not be used individually but, in combination, strengthen-

ing referrals when the sacrum is incomplete: (1) fused

carpus forming a single unit (Char. 91: 2); and (2) a pre-

pubic process that is mediolaterally compressed and dee-

ply expanded distally (Char. 106: 3). Equally important

are exclusionary criteria: Iguanodon s.s. lacks the axial

‘high-sail’ complex that defines the Ouranosauria clade in

our trees (very tall dorsal neural spines; neural spine

centred over the dorsal centrum; strongly caudodorsal

post-acetabular rim: chars 129, 140, 150). On present evi-

dence, we recommend that no specimen be referred to

Iguanodon s.s. without either: (1) a preserved eight-sacral

series; or (2) the carpus-plus-pubis combination above

together with absence of Ouranosauria-like axial features

and a compatible overall morphology. The character-state

maps for sacral counts (Fig. 10) and carpal composition

(Fig. 9) emphasize why such compound diagnoses are

necessary: both regions show repeated convergence.

While a deep taxonomic revision of the Iberian styra-

costernan iguanodontians being beyond the scope of this

paper, we have presented here evidence that the Iberian

styracosternan dinosaurs dated to the Early Cretaceous

are closely related to one another, and the attribution of

the Iberian material to Iguanodon bernissartensis seems

unlikely. Furthermore, as indicated by the character states

maps of the count of the sacral vertebrae (Fig. 10) and

the carpal bones composition (Fig. 9), the postcranial ske-

leton is highly plastic and prone to homoplasy. Therefore,

identification to species level of very fragmentary remains

is potentially misleading (Gasulla et al. 2022). In the

implied weighting k= 9 to k = 11 analyses (Figs S11–S13)
and the tip dated Bayesian inference analysis (Fig. 6)

Iguanodon bernissartensis + Iberian styracosternans are

recovered within the clade Iguanodontidae (sensu Madzia

et al. 2021). This clade ranges from early to late Barre-

mian of Europe and it is likely that the diversity we

observe is a result of complex macroevolutionary events

occurring in the Iberian plate and areas corresponding to

the Wealden facies. The recovery of a distinct sub-clade

of Iberian styracosternans is comparable in diversity to

the assemblages in other part of Western Europe. As we

see in the UK, both in the Hastings Basin and Isle of

Wight, there is a high diversity of hadrosauriform styra-

costernans in the same formations (Norman 2011, 2015;

Lockwood et al. 2021, 2024, 2025; Bonsor et al. 2023)

even though different species are likely to have been sepa-

rated by several millions of years (see the recent work on

Isle of Wight iguanodontians: Lockwood et al. 2021,

2024, 2025). A complex interplay of anagenetic and cla-

dogenetic events may have produced the observed diver-

sity. Furthermore, the British fauna appear to have been

more distinctive than previously thought; for example,

the attribution of robust specimens to Iguanodon bernis-

sartensis has been re-evaluated (Lockwood et al. 2024).

This segregation of faunas is further supported by the fact

that Early Cretaceous styracosternans seem to have been

non-migratory species, prone to inhabiting restricted geo-

graphic areas (Decrée et al. 2026). It is therefore not sur-

prising that a distinct, peculiar assemblage has been

discovered in Iberia (Chiarenza et al. 2021). Magnamanus

soriaensis, Delapparentia turolensis and ‘Iguanodon’ galven-

sis are early Barremian in age, while Morelladon beltrani,

specimens attributed either to Mantellisaurus atherfielden-

sis or Iguanodon bernissartensis and the intriguing Bar-

ranco del Hocino taxon are dated to the late Barremian

(Medrano-Aguado et al. 2023). This temporal segregation,

much better documented than the one occurring on the

Isle of Wight, lead us hypothesize that even in this case a

mixture of anagenetic and cladogenetic events produced

such diversity. The recent identification of the putative

hadrosauroid Cariocecus bocagei Bertozzo et al. (2025)

from the Lower Cretaceous of Portugal, further supports

the interpretation of the British and Iberian assemblages

as distinct macro regions. Reappraisal of the historical
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specimens is needed to further enhance the resolution of

the inter-relationships of this clade. Therefore, we regard

the attribution of isolated material to Iguanodon bernis-

sartensis or Mantellisaurus atherfieldensis recovered from

the Iberian Peninsula as dubious (Gasulla et al. 2022;

Berrocal-Casero et al. 2025).

Morphological evolutionary trends within Iguanodon-

tia. We mapped the distribution of two characters: the

composition of the carpus (Char. 91; Fig. 9) and number

of the sacral vertebrae (Char. 185; Fig. 10). As men-

tioned above, character 91 is related to the composition

of the carpus, and states from 0 to 3 describe a more

progressively rigid, less prone to grasping unit. In gen-

eral, these features are related to the acquisition of quad-

rupedal stance (Maidment & Barrett 2014). We observe

that early diverging iguanodontians and some ankylopol-

lexians, such as Draconyx loureiroi or Uteodon aphanoe-

cetes (Carpenter & Wilson 2008; Rotatori et al. 2022),

present non-interlocked carpal bones and relatively elon-

gated metacarpals suggesting the presence of grasping

function for the hand (Fig. S15). Camptosaurus dispar,

presents interlocked but not fused carpal bones and less

elongated, more robust metacarpals, suggesting a shift

towards quadrupedality as indicated by Maidment &

Barrett (2014). Styracosternans further developed carpal

fusion towards graviportality as mirrored in other gravi-

portal amniotes (Harrison & Manning 1983; Läng &

Goussard 2007): Magnamanus soriaensis and Iguanodon

bernissartensis developed totally fused carpals bones

(Char. 91: 3) forming a rigid structure, while other taxa

such as Mantellisaurus atherfieldensis, Ouranosaurus

nigeriensis, and some early diverging hadrosaurids

retained multiple carpals not totally fused (Char. 91: 2)

(Fig. S15). Both groups have relatively robust, com-

pressed metacarpals, characters strongly correlated to

quadrupedality (Maidment & Barrett 2014).

The differences in the anatomy of the carpus of differ-

ent iguanodontian, putatively quadrupedal lineages may

indicate that: (1) each lineage probably achieved a quad-

rupedal lifestyle; and (2) the function of the hypertro-

phied ungual pollex (‘swiss-knife hand’) of some

hadrosauriform may have served to multiple uses.

If we evaluate the distribution of the number of sacral

vertebrae (Char. 185) we see a similar pattern: earlier

diverging forms have generally fewer sacral vertebrae,

while styracosternans, including hadrosauroids show a

wide variation in the sacral count. Although we do not

exclude potential preservational bias with this model, as

shown in data variability from hadrosauriforms (Lock-

wood et al. 2021), we regard this general trend to be gen-

uine. The number of sacral vertebrae is related to the

development of the iliac blade, which is a pivotal site for

muscle attachments functional to locomotion (Barrett &

Maidment 2017). Again, changes in size and morphology

of the iliac blade are key shifts in ornithischians attain-

ment of quadrupedality (Maidment & Barrett 2014).

Therefore, this variation in number of sacral vertebrae

may reflect different quadrupedal locomotion styles in

Styracosterna.

Our expanded postcranial sampling underscores that

several historically popular characters for diagnoses are

highly homoplastic or taphonomically labile, and should

be down-weighted unless they co-occur as part of a

broader pattern. Notably, the fused-unit state

(Char. 91: 2) occurs in I. bernissartensis but also in Mag-

namanus, so it is likely to be symplesiomorphic and sup-

portive only in combination with other features. Sacral

counts of six or seven recur independently (e.g. Bayan-

nurosaurus, Ouranosaurus, Brighstoneus, Mantellisaurus),

whereas a count of eight sacrals appears as a unique out-

lier in the I. bernissartensis lineage outside hadrosaurids;

counts below eight therefore have limited diagnostic

value. In general, given the high plastic nature of this

character, we again recommend caution when identifying

fragmentary material based solely on the count of sacral

vertebrae. Femoral shaft curvature (Char. 115) and several

iliac characters (preacetabular twist and dorsal-margin

thickening/eversion: Chars 100, 102, 152) shift state

assignments between parsimony and Bayesian optimiza-

tions and are especially susceptible to distortion. Simi-

larly, axial features used to define Ouranosauria (Chars

129, 140, 150) are excellent for excluding Iguanodon s.s.

but can be obscured or accentuated by preservation;

caudal traits (ventral sulcus, chevron-facet proportions:

Chars 191, 198) are also highly homoplastic across

Dryomorpha/Styracosterna.

These new observations, together with the hypothesized

role of hypertrophic neural spines in quadrupedal loco-

motion (Lockwood et al. 2025), suggest two implications.

First, the Early Cretaceous was not only a hotspot of

alpha diversity in styracosternan iguanodontians, but also

a peak of locomotor disparity, during which multiple

lineages experimented with distinct quadrupedal stances.

One pathway involved increasing the sacral vertebral

count to support enlarged iliac blades (taken to an

extreme in the Iguanodon bernissartensis lineage) whereas

another, centred on hyperelongation of the dorsal neural

spines, developed in Ouranosauria. These trends probably

reflect a complex functional and developmental interplay.

Second, among these alternatives, the hadrosauroid con-

dition (encompassing carpal architecture, neural-spine

proportions, and sacral count) ultimately became predo-

minant over other later diverging, iguanodontian

bauplans.

Origin of Iguanodontia & its historical biogeography. The

first attempt to include neglected European taxa within
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detailed iguanodontian biogeographical history and

macroevolutionary reconstruction provided a solid frame-

work to infer the early stages of the distribution of the

clade, and had important implications for its systematics.

From a chronological perspective, the fossil record

assigned to Iguanodontia is dated to the Middle Jurassic

(Callovian; Ruiz-Omeñaca et al. 2006), although recent

discoveries indicate the presence of cerapodan dinosaurs

(Maidment et al. 2025) in the Bathonian of Africa, and

even the possible presence of iguanodontians in coeval

deposits of Europe (Panciroli et al. 2025). Iguanodontian

dinosaurs are possibly sampled in coeval deposits of

northwestern Europe (Panciroli et al. 2025). The authors

of the latter study stated that ‘although the highly frag-

mentary state of NMS G.2023.19.1 precludes definitive

identification, we suggest that the specimen represents a

basal cerapodan or ornithopod, and perhaps even an

iguanodontian, given its size and similarity to Cumnoria’

(Panciroli et al. 2025 p. 10). Of further interest, dePolo

et al. (2020) described a series of exceptionally large

ornithopod footprints from the Bajocian–Bathonian
(c. 170–166Ma) of the Isle of Skye (Scotland, UK) and

hypothesized that the trackmaker was a Camptosaurus-like

ankylopollexian. These authors explicitly stated that ‘the

ornithopod tracks found on Skye could have been made

by a smaller, primitive member of the generally large-

bodied ankylopollexian clade–a ghost taxon, unrecorded

by body fossils, known only from its traces. In summary,

we suggest that the trackmaker for Skye’s large ornitho-

pod tracks (if, indeed, the tridactyl footprints at BP3 and

GLAHM V1980 are such) belongs to the clade Dryomor-

pha (the Dryosauridae+ Ankylopollexian clade). It could

either be a larger member of Dryosauridae or, alterna-

tively, a small, basal ankylopollexian. In general,

‘ornithopod’-type footprints from the Early–Middle Juras-

sic are small (12–20 cm) with some compelling medium

to large prints known from Yorkshire. The ornithopod

tracks found on Skye are some of the earliest potential

large ornithopod footprints known from anywhere in the

world, providing additional evidence for the existence of

fairly large-bodied ornithopods in the Middle Jurassic

and augmenting the sparse body fossil record for this

time interval.’ (dePolo et al. 2020 p. 40). If the ankylopol-

lexians had already diversified by the Bajocian–Bathonian,
we could infer an extensive ghost lineage of early-

diverging iguanodontian branches.

Some caveats may arise when considering the discre-

pancies between different models since the FBD models

produced here recover more ‘orthodox’ divergence times

for most of the clades. However, as discussed above, we

note that the early radiation of Iguanodontia is not yet

clearly spatiotemporally constrained and that some evi-

dence points out to older origins (dePolo et al. 2020;

Maidment et al. 2025; Panciroli et al. 2025). Therefore,

we explicitly state this is a hypothesis worth exploring,

whose scenario and implications are discussed hereafter.

The historical biogeographic reconstruction under this

heterodox hypothesis, therefore, neither supports nor is

reconcilable with other recent phylogenetic and biogeo-

graphic analyses on Iguanodontia (i.e. Xu et al. 2018;

Poole 2022; Bertozzo et al. 2025).

In terms of geographic patterns, the early evolution

and radiation events of Iguanodontia is nested within

Europe and North America (see also Xu et al. 2018) and

this study discriminates dispersal events between North

America and Europe in the Middle Jurassic. The origin of

Iguanodontia is recovered from the analysis in the Pliens-

bachian, 16 million years earlier than the ichnological evi-

dence of putative ankylopollexian dinosaurs would

indicate (dePolo et al. 2020). At that time, the global sce-

nario was marked by major biotic turnover, global cli-

matic changes, and continental fragmentation where

Europe was a set of islands located in the western Tethys

(Upchurch & Chiarenza 2024). Furthermore, late Pliens-

bachian black shales have been suggested to record a cli-

matic hyperthermal event (Thierry 2000; Dera et al. 2010;

Silva & Duarte 2015; Ruhl et al. 2016; Bougeault

et al. 2017; Ruebsam & Al-Husseini 2020; Schöllhorn

et al. 2020). Interestingly, this episode coincided with

detectable macroevolutionary trends (Chiarenza

et al. 2024), acceleration in evolutionary rates (Fig. 6),

and dispersal to North America of dryosaurids, ankylo-

pollexians and styracosternans by the Toarcian–Aalenian
(Figs 2, 4). Emerged areas in the European region during

the Early Jurassic were reduced (Silva et al. 2021), vast

insular systems located between major landmasses

(Upchurch & Chiarenza 2024) and hyperthermal condi-

tions may have fostered occasional dispersal routes, popu-

lation fragmentation and therefore triggered higher rates

of speciation as found by other studies (Lloyd et al. 2008;

Olsen et al. 2022; Dunne et al. 2023). In this context,

oceanic dispersal as proposed for later diverging hadro-

saurids may also have been a viable mechanism (Longrich

et al. 2021).

The radiation of several lineages of iguanodontians by

the late Toarcian (Figs 2, 4) parallels what is seen in teta-

nuran theropods (Rauhut et al. 2015, 2016; Rauhut &

Pol 2019). Well documented climatic shifts during the

Toarcian resulted in several extinction pulses during the

late Pliensbachian, which Rauhut et al. (2016) related to

the increase in diversity of theropod dinosaurs as conse-

quence of the Toarcian Anoxic Event. This event is linked

with massive volcanic activity of the Karoo–Ferrar region,
which produced several extinction pulses during the late

Pliensbachian (Wignall 2001). Besides theropod dino-

saurs, this event is believed to have sparked radiation in

other groups (Close et al. 2015; Chiarenza et al. 2024),

and more importantly to the other main dinosaurian
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primary consumer groups, eusauropods (Pol et al. 2020).

Despite the lack of direct fossil evidence, our analysis

concurs that these events may have also played a role in

the early diversification of Iguanodontia.

Furthermore, our analysis highlights that all the major

clades of iguanodontians, evolved and dispersed globally

by the end of the Late Jurassic. We speculate that large

sized, earlier diverging Iguanodontiforms, including Igua-

nodontidae and the herein newly recovered Ouranosauria,

might have originated in this spatiotemporal context, the

Middle–Late Jurassic interval between Europe and North

America, with a later dispersal to Gondwana via western

European microplates between the latest Jurassic and ear-

liest Cretaceous. Hadrosauroidea is the main iguanodon-

tian clade to have dispersed into Asia, where this clade

subsequently diversified after the Jurassic–Cretaceous
transition. This is in agreement with a global distribution

and lack of segregation of faunas during the Late Jurassic

(Ezcurra & Agnolı́n 2012; Fanti 2012), which did not

happen before the rifting phases due to the fragmentation

of Gondwanan landmasses during the Early Cretaceous

(Krause et al. 2019). The heterogeneous composition of

the several iguanodontian faunas dated to the Early Cret-

aceous respectively from Europe, Asia and North America

is here attributed to local extinction events. This is parti-

cularly evident from the absence of non-hadrosauroid

iguanodontians in Asia after the Aptian, although their

presence is registered in the continent by at least two taxa

(Xu et al. 2018), an interpretation here corroborated by

both DIVALIKE + j and the DEC+ j model results of our

analysis. Hadrosauroidea is the only lineage of Styracos-

terna that survived into the Late Cretaceous, indicating

the presence of a prominent turnover, probably happen-

ing at the Early–Late Cretaceous transition (possibly

related to the Cretaceous Thermal Maximum; Zanno

et al. 2019, 2023; Chiarenza et al. 2024).

As supported by data presented here, Europe experi-

enced faunal isolation from the Barremian to the early

Albian (Ezcurra & Agnolı́n 2012) probably due to sea-

level high stand (Csiki-Sava et al. 2015). This is supported

by our analysis which produces a hadrosauroid dispersal

in North America by the Aptian–Albian (Fig. 8), and an

immigration into Europe from Asia in the Late Cret-

aceous, before the Campanian, with the node including

Tethyshadros insularis + Telmatosaurus transylvanicus

(Grigorescu & Csiki 2006; Chiarenza et al. 2021). Other

clades both from Gondwana and Asia immigrated in Eur-

ope by that time, indicating the end of the isolation in

the continent probably due to tectonically controlled land

emersion during the earliest Late Cretaceous (Fanti 2012;

Conti et al. 2020; Randazzo et al. 2021; Vila et al. 2022;

Muscioni et al. 2023). These results highlight the pivotal

role of western European plates in the early dispersal and

diversification of Iguanodontia, as previously suggested by

other authors (Xu et al. 2018; Rotatori et al. 2020, 2022,

2025; Sánchez-Fenollosa et al. 2023).

CONCLUSIONS

We have assembled a new dataset matrix comprising

most of the iguanodontian dinosaur taxa currently

known, with a strong emphasis on neglected European

taxa. We performed a series of phylogenetic analyses,

employing both maximum parsimony and Bayesian infer-

ence. The tip-dated tree was used to reconstruct the bio-

geographic history of the clade. The main findings of this

study include:

1. The identification of a new clade of dinosaurs, named

Ouranosauria, which comprises high-sailed styracos-

ternans from the Early Cretaceous.

2. The recovery of a paraphyletic Iguanodon genus as

previously defined by other workers, indicating the

close relationships of Iberian styracosternans recov-

ered in the Barremian and suggesting the absence of

Iguanodon bernissartensis in Southern Europe.

3. The time calibrated phylogeny indicates overall constant

evolutionary rates, with most iguanodontian clades ori-

ginating before the Jurassic-Cretaceous boundary.

4. Iguanodontian originated and diversified in Laurasia

over 186 million years ago and attained global distri-

bution before the Jurassic–Cretaceous transition in

different pulses via dispersal, vicariance, cladogenetic

and jump dispersal events. The heterogeneous faunal

composition we observe during the Early Cretaceous

among Asia, Europe and North America might be

explained in terms of local extinction events.

5. Character mapping reveals a mosaic of traits associated

with quadrupedality and increased body-size that

emerged alongside the radiation of Early Cretaceous

styracosternans. This remarkable bauplan disparity sug-

gests a comparable high diversity of locomotor strate-

gies within this group.
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