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Until now there have been no formal descriptions of pterosaur remains from the Cliff End Bone Bed of the
Lower Cretaceous (Valanginian), Wadhurst Clay Formation, Wealden Supergroup, of south-east England.
This horizon yields abundant vertebrate material representing both aquatic and terrestrial taxa and
recent examination of a large collection of vertebrate remains obtained by a private collector has led to
the discovery of two isolated pterosaur teeth, both referable to the same taxon. Tooth crown morphology
differs from that of teeth informally reported from the Wadhurst Clay Formation and attributed to
ornithocheirids in being triangular in lingual and labial view, labiolingually compressed with well-
defined carinae on the mesial and distal margins and with a low basal cingulum. Their possible affin-
ities are discussed, and they are tentatively, but with some uncertainty, attributed to an istiodactylid. If
this attribution is correct, they represent the earliest record of Istiodactylidae to date.
© 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

1.1. Petrology and mode of deposition of the Cliff End Bone Bed

The Cliff End Bone Bed crops out high in the cliff at Cliff End, East
Sussex, south-east England, in the vicinity of British National Grid
Reference TQ 886 127 (Figs. 1, 2), and cannot be accessed directly.
Nevertheless, it can be seen to be lenticular in nature occurring
approximately 2.9 m above the basal Cliff End Sandstone Member
of the Lower Cretaceous (Valanginian) Wadhurst Clay Formation
(Lake and Shephard-Thorn, 1987; Batten and Austen, 2011) of the
Wealden Supergroup (Fig. 1B, C). While the bed in situ is inacces-
sible, coastal erosion causes frequent cliff falls and fallen blocks of
the bone bed are commonly encountered on the foreshore. These
are generally pale grey in colour and primarily comprise poorly
sorted, very coarse quartz sand, individual grains being sub-angular
to well-rounded. While approximately 95 percent of clasts are
coarse extrabasinal ‘vein quartz’, some measuring as much as
20 mm� 11mm� 5 mm (Radley and Allen, 2012) these occur with
subsidiary finer sandstone, mudstone, and clay-ironstone clasts,
some as much as 50 mm in length and probably representing rip-
ier Ltd. This is an open access artic
up clasts. Also present are wood fragments and an abundance of
mostly highly abraded vertebrate remains. All are bound by matrix
of very fine quartz sand and clay cemented by calcite. The
appearance of fallen blocks suggests that the bone bed was
deposited in scours, runnels and gutters within the host mudstone
(Allen, 1975; Lake and Shephard-Thorn, 1987; Cook, 1995; Batten
and Austen, 2011). The Cliff End Bone Bed, and several others
occurring in the Wealden Supergroup of south-east England, were
initially deposited from high energy flows as winnowed, hydrau-
lically sorted, channel-lags. Thesewere subsequently reworked by a
number of non-marine transgressions to form shoreline deposits
(Allen, 1975; Cook, 1995). While much of the vertebrate material is
moderately to highly abraded, reflecting several cycles of rework-
ing, some, including one of the pterosaur teeth described here,
show little abrasion suggesting that they were incorporated locally
during final deposition of the bed.
1.2. Vertebrate palaeontology of the Cliff End Bone Bed

The Cliff End Bone Bed contains one of the richest accumula-
tions of vertebrate remains in the Wealden Supergroup of south-
ern England, the majority of which represent bony and
cartilaginous fishes (Dineley and Metcalf, 1999). However, it is
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. A, location maps and outline geology of the Wealden Supergroup of southern England. B, simplified stratigraphy of the lower part of the Wealden Supergroup of Sussex,
south-east England (modified from Batten and Austen, 2011). C, schematic cliff section of the area shown in Fig. 2 (based on Booth, 2005, fig. 1). Abbreviations: Ber, Berriasian; Haut,
Hauterivian.
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Fig. 2. Outline geological map of the area in the vicinity of, and to the south-west of
Cliff End, East Sussex, southern England, showing the collection locality of the
described specimens, BEXHM: 2022.109.1 and BEXHM: 2022.109.2 (simplified and
redrawn from British Geological Survey (1980) sheet 320/321).

Fig. 3. BEXHM: 2022.109.1 in: A, distal view; B, lingual view. C, D, annotated line
drawings in: C, distal and; D, lingual views.
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perhaps best known for its Lower Cretaceous mammal fauna
(Clemens and Lees, 1971). At the time work commenced to recover
and record this, Lower Cretaceous mammals had only been found
at two other localities worldwide. Isolated mammal teeth and
fragments thereof, are extremely rare components among verte-
brate remains whereas, apart from fish remains, those of croc-
odyliforms and dinosaurs are relatively common, mostly
comprising isolated teeth and small bone fragments (SCS pers.
obs.). Pterosaur remains have also been reported (e.g., Austen
et al., 2013; Austen and Austen, 2017) but not described or
figured. An indeterminate ornithocheirid tooth and bone have
been reported and figured from an approximately coeval horizon
at Ashdown Brickworks, near Bexhill-on Sea, East Sussex (Austen
et al., 2010) and this material is now accessioned in the collec-
tions of Bexhill Museum. Other indeterminate pterosaur teeth
with broad similarity to the anterior teeth of ornithocheirids in
being tall relative to their basal width, conical and with a broadly
circular or oval basal profile have also been reported from the Cliff
End Bone Bed by private collectors. Some have also been illus-
trated on websites and in online forums. However, until this ac-
count no pterosaur specimens from this horizon have been
formally described and figured in the scientific literature.
3

1.3. Institutional abbreviation

BEXHM, Bexhill Museum, Bexhill-on-Sea, East Sussex.

2. Material and methods

Fallen blocks of the bone bed were collected from the foreshore
and broken up using a hammer at the collector's residence. In the
case of BEXHM: 2022.109.1 (Fig. 3), it was observed in a rock frag-
ment which was trimmed using a small, diamond trim saw. The
specimen was then partially prepared under a binocular micro-
scope using a ZOIC PalaeoTech Tr air scribe. The somewhat abraded
specimen, BEXHM: 2022.109.2 (Fig. 4), was completely released



Fig. 4. BEXHM: 2022.109.2 in: A, lingual view; B, distal view; C, mesial view; D, labial
view.
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from the matrix facilitating examination of tooth morphology as a
whole. Images were obtained using a Canon G12 digital camera and
measurements were taken manually using digital callipers under a
Nikon SMZ800 binocular microscope.

3. Taxonomic assignment

The tooth crowns described below are triangular in outline and
strongly labiolingually compressed, characters typical of the teeth
of istiodactylid pterosaurs (Witton, 2013). They also bear a low
4

lingual cingulum and pronounced mesial and distal carinae, also
characters observed in at least part of the dentition of most istio-
dactylids. The constriction between the root and crown of the
described specimens is a further character observed in the teeth of
some istiodactylids, e.g. Nurhachius ignaciobritoi (Wang et al.,
2005). However, the constriction between the root and crown
and the presence of well-defined carinae are not seen in all taxa,
e.g. Hongshanopterus lacustriswhich lacks both (Wang et al., 2008).
See Xu et al. (2022) for discussion and their fig. 6 for illustration of
istiodactylid teeth from the Aptian Jiufotang Formation of China.
They differ from the anterior teeth of ornithocheirids in their pro-
nounced labiolingual compression. They also differ from most
posterior ornithocheirid teeth, including those of taxa from the
Lower Cretaceous Santana Formation of Brazil illustrated by
Wellnhofer (1985 Abb. 7), and resemble teeth of istiodactylids in
greater labiolingual compression, lack of pronounced lingual cur-
vature and in the presence of a basal constriction at the crowneroot
junction. The teeth are therefore tentatively, but with some un-
certainty, assigned to an indeterminate member of Istiodactylidae.

3.1. Systematic palaeontology

Pterosauria Kaup, 1834
Pterodactyloidea Plieninger, 1901
?Istiodactyliformes Kellner et al., 2019
?Istiodactylidae Howse, Milner & Martill, 2001

?Istiodactylidae indet.

Material. Two isolated tooth crowns, BEXHM: 2022.109.1 (Fig. 3)
and BEXHM: 2022.109.2 (Fig. 4)
Horizon and locality. The Lower Cretaceous (Valanginian), Cliff End
Bone Bed of the Wadhurst Clay Formation, Cliff End, East Sussex,
UK. Fallen blocks collected from the foreshore at approximately
British National Grid Reference TQ 8876 1299 (Fig. 2).

4. Descriptions

Note. Following Vullo et al. (2009) and based on observation of
istiodactylid teeth figured in the literature (e.g., Zhou et al., 2019,
fig. 4A, B; Xu et al., 2022, fig. 4C), the convex carina seen in BEXHM:
2022.109.2 (Fig. 4A, D) is taken to be the mesial one and that being
the case the exposed carina seen in BEXHM: 2022.109.1 (Fig. 3) is
the distal one. These orientations are used in the descriptions
below.

4.1. BEXHM: 2022.109.1

BEXHM: 2022.109.1 (Fig. 3), has been partially prepared from
the matrix. A substantial part of the lingual surface is visible. All of
the distal margin and part of the labial surface are also visible. A
hairline fracture, extending from the lingual to labial sides of the
crown (Fig. 3B, D) renders complete release from the matrix inad-
visable as there is a risk of serious damage to or destruction of the
specimen. It comprises a substantially complete tooth crown. Lack
of any trace of the root suggests that it is a shed tooth. It displays
minor abrasion basally on the lingual side but is otherwise well
preserved. However, a small area at the base of the left side as seen
in lingual view (Fig. 3D) was broken post-mortem and pre burial,
and a small area close to this was chipped during collection and
preparation (Fig. 3A, C).

The tooth crown measures 5.1 mm apicobasally. It is 2.3 mm
wide mesiodistally at its widest point but part of the base of the
crown at this position, visible in lingual view, is obscured bymatrix.
It narrows at the basal extremity where it is 1.8 mmwide. In distal



Fig. 5. Temporal distribution of taxa currently assigned to Istiodactylidae withMimodactylus libanensis shown as the latest occurrence of the more inclusive clade, Istiodactyliformes
(see section 5 for discussion). Stage ages, Ma, from the International Commission on Stratigraphy's International Chronographic Chart v2022/02.
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view the maximum labiolingual width is 1.2 mm gently tapering
above the cingulum (Fig. 3A, C) to 0.4 mm at the apex.

In lingual view the crown is triangular in outline. It bears a
pronounced enamel fold lingually on the left side at its mid-point
5

apparently providing support for the distal carina (Fig. 3B, D). The
latter is very well defined and narrow but polished and somewhat
rounded rather than sharp at its lateral extremity (Fig. 3A, C). The
rounding appears to represent minor post-mortem abrasion. As
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exposed, a similar fold is not present on the right side in lingual
view. Orientation of the apex of the crown and the crown root
junction suggests that the tooth may have been somewhat distally
reclined. There is a groove extending from the apex of the broken
surface at the base of the crown on the left side. This appears to be a
primary feature and not a product of abrasion (Fig. 3C, D). There is
also a very shallow pit in the lower central part of the lingual sur-
face, also appearing to be a primary feature (Fig. 3D). Below this the
base of the crown is expanded lingually to form a pronounced but
low cingulum (Fig. 3C, D). This is somewhat polished by abrasion.
Apicobasally, above the cingulum, the lingual surface is almost
planar, but it is slightly lingually convex mesiodistally. The labial
surface is labially convex apicobasally and mesiodistally.

Lingually, enamel does not cover the entire surface of the crown
(Fig. 3D). It is smooth basally, but this may reflect minor abrasion.
Apically, where unaffected by dietary attrition, it is ornamented by
fine striations a small number of which extend to the base of the
enamel. Dietary attrition is mostly confined to the apex, as
commonly seen in the teeth of pterosaurs (Witton, 2013), but it
extends to form a small wear facet lingually on the mesial side
(Fig. 3D). Enamel on the labial side, as exposed, covers the entire
surface of the crown except at the extreme apex where it has been
removed by dietary attrition. Striations on the labial surface are
more pronounced that those on the lingual side. While striations
are more basally extensive than those on the lingual side, only a
small number approach the base of the crown (Fig. 3C).

4.2. BEXHM: 2022.109.2

BEXHM: 2022.109.2, (Fig. 4), is very similar in most respects to
that described above but is from the opposite side of the dentition.
The crown has been fully released from the matrix permitting
examination of it as a whole. However, it is considerably more
abraded than BEXHM: 2022.109.1, especially on the lingual side
(Fig. 4A). Parts of the apex and base of the crown have also been
removed by abrasion. As preserved it has an apicobasal height of
5.2 mm. It is 2.5 mm wide mesiodistally at its widest point. It also
narrows at the basal extremity where it is 2.3 mm wide, but
abrasion here does not permit an accurate determination of the
basal width. In lateral view the maximum labiolingual width is
1.4 mm gently tapering to 0.6 mm at the apex as preserved. The
cingulum has been diminished by abrasion but is still a discernible
feature (Fig. 4C). The distal enamel fold observed in BEXHM:
2022.109.1 (Fig. 3C, D) has been partially removed by abrasion but
is also clearly visible (Fig. 4A, B). There is a somewhat broader but
low fold on the mesiolingual margin (Fig. 4A) confirming the
presence of mesial as well as distal lingual reinforcement of the
carinae. This area is obscured by matrix in BEXHM: 2022.109.1. A
shallow depression (Fig. 4C) occurring in the same area as the
lingual groove seen in BEXHM: 2022.109.1 (Fig. 3C, D) may
represent the abraded remnants of a similar groove in BEXHM:
2022.109.2. The carinae, while slightly abraded, are similar on both
the mesial and distal margins of the crown but that on the mesial
margin is slightly labiolingually wider than that on the distal
margin. As in BEXHM: 2022.109.1, the lateral margins of the
carinae are rounded as a result of abrasion. Precise determination
of the extent of enamel cover on the lingual side is not possible
due to abrasion. It occupies the apical half of the crown but has
been partially removed basally. Enamel covers the entire labial
surface, but it is highly polished basally (Fig. 4C, D). The degree of
dietary attrition in BEXHM: 2022.109.2 cannot be determined as
the apex of the crown is missing and abrasion on the lingual side
has erased any facet that may have been present. Apically, stria-
tions on the labial side (Fig. 4A) are very similar to those observed
in BEXHM: 2022.109.1. Striations on the lingual side have mostly
6

been removed by abrasion but are apparent apically on the mesial
extremity (Fig. 4B).

5. Discussion

As discussed above, teeth with the morphology described here
are seen in the dentitions of istiodactylids. However, labiolingually
compressed teeth also occur in the posterior part of the dentitions
of some ornithocheirids and attribution to an indeterminate orni-
thocheirid cannot be precluded. Until now, isolated teeth recovered
from the lower Barremian, Camarillas Formation at Galve, north-
east Spain, morphotype 4 of S�anchez-Hern�andez et al. (2007, fig.
5d), comprised the earliest potential occurrence of Istiodactylidae
and, therefore, of the more inclusive clade Istiodactyliformes
(Kellner et al., 2019). Elsewhere in Europe istiodactylids were
hitherto restricted to the upper Barremian and lower Aptian. The
Lower Cretaceous, Las Hoyas Lagerstӓtte of the La Hu�erguina For-
mation, eastern Spain, is upper Barremian and has yielded two
teeth referred to Istiodactylidae by Vullo et al. (2009). These au-
thors consider both teeth to represent a single taxon and that this
may be conspecific with the taxon represented by some of the small
pterodactyloid teeth from the upper Barremian part of the Artoles
Formation of Vallip�on, Teruel Province, north-east Spain, described
by Ruiz-Ome~naca et al. (1998, figs. 1, 2aei). Other teeth from this
locality, also referred to Istiodactylidae may represent a second
species. Vullo et al. (2009) also suggest that the species represented
by teeth from Las Hoyas may be conspecific with the taxon from
Galve, also in the Teruel Province of north-east Spain, represented
by ‘morphotype 3’ teeth described and figured by S�anchez-
Hern�andez et al. (2007, fig. 5c), although these authors attribute
their morphotype 3 teeth to an indeterminate ornithocheirid. None
of these authors appear to have considered the possibility that the
triangular, labiolingually compressed teeth they describe might be
the posterior teeth of ornithocheirids.

Elsewhere in Europe istiodactylids are only known from the
Wealden Supergroup of southern England (Sweetman and Martill,
2010). Istiodactylidae was originally erected by Howse et al. (2001)
as a then monospecific family to accommodate Istiodactylus lat-
idens (originally named Ornithodesmus latidens by Seeley, 1901).
The type material of I. latidens was thought to be derived from the
upper Barremianelower Aptian Vectis Formation exposed on the
south-west coast of the Isle of Wight, southern England. However,
Sweetman and Martill (2010) did not preclude the possibility of its
derivation from the underlying Barremian, Wessex Formation.
Additional specimens of I. latidens were later recovered from the
Vectis Formation (see Averianov et al., 2021 for a review), and an
I. latidens specimen held in the collections of Moscow Vernadsky
State Geological Museum may represent the missing jaws of the
holotype. Palynological analysis of matrix associated with this
specimen supports its, and possibly, therefore, the holotype's,
derivation from the Vectis Formation (Averianov et al., 2021).
Nevertheless, Isolated teeth very similar to those of I. latidens were
recovered from close to the top of the Wessex Formation exposed
on the south-east coast of the Isle of Wight confirming the pres-
ence of Istiodactylus sp. if not I. latidens in the upper Barremian
there (Sweetman and Martill, 2010). Also recovered from the same
horizon were other teeth representing two additional istiodactylid
species (Sweetman and Martill, 2010).

Outside of Europe members of Istiodactylidae have only been
recorded from north-east China. A recent study (Xu et al., 2022)
concludes that there are currently five valid genera and six species
(Fig. 5). All but one of these are derived from the Aptian Jiufotang
Formation, the other, Luchibang xingzhe, having been recovered
from the underlying BarremianeAptian Yixian Formation
(Hone et al., 2020). Unfortunately, the exact stratigraphic
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placement of the holotype and only known specimen is unknown
and it is uncertain whether is comes from the upper Barremian or
Aptian part of the Formation.

6. Concluding remarks

Referring to previous studies and, with the exception of Istio-
dactylus latidens, based only on isolated teeth, at least six istio-
dactylid species have been recorded from the Lower Cretaceous of
Europe. If identification of these isolated teeth is correct, and none
represent posterior teeth of ornithocheirids, this reflects a similar
diversity to that observed in the Lower Cretaceous of China, based
on substantial remains. The recovery of isolated teeth from the
Valanginian of southern Britain with istiodactylid-like morphology
is notable. Both are referred to the same taxon based on close
morphological similarities and if, as tentatively proposed, assign-
ment to Istiodactylidae is correct this Valanginian record predates
any previous record (lower Barremian) and adds a seventh record
of Istiodactylidae in Europe. It would also represent the earliest
record of Istiodactyliformes, the last representatives of which,
members of Lonchodectidae (Unwin, 2001; Xu et al., 2022) and
Mimodactylidae (Kellner et al., 2019), are recorded from the Cen-
omanian of Europe (Lonchodraco giganteus, is considered to be from
the Cenomanian rather than the Turonian of Britain byMartill et al.,
2021), and Lebanon (Mimodactylus libanensis Kellner et al., 2019,
Fig. 5).
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