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Abstract: The Wealden Group of southern England was

deposited during the late Berriasian to early Aptian interval.

It records a critical time in the development of iguanodon-

tian dinosaur diversity, which increased from low levels dur-

ing the Jurassic to higher levels in the Aptian and Albian. A

new iguanodontian dinosaur, Istiorachis macarthurae gen. et

sp. nov. from the Wessex Formation (Wealden Group) of

the Isle of Wight, exhibits hyperelongation of the dorsal and

caudal neural spines, suggesting that it possessed a possible

sail structure. Ancestral state reconstruction for the relative

height of dorsal neural spines in iguanodontians demon-

strates that modest elongation began with Ankylopollexia in

the Late Jurassic and elongation became established during

the Berriasian stage of the Early Cretaceous, albeit with

widely disparate values. Hyperelongation of neural spines

occurred more sporadically throughout the Cretaceous, being

recorded most often in the Barremian and early Aptian. Pos-

sible explanations for neural spine elongation in Ankylopol-

lexia include biomechanical advantage, perhaps related to

greater mass and a locomotory shift towards quadrupedal-

ism, and visual signalling driven either by sexual selection or

species recognition, or both. The function of elongate neural

spines was probably pluralistic and differed in different taxa.

No single explanation fully supports the variation seen

throughout the Cretaceous.

Key words: Iguanodontia, diversity, sexual signalling, Isle

of Wight, ossified tendons, Barremian.

IGUANODONTIA was a highly successful clade of

ornithischian dinosaurs, the earliest known example being

the dryosaurid Callovosaurus leedsi Galton 1980 (Lydekker

1889a) from the Middle Jurassic Oxford Clay Formation

of England (Ruiz-Ome�naca et al. 2007). By the end of the

Cretaceous they dominated the dinosaur fauna of Laura-

sia as the duck-billed hadrosaurids, a group containing

well-known taxa such as Edmontosaurus regalis Lambe

1917 and Parasaurolophus walkeri Parks 1922. Iguanodon-

tian diversity was low in the Late Jurassic but increased

throughout the Early Cretaceous (Weishampel et al. 2004;

Barrett et al. 2009a). This period was marked by the

appearance of striking variation in the relative height of

dorsal neural spines in iguanodontians, with exceptionally

tall examples being found in Hypselospinus fittoni Norman

2010 (Lydekker 1889b) from the Valanginian of England,

Morelladon beltrani Gasulla et al. 2015 from the Barre-

mian of Spain and Ouranosaurus nigeriensis Taquet 1976

from the Aptian of Niger (Bertozzo et al. 2017). Neural

spine elongation continued throughout the Cretaceous

and is also found in hadrosaurids, for example Hypacro-

saurus altispinus Brown 1913a from the Maastrichtian of

Canada and Barsboldia sicinskii Marya�nska & Osm�olska

1981 from the Maastrichtian of Mongolia.

It is difficult to explain hyperelongation of neural

spines purely in terms of their primary physiological

function, which is to divide the right and left epaxial

musculature (Romer 1956, ch. 6, pp. 218–297), and they

are usually interpreted as providing support for a dorsal

sail-like structure. Neural spines also provide a surface for

the attachment of ligaments, tendons and muscles and

have a protective role in shielding the neural arch

and spinal cord from injury. Hyperelongation is defined

herein as a neural spine fourfold or more taller than the

dorsoventral height of the anterior articular surface of

the centrum (see Discussion, below), which accords with
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previous iguanodontian examples (e.g. Pereda-Suberbiola

et al. 2011; Gasulla et al. 2015; Bertozzo et al. 2017).

Hyperelongation of neural spines is rare in extant rep-

tiles but has evolved independently in tetrapods on sev-

eral occasions. Among extant squamates, hyperelongation

is found in three genera: (1) the chamaeleonid Trioceros

cristatus Stutchbury 1837, in which a sail is present along

the dorsal and caudal regions in both male and female

specimens, but is more prominent in the male, sometimes

with a dip over the sacral region (Klaver & B€ohme 1992);

(2) the iguanians Basiliscus basiliscus Linnaeus 1758, in

which the male has a sail along its dorsal and caudal ver-

tebral series (van Devender 1978), and Basiliscus plumi-

frons Cope 1875, in which the male also has head

ornamentation (Lattanzio 2019), while in female speci-

mens the crest is very much reduced; and (3) several

iguanian agamid sailfin lizards of the genus Hydrosaurus

Kaup 1828, in which a large caudal sail and a less devel-

oped dorsal sail are present, the latter being considerably

more prominent in male specimens (Denzer et al. 2020).

Therefore, in all extant taxa, possession of a sail structure

is, to some degree but not exclusively, a male sexually

dimorphic character.

In the fossil record, neural spine hyperelongation devel-

oped in several clades during the late Carboniferous and

Permian. These include sphenacodontids, such as the ico-

nic Dimetrodon limbatus Cope 1877 and Echinerpeton

intermedium Reisz 1972, the latter being the earliest

known example in tetrapods (Mann & Reisz 2020). Other

examples are the edaphosaurids, such as Edaphosaurus

pogonias Cope 1882, and a temnospondyl, Platyhystrix

rugosus Case 1910. During the Triassic, neural spine

hyperelongation appeared in rauisuchian archosaurs,

including Arizonasaurus babbitti Welles 1947 (Nesbit 2003)

and Ctenosauriscus koeneni Butler et al. 2011. Among

dinosaurs, the phenomenon was not restricted to ornitho-

pods but included theropods and dicraeosaurid sauro-

pods. Theropods are represented by Altispinax dunkeri

Huene 1923, an early example from the Valanginian

Wadhurst Clay Formation (Wealden Group) near Hast-

ings in England, as well as Acrocanthosaurus atokensis Sto-

vall & Langstone 1950, Concavenator corcovatus Ortega

et al. 2010, Spinosaurus aegyptiacus Stromer 1915, and

Suchomimus tenerensis Sereno et al. 1998, all from the

Cretaceous. Sauropods with elongate neural spines

include Dicraeosaurus hansemanni Janensch 1914,

Dicraeosaurus sattleri Janensch 1914 and Brachytrachelo-

pan mesai Rauhut et al. 2005, from the Late Jurassic, and

Amargasaurus cazaui Salgado & Bonaparte 1991 and Baja-

dasaurus pronuspinax Gallina et al. 2019 from the Early

Cretaceous.

Several theories have been proposed to explain hyper-

elongation of neural spines in dinosaurs and tetrapods

more generally, including a thermoregulatory sail (e.g.

Romer 1948), support for a fat storage reservoir (Romer

& Price 1940; Bailey 1997), morphological sexual signal-

ling (e.g. Bertozzo et al. 2017) and interspecies signalling

(e.g. Huttenlocker et al. 2011).

Hyperelongation in the sauropods Bajadasaurus pronus-

pinax and Amargasaurus cazui differs from that in igua-

nodontians and theropods given that the sauropods have

bifid, rod-like neural spines on the cervical vertebrae that

curve anterodorsally (Galina et al. 2019). These spines

would have faced anteriorly with the neck held in flexion,

and it has been suggested that they supported a keratin

sheath and represent a form of passive defence mechan-

ism (Galina et al. 2019). However, the posterior dorsal

neural spines remain hyperelongate but cease to be bifid

and are markedly transversely expanded, being spatulate

in anterior view, but of unknown function (Salgado &

Bonaparte 1991).

The function of neural spine hyperelongation in

ornithopods and theropods was first discussed in detail

by Bailey (1997), who recorded a hypothesis, popular at

the time, that tall spines supported a sail-like structure

used in thermoregulation, based principally on the elon-

gate and subcircular (in cross-section) neural spines of

Dimetrodon spp. (e.g. Romer 1948; Bramwell & Fell-

gett 1973; Tracy et al. 1986; Florides et al. 1999). More

recently, this hypothesis for edaphosaurid synapsids was

challenged by Huttenlocker et al. (2011), who did not

find osteohistological evidence to support a significant

arterial blood supply to the sail and suggested that a

highly vascular, but structurally weak, sail would be

potentially lethal if injured and would also generate con-

siderable vascular resistance physiologically. They pro-

posed an intra- or interspecies display function as being

the most likely explanation. Others, such as Ben-

nett (1996), showed that the sail of Edaphosaurus, with its

transversely extending nodules, was well-adapted to allow

heat loss by convection. Bony structures may not necessa-

rily be an essential requirement for significant blood flow,

given that simply enlarging the surface area may help

with thermoregulation, similar to the thermoregulatory

cooling effect of the ears in African elephants

(Wright 1984). Bailey (1997) noted that Ouranosaurus

nigeriensis and Spinosaurus aegyptiacus, unlike the earlier

synapsids, both possessed more blade-like neural spines,

used for muscle attachment. He saw similarities between

their elongate spines and those found on the anterior

thoracic vertebrae of the American bison and proposed

that the function in both groups of animals may have

been to support a hump. However, the bison’s ‘hump’ is

formed predominantly by the robust neck musculature

required to support and power its immense head,

although the neural spines may also serve to accentuate

the height of the animal and are more prominent in male

specimens (Meagher 1986). This suggests that they could
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also have a secondary intimidatory or morphological sex-

ual signal function. The explanation for neural spine

hyperelongation in dinosaurs, which varies from the huge

sails of Spinosaurus aegyptiacus (Ibrahim et al. 2014,

2020) to the strange, elongated spines of only the 11th

and 12th dorsal vertebrae in Concavenator corcovatus

Ortega et al. 2010, remains enigmatic, although Thomkins

et al. (2010) found that in extant taxa, characteristics that

have been exaggerated to a degree that exceeds practical

function are invariably sexually selected. The current evi-

dence from extant and extinct taxa points to an explana-

tion of very tall neural spines in iguanodontians as either

for: morphological sexual signalling (which, according to

Padian & Horner (2011), implies that sexual dimorphism

is likely); to enhance apparent size, to discourage compe-

tition and perhaps predation; or as a means of interspe-

cies visual signalling (this last function usually generating

maximal divergence when there are intermediate levels of

sympatry (parapatric and peripatric speciation) rather

than in areas of allopatry (Padian & Horner 2011; Caro

& Allen 2017)). The temporal association of hyperelonga-

tion of the neural spines of iguanodontians with a period

of presumed increased diversity would support a potential

connection with species signalling. However, against this

hypothesis, extant species usually have low-cost strategies

such as colouration (Caro & Allen 2017), vocalization or

other courtship behaviour with little evidence of exagger-

ated structures being used for this purpose (Hone &

Naish 2013).

This paper addresses aspects of neural spine variation

in iguanodontians by documenting a new sail-backed

taxon from the Wealden Group of the Isle of Wight and

exploring the ancestral origins and evolution of neural

spine elongation and hyperelongation in iguanodontian

dinosaurs.

Institutional abbreviations. IWCMS, Isle of Wight County

Museum Service (MIWG, Museum of Isle of Wight Geology,

was used for accessions prior to 1994), Dinosaur Isle Museum,

Isle of Wight, UK; NHMUK, Natural History Museum, London,

UK; RBINS, Royal Belgian Institute of Natural Sciences, Brussels,

Belgium; USNM, Smithsonian Museum of Natural History (pre-

viously the United States National Museum), Washington DC,

USA; YPM, Yale Peabody Museum, New Haven, CT, USA.

GEOLOGICAL SETTING

The Lower Cretaceous Wealden Group strata of southeast-

ern England can be divided into those occupying the more

easterly Weald Sub-basin, and those occupying the more

south-westerly Wessex Sub-basin, the northern part of

which crops out on the Isle of Wight (Radley 2006; Batten

& Austin 2011; Sweetman 2011; Gale 2019). The Wealden

Group extends temporally from the Berriasian to the early

Aptian (Fig. 1A), but on the Isle of Wight only the

younger section, from the late Hauterivian–Barremian

boundary to the lower Aptian, is exposed (Fig. 1A). On

the Isle of Wight these beds are principally located along

the part of the southwest coast that borders Compton

Bay, Brook Bay and Brighstone Bay, with a smaller expo-

sure to the east at Yaverland near Sandown (Fig. 1B). The

Wessex Formation is known for its vertebrate-rich plant

debris beds (sensu Oldham 1976; see Sweetman &

Insole 2010) which, despite representing only a tiny frac-

tion of the overall succession, yield the vast majority of

dinosaur remains that are recovered from the island,

including the specimen described herein. Sweetman &

Insole (2010, p. 409) interpreted plant debris beds as

representing a ‘locally generated sheet flood, which was

then transformed on the floodplain into a debris flow by

the acquisition of surface material’. For a more detailed

description of the Isle of Wight Wealden Group see Mar-

till and Naish (2001), Batten (2011), Gale (2019) and

Lockwood et al. (2021 and references therein).

MATERIAL & METHOD

Neural spine height data

There is no absolute consensus on how to measure var-

ious elements of a vertebra, which can lead to slight dif-

ferences in the metrics obtained between different

authors. In this study the dorsoventral height of the

neural spine was measured from the level of the

ventral-most margin of the postzygapophyseal facet in lat-

eral view to the dorsal-most (distal) tip of the spine, a

method that also facilitated the use of images in data col-

lection. Width of the neural spine was recorded as the

maximum anteroposterior diameter in its dorsal half.

Dorsoventral height of the centrum was measured on the

anterior articular surface. When the position of the verte-

bra was not known it was estimated by the size and posi-

tion of the parapophyses and the angles of the transverse

processes compared with those in known complete dorsal

vertebral spines (Norman 1980, 1986; Forster 1990; Bon-

sor et al. 2023; Lockwood et al. 2024). Posterior dorsal

centra tend to become taller in iguanodontians and the

neural spines also usually become taller (Norman 1980,

1986; Forster 1990), meaning that the ratio between the

two remains fairly stable along this section of the column.

Relative height of the neural spine is expressed as the

ratio of the neural spine height to the height of the cen-

trum using the anterior articular surface (Nh/Ch ratio),

and the gracility index as the ratio of the neural spine

height to its anteroposterior width (Nh/Nw ratio).

LOCKWOOD ET AL . : IGUANODONTIAN NEURAL SP INE ELONGATION 3
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A database of iguanodontian neural spine metrics

was compiled largely from published photographs,

drawings and reconstructions, with photographs possibly

underestimating the height slightly in taller neural

spines due to extension distortion, and reconstructions

producing indicative rather than precise results. Given

that the status of ‘Dollodon bampingi’ is controversial

(Norman 2012; McDonald 2012a) it is referred to

herein by its specimen number (RBINS R57) instead.

Mass estimations were largely calculated using the

regression equation developed for Ornithischia by

O’Gorman & Hone (2012) based on femoral lengths,

which were mainly obtained from Benson et al. (2014).

Data were also collected from Paul (2016) and others.

The full dataset is available in Dryad (Lockwood

et al. 2025).

F IG . 1 . Locality and stratigraphy of Istiorachis macarthurae gen. et sp. nov. A, generalized stratigraphic log modified from Allen &

Wimbledon (1991); schematic lithological logs of Wealden Group exposure between Sudmoor and Atherfield on the Isle of Wight

adapted from Sweetman (2007), showing excavation sites of the holotypes of the new dinosaur described herein (MIWG 6643), Brigh-

stoneus simmondsi (MIWG 6344) and Mantellisaurus atherfieldensis (NHMUK PV R 5764). B, simplified geological map of the Isle of

Wight. C, enlarged area showing the site of the excavation of MIWG 6643 in the Black Band (arrowed) (50.63354 N, 1.40654 W).

Abbreviation: SS, sandstone. Note that the dashed line in A dividing the Wessex Formation into exposed and unexposed, applies only

to the Isle of Wight exposures.
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Phylogeny

Phylogenetic relationships were assessed using the matrix

of Lockwood et al. (2024) with the addition of two taxa,

Istiorachis macarthurae and Morelladon beltrani, and an

additional character, character 126: ratio of neural spine

dorsoventral height from postzygapophyseal facet to dor-

sal margin and the dorsoventral height of the anterior

articular surface of the centrum of posterior series dorsal

vertebrae: (0) ratio <2, (1) ratio ≥2 and <3, (2) ratio ≥3
and <4, (3) ratio ≥4 (see Appendix S1 for further details;

the phylogenetic matrix is available in Appendix S2). This

gave a matrix of 44 taxa and 126 unordered characters.

The matrix of Lockwood et al. (2024) was a modified

version of the matrix of Xu et al. (2018), which itself was

modified from Norman (2015) and McDonald (2012b).

The matrix was chosen because it covers early diverging

iguanodontians without being overly focused on hadro-

saurids. The matrix was compiled in Mesquite v. 3.61

(Maddison & Maddison 2015) and analysed in TNT v.

1.6 (Goloboff & Morales 2023). Lesothosaurus diagnosticus

was set as the outgroup.

First, the data matrix was analysed using the traditional

search algorithm using tree bisection–reconnection (TBR)

branch swapping, saving 1000 trees per replication. A sec-

ond analysis was performed using extended implied

weighting (Goloboff 2014) with a concavity constant (k)

of 3 in order to downweigh homoplastic characters. A

new-technology search was carried out using the sectorial

search, ratchet, drift and tree-fusing algorithms maintain-

ing defaults. Trees were obtained from a random addition

sequence. An additional round of TBR branch swapping

was then carried out on trees held in memory to obtain

all of the most parsimonious trees (MPTs).

Consistency index, rescaled consistency index and reten-

tion index were calculated using the TNT script STATS.RUN

and clade support using the TNT script BREMER.RUN and

TNT bootstrap, set to 1000 replicates, reporting groupings

found in >50% of pseudoreplicate datasets.

Neural spine ancestral state reconstruction

Ancestral states for neural spine elongation were investi-

gated using the MPT recovered from the extended

implied weights analysis. First, the tree was

time-calibrated using the TimePaleoPhy function in the R

package paleotree (v3.4.7; Bapst 2012), with minimum

branch lengths of 0.5 myr. Taxa without neural spine

data were then pruned. Ancestral states of posterior dor-

sal vertebrae neural spine heights, expressed as ratios to

anterior centrum height (Nh/Ch ratio) were calculated

using the anc.ML function in the R package phytools

(v2.4.4; Revell 2024), which uses a Brownian motion

model of evolution and maximum likelihood. All analyses

were carried out in R v4.0.4 (R Core Team 2021). For

data and script see Lockwood et al. (2025).

SYSTEMATIC PALAEONTOLOGY

DINOSAURIA Owen 1842

ORNITHISCHIA Seeley 1888

ORNITHOPODA Marsh 1881

IGUANODONTIA Baur 1891

ANKYLOPOLLEXIA Sereno 1986

STYRACOSTERNA Sereno 1986

Genus Istiorachis nov.

LSID. https://zoobank.org/NomenclaturalActs/e68743c5-8ab0-

4185-abd4-666b2c7d4d96

Derivation of name. The name is derived from the Ancient

Greek words ἱrsίοm (istion), meaning a sail, and ῥάvις (rachis),

the spine or backbone. It refers to the probable sail-back appear-

ance of the dinosaur.

Type species. Istiorachis macarthurae gen. et sp. nov.

Diagnosis. As for type and only species.

Istiorachis macarthurae sp. nov.

Figures 3–15

LSID. https://zoobank.org/NomenclaturalActs/0f175f3b-6cb2-

4739-806d-81be81ba4c38

Derivation of name. The species name honours Dame Ellen

MacArthur, an English sailor who in 2005 set a world record for

the fastest solo non-stop voyage around the world on her first

attempt and who also founded the Ellen MacArthur Cancer

Trust for young people on the Isle of Wight.

Holotype. MIWG 6643 is a partial skeleton composed of the fol-

lowing elements: one cervical vertebra, eight dorsal vertebrae,

three dorsal rib heads, a partial sacrum, seven caudal

vertebrae, both pubes and both ischia.

Location & horizon. MIWG 6643 was excavated by the late Mr

Nicholas Chase from the ‘Black Band’ (bed L11 in Stewart 1978),

a plant debris bed cropping out c. 100 m east of Grange Chine,

lying above the Grange Chine Sandstone in the Wessex Forma-

tion. The site is a c. 1.5-m-thick bed that has occasionally

yielded dinosaur remains, including IWCMS 1997.550, the holo-

type specimen of the tyrannosauroid theropod Eotyrannus lengi

(Hutt et al. 2001; Naish & Cau 2022). Unfortunately the excava-

tion site was poached and an unknown amount of the skeleton

was taken before collection could be completed.
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Diagnosis. Istiorachis macarthurae differs from all other iguano-

dontians by possessing one autapomorphy, namely two anterior

parasagittal tuberosities present on the ventral surface of a pos-

terior dorsal vertebra, marking a change from vertebrae with a

ventral keel to a flat surface. A posterior cervical vertebra has

a damaged anteroventral process at the base of the neural spine,

potentially representing a second autapomorphy. Istiorachis

macarthurae also possesses the following features, which, although

not unique to the taxon, occur in a unique character combination.

An interpostzygapophyseal fossa and tubular cavity is located

between the origin of the postzygapophyses and above the neural

canal: a similar fossa is also seen in Lesothosaurus diagnosticus

(Baron et al. 2017), Camptosaurus dispar (Gilmore 1909), Iani

smithi (Zanno et al. 2023), Mantellisaurus atherfieldensis (NHMUK

PV R 5764), Tanius sinensis (Borinder et al. 2021) and Eolambia

caroljonesa (McDonald et al. 2012). A strongly developed centro-

postzygapophyseal lamina is present, especially in the anterior dor-

sal vertebrae. Dorsal neural spines hyperelongated to over fourfold

the height of the anterior articular surface of the centrum, as also

occurs in the non-hadrosaurids Ouranosaurus nigeriensis

(Taquet 1976) and Morelladon beltrani (Gasulla et al. 2015).

Ischium with sinusoidal shaft in lateral view, as also seen in Bac-

trosaurus johnsoni (Godefroit et al. 1998) and Gilmoreosaurus mon-

goliensis (Prieto-M�arquez & Norell 2010). Ischium with strongly

developed distal boot with an anteroposterior diameter 3.3-fold as

wide as the midshaft, as also seen in Bactrosaurus johnsoni (Gode-

froit et al. 1998) and Eolambia caroljonesa McDonald et al. 2012).

OSTEOLOGICAL DESCRIPTION

MIWG 6643 is in good condition, with little distortion and

good surface preservation. Elements from the axial spine

and pelvis are preserved (Fig. 2). Comprehensive photo-

graphs and measurements of all axial and pelvic elements

are available in Appendix S1 (Figs S1–S26; Tables S1–S6).

Cervical vertebra

A single cervical vertebra (Fig. 3) is preserved but is miss-

ing the postzygapophyses and distal transverse processes.

In right lateral view the body of the centrum, excluding

the convex anterior articular surface, is anteroposteriorly

elongate (ratio of length to height = 1.4) and slightly con-

cave ventrally (Fig. 3C). In Mantellisaurus atherfieldensis

(NHMUK PV R 5764) and Iguanodon bernissartensis

(RBINS R51) the cervical vertebrae are essentially equidi-

mensional in lateral view, whereas in other iguanodon-

tians they may all be rectangular (long axis

anteroposterior), as in Camptosaurus dispar (Carpenter &

Wilson 2008), or elongate only in the anterior section of

the series, as in Tenontosaurus tilletti (Forster 1990) and

Comptonatus chasei (Lockwood et al. 2024). The surface

of the lateral wall of the centrum is divided by an antero-

posteriorly oriented lateral ridge (Fig. 3C; lar), anterior to

which is a damaged parapophysis. The neurocentral

synchondrosis is visible. The anterior articular surface is

convex and lacks a definite notochordal pit, although the

central area is damaged (Fig. 3A). The posterior articular

surface is deeply concave with a slightly everted margin

(Fig. 3B). Ventrally a broad, anteroposteriorly extending

keel is present, which is further expanded transversely in

its posterior section and merges with the posteroventral

articular margin (Fig. 3F; vk). The neurapophyses support

robust transverse processes with dorsomedially facing pre-

zygapophyseal facets on their dorsal surfaces (Fig. 3D;

prez). The facets have migrated well away from the neural

arch, which suggests that the vertebra was situated poster-

iorly in the column. The neural spine is incomplete dor-

sally, but the fractured cross-section suggests that it was

probably a small, transversely compressed nubbin of

bone. An incomplete process projects anteriorly from the

anterior margin of the neural spine base and overhangs

the neural arch (Fig. 3G–H; apr). One or more

postaxial cervical vertebrae are preserved in several

non-hadrosaurid iguanodontians. However, in most taxa

the series is incomplete and the neural spine, when pre-

sent, is frequently damaged. An anterior process at the

base of the neural spine is not reported in the description

of postaxial cervical vertebrae from any non-hadrosaurid

F IG . 2 . Istiorachis macarthurae gen. et sp. nov. holotype (MIWG 6643). Skeletal reconstruction. Scale bar represents 500 mm.
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iguanodontian, even those with better preservation such

as Tenontosaurus tilletti (Forster 1990), Camptosaurus dis-

par (Gilmore 1909), Uteodon aphanoecetes (Carpenter &

Wilson 2008), Iguanodon bernissartensis (Norman 1980),

Mantellisaurus atherfieldensis (Bonsor et al. 2023), Bactro-

saurus johnsoni (Godefroit et al. 1998), Eolambia caroljo-

nesa (McDonald et al. 2012) and Tanius sinensis

(Borinder et al. 2021), which all possess neural spines that

are a low, laterally compressed tab or low ridge. There are

moderately developed spinopostzygapophyseal laminae in

Istiorachis macarthurae extending from the neural spine

to the fractured bases of the postzygapophyses (Fig. 3D,

H; spol). Posterior to the junction of the

postzygapophyses there is a depressed area (interpostzyga-

pophyseal fossa) that is separated by a slightly damaged,

thin shelf from the neural canal, and continues anteriorly

into a small calcite-filled tubular cavity with a circular

entrance (diameter c. 2 mm), that extends anteriorly into

the neural arch for at least 5 mm (Fig. 3G, I; ipozf). An

interpostzygapophyseal fossa is seen in other taxa, such as

Lesothosaurus diagnosticus (Baron et al. 2017), Iani smithi,

(Zanno et al. 2023), Camptosaurus dispar (Gilmore 1909),

Mantellisaurus atherfieldensis (NHMUK PV R 5764),

Tanius sinensis (Borinder et al. 2021) and Eolambia carol-

jonesa (McDonald et al. 2012), although in some it is

more of a shelf extending anteriorly between the bases of

F IG . 3 . Istiorachis macarthurae gen. et sp. nov. holotype (MIWG 6643). Cervical vertebra in: A, anterior; B, posterior; C, right lateral;

D, dorsal; E, left lateral; F, ventral view. G, sagittal cross-section of neurapophyses, dorsal to neural canal. H, close up of neural spine

in left lateral view. I, close up of interpostzygapophyseal fossa and tubular cavity in posterior view. Abbreviations: aas, anterior articular

surface; apr, anterior process; em, everted margin; ipozf, interpostzygapophyseal fossa; lar, lateral ridge; nc, neural canal; ns, neural

spine; par, parapophysis; pas, posterior articular surface; poz, postzygapophysis; prez, prezygapophysis; spol, spinopostzygapophyseal

lamina; tp, transverse process; tuca, tubular cavity; vk, ventral keel, #, fracture surface or feature partially broken. Scale bars represent

50 mm.
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the postzygapophyses, as in Hypselospinus fittoni (Nor-

man 2015), rather than a pit. In others it appears to be

absent (e.g. Ouranosaurus nigeriensis (Bertozzo et al. 2017)

and Gobihadros mongoliensis (Tsogtbaatar et al. 2019)),

although it may be that the feature is present only in the

more or most posterior vertebrae. Gilmore (1909, p. 230)

on Camptosaurus spp. described ‘posteriorly just below

the junction of the posterior zygapophyses is a pit-like

foramen leading forward into the neural process’. This is

present in all cervical vertebrae of the type specimen

(YPM VP 001877), USNM 4282 and USNM 5474, but

entirely absent in USNM 5473. It is difficult to know

whether the anteriorly projecting process on the anterior

margin of the neural arch and the interpostzygapophyseal

fossa are more widely represented in iguanodontians

because this area is sometimes poorly preserved and not

described and/or figured in some taxa. In Istiorachis

macarthurae the fossa and process appear to be in align-

ment. In articulated iguanodontian cervical vertebral ser-

ies, the anterior convex articular surface of the centrum is

seated in the posterior concavity of the preceding vertebra

such that it is almost completely obscured in lateral view;

for example, Mantellisaurus atherfieldensis (Bonsor

et al. 2023), Iguanodon bernissartensis (Norman 1980) and

Jinzhousaurus yangi (Wang et al. 2010). As can be seen in

the dorsal view of the cervical vertebra of Istiorachis

macarthurae (Fig. 3D), if the anterior convexity was

removed and if similar adjacent vertebrae were in articu-

lation, the process and fossa would have been in extre-

mely close proximity, perhaps forming a peg-and-socket

articulation. The possible function of this feature is dis-

cussed below, although we regard the anterior process at

the base of the neural spine to be potentially autapo-

morphic to Istiorachis macarthurae.

Dorsal vertebrae

Eight dorsal (D) vertebrae are preserved and have been

given provisional numbers based on their probable order,

assuming a total count of 17 including the sacrodorsal

vertebra, and based on comparisons with early diverging

iguanodontians with complete dorsal spines such as

Tenontosaurus tilletti (Forster 1990), Mantellisaurus ather-

fieldensis NHMUK PV R 5764, RBINS R57 (Norman 1986)

and Iguanodon bernissartensis (Norman 1980). This esti-

mated sequence number is used in the description for

guidance: D4–6, anterior; D8, middle; D10–12, posterior;
and D14, posteriormost.

All of the vertebral centra are longer anteroposteriorly

than tall dorsoventrally except D14, for which the pos-

terior articular face is 1 mm (1.25%) taller than the

length of the centrum (Table 1).

Anterior dorsal vertebrae. D4–D6 appear to be an articu-

lated sequence (Fig. 4A–H). The articular surfaces are

dorsoventrally taller than transversely wide and are flat to

very slightly concave. The dorsal margins of the anterior

and posterior articular surfaces are almost straight and

horizontal, while the gently everted lateral and ventral

margins form a U shape. In lateral view the ventral mar-

gin of the centrum is gently concave, while the lateral sur-

faces are flat dorsoventrally but concave anteroposteriorly,

forming a spool shape in ventral view (Fig. 4G). Ventrally

there is a longitudinal keel (Fig. 4G; vk) which is less pro-

minent in D6. The anterior and posterior margins of the

centrum, especially on the ventral surfaces, are very

rugose, this being formed by a series of deep longitudinal

grooves (Fig. 4G; rug). Neurocentral synchondroses are

clearly visible on the dorsal half of the lateral walls. The

centrum supports the neurapophyses, which enclose large

neural canals. Anteriorly, the prezygapophyses have dor-

somedially facing facets that only just overhang the an-

terior articular surface in lateral view (Fig. 4B; prez).

Posterior to the prezygapophyses are oval parapophyses

(long axis directed anteroventrally). Extending down the

dorsal column, the size of the parapophyses diminishes

and they migrate dorsally so that in D6 they abut the base

of the transverse process.

The transverse processes are triangular in cross-section

with the apex directed ventrally. The dorsal surface is

smooth and slightly convex anteroposteriorly. Proximally,

the ventral apex is formed by the robust posterior centro-

diapophyseal lamina (Fig. 4D; pcdl), which forms the lat-

eral wall of a deep recess on the neural arch in posterior

view. This recess is bounded medially by a considerably

less robust postzygodiapophyseal lamina (Fig. 4D; podl),

and ventrally by a particularly strongly developed centro-

postzygapophyseal lamina (Fig. 4D; cpol). The latter

appears more robust than in the sympatric Mantellisaurus

atherfieldensis and Brighstoneus simmondsi. The posterior

recess also extends laterally so that the posteroventral sur-

face of the transverse process is anteroposteriorly concave.

The dorsomedial surface of the posterior recess blends

almost continuously, but with a small step, with the ven-

trolaterally facing facet of the postzygapophysis. The

transverse processes of D4–6 are directed posterolaterally

in dorsal view (Fig. 4C) and dorsolaterally in D4 and D5

in anterior view, becoming more horizontal in D6. The

neural spines are all incomplete, although the angle of

fracture and preservation of a loose spine means that it

may be associated with D6. The fractured cross-sections

of the neural spines show a transversely compressed

ellipse. Anteriorly, the ventral section of the neural spine

becomes a thin blade of bone extending between the pre-

zygapophyses. A shallow cleft separates the postzygapo-

physes posteriorly but unlike Morelladon beltrani (Gasulla
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et al. 2015), it does not extend dorsally up the posterior

margin of the neural spine.

Mid-dorsal vertebra. D8 (Fig. 4I–L) is similar to the an-

terior vertebrae in most respects but differs in the follow-

ing ways. The transverse processes are posterolaterally

directed (Fig. 4J), but less posteriorly oriented than in the

more anterior vertebrae. The parapophyses are smaller

and have migrated onto the proximal part of the anterior

margins of the transverse processes (Fig. 4I, K; para). The

facets of the prezygapophyses face dorsomedially but are

more horizontal than in the anterior vertebrae.

Posterior dorsal vertebrae. D10–D12 articulate with each

other. The vertebrae are similar in most respects to the

mid-dorsal vertebrae, differing only in the following

respects. In D10 and D11 the anterior articular surface is

flat and dorsoventrally taller than transversely wide, as in

the anterior dorsal vertebrae, but the posterior surface is

wider transversely than tall, while in D12 (Fig. 5A, C)

both surfaces are wider than tall (Table 1). The shape of

the articular surfaces has changed from being U shaped

to circular, the change occurring earlier in the posterior

surface. D10 has a ventral keel, but this is absent in D11

and D12. Excluding the sacrodorsal vertebra, ventral keels

are found in all the dorsal vertebrae of Zalmoxes shqiper-

orum (Godefroit et al. 2009), Camptosaurus dispar (Gil-

more 1909), Uteodon aphanoecetes (Carpenter &

Wilson 2008, described as Camptosaurus therein), Oura-

nosaurus nigeriensis (Bertozzo et al. 2017), Mantellisaurus

atherfieldensis (NHMUK PV R 5764), Iguanodon bernis-

sartensis (Norman 1980), Comptonatus chasei (Lockwood

et al. 2024), Brachylophosaurus canadensis (Prieto-M-

�arquez 2001), and probably Bactrosaurus johnsoni (Gode-

froit et al. 1998) and Edmontosaurus regalis (Lambe

1920). Cumnoria prestwichii lacks a ventral keel on any of

the anterior or posterior vertebrae (Maidment et al. 2023).

Among other taxa, all but the most posterior dorsal ver-

tebrae are probably keeled in Hypselospinus fittoni (Nor-

man 2015); Morelladon beltrani has three preserved dorsal

centra in estimated positions D8, 11 and 12, which all

possess keels (Gasulla et al. 2015); Brighstoneus simmondsi

has keeled dorsal vertebrae from the anterior, middle and

posterior series, but one posterior centrum lacks a keel;

TABLE 1 . Metrics (in mm) of Istiorachis macarthurae gen. et sp. nov. (MIWG 6643) axial elements.

Vertebra Anterior height Anterior width Posterior height Posterior width Length NS height NSh/Ch Approx. position

Cervical 52 64 51 80 86 Posterior

Dorsal (1) 72 60 67 58 81 D4

Dorsal (2) 68 59 69 62 79 D5

Dorsal (3) 72 60 68 61 83 D6

Dorsal (4) 67 57 65 66 85 D8

Dorsal (5) 67 63 71 72 82 D10

Dorsal (6) 71 69 71 75 83 D11

Dorsal (7) 71 77 69 71 76 305 4.3 D12

Dorsal (8) 74 83 81 95 80 D14

Sacrodorsal 81 110 91 130 69 SD

S1 91 130 64 79 S1

S2 64 62 80 S2

S3 62 S3

S4/5 68 68 S4/5

Caudal (1) 77 90 83 102 75 SC

(Cd1)

Caudal (2) 88 96 86 96 74 201+ Cd2

Caudal (3) 92 103 86, 96 89 75 Cd3

Caudal (4) 86, 99 80 84, 99 77 79 Cd7

Caudal (5) 77, 87 75 79, 91 77 75 268 3.5 Cd5

Caudal (6) 74, 85 74 76, 88 72 79 210 2.4 Cd4

Caudal (7) 74, 84 73(e) 73, 85 70 77 182+ 2.4+ Cd6

Approximate position of vertebrae assumes that MIWG 6643 originally possessed 16 dorsal vertebrae plus a sacrodorsal. An antero-

posteriorly narrow dorsal neural spine (height 196 mm) may be associated with D6 based on fracture shape and preservation. This

would give a neural spine height : anterior articular surface of centrum height ratio of 3.9+. An isolated incomplete sacral neural spine

is 297 mm in height. In the Cd1 reconstruction the Nh/Ch ratio is 4.0+. Heights of the anterior and posterior articular surfaces of

Cd3–7 are given with and without haemal facets. Cd1 may be considered a sacrocaudal (SC) vertebra. Ch, height of the centrum using

the anterior articular surface; (e), estimated measurement; NS, neural spine; NSh, neural spine height.
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and the four preserved dorsal vertebrae from Magnama-

nus soriaensis, probably from the middle series, also lack

ventral keels (Fuentes Vidarte et al. 2016). Keels restricted

to anterior vertebrae but absent posteriorly are seen in

Jinzhousaurus yangi, in which they are present in D4 and

D5 but not in D12 (Wang et al. 2010), and Lesothosaurus

diagnosticus (Baron et al. 2017) but, given that the dorsal

spine is incomplete in both, the transition area is not

known.

In Istiorachis macarthurae, between D10 and D12 there

appears to be a transitional stage (Fig. 6A–B). Although

the exact position of this sequence is not known with cer-

tainty, the close fit of the vertebrae and position of the

parapophyses make it highly likely that the actual

sequence is correct. In D10 the lateral walls of the cen-

trum curve ventrally to give a transversely convex ventral

surface with a strong midline ventral keel. The anterior

and posterior margins of this vertebra are also highly

rugose (as they are in most of the dorsal vertebrae), due

to a series of longitudinal grooves. The subsequent verte-

bra D11 has two prominent tuberosities placed parasagi-

tally against the anterior margin of the ventral surface,

F IG . 4 . Istiorachis macarthurae gen. et sp. nov. holotype (MIWG 6643). Anterior and middle dorsal vertebrae. A–D, 4th dorsal verte-

bra in: A, anterior; B, right lateral; C, dorsal; D, posterior view. E–H, 6th dorsal vertebra in: E, anterior; F, left lateral; G, ventral;

H, posterior view. I–L, 8th dorsal vertebra in: I, anterior; J, dorsal; K, right lateral; L, posterior view. Abbreviations: cpol, centropostzy-

gapophyseal lamina; dia, diapophysis; nc, neural canal; ncs, neurocentral synchondrosis; ns, neural spine; para, parapophysis; pcdl, pos-

terior centrodiapophyseal lamina; podl, postzygodiapophyseal lamina; posr, posterior recess; poz, postzygapophysis; prez,

prezygapophysis; ri, ridge; rug, rugosity; tp, transverse process; vk, ventral keel. Scale bar represents 50 mm.

10 PAPERS IN PALAEONTOLOGY , VOLUME 11

 20562802, 2025, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/spp2.70034, W

iley O
nline L

ibrary on [23/08/2025]. 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



with a sulcus between them (reminiscent of the posterior

haemal facet in some iguanodontian caudal vertebrae).

The surface is still transversely convex but lacks a keel,

and rugosity is largely confined to the posterior margin.

Vertebra D12 has a very flat surface, lacking a keel and

having much reduced rugosity, although there is some

abrasion to the articular margins. The margins between

the ventral and lateral surfaces of the centrum are quite

angular although this may have been exaggerated by

taphonomic distortion and fracture on the right side

(Fig. 6B; dis). As far as can be determined, a transition

from a keeled ventral surface to a flat one via two tuber-

osities has not been described previously for other igua-

nodontians including Iguanodon bernissartensis (Norman

1980), Mantellisaurus atherfieldensis (Bonsor et al. 2023)

and Comptonatus chasei (Lockwood et al. 2024). We

regard the dorsal vertebra with anterior tuberosities as

autapomorphic for Istiorachis macarthurae.

The taxonomic utility of ventral keels in iguanodon-

tians has yet to be fully established. In dorsal vertebrae

they are not commonly used in phylogenetic studies,

although the presence or absence of a ventral keel in the

anterior or middle dorsal vertebrae has been used by

Poole (2015, char. 163; 2022, char. 163). The transition

series in Istiorachis macarthurae showing the keel ending

against two tuberosities, presumably acting as osteological

correlates, suggests that the keel in iguanodontians is not

a random variable but linked to a morphological

structure.

In dorsal view, the transverse processes extend laterally

at right angles to the sagittal plane, while in anterior view

they are horizontal but slightly curved with a gently con-

cave ventral margin. The parapophyses are much smaller

than in the anterior dorsal vertebrae and have migrated

increasingly laterally onto the transverse processes

(Fig. 5A; para). The posterior centrodiapophyseal laminae

are less robust and consequently the posterior recesses are

less deep. The angle between the facets on the prezygapo-

physes and postzygapophyses is more obtuse.

D12 has an intact neural spine with slight losses to the

posterior margin (Fig. 5). In lateral view (Fig. 5B, D) the

neural spine extends almost vertically but has a very

gently concave anterior margin and the anteroposterior

width of the distal spine is slightly greater than it is

proximally. The cross-section is elliptical, but the anterior

edge is thinner than the posterior edge, although both

F IG . 5 . Istiorachis macarthurae gen. et sp. nov. holotype (MIWG 6643). 12th dorsal vertebra from early posterior series. A–D, 12th
dorsal vertebra in: A, anterior; B, left lateral; C, posterior; D, right lateral view. E, reconstruction to show two consecutive vertebrae in

lateral view. Abbreviations: cle, cleft; para, parapophysis; ri, ridge. Scale bar represents 50 mm.
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become transversely thicker distally. The anterior margin

extends between the prezygapophyses as a thin blade of

bone (Fig. 5A; ri), while posteriorly it continues as a cleft

between the postzygapophyses (Fig. 5C; cle). D12 has an

Nh/Ch ratio of 4.3. This differs from the posterior dorsal

vertebral neural spines of other Wealden Group

iguanodontian taxa such as Barilium dawsoni

(Nh/Ch = 2.6), Hypselospinus fittoni (Nh/Ch = 3.7),

Comptonatus chasei (Nh/Ch = 2.6), Brighstoneus sim-

mondsi (Nh/Ch = 3.3) and Iguanodon bernissartensis

(Nh/Ch = 2.1). The neural spines in Mantellisaurus ather-

fieldensis and Valdosaurus canaliculatus are not preserved

F IG . 6 . Istiorachis macarthurae gen. et sp. nov. holotype (MIWG 6643). Posterior dorsal vertebrae. A–B, dorsal vertebrae 10–12 in

ventral view: A, photograph of vertebrae in articulation; B, drawings of individual vertebral centra. C–G dorsal vertebra 14 in:

C, dorsal; D, ventral; E, posterior; F, anterior; G, right lateral view. Abbreviations: aas, anterior articular surface; dis; distortion; fs, flat

surface; nc, neural canal; ncb, notochordal boss; ns, neural spine; para, parapophysis; pas, posterior articular surface; poz, postzygapo-

physis; prez, prezygapophysis; rug, rugosity; tp, transverse process; tub, tuberosity; vk, ventral keel; #, line of fracture. Scale bars repre-

sent 50 mm.
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but the latter had short caudal neural spines and was

likely to be similar to other dryosaurids such as Dryo-

saurus altus (Janensch 1955) with an Nh/Ch ratio of 1.0.

Morelladon beltrani (Nh/Ch = 4.1) from Spain has a simi-

lar Nh/Ch ratio to Istiorachis macarthurae although the

autapomorphic long vertical groove, extending dorsally

up the neural spine from between the postzygapophyses,

is not present in Istiorachis macarthurae.

Posteriormost dorsal vertebra. The centrum of D14 is the

largest and most robust of the preserved dorsal vertebrae

and has deeply anteroposteriorly incised grooves, which

increase the rugosity of the lateral surface adjacent to the

everted margins of the anterior and posterior articular

surfaces. The anterior articular surface is circular with a

flattened dorsal margin and is essentially flat, although

a small notochordal boss is present at its centre. Among

iguanodontians, notochordal bosses are also described in

some of the dorsal vertebrae of Zalmoxes robustus

(Weishampel et al. 2003), Iguanodon bernissartensis (Nor-

man 1980) and Brighstoneus simmondsi (Lockwood

et al. 2021). The posterior articular surface is rounded

but with a flattened dorsal margin, and mildly concave.

The ventral surface of the centrum is transversely convex

but smooth, lacking a keel. The preserved transverse pro-

cess is gently curved and angled anterolaterally in dorsal

view (Fig. 6C; tp), and dorsolaterally in anterior view

(Fig. 6F; tp). Its cross-section is oval (long axis antero-

posterior), with a less prominent posterior centrodiapo-

physeal lamina than in preceding vertebrae. The neural

spine is incomplete but has a transversely narrow anterior

margin and a thicker posterior margin. There is a shallow

cleft between the postzygapophyses that continues dor-

sally up the ventral section of the posterior margin of the

neural spine for c. 40 mm, but is not as pronounced or

extensive as observed in Morelladon beltrani (Gasulla

et al. 2015).

Dorsal ribs

The proximal ends of three left dorsal ribs are preserved

(Fig. 7), which have a similar morphology to other Weal-

den Group iguanodontians including those of Iguanodon

bernissartensis, Mantellisaurus atherfieldensis and Brighsto-

neus simmondsi.

The capitula are all damaged but the tubercula are

nearly circular and raised on a short pedestal. Anteriorly a

broad ridge arises at the level of the tuberculum, that is

smoothly rounded transversely and extends down the shaft

of the rib. Posteriorly a groove develops ventral to the lat-

eral aspect of the tuberculum and extends down the shaft,

separated from the lateral margin by a narrow ridge. This

groove was presumably for the neurovascular bundle.

Sacrum

A partial sacrum is preserved in two pieces, one consist-

ing of the anterior section, containing the sacrodorsal,

sacral (S) 1, S2 and the anterior part of S3 (Fig. 8), and

the other, a fragment representing the ventral surface of a

more posterior sacral (Fig. 9E). An isolated vertebra prob-

ably represents a sacrocaudal and is described with the

caudal vertebrae, below.

The anterior articular surface of the sacrodorsal verte-

bra (Fig. 8D; aas) is wider transversely than tall dorsoven-

trally, both dimensions being greater than found in the

preceding dorsal vertebrae. The margin is everted and

slightly indented dorsally by the neural canal, while the

F IG . 7 . Istiorachis macarthurae gen. et sp. nov. holotype (MIWG 6643). Three left dorsal rib heads. A–C, rib 1 in: A, anterior;

B, posterior; C, dorsal view. D–F, rib 2 in: D, anterior; E, posterior; F, dorsal view. G–I, rib 3 in: G, anterior; H, posterior I, dorsal

view. Abbreviations: cap, capitulum; gr, groove; nr, narrow ridge; rr, rounded ridge; tum, tuberculum; #, fractured surface. Scale bar

represents 50 mm.
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articular surface is essentially flat except for a centrally

placed notochordal boss (Fig. 8D; ncb). The lateral walls

of the centrum are flat dorsoventrally but deeply concave

anteroposteriorly, giving the vertebra a spool-like shape

in ventral view (Fig. 8A). The state of the neurocentral

synchondrosis is difficult to judge due to abrasion. Pos-

teriorly the centrum expands ventrally and transversely

and is fused to the first sacral vertebra. The ventral sur-

face of the sacrodorsal is smooth and almost flat with a

nutrient foramen present on the left side but no evidence

of a keel. A ventrally keeled sacrodorsal vertebra is pre-

sent in Cumnoria prestwichii (Maidment et al. 2023),

Barilium dawsoni (Norman 2011) and on the anterior half

of Comptonatus chasei but is absent from Mantellisaurus

atherfieldensis (NHMUK PV R 5764), Iguanodon bernis-

sartensis (Norman 1980) and Morelladon beltrani (Gasulla

et al. 2015). The centrum is quite short longitudinally,

being shorter than any of the preserved more anterior

dorsal vertebrae. The neurapophyses supported transverse

processes but only the fractured base on the left is present

(Fig. 8B; tp), which has convex margins dorsally and ven-

trally, joining to form two angular vertices in lateral view.

The prezygapophyses have dorsomedially facing facets set

at an obtuse angle in anterior view.

F IG . 8 . Istiorachis macarthurae gen. et sp. nov. holotype (MIWG 6643). Anterior section of sacrum in: A, ventral; B, left lateral;

C, dorsal; D, anterior; E, posterior; F, right lateral view. Abbreviations: aas, anterior articular surface; ncb, notochordal boss; prez, pre-

zygapophysis; s, sacral vertebra; sd, sacrodorsal vertebra; sy, sacral yoke; tp, transverse process base; tp/sr, transverse process–sacral rib
complex; vk, ventral keel; #, fracture surface. Scale bar represents 100 mm.
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Posterior to the sacrodorsal, erosion of the neurapo-

physes reveals the neural canal, although some of the

transverse process–sacral rib complexes are preserved

(Fig. 8C). In ventral view, the anterior articular surface of

the first true sacral vertebra is transversely expanded and

fused to the sacrodorsal. There is no ventral keel present,

the almost flat surface being smooth and very slightly

concave transversely (Fig. 8A). The lateral walls of the

centrum are dorsoventrally flat and concave antero-

posteriorly, reducing the transverse width of the posterior

articular surface to half that of the anterior surface

(Fig. 8A). The second sacral has an obvious ventral keel

(Fig. 8A; vk). The lateral walls of the centrum are less

concave anteroposteriorly and there is little difference

between the dimensions of the anterior and posterior

articular surfaces. It is fused to the anterior section of the

incomplete S3; the rest of this vertebra is unpreserved. A

ventral keel is present on the small anterior section of the

preserved ventral surface. The transverse process–sacral
rib complexes are present bilaterally on S1 and on the left

side of S2 but are badly damaged. The articular surface

for contact with the ilium is missing, but part of the

sacral yoke is preserved (Fig. 8A–B, F; sy). A fragment

preserving the ventral surface of another sacral vertebra

was recovered, showing fusion at both ends (Fig. 9E).

There is a strong longitudinal ventral keel (Fig. 9E; vk)

separating two large, depressed areas on the ventral sur-

face and some flaring is still evident at one end. This

probably represents S4 or S5. The ventral surface of the

sacrum in Mantellisaurus atherfieldensis is largely obscured

by the armature, making interpretation difficult, but a

ventral keel is probably present in S1 and S2 and absent

in the more posterior vertebrae (Bonsor et al. 2023);

Brighstoneus simmondsi has a keel on S1 but flat ventral

surfaces on S2–S6, although S5 is damaged and the mor-

phology less certain (Lockwood et al. 2021); Morelladon

beltrani has a keel on S1, S2 and S4 (Gasulla et al. 2015).

An isolated but almost complete neural spine is pre-

served (Fig. 9A–D). The most dorsal parts of the postzy-

gapophyses are attached at its base (Fig. 9A–B; poz),

enabling its orientation to be determined. If complete, the

sacral neural spine would probably have been slightly

F IG . 9 . Istiorachis macarthurae gen. et sp. nov. holotype (MIWG 6643). Sacral neural spine and ventral fragment of posterior sacral

vertebra. A–D, neural spine in: A, left lateral; B, anterior; C, right lateral; D, posterior view. E, posterior sacral vertebra fragment in

ventral view. Abbreviations: as, abraded surface; gr, groove; nf, nutrient foramen; poz, dorsal section of postzygapophysis; ri, ridge; vk,

ventral keel. Scale bars represent 50 mm.
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taller dorsoventrally than the tall dorsal neural spine on

D12 (see above). The anterior and posterior margins are

damaged by abrasion in their dorsal half (although based

on the elliptical shape of the dorsal surface of the neural

spine, losses are minor), but in the ventral half, in lateral

view, the anterior margin is gently concave and the pos-

terior margin slightly convex but straighter, suggesting

that the neural spine probably expanded slightly an-

teriorly as it extended dorsally (Fig. 9A, C). The ventral

half also preserves a dorsoventrally orientated groove pos-

teriorly, which expands transversely as it extends dorsally

(Fig. 9B, gr). Anteriorly, the margin is blade-like ventrally

and expands transversely as it extends dorsally. This sug-

gests that adjacent spines slotted into each other. Contact

between the sacral neural spines to form a continuous

plate is seen in Lesothosaurus diagnosticus with some

fusion present (Baron et al. 2017), Hypsilophodon foxii

(Galton 1974), Huehuecanauhtlus tiquichensis (Ram�ırez-

Velasco et al. 2012), Iguanodon bernissartensis (RBINS

R51, RBINS R343, RBINS R341), RBINS R57 (Nor-

man 1986), Jinzhousaurus yangi (Wang et al. 2010), Bac-

trosaurus johnsoni (Godefroit et al. 1998) in which they

are fused together, and Tenontosaurus tilletti, in which the

neural spines of large-bodied individuals contact each

other and may start to fuse (Forster 1990), suggesting

that ontogenetic variation may be present. In Brighstoneus

simmondsi the spines also slot into one another, although

the slot is on the anterior margin. The neural spines are

separate in Zalmoxes robustus (Weishampel et al. 2003)

and Ouranosaurus nigeriensis (Bertozzo et al. 2017).

Caudal vertebrae

Seven caudal (Cd) vertebrae appear to form a sequence

and are numbered Cd1–Cd7 (Fig. 10). Cd1 has features

suggesting that it may have been the most posterior sacral

or a sacrocaudal vertebra.

Caudal vertebra 1 (sacrocaudal). The neural spine is

incomplete, and the right transverse process–rib complex

is missing but the left is complete (Fig. 11). The anterior

articular surface is transversely wider than dorsoventrally

tall and was not fused to the rest of the synsacrum

(Fig. 11A). However, its surface is atypically flat and apart

from being marked by slight curved grooves extending

F IG . 10 . Istiorachis macarthurae gen. et sp. nov. holotype (MIWG 6643). The anterior-most seven caudal vertebrae in left lateral view

with neural spines reconstructed. Abbreviations: Cd, caudal vertebra; SC, sacrocaudal. Scale bar represents 50 mm.
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broadly parallel with the margin (Fig. 11A; cg), it is

otherwise featureless, with little in the way of eversion of

the margin. This might suggest that fusion of this articu-

lar surface with the sacrum was incipient. The posterior

articular surface is wider transversely than dorsoventrally

tall, both dimensions exceeding those of the anterior

articular surface (Fig. 11D) and is situated more ventrally

than the anterior surface (Fig. 11B, F), presumably to

accommodate a descending tail. It has a concave

depressed area in its dorsal half (Fig. 11D; dep) and the

posterior margin is slightly everted. The lateral walls of

the centrum are anteroposteriorly concave and dorsoven-

trally flat (Fig. 11B, F). There is no evidence of a neuro-

central synchondrosis. The ventral surface of the centrum

is flat with no keel or haemal facets (Fig. 11C), although

ridges extend longitudinally along the lateral margins and

bound a shallow, transversely concave depression that

becomes more prominent anteriorly and forms a concave

indentation on the ventral margin of the anterior articular

surface (Fig. 11A; ci). This creates what might be termed

a very shallow, broad ventral sulcus. The neurapophyses

and transverse process and rib are situated dorsally at the

midpoint of the centrum rather than being shifted an-

teriorly as in typical sacral vertebrae (Norman 1980).

However, these characteristics can also be observed in the

most posterior sacral centrum of some specimens of Igua-

nodon bernissartensis (Norman 1980, fig. 45). This is in

part a nomenclatural problem, with some authors using

the term ‘true’ sacral vertebra for all vertebrae that con-

tact the ilium, and sacrocaudal or sacrodorsal for those

that are part of the synsacrum but have free-standing

transverse processes and ribs (e.g. Galton 2012), while

others regard ‘true’ sacral vertebrae as those that are

homologous with the primordial sacral vertebrae that

were plesiomorphic for Ornithischia, and refer to subse-

quent additions as sacrocaudals or sacrodorsals, regardless

of contact with the ilium (e.g. Carpenter & Wilson 2008).

The pre- and postzygapophyseal facets are steeply inclined

with an acute angle between them (Fig. 11A, D). The

facets of the postzygapophyses face ventrolaterally and

the prezygapophyses dorsomedially. The transverse

process–rib complex is a robust structure. Proximally

there is a strong, laterally extending, anteroposteriorly

convex dorsal ridge (Fig. 11E; rid), giving it a

F IG . 11 . Istiorachis macarthurae gen. et sp. nov. holotype (MIWG 6643). Sacrocaudal vertebra (Cd1) in: A, anterior; B, left lateral;

C, ventral; D, posterior; E, dorsal; F, right lateral view. Abbreviations: ah, articular head; cg, curved grooves; ci, concave indentation;

ddep, dorsal depressed area; ns, neural spine; poz, postzygapophysis; prez, prezygapophysis; ra, recessed area; rid, ridge; tp/sr, trans-

verse process–sacral rib complex; vrid, ventral ridge. Scale bar represents 50 mm.
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subtriangular cross-section with a flat ventral surface, and

posterodorsally and anterodorsally facing surfaces. A

recessed area is present on the anterodorsal surface, ven-

tral to the ridge (Fig. 11A; ra). The appearance suggests

that the ridge is the transverse process, fused to a rib in

similar fashion to that seen in some sacral vertebrae, such

as Iguanodon bernissartensis (Norman 1980, Gasulla

et al. 2022), Morelladon beltrani (Gasulla et al. 2015) and

Comptonatus chasei (Lockwood et al. 2024). In typical

caudal vertebrae of extant reptiles, including crocodilians,

the transverse process is usually fused indistinguishably

with the caudal rib during embryonic development (e.g.

Rieppel 1993, 1994; Persons & Currie 2011). As the pro-

cess extends laterally, it becomes slightly dorsoventrally

compressed and more elliptical in cross-section before

expanding, predominantly anteriorly but also slightly pos-

teriorly, to form a large convex distal surface, suggesting

articulation (but not fusion) with the ilium or sacral

yoke. The angle of the neural spine is directed postero-

dorsally at c. 45°, similar to the other caudal vertebrae

(see below), whereas sacral neural spines in iguanodon-

tians, especially those more anteriorly placed, tend to be

upright (Norman 1980). Sections of the caudal neural

spine, when reconstructed (Fig. 10), suggest it was hyper-

elongate and perhaps c. fourfold the dorsoventral height

of the anterior articular surface.

Caudal vertebrae 2–7. Extending posteriorly, the anterior

caudal vertebrae retain similar anteroposterior lengths,

but the dorsoventral height and transverse width both

decrease, the latter more so, so that the vertebrae become

both gradually smaller and more transversely compressed

(Figs 10, 12). In Cd2–3 the transverse width of both

articular surfaces is greater than the dorsoventral height,

but in Cd4–7 the height is greater than the width

(Fig. 12).

The articular surfaces are rounded in outline in Cd2,

heart shaped in Cd3 and oval (long axis dorsoventral)

but tapering slightly ventrally in Cd4–7. The dorsal half

of the anterior articular surface of Cd2 protrudes slightly

(Fig. 12A; dpro), so that in lateral view the dorsal margin

extends further anteriorly than the ventral margin and

would have articulated with the dorsal recess in the pos-

terior articular surface of Cd1. A similar bulge is

described on the anterior articular surface of the first cau-

dal vertebra of RBINS R57 (Norman 1986), which articu-

lated with a corresponding recess in the posterior

articular facet of the last sacral vertebra (Norman 1986).

This character is also found in Iguanodon bernissartensis

(Norman 1980) and Brighstoneus simmondsi (Lockwood

et al. 2021). The posterior articular surface of Cd2 also

has a dorsal recess (Fig. 12B; ddep), which articulates

with a dorsal bulge in the anterior articular surface of

Cd3. The same character is seen between Cd3 and Cd4

but is less marked and thereafter is not evident. As in

Cd1, the posterior articular surface of Cd2 is set ventrally

to the anterior articular surface. This is not apparent in

subsequent vertebrae. Cd2 and Cd3 have a notochordal

boss (Fig. 12B, I; nb) located at the centre of the pos-

terior articular surface.

Cd2 has no haemal facets (Fig. 12D), Cd 3 has a pos-

terior facet (Fig. 12G; phf) and thereafter each centrum

has anterior and posterior facets (Fig. 12O; ahf, phf).

Among non-hadrosaurid iguanodontians, the first chev-

ron facet appears posteriorly on Cd3 in Ouranosaurus

nigeriensis (Taquet 1976; Bertozzo et al. 2017), and prob-

ably in Probactrosaurus gobiensis (Norman 2002), Jinzhou-

saurus yangi (Wang et al. 2010) and Comptonatus chasei

(Lockwood et al. 2024), which also have two disarticu-

lated caudal vertebrae without obvious haemal facets. In

hadrosaurids the first chevron is posterior to Cd4 or Cd5

in saurolophines, and on Cd2 or Cd3 in lambeosaurines

(Horner et al. 2004), but in most other iguanodontians

in which the character is preserved, the first chevron facet

is sited posteriorly on Cd2: such as Valdosaurus canalicu-

latus (Barrett 2016), Dysalotosaurus lettowvorbecki

(Janensch 1955), Uteodon aphanoecetes (Carpenter & Wil-

son 2008), possibly Cumnoria prestwichii (Maidment

et al. 2023), Tenontosaurus tilletti (Forster 1990), Campto-

saurus dispar (Gilmore 1909), Iguanodon bernissartensis

(Norman 1980), RBINS R57 (Norman 1986), Bolong yix-

ianensis (Wu & Godefroit 2012), Barilium dawsoni (Nor-

man 2011), Gobihadros mongoliensis (Tsogtbaatar et al.

2019) and Brighstoneus simmondsi (Lockwood et al. 2021).

In ventral view the anterior haemal facets are D shaped

with the curve facing posteriorly, while the posterior

facets are B shaped with the curves facing anteriorly

(Fig. 12O).

Cd2 has a flat ventral surface, while Cd3–7 have a

longitudinal ventral sulcus between two longitudinal para-

sagitally placed ridges. Sulci are present in the proximal

caudal vertebrae in some fragmentary examples of Zal-

moxes robustus (Weishampel et al. 2003), Valdosaurus

canaliculatus (Barrett 2016), Magnamanus soriaensis

(Fuentes Vidarte et al. 2016), Brighstoneus simmondsi

(Lockwood et al. 2021) and Comptonatus chasei (Lock-

wood et al. 2024). Cd2 has nine small nutrient foramina

on its ventral surface (Fig. 12D; nf) as well as one on the

left lateral surface of the centrum.

The lateral walls of the centrum are dorsoventrally

straight and anteroposteriorly concave, so are gently spool

shaped in ventral view. There are no definite open neuro-

central synchondroses visible and the caudal ribs all

appear solidly fused.

In Cd2 only the fractured bases of the caudal ribs

remain (Fig. 12E), and these are large and subtriangular

with the apex pointing dorsally. In subsequent vertebrae

the caudal rib is a dorsoventrally compressed blade with a

18 PAPERS IN PALAEONTOLOGY , VOLUME 11
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flattened elliptical cross-section. In anterior view

(Fig. 12F, J), the rib has a straight to mildly convex dorsal

margin and gently concave ventral margin so that the

blade becomes thinner as it extends laterally or slightly

dorsolaterally in the more posterior vertebrae. In dorsal

view (Fig. 12H, N) the blade is rectangular (long axis

transverse) and extends slightly posterolaterally.

In all caudal vertebrae the prezygapophyses are steeply

inclined with dorsomedially facing articular facets, match-

ing the ventrolaterally facing facets on the

postzygapophyses (Fig. 12; prez, poz). The space between

the prezygapophyseal facets in Cd2 is relatively narrow

and the postzygapophyseal facets of the preceding verteb-

rae would have fitted quite tightly (Fig. 12A). This is not

the case in Cd3–7 where, although the prezygapophyseal

facets are still steeply inclined, they are widely separated

(Fig. 12F, K) and, although the facets face dorsomedially

in anterior view, in dorsal view they also face antero-

medially and are connected to each other by an anteriorly

concave, smooth surface (Fig. 12H, N). The space

F IG . 12 . Istiorachis macarthurae gen. et sp. nov. holotype (MIWG 6643). Caudal vertebrae Cd2, Cd3 and Cd7. A–E, Cd2 in:

A, anterior; B, posterior; C, dorsal; D, ventral; E, right lateral view. F–J, Cd3 in: F, anterior; G, ventral; H, dorsal; I, posterior; J, left

lateral view. K–O, Cd7 in: K, anterior; L, right lateral; M, posterior; N, dorsal; O, ventral view. Abbreviations: ahf, anterior haemal

facet; cr, caudal rib; ddep, dorsal depression; dpro, dorsal protrusion; nb, notochordal boss; nf, nutrient foramina; phf, posterior hae-

mal facet; poz, postzygapophysis; prez, prezygapophysis; rid, ridge; sul, sulcus; #, fracture surface. Scale bar represents 50 mm.
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between the prezygapophyseal facets is wider than the

maximum width of the postzygapophyses by up to 48%,

presumably indicating a large cartilaginous component.

The neural spines are complete only in Cd5–7,
although fragments enable a possible reconstruction

(Fig. 10). In lateral view the spines extend postero-

dorsally, with almost straight margins, which are very

slightly concave anteriorly. The anteroposterior diameter

of the neural spines is relatively narrow compared with

the dorsal and sacral vertebrae but is slightly expanded

distally. The base of the neural spine in Cd2 has a dorso-

ventrally orientated groove anteriorly and a ridge poster-

iorly, the latter ending just dorsal to the

postzygapophyses. This suggests that the neural spine may

have contacted the adjacent neural spines, at least ven-

trally. Moving posteriorly along the series, the neural

spines decrease in dorsoventral height both in relative

and absolute terms.

Pubes

Both pubes are preserved and show little evidence of dis-

tortion, but both are missing the anterior part of the pre-

pubic blade and the distal section of the postpubic rod to

similar degrees (Fig. 13).

Posteriorly, the pubis consists of a robust and transver-

sely compressed body. The posterior surface of the body

is concave in lateral view (Fig. 13C), transversely flat and

provides the pubic contribution to the acetabulum. The

acetabular surface faces posterolaterally and has an

everted lateral margin (Fig. 13C). As it extends dorsally,

the acetabular surface expands transversely and forms the

posterior surface of the iliac process. This stout process

projects posterodorsally to support a sub-triangular,

slightly domed and rugose dorsal surface for articulation

with the pubic peduncle of the ilium (Fig. 13; ilp). The

apex of the triangle extends anteriorly to continue as

the dorsal margin of the prepubic process. Ventrally, the

acetabular surface provides the posterolateral surface of

the smaller ischial process (Fig. 13; isp). Anteriorly, the

ischial process forms the posterior margin of the oval

(long axis dorsoventral) obturator foramen (Fig. 13; obf),

but distally it curves anteriorly to contribute to the

posteroventral margin of the foramen. The anterior mar-

gin of the obturator foramen is provided by the base of

the postpubic rod (Fig. 13; ppr), from which a small pro-

cess extends posteriorly to provide the anteroventral mar-

gin of the foramen. In both specimens this process is

damaged slightly but does not contact the ischial process.

The postpubic rod is incomplete but its proximal section

is subtriangular in cross-section with lateral, anteromedial

and posteromedial surfaces. The postpubic rod extends

posteroventrally in lateral view (Fig. 13C) and in

posterior view is angled slightly medially to the long axis

of the acetabular surface (Fig. 13B). Anteriorly the base

of the postpubic rod continues as the ventral margin of

the prepubic process.

The neck and commencement of the distal dorsoventral

expansion of the prepubic process is preserved in both

specimens. The dorsal margin is quite robust (transverse

width 35 mm in its proximal section) and in dorsal view

it is transversely convex, gradually becoming thinner and

curving gently laterally as it extends anteriorly. In lateral

view it is slightly concave proximally but distally it

becomes increasingly concave as the prepubic process

expands dorsally (Fig. 13C). The ventral margin is much

more delicate and blade-like, with a transverse diameter

of c. 3 mm. In ventral view it is straight proximally but

extends sinusoidally, curving medially then laterally, and

slightly warping the surface of the prepubic process. In

lateral view it is almost straight. The shape of the neck

suggests that the dorsoventral expansion of the distal sec-

tion of the prepubic blade was relatively pronounced and

predominantly dorsally orientated, as in Mantellisaurus

atherfieldensis (NHMUK PV R 5764), RBINS R57 and

Hypselospinus cf. fittoni (NHMUK PV R 811), but unlike

Iguanodon bernissartensis (RBINS R51), which has a

longer neck and is then expanded dorsally and ventrally,

and Comptonatus chasei, which has a similar neck length

to Istiorachis macarthurae but is markedly expanded dor-

sally and ventrally (Lockwood et al. 2024).

Ischia

Both ischia are preserved (Fig. 14). They are described

with the long axis of the shaft orientated dorsoventrally.

The proximal end of the ischium is transversely com-

pressed and divided into two processes (Fig. 14). The iliac

peduncle (Figs 14, 15B; ilp) extends posterodorsally and

is considerably larger and more robust than the pubic

peduncle (Figs 14, 15A–B; pup), which extends antero-

dorsally. The margins of the iliac peduncle are almost

parallel and unlike Brighstoneus simmondsi (MIWG 6344)

and Comptonatus chasei (IWCMS 2014.80) hardly flare as

they extend towards the articular surface. The articular

surface is rugose, with the rugosity extending onto the

dorsal margin of the shaft of the peduncle, represented by

dorsoventrally orientated striae. The articular surface faces

predominantly dorsally but is tilted slightly postero-

dorsally and is anteroposteriorly elongate, with a rounded

posterior margin and a more pointed anterior margin.

The posterodorsal section of the surface extends poster-

iorly so that it overhangs the peduncle in lateral view

(Fig. 15A; pex). This feature is well-developed in lambeo-

saurines (Wagner 2001; Brett-Surman & Wagner 2007),

but is also seen in some non-hadrosaurid iguanodontians
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such as Tenontosaurus tilletti (Ostrom 1970), Cumnoria

prestwichii (Maidment et al. 2023), Delapparentia

turolensis MPZ 2014/328 (Gasca et al. 2014), Morelladon

beltrani (Gasulla et al. 2015), Eolambia caroljonesa

(McDonald et al. 2012) and Gilmoreosaurus mongoliensis

(Prieto-M�arquez & Norrell 2010). In lateral view a trans-

versely thin concave ridge of bone extends from the

pointed anterior end of the iliac peduncle to the pubic

peduncle (Fig. 14A, C). The lateral surface below this

curved margin provides the ischial contribution to the

acetabulum (Figs 14A, C, 15B; ace). Anteriorly, the pubic

peduncle has a smaller and less rugose anterodorsally

facing, triangular articular surface, with the apex directed

anteroventrally. This differs from the articular surface of

F IG . 13 . Istiorachis macarthurae gen. et sp. nov. holotype (MIWG 6643). Left pubis in: A, medial; B, posterior; C, lateral; D, dorsal

view. Abbreviations: acs, acetabular surface; da, depressed area; ilp, iliac process; isp, ischial process; obf, obturator foramen; ppr, post-

pubic rod; #, fracture surface. Scale bar represents 50 mm.
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Comptonatus chasei, which has anterodorsal and antero-

ventral facing facets (Lockwood et al. 2024). In lateral

view the ventral margin of the pubic peduncle extends

posteroventrally as a thin ridge of bone. Initially this is

straight (but this area is a fracture surface on both ischia)

before curving concavely and forming the dorsal half of

the ischiopubic foramen (sensu Lockwood et al. 2024).

The ventral part of this foramen would have been formed

by the obturator process, but this has not been preserved

in either specimen. It is possible that the fractured surface

on the ventral margin of the pubic process originally

extended ventrally to give the ischiopubic foramen a bony

anterodorsal margin, as seen in Bactrosaurus johnsoni

(Godefroit et al. 1998) and some hadrosaurids such as in

Eotrachodon orientalis (Prieto-M�arquez et al. 2016), Bra-

chylophosaurus canadensis (Prieto-M�arquez 2001) and

Saurolophus osborni (Brown 1913b).

In lateral view the ischial shaft is essentially straight in

its dorsal half, although slightly convex anteriorly. As it

extends ventrally, the posterior margin becomes convex

and the anterior margin concave, the concavity becoming

more prominent distally as it approaches the ischial boot.

Overall, this gives the shaft a somewhat sinusoidal shape.

In the left ischium there is a crushed and fractured area

F IG . 14 . Istiorachis macarthurae gen. et sp. nov. holotype (MIWG 6643). Both ischia. A–B, left ischium in: A, lateral; B, medial view.

C–D, right ischium in: C, lateral; D, medial view. Abbreviations: ace, acetabulum; cr#, crush fracture; ilp, iliac peduncle; isb, ischial

boot; lar, lateral ridge; mer, medial ridge; pup, pubic peduncle; sh, shaft; #, fracture surface. Scale bar represents 100 mm.
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posteriorly just dorsal to the boot, and the boot has sepa-

rated from the shaft. However, the boot fits perfectly in

its anterior section and the crushing does not appear to

have distorted the morphology of the anterior margin. A

sinusoidal shaft of the ischium is seen in Bactrosaurus

johnsoni (Gilmore 1933) and Gilmoreosaurus mongoliensis

(Prieto-M�arquez & Norrell 2010). More generally the

shafts of iguanodontian ischia fall between being straight,

as in Uteodon aphanoecetes (Carpenter & Wilson 2008),

Altirhinus kurzanovi (Norman 1998), Morelladon beltrani

(Gasulla et al. 2015) and Choyrodon barsboldi (Gates

et al. 2018), and concavely curved anteriorly, as in Zal-

moxes robustus (Weishampel et al. 2003), Camptosaurus

dispar (Carpenter & Wilson 2008), Hypselospinus fittoni

(Norman 2015) and Iguanodon bernissartensis (RBINS

R51). There is some evidence of intraspecies variation in

this character, with the shaft varying between straight and

ventrally kinked in its lower third in Tenontosaurus tilletti

(Forster 1990), and usually anteriorly concave but with

some straight examples in Iguanodon bernissartensis

(Verd�u et al. 2017), although the latter may be due to

distortion. No ontogenetic variation was recorded in the

F IG . 15 . Istiorachis macarthurae gen. et sp. nov. holotype (MIWG 6643). Left ischium. A–B, close up of proximal section in:

A, medial; B, lateral view. C–E, close up of distal section in: C, lateral; D, medial; E, ventral view. Abbreviations: ace, acetabulum; ant,

anterior; cru#, crush fracture; ilp, iliac peduncle; isb, ischial boot; lar, lateral ridge; pex, posterior extension; pos, posterior; pup, pubic

peduncle; #, fracture surface. Scale bars represent 50 mm.
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morphology of the ischial shaft of Bactrosaurus johnsoni

and Gilmoreosaurus mongoliensis by Brett-Surman &

Wagner (2007). The proximal shaft is sub-triangular in

cross-section, the apex forming a lateral ridge (Figs 14A,

15B; lar). This differs from the proximal section of the

lateral surface of the shaft in Brighstoneus simmondsi,

which is deeply dorsoventrally grooved (Lockwood

et al. 2021). The lateral ridge in Istiorachis macarthurae

extends down the shaft from the midpoint of the proxi-

mal shaft, gradually migrating anteriorly to become the

anterior margin of the shaft. In medial view, a ridge

(Fig. 14B; mer) commences proximally on the anterior

margin (where it would have been an extension of the

ventral margin of the obturator process) and extends

diagonally across the shaft to become the posterior mar-

gin. The combination of these ridges gives the shaft a

twisted appearance.

Distally, the ischium expands predominantly anteriorly

and is transversely compressed to form the ischial boot

(Figs 14, 15C–D; isb). The maximum anteroposterior

measurement of the boot is 137 mm, which is 3.3-fold

the maximum midshaft diameter and 55% of the maxi-

mum diameter of the proximal ischium in lateral view.

This is much more developed than in Iguanodon bernis-

sartensis (Verd�u et al. 2017), Mantellisaurus atherfieldensis

(NHMUK PV R 5764), in which the boot is preserved

although damaged and described by Norman (1998) as

‘slightly booted’, and Morelladon beltrani, in which there

is only a slight anteroposterior and transverse expansion

(Gasulla et al. 2015). A small ischium (NHMUK PV R

11521) from the Isle of Wight referred to Mantellisaurus

atherfieldensis (Barrett et al. 2009b; McDonald 2012a;

Norman 2012) is also straight and weakly booted.

The ischial boot is not preserved in many iguanodon-

tian taxa but a boot to shaft ratio of 3.3 is greater than in

any other Wealden Group specimen, and rivals that of

any other non-hadrosaurid iguanodontian, although the

ischia of Bactrosaurus johnsoni (Gilmore 1933, fig. 38)

and Eolambia caroljonesa (McDonald et al. 2012) are

similar. Although there is evidence that the ischial boot

develops during ontogeny in Gilmoreosaurus mongoliensis

(Brett-Surman & Wagner 2007) and Hypacrosaurus stebin-

geri (Guenther 2007), Istiorachis macarthurae and Mantel-

lisaurus atherfieldensis are similar-sized animals and both

have visible neurocentral synchondroses and yet very dif-

ferent distal ischia (Fig. 16B–D). Istiorachis chasei also

lacks the widely flared distal iliac peduncle and

double-faceted pubic peduncle of Comptonatus chasei and

the deep lateral groove in the proximal shaft of Brighsto-

neus simmondsi (Fig. 16H).

RESULTS

Phylogeny

The equally weighted phylogenetic analysis (Fig. 17A)

resulted in 45 MPTs, with tree lengths of 357 steps. The

consistency index is 0.560, the rescaled consistency index

is 0.483 and the retention index is 0.863.

A strict consensus tree produced from these MPTs

showed no significant differences from the results obtained

F IG . 16 . Ischia of selected iguanodontians in lateral view unless otherwise stated. A, Comptonatus chasei (after Lockwood et al. 2024).

B, Istiorachis macarthurae (medial). C, Istiorachis macarthurae. D, Mantellisaurus atherfieldensis (after Hooley 1925). E, Ouranosaurus

nigeriensis (after Taquet 1976). F, Morelladon beltrani (after Gasulla et al. 2015). G, Iguanodon bernissartensis (after Norman 1986).

H, Brighstoneus simmondsi (after Lockwood et al. 2021). All scaled to approximately the same length.

24 PAPERS IN PALAEONTOLOGY , VOLUME 11

 20562802, 2025, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/spp2.70034, W

iley O
nline L

ibrary on [23/08/2025]. 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



by Xu et al. (2018) regarding the relationships between the

major clades nested within Iguanodontia: Rhabdodontidae,

Dryosauridae, Ankylopollexia, Styracosterna, Hadrosauri-

formes and Hadrosauridae. However, contra Xu et al.

(2018), the potentially monophyletic clade Iguanodontidae

(Godefroit et al. 2012; Norman 2015) was not recovered.

Istiorachis macarthurae was recovered in a polytomy at the

base of Hadrosauriformes with the other Wessex Forma-

tion taxa Brighstoneus simmondsi, Iguanodon bernissartensis,

Mantellisaurus atherfieldensis and Comptonatus chasei,

along with Ouranosaurus nigeriensis, Morelladon beltrani,

Jinzhousaurus yangi and Bolong yixianensis. Dryosauridae

was also recovered as a polytomy including Dryosaurus

altus, Dysalotosaurus lettowvorbecki and Valdosaurus canali-

culatus. Support for these relationships is extremely weak

with Bremer indices of 1 and bootstrap values below or just

above 50%, and thus caution in their interpretation is

needed.

To further explore the causes of instability within the

polytomy, an analysis with extended implied weighting

F IG . 17 . Cladograms of the phylogenetic relationships of Istiorachis macarthurae. A, strict consensus of 45 retained trees; tree

length = 357 steps, consistency index = 0.560, rescaled consistency index = 0.483, retention index = 0.863; Bremer support indices are

given above the line (TNT bootstrap values are shown in Appendix S1; Fig. S27). B, cladogram of the tree in A but with extended

implied weighting (k = 3).
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(k = 3) was carried out. A single MPT was recovered, in

which Istiorachis was recovered as the sister taxon of Our-

anosaurus (Fig. 17B).

Neural spines of iguanodontian dorsal vertebrae

The results of the ancestral states reconstruction (Fig. 18)

show that in iguanodontians the relative height of the

neural spines on the posterior dorsal vertebrae began to

increase at the Jurassic–Cretaceous boundary, with the

heat map demonstrating the establishment of elongation

during the Berriasian. The ancestral nodes (Appendix S1;

Fig. S31; Table S7) indicate that low neural spines were

present in early-diverging ornithopods and iguanodon-

tians, with little change occurring until the ancestral node

for Ankylopollexia (the least inclusive clade containing

Camptosaurus dispar and Parasaurolophus walkeri (Ser-

eno 1986); see Fig. 17 for clade names). Ancestral values

for neural spine length increased somewhat at this point

but never to the degree seen in Ouranosaurus nigeriensis

or Istiorachis macarthurae. After the generalized neural

F IG . 18 . Time-calibrated heat map of ancestral state reconstruction for iguanodontian neural spine height to centrum height ratios

(Nh/Ch) in posterior dorsal vertebrae. Extended implied weighting (k = 3) tree with pruning of taxa lacking data. Minimum branch

length set to 0.5 Ma. Geological stages: Al, Albian; Ap, Aptian; Ba, Barremian; Be, Berriasian; C, Coniacian; Ca, Campanian; Ce, Ceno-

manian; H, Hauterivian; Ki, Kimmeridgian; Ma, Maastrichtian; Ox, Oxfordian; S, Santonian; Ti, Tithonian; Tu, Turonian. See

Appendix S1 for nodal values of Nh/Ch.
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spine elongation observed in the Berriasian the time-

calibrated heat map shows continued elongation in some

branches and apparent reversion to a more plesiomorphic

state in others. Continued elongation of the neural spines

is seen in the branches to Hypselospinus fittoni, Morella-

don beltrani and the sister taxa Istiorachis macarthurae

and Ouranosaurus nigeriensis. Branches such as those to

Iguanacolossus fortis, Bolong yixianensis, Iguanodon bernis-

sartensis and Jinzhousaurus yangi appear to have autapo-

morphically reverted back to the plesiomorphic state. The

result is a wide range of relative neural spine heights

throughout the Early Cretaceous (Fig. 18). Although

taxon sampling is poor in this part of the tree, there

appears to have been a synapomorphic reversal to lower

neural spines within Hadrosauroidea, before several taxa

independently elongated their neural spines in the Late

Cretaceous (Fig. 18).

Rhabdodon priscus shows a considerable degree of

neural spine elongation, making it unique compared with

other early-diverging iguanodontians (those branching

earlier than Ankylopollexia). Of the taxa with tall neural

spines, four in this study exceeded the upper 95% confi-

dence interval for the ratio value in their ancestral node

(Appendix S1; Fig. S31, Table S7). These were Rhabdodon

priscus (by 26%), Hypselospinus fittoni (by 7%), Ourano-

saurus nigeriensis (by 31%) and Hypacrosaurus altispinus

(by 90%). The ancestral node of the sister taxa Istiorachis

macarthurae and Ouranosaurus nigeriensis also shows a

marked increase above the upper 95% confidence interval

of the previous node. These are examples of particularly

exaggerated hyperelongation, although it should be noted

that the ancestral state for Hypacrosaurus might change if

hadrosaurs were more completely sampled. Morelladon

beltrani and Istiorachis macarthurae are within the 95%

confidence intervals of the ancestral node and may there-

fore represent the upper end of normal variation in

neural spine height rather than an autapomorphic episode

of hyperelongation.

There are some caveats that may have affected the

results of the reconstruction of ancestral states. One-third

of the taxa used in the phylogenetic analysis required

pruning given that there were no available data on their

neural spine heights, and the number of taxa with data

was particularly low in the middle Cretaceous.

The log10 transformed bivariate plot (Fig. 19) of cen-

trum height regressed against total body mass is highly

correlated (R2 = 0.833), as would be expected. However,

the log10 transformed plot of Nh/Ch regressed against

body mass showed low correlation between the two vari-

ables (R2 = 0.245) and demonstrates a wider variation in

relative neural spine height in ankylopollexians and more

deeply nested taxa than in the earlier diverging iguano-

dontians and neornithischians (Fig. 20). A log10 trans-

formed bivariate plot of the gracility index (Nh/Nw)

regressed against body mass also showed low correlation

(R2 = 0.4879) (Appendix S1; Fig. S29). Some hadrosaur-

ids such as Edmontosaurus regalis and Parasaurolophus

walkeri had relatively tall centra (Fig. 19; E.r., P.w.); this

would have exaggerated a relatively low value for the

Nh/Ch ratio.

DISCUSSION

Cervical vertebra of Istiorachis macarthurae

The cervical vertebra possesses an anterior process at the

base of the neural spine and an interpostzygapophyseal

fossa posteriorly leading into a narrow tube-like structure

(Fig. 3G). If the adjacent vertebrae were similarly con-

structed the process and fossa would have been closely

apposed. These features most probably represent osteolo-

gical correlates for a ligament and most closely match

those marking the origin and insertion points of the

unpaired and discontinuous ligamentum elasticum inter-

laminare. This ligament is found in all extant vertebrates

with a tail (Reisdorf & Wuttke 2012), including crocodi-

lians (Frey 1988) and avian dinosaurs (Boas 1929), and

by inference (using extant phylogenetic bracketing) was

also present in all non-avian dinosaurs. In Aves, the

osteological correlates of the ligamentum elasticum inter-

laminare range from roughened tuberosities to facets, fos-

sae or foveae (Baumer & Witmer 1993). The primary

function of the ligamentum elasticum interlaminare in

this group is to reduce muscle exertion to maintain neck

posture, which is usually an S shape (B€ohmer et al. 2020),

and the ligament is well-developed in the extant ratite

Rhea americana (Tsuihiji 2004). An S-shaped cervical

spinal column is present in at least some, if not all, igua-

nodontians and was described in Tenontosaurus tilletti

(Forster 1990) and RBINS R57 (Norman 1986), in which

the centra of anterior cervical vertebrae are shorter ven-

trally than dorsally, but the reverse is seen in the pos-

terior vertebrae. This ligament has also been proposed as

an important part of the ligamentous system in sauropod

necks (Tsuihiji 2004). Although conjectural, the findings

in Istiorachis macarthurae of pronounced osteological cor-

relates in a posterior and elongate cervical vertebra, could

be explained by a relatively long, S-shaped neck.

Temporal & geographic distribution of neural spine

elongation & hyperelongation in iguanodontians

The results of this analysis demonstrate that relative

neural spine elongation (measured as Nh/Ch) is not cor-

related with body mass in iguanodontian dinosaurs and

instead finds that some iguanodontians had
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hyperelongated neural spines, some had elongated neural

spines, and others had relatively short neural spines. A

general elongation of neural spines occurred after the

Jurassic–Cretaceous boundary, but throughout the Early

Cretaceous there was a range of taxa with each of these

three character states. Taxa with elongate, hyperelongate

and short neural spines appear to have been living along-

side each other in Early Cretaceous ecosystems. For exam-

ple, Hypselospinus fittoni and Barilium dawsoni are both

from the Valanginian of the Wealden Group of southern

England, but the former has elongated neural spines rela-

tive to its ancestral node (Nh/Ch = 3.7; above the 95%

confidence interval for its ancestral condition), while the

latter, a larger animal, had much shorter neural spines

(Nh/Ch = 2.6, a value similar to that of its ancestral

node). Mantell (1851) also found a series of six iguano-

dontian anterior caudal vertebrae in the late Valanginian

Wealden Group, which show relatively long neural spines

(Nh/Ch c. 4) with a similar ratio to Hypselospinus fittoni,

and that appear to maintain their height through the

F IG . 19 . Log10 transformed bivariate plot of body mass (kg) vs the dorsoventral height of the anterior articular surface of a poster-

iorly situated dorsal centrum (mm) from iguanodontian and early diverging ornithischians. The blue line represents the linear regres-

sion described by the formula. Abbreviations: A.l., Agilisaurus louderbacki; Ba.s., Barsboldia sicinskii; B.c., Brachylophosaurus canadensis;

B.d., Barilium dawsoni; B.j., Bactrosaurus johnsoni; B.s., Brighstoneus simmondsi; B.y., Bolong yixianensis; C.c. Comptonatus chasei; C.d.,

Camptosaurus dispar; D.a., Dryosaurus altus; D.b., RBINS R57; D.l., Dysalotosaurus lettowvorbecki; E.c., Eolambia caroljonesa; E.p.,

Eocursor parvus; E.r., Edmontosaurus regalis; Gi.m., Gilmoreosaurus mongoliensis; Go.m., Gobihadros mongoliensis; H.a., Hypacrosaurus

altispinus; Hd.f, Hypsilophodon foxii; H.f., Hypselospinus fittoni; H.g., Haya griva; H.m., Hexinlusaurus multidens; H.s., Hippodraco scuto-

dens; H.t., Huehuecanauhtlus tiquichensis; I.b., Iguanodon bernissartensis; I.m., Istiorachis macarthurae; I.f., Iguanacolossus fortis; I.g.,

Iguanodon galvensis; J.y., Jinzhousaurus yangi; L.a., Lurdusaurus arenatus; L.d., Lesothosaurus diagnosticus; L.m., Lanzhousaurus magni-

dens; M.b., Morelladon beltrani; M.l., Muttaburrasaurus langdoni; N.z., Nanyangosaurus zhugeii; O.m., Orodromeus makelai; O.n., Oura-

nosaurus nigeriensis; P.w., Parasaurolophus walkeri; Pk.w., Parksosaurus warreni; R.p., Rabdodon priscus; T.d., Tenontosaurus dossi; T.i.,

Tethyshadros insularis; T.n., Thescelosaurus neglectus; T.s., Talenkauen santacrucensis; T.si.,Tanius sinensis; T.t., Tenontosaurus tilletti;

U.a., Uteodon aphanoecetes; Z.r., Zalmoxes robustus; Z.s., Zalmoxes shqiperorum; Z.y., Zhanghenglong yangchengensis.
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series, perhaps indicating another taxon with relatively

elongate neural spines. A similar phenomenon is observed

in the broadly contemporaneous (Joeckel et al. 2023) Yel-

low Cat Member of the Cedar Mountain Formation in

Utah, USA. Hippodraco had neural spine lengths pre-

dicted by its ancestral values (Nh/Ch = 2.6), while Igua-

nacolossus appears to have had autapomorphically short

neural spines (Nh/Ch = 1.6, a value lower than the 95%

confidence interval for the ancestral value). Scheetz

et al. (2010) reported bones of a specimen as large as

Iguanodon bernissartensis from the base of the Cedar

Mountain Formation in Utah with dorsal vertebrae with

an Nh/Ch ratio of 5.5, perhaps indicating another taxon

with hyperelongate neural spines. Slightly later in the

Cretaceous, in the Barremian Wessex Formation of the

Isle of Wight, Istiorachis had hyperelongate neural spines

(Nh/Ch = 4.3), Iguanodon appears to have had short

neural spines relative to its ancestral node (Nh/Ch = 2.6),

while Brighstoneus (Nh/Ch = 3.3) and Comptonatus

(Nh/Ch = 2.6) have neural spine lengths predicted by

their ancestral values. The Aptian of Niger also supported

the iguanodontians Ouranosaurus nigeriensis with hypere-

longate neural spines (Taquet 1976) alongside Lurdu-

saurus arenatus with much shorter neural spines (Taquet

& Russell 1999). It is possible that this pattern continued

into the Late Cretaceous, but taxon sampling is currently

too poor, and too few hadrosaurs have been sampled in

this phylogenetic analysis to draw robust conclusions.

Implications for the function of elongate dorsal neural

spines

The generalized and relatively restrained increase in

neural spine height at the base of Ankylopollexia contrasts

with the development of more exaggerated structures in

several iguanodontian taxa, and the reversion to shorter

neural spine lengths in others, indicating that the

F IG . 20 . Log10 transformed bivariate plot of body mass (kg) vs the neural spine to centrum height ratio (Nh/Ch), of iguanodontian

and early diverging ornithischians. The blue line represents the linear regression described by the formula. Abbreviations: For names of

taxa refer to Figure 19.
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function of the neural spines in iguanodontian dinosaurs

may have been pluralistic and complex. Ankylopollexians

represent an important stage in iguanodontian evolution

in which size and body mass was increasing, probably

associated with the adoption of bulk herbivory (Benson

et al. 2014). Maidment & Barrett (2014) identified five

osteological correlates for ornithischian quadrupedality, at

least four of which evolved in a stepwise manner close to

the base of Ankylopollexia, suggesting that quadrupedality

evolved near the base of this group (Poole 2022). This is

also supported by ichnological discoveries of quadrupedal

gait in smaller ornithopod trackways close to the Jurassic–
Cretaceous boundary (P�erez-Lorente et al. 1997; Die-

drich 2004; Hornung et al. 2012; Castanera et al. 2013).

Osteological correlates for quadrupedality are well devel-

oped in hadrosauriforms and hadrosaurids, strongly sug-

gesting that they were quadrupedal (Barrett &

Maidment 2017) or facultatively bipedal, while earlier

diverging taxa may have had variable gaits, probably

being facultative quadrupeds (Dempsey et al. 2023).

Quadrupedality requires a horizontally orientated spinal

column and results in increased bending moments about

the pelvic girdle. Although longitudinally arrayed ossified

tendons on the dorsal neural spines are plesiomorphic for

Ornithischia (Organ 2006), ankylopollexians developed

epaxial ossified tendons arranged in a double (or more)

lattice (Poole 2022). Although the function of ossified

tendons has not been fully resolved, Ostrom (1964) con-

sidered that the primary function of the lattice was to

counteract compressive or tensile stresses, which in igua-

nodontians (then considered mostly bipedal) were maxi-

mal close to the hind limbs, where the bending moments

were greatest. Ostrom (1964) suggested that epaxial ossi-

fied tendons stiffened the vertebral column against buck-

ling under the stresses of large body size. This was named

the ‘postural hogging hypothesis’ by Organ (2006), whose

work on the biomechanics of ossified tendons showed

that a lattice stiffened the spine more efficiently than the

plesiomorphic condition and was used to passively sup-

port the epaxial musculature in maintaining a more hori-

zontally positioned vertebral column. The ossified

tendons functioned to distribute forces in the same way

as the cross-struts of a cantilever bridge, and the taller the

neural spines, assuming the lattice architecture also

became taller, the greater the proportion of the forces

transmitted by the tendons that would be compressive

(Organ 2006), therefore helping to counter the tensile

forces due to postural hogging. Tall neural spines would

also have increased the efficiency of the supraspinous liga-

ment. Alternatively, due to the increased efficiency in

bending moments produced by longer neural spines

(Christian & Preuschoft 1996; Organ 2006), the dinosaur

could reduce the epaxial muscle bulk and therefore its

body mass, which may also have given it an evolutionary

advantage through reducing the need for resources or

increasing running speed.

In many iguanodontians the neural spines tend to be

tallest on the posterior dorsal vertebrae, as in Bactrosaurus

johnsoni (Gilmore 1933), Eolambia caroljonesa (McDonald

et al. 2012), and Tenontosaurus tilletti (Forster 1990),

while in others, such as Iguanodon bernissartensis (Nor-

man 1980) and RBINS R57 (Norman 1986), the differ-

ence is less marked although still evident. In some, the

long neural spines continue over the haunches to include

the sacral and proximal caudal vertebrae; for example,

Bactrosaurus johnsoni (Godefroit et al. 1998), Hypselospi-

nus fittoni (Norman 2015), Brighstoneus simmondsi (Lock-

wood et al. 2021) and Istiorachis macarthurae. These

examples fit the model of the postural hogging hypothesis

and could therefore suggest that elongate neural spines

evolved to help support the body during locomotion as

large body size and quadrupedality evolved.

From an evolutionary perspective, it is not clear why

elongate dorsal neural spines did not appear more often,

if they provided a mechanically efficient solution to the

postural hogging hypothesis by augmenting bending

moments and providing an increased and taller surface

area for ossified epaxial tendons. Throughout the Cret-

aceous the variation in Nh/Ch ratio remained high.

Mature hadrosaurids were almost certainly habitual quad-

rupeds and yet some, such as Edmontosaurus regalis and

Parasaurolophus walkeri, had very low Nh/Ch ratios (1.4

and 1.6, respectively). In these two hadrosaurids, repre-

senting Saurolophinae and Lambeosaurinae, respectively,

the neural spines are quite elongate as demonstrated by

their gracility index (Appendix S1; Fig. S29), and Para-

saurolophus walkeri is usually reconstructed as having

some sort of sail structure along the back. The Nh/Ch

ratio is, to some degree, misleading in these very large

taxa, given that the centra are particularly robust and

anteroposteriorly compressed (Fig. 19), as also seen in

Iguanodon bernissartensis and Barilium dawsoni. This

could be a scaling feature, but a taller centrum would

also increase the bending moment (Christian & Pre-

uschoft 1996), perhaps providing an alternative or sec-

ondary method of coping with the increased compressive

and tensile stresses concomitant with being a quadrupedal

megaherbivore. However, other hadrosaurids of compar-

able mass such as Hypacrosaurus altispinus and Brachylo-

phosaurus canadensis do not appear to have adopted this

approach.

Hyperelongation of neural spines in iguanodontians is

recorded in the Early Cretaceous of Europe, North Amer-

ica and Africa, and the Late Cretaceous of Asia and North

America, occurring in some 10% of the non-hadrosaurid

iguanodontian taxa for which there are data. The spatial

and time separation, together with the ancestral traits cla-

dogram (Fig. 18) show that these were sometimes
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isolated, autapomorphic events. The most exaggerated

hyperelongate dorsal neural spines of Ouranosaurus niger-

iensis and Hypacrosaurus altispinus are tallest in the mid-

dle dorsal vertebrae, where they would have had the least

biomechanical utility, suggesting that in some taxa, an

alternative or pluralistic explanation for their function is

needed. They also shared ecosystems with iguanodontian

taxa that lacked hyperelongate neural spines, again mak-

ing it less likely that they served a vital physiological

function.

Non-mechanical hypotheses for tall neural spines can

be considered in light of our results. Earlier theories of

fat storage can be rejected because neural spines play no

role in camelids (Endo et al. 2000), and the Bison bison

hump has no role in fat storage. While the thermoregula-

tory function of sails remains debated, the appearance of

elongated neural spines occurred at the Jurassic–
Cretaceous boundary (Fig. 18), with subsequent examples

of hyperelongation being rare and not specifically asso-

ciated with Late Cretaceous cooling or the Cretaceous

thermal maximum (Fig. 18; Huber et al. 2018), although

data for the latter are limited. This leaves either sexual

signalling or visual species signalling as the most compel-

ling explanations for neural spine hyperelongation. Given

that characters that are exaggerated beyond practical

function in extant vertebrates are invariably sexually

selected (Thomkins et al. 2010), it seems probable that

sexual selection is the most likely hypothesis for hypere-

longation. Among iguanodontians there is little convin-

cing evidence for sexual dimorphism skeletally, except

perhaps size in Maiasaura peeblesorum (Saitta et al. 2020),

although sexual selection of an exaggerated character

does not necessarily imply that it will be expressed

dimorphically (Knell & Sampson 2011; Hone &

Naish 2013). In the Bernissart collection of some 30 com-

plete individuals of Iguanodon bernissartensis no dimorph-

ism has been identified (Norman 1980; Verd�u

et al. 2017). However, most iguanodontian taxa are repre-

sented by single specimens, and neural spines are often

incomplete, leaving us with insufficient material to assess

whether neural spine height may have played a sexually

dimorphic role in some species. Elongation and hypere-

longation of iguanodontian dorsal neural spines coincided

with increasing taxonomic diversity, and species with dif-

fering neural spine lengths often coexisted in the same

ecosystem. In such cases neural spine elongation may

have contributed to species recognition even if only as a

secondary function. Additionally, tall neural spines could

have made individuals appear larger, which may have

helped to ward off predators or intraspecies rivals

(Fig. 21).

CONCLUSION

In recent years knowledge of the Isle of Wight Wealden

Group dinosaur diversity has increased with the addition

of the iguanodontians Brighstoneus simmondsi (Lockwood

et al. 2021) and Comptonatus chasei (Lockwood et al.

2024), the ornithopod Vectidromeus insularis (Longrich

et al. 2024), the ankylosaurian Vectipelta barretti (Pond

et al. 2023), the dromaeosaurid Vectiraptor greeni (Long-

rich et al. 2022) and the spinosaurids Ceratosuchops infero-

dios and Riparovenator milnerae (Barker et al. 2021),

together with another possible spinosaurine (Barker et al.

2022). Other work on its macro- and microvertebrate

F IG . 21 . Istiorachis chasei gen. et sp. nov. (MIWG 6643). Life restoration. Original artwork by James Brown.
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fossils has resulted in the Wessex Formation having one of

the world’s most taxonomically diverse non-marine Early

Cretaceous vertebrate assemblages (Sweetman 2007, 2008,

2009; Sweetman & Gardner 2012; Penn & Sweetman 2023).

This study describes a new iguanodontian taxon with

hyperelongate neural spines and shows that a general

increase in neural spine height was associated with the ori-

gin of Ankylopollexia at the Jurassic–Cretaceous boundary.
Relative neural spine height in dorsal vertebrae is shown to

be highly variable on a global and local basis. It appears

probable that the function of elongate neural spines was

pluralistic and may have included biomechanical advan-

tage, sexual signalling and interspecies visual signalling.

However, the wide variation in relative neural spine ratios

means that a complete answer for neural spine function in

iguanodontian dinosaurs remains elusive.
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