I.)

Check for
updates

[Papers in Palaeontology, 2020, pp. 1-19]

A HIGHLY PNEUMATIC MIDDLE CRETACEOUS
THEROPOD FROM THE BRITISH LOWER

GREENSAND

by CHRIS T. BARKER"**

, DARREN NAISH?

, CLAIRE E. CLARKIN"3®,

PAUL FARRELL*, GABRIEL HULLMANN?®, JAMES LOCKYER®,

PHILIPP SCHNEIDER?

, ROBIN K. C. WARD’ and NEIL J. GOSTLING!?*

nstitute for Life Sciences, University of Southampton, University Road, Southampton, SO17 1BJ, UK; ctblgl4@soton.ac.uk
“Faculty of Engineering & Physical Sciences, University of Southampton, University Road, Southampton, SO17 1BJ, UK;
3School of Biological Sciences, Faculty of Environment & Life Sciences, University of Southampton, University Road, Southampton, SO17 1BJ, UK;

n.j.gostling@soton.ac.uk

4Binstead, Isle of Wight, PO33 3TE, UK

>Dinosaur Isle Museum, Culver Parade, Sandown, Isle of Wight, PO36 8QA, UK
6Whaplode, Lincolnshire, PE12 6SY, UK

7Broom, Warwickshire, B50 4HL, UK

*Corresponding authors

Typescript received 18 March 2020; accepted in revised form 16 July 2020

Abstract: A series of axial elements from the Aptian Ferrug-
inous Sands Formation of the Lower Greensand Group, dis-
covered on the foreshore near Knock Cliff on the Isle of
Wight, UK are (bar some isolated teeth and fragmentary post-
cranial material from the Cenomanian Cambridge Greensand)
the youngest non-avian theropod remains reported from the
British Mesozoic. These specimens have the potential to shed
light on a poorly known section of the European dinosaur
record. Consistency in size, appearance and adhering matrix
indicates that the vertebrae belong to the same individual. This
was a mid-sized tetanuran, the presence of several diagnostic
characters indicating that it should be recognized as a new
taxon, herein named Vectaerovenator inopinatus. The cervical

and dorsal vertebrae are camerate and highly pneumatic. Teta-
nuran features include opisthocoelous cervicals and pneumatic
foramina located within fossae; however, assigning this speci-
men to a specific clade is problematic. Within Tetanurae, Vec-
taerovenator possesses axial structures and homoplastic
features seen in megalosauroids, carcharodontosaurians and
certain coelurosaurs. Not only is Vectaerovenator one of the
UK’s youngest non-bird dinosaurs, and one of few valid Bri-
tish Greensand taxa, it is also the first diagnosable theropod
taxon to be named from Aptian deposits of Europe.

Key words: Aptian, Cretaceous, pneumaticity, theropod,
vertebra.

WEsTERN Europe has a rich Early Cretaceous dinosaur
record. The majority of British Early Cretaceous dino-
saurs are from the Wealden Supergroup (Berriasian to
lower Aptian) (Martill & Naish 2001; Naish & Martill
2007; Naish & Martill 2008; Sweetman & Insole 2010),
exposures of which crop out on the southern coasts of
the Isle of Wight and East Sussex. Wealden dinosaur fos-
sils mostly come from floodplain and flood channel
deposits, and only those in the Vectis Formation (Bar-
remian to lower Aptian) come from strata with an obvi-
ous marine contribution. The Early Cretaceous dinosaurs
represented by these fossils include tetanuran theropods
of several lineages, rebbachisaurid and titanosauriform
sauropods, ankylosaurs and ornithopods (Martill & Naish
2001; Naish & Martill 2007; Lomax & Tamura 2014).

© 2020 The Authors.

Among theropods, baryonychines are known from iso-
lated teeth and the holotype of Baryonyx walkeri (Charig
& Milner 1997); Neovenator salerii represents carcharo-
dontosaurian allosauroids (Brusatte et al. 2008); and there
are fragments that may belong to noasaurids (Naish
2011) and early diverging tetanurans (Benson et al. 2009);
coelurosaurs include the probable compsognathid Aristo-
suchus pusillus, the tyrannosauroid Eotyrannus lengi and
fragmentary remains belonging to dromaeosaurids and
perhaps other maniraptoran groups (Hutt et al. 2001;
Naish et al. 2001; Sweetman 2004; Naish & Martill 2007;
Naish 2011; Naish & Sweetman 2011).

Of those British Cretaceous units overlying the Weal-
den, the lower Aptian to lower Albian Lower Greensand
and middle-late Albian to lower Cenomanian Upper
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Greensand formations have yielded dinosaurs, while the
chalk (a wholly marine deposit) preserves fragmentary
and dubious ornithischian remains (Naish & Martill
2008; Lomax & Tamura 2014). In contrast to the Weal-
den, the Greensand has yielded few dinosaur specimens
and low taxonomic diversity. Fragmentary remains and
isolated teeth referred to Iguanodon, Polacanthus and a
putative brachiosaurid sauropod have been recovered
from the Lower Greensand of the Isle of Wight (Blows
1998), as has the famous ‘Mantel-piece’ iguanodontian,
today referred to Mantellisaurus, from Kent (Naish &
Martill 2008). Teeth assigned to indeterminate theropods
are also known from the Lower Greensand of Dorset
(Barrett et al. 2010). Meanwhile, the Upper Greensand
has yielded indeterminate sauropod remains from the Isle
of Wight (Wilson & Upchurch 2003), nodosaurid remains
from Folkestone (Naish & Martill 2007), and indetermi-
nate theropod teeth from Charmouth (Barrett et al.
2010).

These units represent generally shallow marine deposi-
tional environments, and the paucity of dinosaur mate-
rial known from them probably reflects the overall lack
of terrestrial strata deposited around this time (Buffetaut
& Nori 2012; Krumenacker et al. 2017). Diagnostic
Aptian dinosaur material is rare in the European fossil
record as a whole, probably due to a return to marine
conditions following the early Aptian transgression (Hop-
son 2011). Non-bird dinosaur remains are considered
uncommon in marine sediments (Pasch & May 1997),
and are often fragmentary (Farke & Phillips 2017),
although their rarity may reflect a collection bias in some
localities (Horner 1979). Several mechanisms have been
suggested for the allochthonous or parautochthonous
presence of dinosaurs in marine sediments (Benton et al.
1995), including the passive drifting of carcasses out to
sea from river systems, the exploitation of marine envi-
ronments as a source of food, or predation by marine
vertebrates using hunting strategies akin to modern
crocodilians or orcas.

Despite rarity overall, members of all major dinosaur-
ian groups are known from marine rocks (Horner 1979;
Bartholomai & Molnar 1981; Pasch & May 1997; Martill
et al. 2000; Pereda-Suberbiola et al. 2015; Brown et al.
2017; Longrich et al. 2017; although marginocephalians
are notably scarce: Farke & Phillips 2017) and some mar-
ine sediments, such as those of the Middle and Upper
Jurassic of England (Benton ef al. 1995; Martill et al.
2006), are well known sources of dinosaur material.
Members of some non-bird dinosaur groups (in particu-
lar nodosaurids and hadrosaurids) show a significant
association with marine palaeoenvironments, and their
representation in these deposits is perhaps linked to a
preference for fluvial and/or coastal habitats (Butler &
Barrett 2008).

Nevertheless, no theropod type specimens are known
from the Aptian of Europe, although fragmentary body
fossils of spinosaurids, allosauroids, maniraptoriforms and
other indeterminate theropods have been reported (Per-
eda-Suberbiola ef al. 2012). Here, we report the fragmen-
tary remains of a new Aptian tetanuran from the Lower
Greensand of Knock Cliff on the Isle of Wight, which we
diagnose and name. This species possesses a mix of fea-
tures seen elsewhere within Tetanurae, notably in mem-
bers of Allosauroidea, Megalosauroidea and Megaraptora
(a controversial group regarded by some workers as part
of Allosauroidea, and by others as part of Coelurosauria
and perhaps Tyrannosauroidea). However, the presence
of probable homoplastic character states renders its posi-
tion within Tetanurae uncertain, pending the discovery of
further material.

The Knock Cliff theropod is therefore significant in
being the first diagnosable non-avian theropod from the
Greensand, while also being the youngest named non-
avian theropod yet reported from the British fossil record
and the first diagnosable Aptian theropod taxon from
Europe. As described below, it possesses a complex degree
of pneumatization, some detailed aspects of which are
unlike those reported elsewhere within Theropoda. Our
aim in this work is to describe and diagnose the remains
of this new taxon, to identify its vertebrae to specific
anatomical location, and to evaluate the new taxon’s phy-
logenetic position.

Institutional abbreviation. IWCMS, Dinosaur Isle Museum (Isle
of Wight County Museum Service), Sandown, Isle of Wight,
UK.

GEOLOGICAL SETTING

The specimens described here were recovered on the fore-
shore at Knock Cliff (Fig. 1A), between Shanklin and
Luccombe, Isle of Wight, as three independent sets of
remains over a period of several months: the more an-
terior dorsal and caudal vertebrae were collected in tan-
dem, while the cervical and more posterior dorsal were
recovered as singular elements (Fig. 2). All were surface
finds, discovered with adhering glauconitic sandstone
matrix.

The succession at Knock Cliff is formed of the three
strata of the Lower Greensand Group: the uppermost
members of the Ferruginous Sands Formation (late
Aptian in age; Ruffell et al. 2002), the Sandrock Forma-
tion (age undetermined), and the Monk’s Bay Sand-
stone Formation (Albian in age; Ruffell et al. 2002; Gale
2019). The last of these can be discounted as a source
for the fossils because sediment from this formation is
gritty and dark brown; furthermore, vertebrate fossils
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FIG. 1. Locality map of the new theropod taxon and stratigraphy of the Ferruginous Sands formation at Knock Cliff, Isle of Wight
(UK). A, map of the Isle of Wight (inset) and photograph of Knock Cliff at Shanklin (credit: Trudie Wilson), where the specimens
were collected. B, stratigraphy of Knock Cliff, focusing on the Ferruginous Sands Formation; black triangle indicates Horse Ledge;
white triangle indicates the location of the ‘pebble bed’. Based on Ruffell et al. (2002), Young et al. (2014) and Gale (2019). Scale bar
represents 10 km.

FIG. 2. Silhouette of Vectaerovenator showing the approximate position of the vertebral elements (see description for further discus-
sion). Elements not to scale.

remain unreported (Young et al. 2014). The Sandrock (Gale 2019). This renders the relatively fossiliferous Fer-
formation can also be discounted based on the fine- ruginous Sands Formation as the most plausible prove-
grained, yellow and white sands that form its strata  nance. This is supported by the sedimentology of the
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matrix surrounding the specimens, as discussed further
below.

Eleven informal (=‘local’; Rawson 2006) ‘members’
(units) have been identified within the Ferruginous
Sands Formation (Insole et al. 1998; Hopson et al.
2008). Those exposed at Shanklin form its uppermost
members, and include the Old Walpen Chine (XII)
Member, the New Walpen Chine (XIII) Member and
the unnamed Member XIV (Ruffell et al. 2002; Young
et al. 2014). All are late Aptian in age. The glauconitic,
fine to medium-grained sandstone matrix adhering to
the vertebrae matches that of the New Walpen (XIII)
Member (Insole et al. 1998; Fig. 1B). Specifically, the
material may originate from the ‘Urchin bed’, located
on top of Horse Ledge (Ruffell et al. 2002), of the sub-
articum subzone within this member (M. I. Simpson,
pers. comm.) Moreover, it is unlike the dark, pebbly
clays that mark the base of Member XIII, or the more
argillaceous and pyritic greensands of Member XIV
above (White 1921; Ruffell et al. 2002; Gale 2019). In
addition, longshore drift trends from south-west to
north-east at Sandown Bay, making transport of the fos-
sils from the nearest Wealden beds at Yaverland unli-
kely, and there are no indications that they might
represent reworked or transported material from the
underlying Wessex or Vectis Formations.

The Lower Greensand Group was deposited in shallow
marine and possibly estuarine environments following
the major Aptian marine transgression (Insole et al
1998; Rawson 2006). Specifically, the majority of the
Ferruginous Sands Formation, and thus the New Walpen
(XIII) Member, is regarded as consisting of shallow mar-
ine shelf deposits (Insole ef al. 1998). Dinosaur remains
are very rare in these deposits, the material reported
here all shares the same matrix, and the substantial
pneumaticity and thus fragile nature of the material
make it unlikely that the remains of several individuals
have been rolling around on the beach for any length of
time prior to recovery. We therefore consider it likely
that the remains described here belong to the same indi-
vidual.

METHOD AND TERMINOLOGY

Measurements were recorded in millimetres using digital
callipers and the results rounded to one decimal place
(Tables 1, 2). Nomenclature of vertebral fossae and lami-
nae follows Wilson et al. (2011). Positioning within the
axial series follows the suggestions of Evers et al. (2015),
who identified potentially useful anatomical traits to help
position isolated material.

SYSTEMATIC PALAEONTOLOGY

DINOSAURIA Owen, 1842
THEROPODA Marsh, 1881
TETANURAE Gauthier, 1986
INCERTAE SEDIS

Genus VECTAEROVENATOR nov.

LSID. urn:lsid:zoobank.org:act:316560EA-1314-4413-8C55-
2D4E0BD6A204

Derivation of name. Vectis (Latin): referring to the discovery of
this new taxon on the Isle of Wight; aero (Greek): ‘air’, referring
to its high degree of skeletal pneumaticity; -venator (Latin):
meaning hunter. We imagine the name to be pronounced ‘vect-
air-oh-ven-ah-tor’.

Type species. Vectaerovenator inopinatus sp. nov.

Diagnosis. As for type and only species.

Vectaerovenator inopinatus sp. nov.
Figures 2-7

LSID. urn:lsid:zoobank.org:act:E88CFD45-34CF-4C47-BC31-
FADC7AE483E9

Derivation of name. inopinatus (Latin): ‘unexpected’, referring to
its surprise discovery in the notably dinosaur-poor Lower Green-
sand strata of the Isle of Wight. The name thus translates as ‘un-
expected Isle of Wight air-filled hunter’.

Holotype. TWCMS 2020.407, 2019.84, 2020.400.

Diagnosis. Tetanuran theropod diagnosed by: conspicuous lat-
eral furrow between the lateral margin of the postzygapophysis
and prezygoepipophyseal lamina in cervical vertebrae; convex
spinoprezygapophyseal laminae in anterior cervical vertebra;
curved lamina bisecting the postzygocentrodiapophyseal fossa;
external extension of the air sac ventral to the parapophysis of
anterior dorsal vertebra; complex partitioning of the anterior-
most dorsal pneumatic foramen into several internal pneumatic
features; anterior articular facet of anterior dorsal vertebrae
wider than centrum such that vertebra is T-shaped in dorsal or
ventral view; shallow fossae lateral to the base of the postzy-
gapophyses in mid caudal vertebrae.

Type locality and horizon. Knock Cliff, Isle of White, UK. Upper
Aptian, Lower Greensand, Ferruginous Sands Formation, Mem-
ber XIII, Parahoplites nutfieldensis Zone (possibly Tropaeum sub-
arcticum subzone; Fig. 1A).



BARKER ET AL.: A BRITISH MIDDLE CRETACEOUS THEROPOD 5

TABLE 1. Measurements (in mm) of IWCMS 2020.407, 2019.84 and 2020.400.

Cervical (IWCMS Dorsal (IWCMS

Dorsal (IWCMS Caudal (IWCMS

2020.407) 2019.84) 2020.400) 2019.84)

AP length of centrum (from laterodorsal 54.7 52 52.3 77.7

extremities of anterior and posterior articular

surfaces)
DV height of anterior articular surface 36.4 60.1 59.5 47.4
ML width of anterior articular surface 51.4 64.1 66.2 41.5
ML width across parapophyses 59.8 69.3 77.9 -
DV height of posterior articular surface 44.9 41.4 (incomplete)  61.6 48 (inc. chevron facet)
ML width of posterior articular surface 54.7 59.2 57.4 (incomplete) 40.8
DV height of anterior neural canal 15.7 23 21.9 13.9
ML width of anterior neural canal 17.7 22.7 19.8 13.1
DV height of posterior neural canal 12.5 20.8 20.5 13.3
ML width of posterior neural canal 19.2 18.4 18.3 13.5
ML width across prezygapophyses 72.2 (incomplete) n/a n/a n/a
ML width across postzygapophyses 74.1 n/a n/a n/a
Length of neural arch from anterior end of 80.7 n/a n/a n/a

prezygapophyses to posterior end of

postzygapophyses

AP, anteroposterior; DV, dorsoventral; ML, mediolateral.

Description

Cervical vertebrae and rib. Three components of the cervical ser-
ies are known for Vectaerovenator: a well preserved cervical ver-
tebra lacking some or most of the neural spine; left
prezygapophysis, diapophysis and epipophysis (the right
epipophysis and lateral margin of the posterior articular surface
are also damaged), an associated cervical rib, and a portion of a
second cervical vertebra represented only by a prezygapophysis
(IWCMS 2020.407, Fig. 3A, B). We here describe each of these
elements in turn bar the second prezygapophyseal fragment,
which offers little additional insight.

The more complete cervical vertebra is mid-sized for a non-
avian theropod, with a total centrum length of 54.7 mm. The
neurocentral sutures are still visible externally. The centrum is
opisthocoelous: its posterior articular facet is markedly concave
yet the anterior articular facet is only incipiently convex. The
anterior facet is anteroposteriorly thickest dorsally, such that the
anterior facet margin trends posteroventrally in lateral view. The
anterior facet is dorsoventrally shorter than the posterior

TABLE 2. Measurements (in mm) of IWCMS 2020.407 rib

IWCMS 2020.407 rib

DV height of anterior rib surface 33.3

ML width of anterior rib surface 23.5

AP length of cervical rib 87.4 (incomplete)
ML width of capitulum 12.9

AP length of capitulum 18.7

ML width of tuberculum 12

AP length of tuberculum 16.9

AP, anteroposterior; DV, dorsoventral; ML, mediolateral.

articular facet, but their dorsal margins are at the same horizon-
tal level. Both surfaces are wider than tall, and punctate, unlike
the smooth cortical bone covering most of the specimen. The
anterior articular surface is generally ellipsoidal, but the neural
canal marginally excavates its dorsal margin (Fig. 3C). The pos-
terior articular surface has a straight dorsal margin and is wider
than the anterior articular surface (Fig. 3D). The ventral surface
of the centrum is convex and lacks a keel, and minor mediolat-
eral constriction of the centrum can be clearly noted (Fig. 3E).
Anteriorly, this surface possesses irregular radial grooves between
the parapophyses, the median of which extend posteriorly to the
ventral midpoint of the centrum.

The parapophyses are small and located just ventral to the cen-
trum’s midline; they project laterally only slightly. They possess a
flat, punctate lateral surface. An elongate, anterodorsal-pos-
teroventral trending pneumatic fossa excavates the centrum pos-
terodorsal to each parapophysis, the left posterodorsal margin of
which is marked by a poorly developed lamina. A rounded pneu-
matic foramen is present anteriorly within each fossa, and pene-
trates the anterior and medial regions of the centrum. The
entrance of the left foramen, the largest of the two, measures
15.7 mm dorsoventrally and 15.1 mm mediolaterally. Together,
the fossa and foramen form a pneumatic feature that spans much
of the centrum’s length. Internally, the foramen is incompletely
divided by a low, anteriorly tapering septum, such that a shallow
ventral portion lateral to the septum excavates the medial surface
of the parapophysis while a larger, mediodorsal portion opens
into a substantial chamber within the centrum (Figs 3A, 4A).

The incomplete neural arch is tall and highly pneumatic. The
broken left prezygapophysis reveals a matrix-infilled hollow. The
complete right prezygapophysis projects anteriorly from the base
of the neural arch, and only just extends past the anterior articu-
lar surface of the centrum. Its inclined facet is flat and ovate,
and faces dorsomedially. Its long axis is almost perpendicular to



6 PAPERS IN PALAEONTOLOGY

FIG. 3. Cervical vertebrae (IWCMS 2020.407), in: A, left lateral; B, right lateral; C, anterior; D, posterolateral; E, ventral; F, dorsal
view. Abbreviations: alp, anterolateral process of cervical rib; ¢, centrum; ca, capitulum; cam, camera; cprf, centroprezygapophyseal
fossa; cr, cervical rib; dp, diapophysis; ep, epipophysis; f, furrow; hyp, hyposphene-like lamina; ils, interspinous ligament scar; nc, neu-
ral canal; ncs, neurocentral suture; pfr, pneumatic foramen; pfs, pneumatic fossa; pocdf, postzygocentrodiapophyseal fossa; pp, para-
pophysis; ppr, posterior process of cervical rib; prdl, prezygodiapophyseal lamina; prel, prezygoepipophyseal lamina; prz,
prezygapophysis; pz, postzygapophysis; spof, spinopostzygapophyseal fossa; spol, spinopostzygapophyseal lamina; sprf, spinoprezy-
gapophyseal fossa; sprl, spinopostzygapophyseal lamina; tb, tuberculum; tprl, intraprezygapophyseal lamina. Scale bars represent 1 cm.

the long axis of the neural arch. A small medial projection of
the prezygapophyseal facet is visible in dorsal view (Fig. 3F). In
lateral view, the pedicle of the right prezygapophysis has a
crenulated cortical bone texture. The anterior surface of this
pedicle is perforate by a small, presumably vascular foramen just
above the diapophysis.

Anteriorly, the neural canal is vaguely heart-shaped, with a
subtly concave dorsal margin (Fig. 3C). A poorly developed cen-
troprezygapophyseal fossa is present laterodorsal to the neural
canal, and is best preserved ventral to the complete right

prezygapophysis. The intraprezygapophyseal laminae are short
due to the close proximity of the prezygapophysis, and have
incurred slight damage at their midpoint. The margins of the
spinoprezygapophyseal laminae are rounded (i.e. not sharp
ridges) and do not contact the prezygapophyseal facets anteri-
orly. They are prominently convex in lateral view. These laminae
delineate an anteriorly diamond-shaped spinoprezygapophyseal
fossa. A narrow, rugose prespinal ligamentous attachment site
medially bisects this fossa. The right ventral margin of the liga-
mentous attachment site contacts a small pneumatic foramen
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FIG. 4. A, details of the pneu-
matic features of IWCMS 2020.407,
in posterolateral view. B, details of
the articular facets and pneumaticity
of the associated cervical rib, in
anterior view. Dotted lines delineate
entrances to pneumatic features.
Abbreviations: alp, anterolateral pro-
cess of cervical rib; ca, capitulum;
cam: camera; ep, epipophysis; 1,
lamina; pfr, pneumatic foramen;
pfs, pneumatic fossa; pocdf, postzy-
gocentrodiapophyseal fossa; pz,
postzygapophysis; s, septum; tb,
tuberculum. Scale bars represent

1 cm.

that is not mirrored on the left-hand side. The right prezy-
gapophysis is connected to the right epipophysis by a pro-
nounced prezygoepipophyseal lamina. This is slightly concave in
lateral and dorsal view and possesses a sharp margin. The elon-
gate right epipophysis is abraded, projecting posterodorsally and
tapering dorsally.

The complete right diapophysis projects posteroventrally and
is located ventral to the neurocentral suture. It is mediolaterally
compressed and slightly abraded at its ventral end (Fig. 3B). In
lateral view, the prezygodiapophyseal projects
anterodorsally from the diapophysis while the postzygodi-
apophyseal lamina is subvertical. Consequently, the generally

lamina

ventrally projecting diapophysis has a triangular outline. In
anterior view, the prezygodiapophyseal lamina is slightly con-
cave laterally. The anterior and posterior centrodiapophyseal
laminae are very weakly developed. The exposed left postzygo-
centrodiapophyseal fossa is deep and contains three internal
pneumatic features: two visible camerae and a pneumatic fora-
men (Fig. 4A). The medial camera is the largest and excavates
the neural arch medially. It is separated from the smaller lat-
eral camera by a thin, anteriorly curved lamina. The lateral
camera probably excavates the left pedicle of the prezygapoph-
ysis, and may connect to the aforementioned hollow made visi-
ble by the loss of the left prezygapophyseal facet. The posterior
foramen excavates the thin left ventral wall of the spinopostzy-
gapophyseal fossa, such that the latter communicates with the
postzygocentrodiapophyseal fossa. This latter condition is not
mirrored on the right side.

Posteriorly, the complete right postzygapophyseal facet is flat
and somewhat inclined (Fig. 3D). It possesses a subtriangular
outline that tapers medially. A strongly projecting, convex lateral
margin, running almost parallel to the prezygoepipophyseal lam-
ina, demarcates the ventral border of a lateral furrow leading to
the long, thin epipophysis (Fig. 3B). We are not aware of such a

prominently demarcated furrow elsewhere within Theropoda
and hence regard this as an autapomorphy. The postzygapophy-
ses border a deep, roughly rhomboidal spinopostzygapophyseal
fossa. This fossa is bisected medially by a rugose triangle of
bone, the postspinal ligamentous attachment site. The spino-
postzygapophyseal laminae are thick, with rounded margins. The
thinner intrapostzygapophyseal laminae curve ventrally and meet
medially as a broad, U-shaped hyposphene-like structure. This
latter structure overhangs the neural canal, which is horizontally
oval in shape. The exposed cross-section of the anteroposteriorly
short, posteriorly placed and posterodorsally projecting neural
spine is triangular. Two small pneumatic chambers suggest that
the spine was also pneumatic, perhaps communicating with one
of the aforementioned pneumatic foramina excavating the
postzygocentrodiapophyseal fossa.

The cervical vertebrae are associated with a well-preserved
right cervical rib (Fig. 4B). Its medial surface is obscured by
matrix, and whether it belonged to the more complete vertebra
is uncertain. However, the distances between the articular sur-
faces of the rib are roughly equivalent to the distance between
the right diapophysis and parapophysis. The anterolateral pro-
cess of the cervical rib is poorly developed. The posterior process
is anteriorly convex, flattens posteriorly, and barely tapers along
its preserved length. A sharp ridge extends posteriorly to form
the ventral margin of the rib, separating the lateral and ventral
surfaces. A large pneumatic fossa is present on the rib’s anterior
surface, which measures 9.9 mm dorsoventrally and 11.6 mm
mediolaterally (Fig. 4H). The pneumatic fossa houses two pneu-
matic foramina, the larger and more ventrally placed of which is
separated by a thin lamina from its substantially smaller dorsal
neighbour. The larger foramen is further bisected internally, with
a deeply inset lamina separating it into medial and lateral por-
tions. In medial view the tuberculum facet is subtriangular in
shape, whereas the capitulum is ovate. Both lie in the same
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acdl

pfr

ncs

FIG. 5. Anterior dorsal vertebra (IWCMS 2019.84) in: A, left lateral; B, anterior; C, posterior; D, dorsal; and E, right lateral view.
F, detail of the pneumatic features of the centrum in left posterolateroventral view. Abbreviations: acdl, anterior centrodiapophyseal
lamina; acc, accessory centrodiapophyseal lamina; ¢, centrum; cam, camera; cdf, centrodiapophyseal fossa; ifs: internal pneumatic fossa;
1, lamina; nc, neural canal; ncs, neurocentral suture; pedl, posterior centrodiapophyseal lamina; pfr, pneumatic foramen; pfs, pneumatic

fossa; pp, parapophysis; sprf, spinoprezygapophyseal fossa; su, sulcus. Scale bars represent 1 cm.

plane relative to one another and are separated by 6.7 mm of
bone.

Dorsal vertebrae. Dorsal vertebra IWCMS 2019.84 lacks the pos-
teroventral portion of the centrum and most components of the
neural arch (Fig. 5A-C, E). The centrum is anteroposteriorly
short; its anterior articular facet is complete, and taller than the

centrum’s length (Fig. 5A, B). The margins of the articular facets
are eroded and have a punctate bone texture. At the dorsal mid-
line, the margin of the anterior articular facet is concave, but
rounded elsewhere (Fig. 5B). The mediodorsal section of the
anterior articular facet possesses a cambered portion that flattens
out ventrally and laterally. A portion of bone on the left side is
missing, revealing a matrix-infilled hole that penetrates the
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centrum and communicates with a pneumatic chamber posteri-
orly. The incomplete posterior articular facet is concave and
reniform in outline (Fig. 5C). It is narrower than its anterior
counterpart, rendering both pneumatic foramina visible in pos-
terior view. Both facets are parallel and their dorsal margins are
in line with one another. The neural canal excavates the dorsal
surface of the centrum, forming a recessed area delimited later-
ally by the base of the neural arch. The anterior recess is medio-
laterally narrow relative to the posterior excavation.

Laterally, the centrum contacts the neural arch via a medially
constricted, inverted V-shaped neurocentral suture. The most
prominent features of the centrum’s lateral surfaces are the exten-
sive, elongate pneumatic fossae, which occupy much of the cen-
trum’s length and are demarcated dorsally and ventrally by thick,
subparallel laminae, the latter of which extends posteriorly from
the parapophysis. Both of these laminae are gently concave in
coronal view. Single, bilateral pneumatic foramina excavate the
centrum dorsal to the flat parapophyses: the latter are situated
anteroventrolaterally, roughly midway between the anteriormost
end of the neurocentral suture and the ventral margin of the ante-
rior articular facet. The pneumatic foramina are large and some-
what ovate, the left-hand one of which measures 19 mm
dorsoventrally and 24.3 mm mediolaterally, and both are divided
into three, sequentially organized internal pneumatic features
(Fig. 5F). These internal features present as two medially posi-
tioned camerae that are bordered laterally by a shallow internal
fossa. The medial-most camera is anteroposteriorly elongate and
penetrates the medial centrum body. It is separated from its more
dorsoventrally oriented lateral neighbour by a thin lamina. The
shallow fossa that borders both camerae is variably indented
depending on the side examined: the left internal fossa possesses
several indentations relative to the smoother right-hand equiva-
lent, which probably represent small outpocketings of the air sac
system. Both excavate the mediodorsal surface of the parapophysis
and the anterodorsal and anterior portion of the centrum (behind
the rim of the anterior articular surface).

As noted above, the posteroventral portion of the centrum is
absent, leaving behind a large, matrix-infilled hollow. The ven-
tral surface of the centrum is pinched but fails to produce a sub-
stantial keel or ridge.

The extensively pneumatic neural arch is very eroded and is
missing its zygapophyses, both transverse processes and the neu-
ral spine (Fig. 5E). Camerae and internal septa are visible
throughout. In anterior view, the neural canal is slightly wider
than it is tall, and the mediodorsal margin of the canal becomes
concave. Immediately dorsal to this, a shallow, medially placed
recess is present and is interpreted here as the remains of a
spinoprezygapophyseal fossa. Posteriorly, the neural canal is tal-
ler than wide, and has a straight dorsal margin.

Laterally, and ventral to the incomplete left diapophysis, a tri-
angular centrodiapophyseal fossa is demarcated anteriorly by the
vertically oriented anterior centrodiapophyseal lamina and an
anterodorsally inclined posterior centrodiapophyseal lamina. In
its ventral part, the left fossa contains two pneumatic foramina,
a configuration that is not mirrored on the element’s right side.
Instead, the right posterior centrodiapophyseal lamina possesses
an accessory lamina that projects anteroventrally to delimit a
small fossa (Fig. 5E). This fossa is perforated by a pinhole-like

foramen that communicates with a large internal hollow, made
visible by the loss of the right diapophysis. Internally, a lamina
bisects the hollow into anteroventral and posterior camerae.

A second dorsal vertebra (IWCMS 2020.400) has a complete
and well-preserved centrum missing only the right margin of the
posterior articular surface (Fig. 6). Only the base of the neural
arch is present; all of the more dorsal structures are absent.

The centrum is anteroposteriorly short, possessing articular
surfaces that are taller relative to centrum length (Fig. 6A—C). In
coronal view, the mediolaterally broad anterior surface, com-
bined with the weakly constricted midsection and mediolaterally
narrower posterior articular surface, gives the element a roughly
T-shaped appearance (Fig. 6D, E). Thanks to this configuration,
the pneumatic fossae and lateral margins of the anterior articular
surface are visible in posterior view (Fig. 6B).

The anterior articular facet is subcircular but for a straight
section present along the dorsal midline (Fig. 6A). The articular
face is flat, bar a subtle mediodorsal convexity. The shallowly
concave posterior articular facet is taller than wide, again with a
straight edge along its dorsal margin (Fig. 6B). The preserved
left lateral margin is convex before descending steeply to the
ventral midpoint. The neural canal excavates the dorsal surface
of the centrum. However, in contrast to the other dorsal verte-
bra, the canal barely excavates the dorsal margin of the posterior
articular facet.

The parapophyses project weakly laterally from the margins
of the anterior articular surface, and are bisected by the neuro-
central sutures. The better-preserved left parapophysis shows
that these structures were dorsoventrally tall (Fig. 6C). The cen-
trum-bound portion of the left parapophysis extends posteriorly
to form the anterolateral wall of the pneumatic foramen. It has
a concave lateral margin in anterior view, compared with the
flatter right-hand element. The left parapophysis narrows dor-
sally, and the section that extends onto the neural arch has a
shallowly concave lateral surface. The ventral margin of the cen-
trum is concave in lateral view and pinched in transverse sec-
tion, forming a small, ventrally rounded median ridge (Fig. 6E,
F). Anteroposteriorly short radial grooves ornament the median
anteroventral surface of the centrum.

The bilateral, elongate pneumatic fossae excavate much of the
posterodorsal lateral surface and their single anterior foramina deep-
ly penetrate the anterior centrum body. These fossae are demarcated
dorsally by a small lamina just ventral to the neurocentral suture.
The left foramen opens medially and ventrally into the centrum
where it splits into four further pneumatic features: three camerae
and an internal pneumatic fossa (Fig. 6G). The three camerae are
separated from one another by two thin laminae; two camerae exca-
vate the medial centrum body, while a third excavates the centrum
ventrally. The shallow, laterally placed internal fossa borders the
camerae and excavates the medial wall of the parapophysis and
anterodorsal corner of the centrum. Ventral to the parapophyses,
shallow, anteroventral-posterodorsal trending sulci communicate
with the large pneumatic fossae that excavate the laterodorsal cen-
trum surface. These sulci suggest an external lateroventral expansion
of the pneumatic features. The neural arch is incomplete and
eroded, revealing a camerate internal structure. The camerae are
broadly symmetrical in dorsal view; an anterior pair excavates the
prezygapophyseal pedicles and dorsal part of the parapophysis, the
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A

FIG. 6. Anterior dorsal vertebra (IWCMS 2020.400) in: A, anterior; B, posterior; C, left lateral; D, dorsal; E, ventral view. F, details
of the pneumatic fossa in right posterolateroventral view. G, detail of the pneumatic features of the centrum in left posterolateral view
(credit: Alex Peaker). Abbreviations: ¢, centrum; cam, camera; ifs: internal pneumatic fossa; nc, neural canal; ncs, neurocentral suture;
pedl, posterior centrodiapophyseal lamina; mr, median ridge; pfr, pneumatic foramen; pfs, pneumatic fossa; pp, parapophysis; ppdl,

paradiapophyseal lamina; su, sulcus. Scale bars represent 1 cm.

left side of which is bisected by an internal lamina; while two
dorsoventrally deep camerae excavate the neural arch medially to
the centrodiapophyseal fossae (Fig. 6D). The mid-section of the
neural arch is constricted, such that the neurocentral suture is V-
shaped in coronal view. A shallow, subtriangular centrodiapophyseal
fossa is present, dorsal to the neurocentral suture. The neural canal

is tall and relatively broad, and as previously stated excavates the
dorsal margin of the centrum.

Caudal vertebra. A single caudal vertebra (IWCMS 2019.84) is a
heavier, more robust element than the others described above
(Fig. 7). Its centrum is complete and well-preserved; the neural
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arch is missing its zygapophyses, neural spine, and lateral ends
of the transverse processes. Erosion of the rims of the articular
surfaces, and loss of the aforementioned neural arch structures
has exposed the interior trabeculae. The neurocentral suture is
visible and has a somewhat irregular, sinusoidal shape.

The centrum is anteroposteriorly elongate and almost 1.7 times
its height (Fig. 7A); its articular surfaces are shallowly concave
and taller than wide (Fig. 7B, C). The dorsal margins of the articu-
lar surfaces are straight. The anterior articular surface shows slight
transverse expansion across its midpoint. The posterior articular
surface is more rounded and a chevron facet is present. Some
damage, however, has occurred to the left side of the articular sur-
face just dorsal to the facet. Minor mediolateral constriction is
present along the middle portion of the centrum, such that the
articular facets are wider. In lateral view, the dorsal portion of the
centrum bears a shallow pleurocentral depression that occupies
nearly the entire dorsal width of the centrum. Ventrally, the cen-
trum has a somewhat pinched, featureless underside.

The neural arch roofs a generally subcircular neural canal
whose ventral margins also excavate the dorsal surface of the
centrum. The left spinoprezygodiapophyseal lamina is present,
delimiting a small yet deep spinoprezygapophyseal fossa that
extends posteriorly beneath the anterior portion of the neural
arch (Fig. 7B, D). A low, thin prespinal lamina roofs the fossa
and extends posteriorly to the abraded base of the neural spine.
The diapophyses are dorsoventrally flat and hemispherical in
dorsal view due to the erosion of their lateral tips.

Ventral to the diapophyses, the remnants of the anterior and
posterior centrodiapophyseal laminae are perceptible as subtle
ridges, whose ventral ends do not reach the centrum (Fig. 7A).
These delineate a poorly developed centrodiapophyseal fossa.
The postzygapophyses are missing except for their bases, the lat-
eral surfaces of which are concave. These depressions are
bounded dorsally by the postzygodiapophyseal laminae and
anteroventrally by accessory laminae (Fig. 7C). These resemble
centropostzygapophyseal fossae, but they are not bound laterally
by centropostzygapophyseal lamina, and are thus unnamed for
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the sake of brevity. The postzygapophyseal bases, along with the
abraded spinopostzygapophyseal laminae, delimit a narrow, oval
spinopostzygapophyseal fossa.

Remarks

The anteroventral position of the parapophysis and presence of
epipophyses indicate that the more complete vertebra of
IWCMS 2020.407 belongs to the cervical series. The ventrolat-
erally projecting diapophyses and anteroventral inclination of
the anterior articular facet are present in the anterior cervicals
of several other theropods. The absence of a ventral keel (typi-
cally present in more posterior cervical vertebrae) supports its
position in the anterior to middle part of the cervical series.
Typically, cervical vertebrae VI-IX are longest in Neotheropoda
(Holtz 2000), although comparisons are difficult owing to the
lack of additional cervical elements. The capitulum and tuber-
culum are closely spaced, their articular facets lying in the
same plane. In contrast, the articular facets of posterior cervical
ribs are widely separated, although they do also lie in the same
plane (Dai et al. 2020). The proximity of the rib to the more
complete cervical vertebra indicates that it pertains to this bone
or an adjacent vertebra, and indeed its detailed anatomy
appears inconsistent with a more posterior position. Based on
comparisons with Allosaurus (Madsen 1976), this vertebra is
most similar to cervical III in the relative distance between the
diapophysis and parapophysis (which increases posteriorly),
and in the anterior projection of the prezygapophysis (which
projects further anteriorly in the mid-series and sits atop taller
pedicles in the posterior elements; Chokchaloemwong et al.
2019). All neurocentral sutures in this specimen are open, con-
sistent with putative measures of relative morphological imma-
turity (Brochu 1996; a trait that can be extended to the other
recovered axial elements).

Presacral vertebra IWCMS 2019.84 could either be a posterior
cervical or anterior dorsal. The parapophyses are restricted to

ch

FIG. 7. Mid-caudal vertebra (IWCMS 2019.84) in: A, right lateral; B, anterior; C, posterior; D, dorsal view. Abbreviations: c, cen-
trum; ch, chevron facet; dp, diapophysis; f, fossa; 1, lamina; nc, neural canal; ncs, neurocentral suture; ped, pleurocentral depression;
psl, prespinal lamina; spof, spinopostzygapophyseal fossa; spol, spinopostzygapophyseal lamina; sprf, spinoprezygapophyseal fossa; sprl,

spinopostzygapophyseal lamina. Scale bars represent 1 cm.
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the ventral portion of the anterior centrum; in most non-bird
theropods, these are located anteroventrally up to the 10th cervi-
cal vertebra (Evers et al. 2015). They are usually more dorsally
situated in the anterior dorsal series and migrate to the neural
arch in the posterior rib-bearing vertebrae (Currie & Dong
2001). However, this transition is less marked in the anterior
dorsals of certain taxa (Evers et al. 2015). The first dorsal verte-
bra figured for Aerosteon possesses an anteroventrally situated
parapophysis, for example (Sereno et al. 2008). Similarly, Mad-
sen (1976) figured the first to third dorsal vertebrae of Allo-
saurus as having anteroventrally situated parapophyses.
Regardless, the cervical-dorsal transition is difficult to ascertain
in the absence of associated ribs (Harris 1998). Horizontal or
dorsolaterally projecting diapophyses may also help identify a
position in the dorsal series (Evers et al. 2015), but again these
are lacking in this specimen. The orientations of the anterior
and posterior centrodiapophyseal laminae suggest, however, that
the diapophyses of IWCMS 2019.84 were laterally projecting. In
summary, we provisionally identify the specimen as the first or
second dorsal vertebra.

In IWCMS 2020.400, the presence of parapophyses that span
the neurocentral suture and the orientation of the posterior cen-
trodiapophyseal laminae clearly support an anterior position
among the dorsal vertebrae. Such vertebrae have been termed
‘cervicodorsals’ (Coria & Currie 2006) or ‘pectorals’ (Currie &
Zhao 1993), and typically represent the 11th to 13th/14th
presacral vertebrae, although this nomenclature has not been
widely adopted. The position of the parapophysis in IWCMS
2020.400 resembles the condition in the fourth and fifth dorsal
vertebrae of Allosaurus (Madsen 1976). The specimen also
resembles the fourth dorsal vertebra of Aerosteon (Sereno et al.
2008) further suggesting a position at or near this point in the
dorsal series.

The identification of IWCMS 2019.84 as a caudal vertebra is
supported by its lack of parapophyses, sacral rib attachments
and pneumatic fossae (Charig & Milner 1997; Brougham et al.
2019). The presence of transverse processes indicates that it is a
proximal caudal, belonging to the part of the tail anterior to the
transition point that separates the proximal and distal parts of
the tail skeleton (Russell 1972). Its exact position in the proxi-
mal caudal series cannot be determined, but an approximate
position can be deduced based on several traits. The lack of a
hyposphene (which is variably present in theropod caudals),
elongate centrum body, poorly developed centrodiapophyseal
laminae (Rauhut et al. 2018), rounded ventral margin and
presence of a chevron facet suggest it was part of the poste-
rior proximal series, located closer to the transition point than
the sacrum. This corresponds to the ‘mid’ caudals of some
authors.

DISCUSSION
Theropod affinity of the material
The overall appearance of the cervical (IWCMS 2020.407)

and combination of epipophyses, anteroventrally situated
parapophyses, a neural arch with lateral depressions,

distinct pre- and postzygapophyses as well as pneumatiza-
tion of the vertebra (a trait that can be extended to dorsal
elements IWCMS 2019.84 and 2020.400) and associated
rib clearly identify IWCMS 2020.407 as belonging to a
saurischian dinosaur (Gauthier 1986; Rauhut 2003).
Moreover, it shares several synapomorphies with Thero-
poda: closely placed diapophyses and parapophyses in
anterior (and mid) cervicals, as well as pleurocoels in
anterior presacral vertebrae (Gauthier 1986; Cau 2018).
Further, the camerate internal chambers within the cervi-
cals have been tentatively suggested as an additional
theropodan apomorphy in some analyses (Rauhut 2003).

A sauropod identification can also be discredited,
despite the presence within this group of opisthocoelous
cervical vertebrae and pneumatization in the vertebral
column, as well as the discovery of a putative bra-
chiosaurid from the nearby Lower Greensand locality of
Luccombe Chine (Blows 1995). In contrast to sauropods
(Rauhut 2003; Nicholl ef al. 2018), the cervical postzy-
gapophyses of Vectaerovenator are in line relative to the
prezygapophyses, a keel is absent on the anterior cervical
vertebra, and the anterior articular facet of the anterior
cervical vertebra is horizontally ovate rather than rounded
or high-oval in shape. In addition, the cervical is not
strongly opisthocoelous as in most sauropods (Upchurch
1995), the cervical pneumatic foramina are undivided,
unlike most neosauropods (Upchurch 1995; Whitlock
2011), and the cervical rib is elongate and most probably
overlapped the posterior centrum in life, unlike the short
non-overlapping ribs of diplodocoid neosauropods
(Whitlock 2011).

Theropod traits are also evident in the caudal vertebra
of Vectaerovenator: it has dorsoventrally compressed
transverse processes elevated above the dorsal margin of
the centrum and weakly developed laminae (Brougham
et al.  2019). Furthermore, while synapomorphic
ornithopodan characters are typically restricted to cranial
and appendicular elements, the caudal vertebra retains its
transverse processes and lacks the hexagonal or octagonal
cross-section present in iguanodontians (Norman 2004;
Verda et al. 2019), further supporting the element’s
theropodan affinities.

Comparative anatomy

Within  Theropoda, Vectaerovenator possesses traits
indicative of averostran and tetanuran affinities: the
opisthocoely (albeit subtle) of its cervical centrum is con-
sistent with this, as are its bilateral cervical pneumatic
foramina located within fossae (Rauhut 2003; Benson
et al. 2012; Cau 2018). Dorsoventral compression of the
anterior cervicals has also been recovered as a tetanuran

synapomorphy (Cau 2018), and the non-fusion of the
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cervical rib to its vertebra and lack of an elongate antero-
lateral process also support this placement (Poropat et al.
2019). However, Vectaerovenator is unusual with respect
to two proposed tetanuran synapomorphies: the width
between the prezygapophyses is subequal to that of the
neural canal (i.e. the median margins of the prezy-
gapophyses are not strongly laterally displaced relative to
the neural canal), and the ventral narrowing of the ante-
rior dorsals is not quite as pronounced and fails to pro-
duce a sharp keel (Rauhut 2003; Carrano et al. 2012).

Nevertheless, in certain analyses, cervical opisthocoely
is characteristic of Neotetanurae in particular (Cau 2018),
and is notably pronounced in megalosauroids and allo-
sauroids (Evers ef al. 2015); although the one sufficiently
complete cervical of Vectaerovenator is opisthocoelous,
the condition is weak and about comparable to that pre-
sent in such tetanurans as Monolophosaurus (Zhao et al.
2009), Sinraptor (Currie & Zhao 1993), Piatnitzkysaurus,
such tyrannosauroids as Dilong (Rauhut 2003) and basal
carcharodontosaurians such as Siamraptor (Chokchaloem-
wong et al. 2019) and Concavenator (the latter reflecting
the basal condition within allosauroids; Cuesta et al.
2019). Vectaerovenator lacks a conspicuous rim around
the anterior articular facet (a probable synapomorphy of
Megalosauroidea; Dai et al. 2020; Evers et al. 2015) but
does possess enlarged pneumatic foramina in the anteri-
ormost dorsals, a character considered synapomorphic of
the megalosauroid clade Megalosauria (sensu Carrano
et al. 2012).

The cervical prezygapophyses of Vectaerovenator are
not flexed, as in most coelurosaurs (Gauthier 1986).
However, the cervical does possess a synapomorphy of
coelurosaurian clade Tyrannoraptora: the centrum does
not extend beyond the neural arch (Cau 2018). The pres-
ence of a prezygoepipophyseal lamina in the cervical ver-
tebra (effectively separating the lateral and dorsal surfaces
of the neural arch) has been recovered as an allosauroid
synapomorphy in some analyses (Chokchaloemwong
et al. 2019), although it is also present (and developed
more prominently) in abelisauroids and megaraptorans
(Calvo ef al. 2004; Carrano & Sampson 2008) as well as
in some megalosauroids (Rauhut et al. 2012). In addition,
the offset between the articular surfaces in Vectaerovenator
is minimal and similar to that present in the mid cervi-
cals of carcharodontosaurids (Calvo et al. 2004;
Chokchaloemwong et al. 2019). However, the cervical
parapophyses are not located at the midlength of the cen-
trum, as they are in carcharodontosaurids and Megaraptor
(Calvo et al. 2004).

The postzygodiapophyseal lamina of Vectaerovenator is
subvertically oriented as it is in carcharodontosaurians
(Chokchaloemwong et al. 2019) and megaraptorans
(Calvo et al. 2004). Posteriorly, the cervical possesses a
hyposphene-like structure: the presence of this structure

anterior to the dorsal vertebrae is rare in saurischians but
is  present, however, in  carcharodontosaurians
(Chokchaloemwong et al. 2019), megaraptorans (Smith
et al. 2008) and tyrannosaurids (Novas et al. 2013). In
addition, the cervical epipophyses of Vectaerovenator
appear to point posterodorsally, as they do in carcharo-
dontosaurids (Novas 2009). Long epipophyses have been
proposed as a carcharodontosaurid synapomorphy,
although in some analyses they are also present in cer-
atosaurians and metriacanthosaurids (Cuesta et al. 2019).

Postaxial cervical (and anterior dorsal, see below)
pneumaticity is typical for non-avian theropods (Benson
et al. 2012), and most tetanurans present with single
bilateral pneumatic foramina in the centrum; carcharo-
dontosaurids (Sereno 1991; Chokchaloemwong et al.
2019; Cuesta et al. 2019) and megaraptorids (Novas et al.
2013; Porfiri et al. 2018; Aranciaga Rolando et al. 2019)
are unusual in that these pneumatic foramina are bisected
by lamina. Cervical rib pneumaticity is present in a range
of non-avian theropods, including Majungasaurus
(O’Connor 2006; where it is extensive), Tyrannosaurus
(Brochu 2003) and Aerosteon (Sereno et al. 2008). It is
thus not indicative of affinity with any particular clade.
Nevertheless, the development and organization of pneu-
maticity in theropod vertebrae may vary within an indi-
vidual or element, potentially reducing their use as
indicators of phylogenetic position (O’Connor 2006;
Brougham et al. 2019). The known cervical and dorsal
vertebrae of Vectaerovenator are camerate, as they are in
Piatnitzkysaurus, Allosaurus, Torvosaurus, sinraptorids,
dromaeosaurids (Rauhut 2003) and the carcharodon-
tosaurian Siamraptor (Chokchaloemwong et al. 2019).
This is unlike the camellate condition of most carcharo-
dontosaurians (Benson et al. 2010) and megaraptorans
(Benson et al. 2012), although the camerate/camellate
internal structure can vary within a single vertebra of
members of the latter clade, as it does in Megaraptor
(Porfiri et al. 2014).

The dorsal vertebrae of Vectaerovenator recall those of
Lajasvenator in that the incipiently convex dorsal part of
the anterior articular surface is just visible in lateral view
(Coria et al. 2019). As mentioned above, the large foram-
ina are similar to the condition present in various mega-
losaurians such as Eustreptospondylus (Sadlier et al. 2008;
Carrano et al. 2012), although they are more centrally
placed in the latter than they are in Vectaerovenator.
However, the parapophyses on the more posterior dorsal
of Vectaerovenator are large, as is the case in allosauroids
and Aerosteon (Carrano et al. 2012). Further, the para-
pophyses project only slightly laterally, as they do in allo-
sauroids (Carrano & Sampson 2008). The conspicuous
fossa ventral to the parapophyses is of note, and a simi-
larly placed fossa is present in the megalosauroid Yunyan-
gosaurus (Dai et al. 2020).
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The pair of conspicuous, laterally placed fossae on the
pedicels of the postzygapophyses are also noteworthy in
the caudal element, and similar structures have been in
noted in the anterior caudals of some megalosauroids
(Rauhut ef al. 2018). Similarly placed small depressions
are also noted in the holotype mid caudal vertebra of the
carcharodontosaurid Veterupristisaurus (Rauhut 2011);
however, their relatively larger size and associated laminae
in Vectaerovenator may be diagnostic.

PHYLOGENETIC ANALYSIS

Vectaerovenator was added to a comprehensive dataset of
pan-avian taxa (Cau 2018). The final matrix included 1781
characters and 133 operational taxonomic units (OTUs;
Barker et al. 2020). All characters were treated as unor-
dered. The analysis was performed in TNT 1.5 (Goloboff &
Catalano 2016). A driven search using the New Technology
Search function was undertaken, with default settings for
ratchet, sectorial and tree fusion, which stabilized consen-
sus twice with a factor of 25. This retained 98 trees, with a
tree length of 6797 steps, a consistency index (CI) of 0.244,
and a retention index (RI) of 0.563. These trees were then
subjected to tree bisection and reconnection (TBR) branch
swapping using the Traditional Search function in order to
explore the tree islands recovered in the former search,
recovering 10 920 trees. Strict consensus recovered Vec-
taerovenator as the sister taxon to Megaraptora + Gualicho,
nested within Tyrannosauroidea. As a measure of absolute
tree support, Bremer (decay indices) were calculated using
the Bremer Supports function, using the “TBR from exist-
ing trees” option and retaining trees suboptimal by 10 steps.
While Vectaerovenator’s phylogenetic position appears rela-
tively well-resolved, the Bremer support values of 1 across
most nodes indicated low support for this result (Fig. 8).
Several constrained analyses were undertaken to assess the
number of steps required to place Vectaerovenator in alter-
native positions within basal tetanurans. Using the com-
mand ‘force = (taxon a taxon b ... taxon n)’, only two
extra steps were required to place Vectaerovenator as a
megalosauroid, and three additional steps were required to
recover it as an allosauroid.

Comments on the phylogenetic position of Vectaerovenator

The recovery of Vectaerovenator as a tyrannoraptoran
(sensu Cau 2018), and more specifically as a tyran-
nosauroid, is perhaps unexpected given that the axial ele-
ments resemble those of allosauroids and megalosauroids
in some respects. Nevertheless, as previously stated, Vec-
taerovenator does possess a tyrannoraptoran axial synapo-
morphy (sensu Cau 2018; the centrum does not extend

beyond the neural arch), and its similarities with more
basal tetanurans could be the result of homoplasy. Place-
ment of Vectaerovenator on a tyrannosauroid branch lead-
ing to Megaraptora is potentially significant given that
the latter clade has yet to be recovered in Europe despite
their wide temporal and geographical distribution (Aran-
ciaga Rolando et al. 2019; White et al. 2020). Porfiri et al.
(2014) found Eotyrannus from the Isle of Wight to be a
megaraptoran, but examination of the character codings
that support this phylogenetic position shows them to be
erroneous (DN & A. Cau, unpub. data). Megaraptorans
are known to exhibit homoplasy with allosauroids, and
their position within Coelurosauria has been supported
and refined in recent phylogenetic analyses. Originally
described as unusual allosauroids (Benson et al. 2010),
Megaraptora has since been recovered as an early diverg-
ing lineage within Coelurosauria, lacking close ties to any
other recognized coelurosaurian lineage (Novas et al.
2013; Porfiri et al. 2014), or as nested within Tyran-
nosauroidea (Aranciaga Rolando ef al. 2019), occasionally
positioned as the sister group to tyrannosaurids (Novas
et al. 2013; Porfiri et al. 2014). Our tree topography
closely follows that recovered by Cau’s (2018) original
analysis, in that Megaraptora is nested within Tyran-
nosauroidea.

However, the three synapomorphies supporting Vec-
taerovenator’s association with the clade Megarap-
tora + Gualicho possess a broad distribution throughout
Theropoda. These include the presence of a prezy-
goepipophyseal lamina (character (char.) 209), which as
previously stated is present in several tetanuran and cer-
atosaur clades; the possession of a ‘peduncular fossa’ lat-
eral to the neural canal in presacral vertebrae (char. 668),
which is also found in abelisaurids such as Majungasaurus
(O’Connor 2007) and tetanurans such as Monolopho-
saurus (Zhao et al. 2009); and a subvertical cervical
postzygodiapophyseal lamina (char. 1591), which, as dis-
cussed above, is also noted in carcharodontosaurians.
Further, Vectaerovenator cannot be allocated to Megarap-
tora. This is due to the incomplete nature of the Vec-
taerovenator holotype, the few axial synapomorphies
recovered for megaraptorans (Aranciaga Rolando et al.
2019 reported no axial synapomorphies for this clade, for
instance), and the fact that the relevant characters are
present not only in megaraptorans but also in carcharo-
dontosaurids and non-megaraptoran tyrannosauroids
(Novas ef al. 2013). Furthermore, our phylogenetic analy-
sis locates Vectaerovenator in an earlier branching position
than Gualicho (the latter occupying the same position as
in Cau’s 2018 original phylogeny), a taxon often consid-
ered a basal coelurosaur (Apesteguia et al. 2016; Aranci-
aga Rolando et al. 2019).

In summary, the low Bremer supports, combined with
the low CI (and thus high number of homoplastic



BARKER ET AL.: A BRITISH MIDDLE CRETACEOUS THEROPOD 15
FIG. 8. Strict consensus tree based Outgroups
on the data matrix of Cau (2018). Dilooh
Numbers below the nodes indicate Tl: Cln?caogiig;uusrus
Bremer support values; letters above 4 _Egegstetrnus ‘ okt
o yntarsus kayentakatae
nodes .1nd1cate clade names.. See text 3 7 Coelophysis rhodesiensis
regarding the context of this result, A Berberosaurus
; _ Ceratosaurus
which reflects th.e fragmentary nat 6 Eoabelisalrus
ure of the material, the low Bremer Masiakasaurus
support and the low consistency Majungasaurus
index Limusaurus
: 4 3 Elaphrosaurus
Zuolong
Chilesaurus
Megalosaurus
Eustreptospondylus
Piatnitzkysaurus
Condorraptor
Monolophosaurus
Sinraptor dongi
Acrocanthosaurus
Neovenator
Allosaurus fragilis
Aorun
Sinosauropteryx
Compsognathus corallestris
Bicentenaria
Sinocalliopteryx
Tanycolagreus
Guanlong
Eotyrannus
Tyrannosaurus
Vectaerovenator
Gualicho
Megaraptor
1 Australovenator
A. THEROPODA
B. TETANURAE

C. TYRANNORAPTORA

characters within the dataset) and few additional steps
required to recover Vectaerovenator among other basal
tetanuran clades suggest that this taxon’s position within
Tetanurae remains highly uncertain, and as such we find
it is more parsimonious to currently identify it as Teta-
nurae incertae sedis. Our understanding of this dinosaur
would thus benefit greatly from the recovery of further
material.

CONCLUSIONS

Vectaerovenator inopinatus gen. et sp. nov. is a highly pneu-
matic, mid-sized theropod, its autapomorphies mostly con-
cerning the distribution of pneumatic features on the centra
and neural arches of the cervical and dorsal vertebrae. Vec-
taerovenator recalls several basal tetanuran clades in overall
anatomy, but our inclusion of this new taxon in a phyloge-
netic analysis supports a position within Tyrannosauroidea.
Nevertheless, as detailed above, we find it more parsimo-
nious to diagnose this theropod as an indeterminate tetanu-
ran given the fragmentary nature of the holotype, the low
support for the phylogenetic result, the numerous homo-
plastic traits and the few extra steps required to recover

1— Derived Coelurosauria

Vectaerovenator among megalosauroids or allosauroids,
respectively.

The recognition of a new tetanuran theropod from the
English middle Cretaceous (specifically, a late Aptian
upper ‘member’ of the Ferruginous Sands Formation of
the Lower Greensand Group of the Isle of Wight) is sig-
nificant in enhancing our knowledge of the diversity of
European dinosaurs of this age. As a Lower Greensand
dinosaur, Vectaerovenator is locally important in being
the vyoungest diagnosable non-avian theropod yet
reported from the British fossil record (some indetermi-
nate theropod teeth are of similar age, while fragmentary
postcranial material from the Cenomanian Cambridge
Greensand, reported by Galton & Martin 2002 as perhaps
belonging to a small non-avian theropod, is younger).
Furthermore, Vectaerovenator is the first European thero-
pod from the Aptian to be considered diagnostic and
worthy of a taxonomic name.
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