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ARTICLE

A NEW PTEROSAUR FROM THE MIDDLE JURASSIC OF SKYE, SCOTLAND AND THE EARLY
DIVERSIFICATION OF FLYING REPTILES
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ABSTRACT—The Middle Jurassic was a critical time in pterosaur evolution, witnessing the appearance of major
morphological innovations that underpinned successive radiations by rhamphorhynchids, basally branching
monofenestratans, and pterodactyloids. Frustratingly, this interval is particularly sparsely sampled, with a record consisting
almost exclusively of isolated fragmentary remains. Here, we describe new material from the Bathonian-aged Kilmaluag
Formation of Skye, Scotland, which helps close this gap. Ceoptera evansae (gen. et sp. nov.) is based on a three-
dimensionally preserved partial skeleton, which represents one of the only associated Middle Jurassic pterosaurs. Ceoptera
is among the first pterosaurs to be fully digitally prepared, and pCT scanning reveals multiple elements of the skeleton
that remain fully embedded within the matrix and otherwise inaccessible. It is diagnosed by unique features of the
pectoral and pelvic girdle. The inclusion of this new Middle Jurassic pterosaur in a novel phylogenetic analysis of
pterosaur interrelationships provides additional support for the existence of the controversial clade Darwinoptera, adding
to our knowledge of pterosaur diversity and evolution.
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INTRODUCTION

Pterosaurs first appear during the Late Triassic and persist
. ) through to the K-Pg extinction (Barrett et al., 2008; Unwin,
©C<2)(r)525pé>lr}dlr];gt2}1]ult\l/}ori. Silverst David M. Unwin. And R 2005; Witton, 2013). The clade includes taxa that fall into three

. 1Zabe artin-dSilverstone, avl . nwin, narew K. s s 3 : 5 :
Cuff, Emily E. Brown, Lu Allington-Jones, Paul M. Barrett. principal morph().typ.es. rhamphorh ynchoids’ a pa.raphyletl(?
group of Late Triassic-Late Jurassic basally branching forms;

This is an Open Access article distributed under the terms of the Creative d loid | lade of highly derived L .
Commons Attribution-NonCommercial-NoDerivatives License (http:/ pterodactyloids, a large clade of highly derived Late Jurassic to

creativecommons.org/licenses/by-nc-nd/4.0/), which permits non-com- end-Cretaceous taxa; and ‘darwinopterans,” Middle-Late Juras-
mercial re-use, distribution, and reproduction in any medium, provided ~ sic early-branching monofenestratans that appear to be inter-
the original work is properly cited, and is not altered, transformed, or mediate between the other morphotypes (Lii et al., 2010).
built upon in any way. The terms on which this article has been published  Darwinopterans have been interpreted as a paraphyletic group
allow the posting of the Accepted Manuscript in a repository by the  directly transitional to Pterodactyloidea (Lii et al., 2010), but
author(s) or with their consent. the unity or otherwise of this clade, and the relationships of the

Color versions of one or more of the figures in the article can be found ;w5 jncluded within it, are controversial, undermining attempts
online at www.tandfonline.com/ujvp.
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to understand pterosaur evolutionary history (e.g., Wang et al.,
2009, 2010, 2017).

The majority of pterosaur remains have been recovered from a
handful of Mesozoic Konservat Lagerstétten, which are irregu-
larly distributed in time and space (Barrett et al., 2008; Butler
et al., 2009, 2013; Dean et al.,, 2016; Sullivan et al., 2014;
Unwin, 2001; Upchurch et al., 2015; Wellnhofer, 1991; Zhou &
Wang, 2010). While Lagerstétten have played a critical role in
understanding pterosaur anatomy, functional morphology, and
reproduction (Unwin, 2005; Wellnhofer, 1991; Witton, 2013),
the potentially detailed insights they give into pterosaur evol-
utionary history can be biased, misleading, and difficult to inter-
pret. For example, apparent peaks in pterosaur taxonomic
diversity during the Late Jurassic (Sullivan et al., 2014; Wellnho-
fer, 1991; Witton, 2013) and mid-Early Cretaceous (Wellnhofer,
1991; Witton, 2013; Zhou & Wang, 2010) likely reflect the occur-
rence of multiple Lagerstitten in these intervals, rather than a
true diversity signal (Butler et al., 2009, 2013; Dean et al., 2016).

This ‘Lagerstétten effect’ is exacerbated by the paucity of pter-
osaur finds in the temporal gaps between these windows of
exceptional preservation, with the late Early-Middle Jurassic
pterosaur fossil record, an interval of almost 20 Ma, being par-
ticularly poorly sampled (Barrett et al., 2008; Butler et al.,
2009, 2013; Dean et al., 2016; Wellnhofer, 1991). The Taynton
Limestone Formation (including the ‘Stonesfield Slates’) of
Oxfordshire, UK., has yielded the most abundant remains, but
the bones from this unit are disarticulated, isolated, and often
fragmentary, frustrating attempts to determine the species-rich-
ness of this assemblage (O’Sullivan & Martill, 2018). Other iso-
lated remains have been reported from elsewhere in the
Middle Jurassic of England (Oxford Clay; Barrett et al., 2008)
and Scotland, which recently yielded Dearc, a three-dimension-
ally preserved, articulated rhamphorhynchine, and the proximal
end of a tibia associated with caudal elements (Jagielska et al.,
2022, 2023), as well as important records from Kyrgyzstan, Mon-
golia, and China (Barrett et al., 2008). Moreover, several impor-
tant deposits thought to have been of Middle Jurassic age have
since been re-dated: the Cafiadén Asfalto Formation (Argen-
tina), which yielded Allkaruen (Codorniu et al., 2016), is now
considered to be late Lower Jurassic (Ciineo et al., 2013) while
the Tiaojishan Formation (NE China), which includes rhamphor-
hynchines, scaphognathines, anurognathids, darwinopterans, and
basally branching pterodactyloids, has been dated as lowermost
Upper Jurassic (Liu et al., 2012; Xu et al., 2016).

The rarity of Middle Jurassic pterosaurs and their incomplete-
ness (only Dearc, a few associated remains of a second indetermi-
nate pterosaur, also from Scotland [Jagielska et al., 2022, 2023],
and a possible ?anurognathid from Mongolia [Bakhurina &
Unwin, 1995] are known from multiple elements) severely
hinders attempts to understand early pterosaur evolution. This
problem is reflected in the lack of congruence between recently
published pterosaur phylogenies, with little agreement on the
compositions and/or likely times of origin of key clades such as
Monofenestrata, Darwinoptera, and Pterodactyloidea (Baron,
2020; Dalla Vecchia, 2022; Jagielska et al., 2022; Wei et al.,
2021; Zhou et al., 2017). The recovery of associated skeletons,
complete or otherwise, of Middle Jurassic pterosaurs is critical
for resolving these issues and generating a clearer picture of pter-
osaur evolutionary history. Here, we describe a new, three-
dimensionally preserved, partial pterosaur skeleton from the
Middle Jurassic (Bathonian: ~168.3-166.1 Ma) of the Isle of
Skye, Scotland. This is only the fourth associated skeleton of a
Middle Jurassic pterosaur to be discovered to date.

DISCOVERY AND GEOLOGIC BACKGROUND

The new specimen, NHMUK PV R37110, was found on the
north side of Glen Scaladal at Cladach a’Ghlinne, a small

beach that forms part of the coastline of Loch Scavaig, on the
Strathaird Peninsula, Isle of Skye, Scotland, U.K.

The area is a Site of Special Scientific Interest (SSST), which is
administered by Scottish Natural Heritage (formerly Scottish
Nature), and the land is owned by the John Muir Trust: fieldwork
and collection permits were obtained from both organizations
and are on file at the Natural History Museum, London. Collec-
tion from the cliff faces is not permitted at this locality, but per-
mission was granted to collect from fallen blocks on the wavecut
platform.

The specimen was found partially exposed as a scatter of thin-
walled bones on a large boulder situated a few meters from the
cliff face at the northern-most edge of the beach (close to the
small headland that separates Cladach a’Ghlinne from Camasun-
ary Bay). The specimen was collected in several pieces using hand
tools and a small angle-grinder and was reconstructed in the Con-
servation Centre of the NHMUK (see ‘Preparation,” below).

The vertebrate-bearing horizons at this locality pertain to the
Kilmaluag Formation (formerly the ‘Ostracod Limestone’) of
the Great Estuarine Group, which crops out in several areas on
Skye, Muck, and Eigg, but reaches its maximum thickness (up
to 25m) on the Strathaird Peninsula (Andrews, 1985; Barron
et al., 2012; Harris & Hudson, 1980; Panciroli et al., 2020).
Most of the vertebrate material known from the formation
comes from the vicinity of Cladach a’Ghlinne (reviewed in
Evans et al., 2006; Panciroli et al., 2020; White & Ross, 2020).
The formation consists of a series of interbedded mudstones
and limestones: the vertebrate remains come from the ‘Ver-
tebrate Beds’ (or Beds 9 and 10) of Andrews (1985) and are
usually found in mudstone facies. Paleocene volcanic activity
emplaced several dykes at Cladach a’Glinne, which partially
metamorphosed the sediments so that although composed of
mudstone they are very hard and difficult to excavate. Paleonto-
logical, sedimentological, and geochemical evidence suggests
that the Kilmaluag Formation represents a series of freshwater
to low-salinity environments that are often interpreted as a
closed lagoonal system that fluctuated in depth and extent
(Andrews, 1985; Panciroli et al., 2020). Biostratigraphic corre-
lations place the Kilmaluag Formation within the retrocostatum
Zone of the upper Bathonian (Middle Jurassic) (Barron et al.,
2012), ~167.5-166.1 Ma (Walker & Geissman, 2022).

Cladach a’Ghlinne has yielded a rich fauna of macro- and
microvertebrate remains, including hybodont sharks, osteichth-
yans, a ?coelacanth, caudate and albanerpetontid lissamphibians,
turtles, lepidosauromorphs, choristoderes, crocodilians, non-
avian dinosaurs, and a variety of mammaliaforms (reviewed in
Evans et al., 2006; Panciroli et al., 2020; White & Ross, 2020). Iso-
lated pterosaur teeth have been reported from the locality but
remain undescribed (Evans et al., 2006).

METHODS
Preparation

Preparation of the pterosaur was challenging, as the density
and hardness of the matrix, combined with the extreme fragility
and fragmentary nature of the bones, made the specimen unsui-
table for mechanical preparation. Acetic acid preparation was
the obvious choice for this material, but the limestone had under-
gone contact metamorphism, leading to uneven hardness and
acid resistance.

The blocks were first rinsed with industrial methylated spirit,
to remove dust and cutting-tool slurry, and the surfaces were
cleaned using air-abrasive to remove carbonate deposits. The
blocks were then oriented, the associated surfaces and breaks
marked with permanent ink, aligned using modeling clay,
adhered together with Paraloid B72 in acetone (Davidson &
Brown, 2012), and allowed to cure for 4 days. The undersides
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of the blocks were then coated in silicone rubber and supported
by a cradle jacket of polyester resin and fiberglass (all resistant to
acetic acid). This facilitated handling of the blocks as a single unit
and prevented uncontrolled dissolution of their undersides
during immersion (Toombs & Rixon, 1959). Application of
10% acetic acid for 48-h immersions was required to soften 1-
2 mm of the most resistant areas of metamorphosed limestone.
2.5% w/v precipitated calcium phosphate was added to the acid
bath to reduce the solution of phosphate from the fossil material
(Lindsay, 1995). This high strength acid had undesirably severe
effects on softer sections of the matrix, causing undercuts and
pockets to develop. This was successfully combated using local
barriers: Synocryl 9123s for the bones and surrounding matrix
(Lindsay, 1986; which has since been replaced with Synocryl
9122x; Graham & Allington-Jones, 2015), and microcrystalline
wax for larger areas of matrix where undercuts began to
develop (Toombs & Rixon, 1959).

Following each acid immersion, the blocks were rinsed in
running water for 6 days to remove excess acid and calcium
acetate salts (Lindsay, 1995) before mechanical removal of the
softened layer with a brush and low-pressure water jet. The
block was then dried in an oven for 5 h at 50°C to limit crystal
growth. Once dry it was photographed and treated with barrier
materials where necessary. The acid immersion, rinsing, oven
drying, photography, and masking process was repeated 29
times over the course of 12 months. Any fragments that
became detached were labelled and their original location was
annotated on photographs. After treatment the rubber and
resin jacket was removed and a supporting mount was created
using Epopast 400 epoxy laminating paste, lined with Plasta-
zote® LD45 foam, and the specimen was housed in an acid-
free cardboard box.

CT-scanning and Visualization

In order to visualize all of the preserved remains, including
elements that remain fully encased in matrix, microcomputed
tomographic (UCT) scanning of the specimen was performed.
An initial exploratory scan was completed at the Natural
History Museum Computed Tomography Facility. The final
scans that form the basis for our descriptive work were per-
formed at the University of Bristol in the XTM Facility of the
School of Earth Sciences using a Nikon XTH 225ST X-ray tom-
ography scanner. Scanning settings and parameters are as
follows: (1) all blocks were scanned using a 2 mm copper filter
and at 8 frames per projection unless stated otherwise; (2)
block A, scanned once using a reflection rotating target to a
voxel size of 84.3 um (224 kV, 357 uA, 1415 ms exposure, 3141
projections); (3) block B, scanned twice, first using a reflection
target to a voxel size of 80.5 um (224 kV, 298 uA, 2000ms
exposure, 3141 projections), and second using a reflection rotat-
ing target with a 3 mm copper filter to a voxel size of 35.3 pm, to
zoom into a thicker region that was difficult to visualize in the
first scan (222 kV, 205 uA, 2829 ms exposure, 2850 projections);
and (4) block C, scanned once using a reflection target to a
voxel size of 64.4 um (222 kV, 210 uA, 1415 ms exposure, 3141
projections, one frame per projection).

Segmentation and visualization of surfaces was performed
using Avizo Lite v. 9.5 (ThermoFisher Scientific), following stan-
dard procedures (Lautenschlager, 2016, 2017). Elements were
grouped into vertebrae, forelimb, hind limb, metatarsal/metacar-
pal, unknown fragments, and identified bone groups. Colors were
chosen using the Okabe and Ito Color Universal Design palette
(https://jfly.uni-koeln.de/color/). Contrast in some areas was poor
making segmentation slow and difficult. This was further compli-
cated by pyrite that frequently infilled bones and caused numer-
ous scanning artifacts (Supplementary Material 1, Fig. S1). The
CT-scans and .stl files of the segmented materials of each block

can be downloaded from Morphosource (with downloads con-
trolled by the NHMUK, Project ID 397673).

Phylogenetic Analysis

A phylogenetic analysis was conducted on a pterosaur data
matrix consisting of 69 taxa (67 pterosaurs and two outgroups:
Euparkeria and Herrerasaurus) and 136 osteological characters
(see Supplementary Material S1, section 2 for character list and
Supplementary Material S2 and S3 for data matrices in TNT
and NEXUS formats). Taxon selection focused on basally
branching monofenestratans, and all named taxa that have
been allied with or included in this group were incorporated.
We also included a comprehensive sample of early-branching
(non-monofenestratan) pterosaurs, putative early pterodacty-
loids (Douzhanopterus and ‘Rhamphodactylus’), and a represen-
tative sample of pterodactyloids. Characters and their character
states were compiled primarily from Lii et al. (2010), but also
from Andres et al. (2014), Vidovic and Martill (2014), and Britt
et al. (2018). In addition, four new characters (#90, 110, 132,
135) were developed for this study.

This new dataset was analyzed in command-line TNT v. 1.6
(Goloboff & Catalano, 2016) using the traditional (heuristic)
search option with 1000 replications and tree bisection reconnec-
tion (TBR) swapping algorithm holding 10 trees per replication
(with a maximum of 10,000 trees held). All characters were
equally weighted with 21 characters being ordered (4, 5, 6, 23,
26, 38, 40, 73, 85, 94, 102, 105, 111, 112, 114, 115, 116, 117, 118,
130, 134). Following the initial search and generation of a strict
consensus tree, the ‘Pruned Trees’ function was implemented
(using the command ‘prunnelsen’) to identify and prune unstable
taxa in order to increase resolution in a strict reduced consensus.
Bremer support values were calculated using the Bremer.run
script available at http://phylo.wikidot.com/tntwiki#TNT_scripts
(accessed: October 26, 2021). Bootstrap values were calculated
using the command ‘resample replications 1000 boot’. Additional
details of the analysis are provided in the Supplementary
Material S1, section 3.

Institutional Abbreviations—BSPG, Bayerische Staatssamm-
lung fiir Paldontologie und Geologie, Munich, Germany (for-
merly BSP); CYCB, Chaoyang Geological Park, Chaoyang
City, Liaoning Province, China; HGM Henan Geological
Museum, Zhengzhou, Henan Province, China; IVPP, Institute
of Vertebrate Paleontology and Paleoanthropology, Beijing,
China; JPM, Jehol Paleontological Museum, Chengde, Hebei
Province, China; NHMUK, Natural History Museum, London,
UK.; PMOL, Palacontological Museum of Liaoning, Shenyang
Normal University, Shenyang, China; STM, Shandong Tianyu
Museum of Nature, Linyi, Shandong Province, China; ZMNH,
Zhejiang Museum of Natural History, Hangzhou, China.

SYSTEMATIC PALEONTOLOGY

PTEROSAURIA Kaup, 1834
MONOFENESTRATA Lii, Unwin, Jin, Liu, Ji, 2010
DARWINOPTERA Andres, Clark, Xu, 2014
Ceoptera evansae, gen. et sp. nov.

(Figs. 1,2, 3, 4,5, 6,7, 8 and 9, Supplementary Material 1,
Figs. S2, S3, S4, S5, S6 and S7)

Holotype —NHMUK PV R37110, an associated partial skel-
eton in three contiguous blocks consisting of: seven vertebrae
(four dorsals, one caudal, and two that are too poorly preserved
to identify with certainty); fragments of the sternum and pelvis; a
complete scapulocoracoid; and multiple elements of the forelimb
(including wrist bones and a complete wing-metacarpal) and
hind limb (Figs. 1-9) (see Supplementary Information S1,
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Block 'B'
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ph-m tf-
Block 'B' \\’,/’

FIGURE 1. NHMUK PV R37110, the holotype
of Ceoptera evansae, approximately as it was
found (top) and by CT reconstruction with
elements (bottom). Letters indicate the blocks
as discussed in the text. Abbreviations: ¢, cora-
coid; cv, caudal vertebra; dse, distal syncarpal;
dv, dorsal vertebra; fe, femur; m, manual-
phalanx; me, metacarpal; mt, metatarsal;
p, pedal-phalanx; pe, pelvis; ph, phalanx; psc,
proximal syncarpal; r, rib; ra, radius; s, scapula;
st, sternum; tf, tibia + fibula; ul, ulna; v, vertebra;
w, wing-phalanx.

sections 4-5 for additional images, lists of preserved material and
measurements).

Type Locality and Horizon — Cladach a’Ghlinne, north of Elgol, Isle
of Skye, Scotland, UK_; Kilmaluag Formation (Bathonian, Middle Jur-
assic) (Barrett, 2006; Evans et al., 2006; Panciroli et al., 2020).

Etymology—The generic name is composed of the Scottish
Gaelic word cheo or ceé (pronounced ‘ki-yo’), meaning mist
(in reference to the common Gaelic name for the Isle of Skye
FEilean a’ Cheo, or Isle of Mist), and the Latin ptera, meaning
wing (feminine). The specific epithet honors Prof. Susan
E. Evans for her many years of anatomical and paleontological
research, in particular on Skye, and in introducing us to this
locality, thereby making this find possible.

Diagnosis— Ceoptera is distinguished from all other pterosaurs
by two features: (1) the presence on the distal (sternal) portion of
the coracoid shaft of a well-developed, elongate, narrow, sub-rec-
tangular bony flange (probably a site for insertion of the

m. sternocoracoideus) with an irregular ‘wavy’ free margin,
which extends proximally for almost one-quarter of the length
of the coracoid; and (2) the lateral surface of the posterior, dor-
sally expanded, portion of the post-acetabular process of the
ilium bears a prominent depression divided in two by a low
rounded vertical ridge.

DESCRIPTION

A detailed anatomical map of the elements currently identified
for Ceoptera evansae and skeletal drawing (Fig. 10) indicates the
presence, completeness, and preservation of skeletal elements in
NHMUK PV R37110.

As the specimen was subdivided into several blocks during col-
lection and preparation, the description, below, lists the elements
found in each block, in order to demonstrate the location of each
element within the block and relative to each other. Elements are
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FIGURE 2. Reconstruction of the acetabulum and postacetabular
process of the left pelvis of Ceoptera evansae (NHMUK PV R37110),
in A, lateral, and B, medial views. Abbreviations: a, acetabulum; dx,
dorsal expansion; ie, ischium; pap, postacetabular process; re, recess.

mostly disarticulated but closely associated and many remain par-
tially embedded, or fully enclosed, within the matrix. In these
cases, CT-scanning was used to identify and visualize individual
elements. Measurements for the better-preserved elements are
listed in Supplementary Material 1, section 5, Table S1.

Block A

The elements found in Block A can be viewed in Figures 1-5
and S2 and are described in detail below.

Pelvis (L) — As preserved, this consists of a complete postace-
tabular process of the ilium and portions of the ischium and ilium
that bear the acetabulum (Fig. 2). The latter is subcircular and
relatively deep, with well-developed dorsal, posterior, and pos-
teroventral margins. The postacetabular process of the ilium
extends posteriorly, and the ventral profile, which is almost
straight, is oriented at right angles to the posterior margin of
the ischium. The process is elongate but relatively robustly con-
structed (maximum depth =37% of length in lateral view). The
base of the process is slightly constricted, while the crescent-
shaped posterior portion is gently expanded dorsally. Unusually,
almost the entire lateral surface of the posterior portion of the
process appears to be recessed. The margins of this recess are
bounded by a ridge of bone that defines the outer rim of the
process, and the recess itself is divided in two by a low,
rounded, vertical ridge, resulting in anterior and posterior sub-
recesses of approximately equal size.

In almost all pterosaurs where the morphology of the post-
acetabular process of the ilium is determinable, the lateral
surface of this structure is either flat, or slightly convex. In
non-monofenstratans the post-acetabular process of the ilium is
elongate, slender, lacks any dorsoventral expansion, and is
usually directed caudally, although in some cases, e.g.,

Dimorphodon  (Sangster, 2021) and Campylognathoides
(Padian, 2008), the basal portion may be angled posterodorsally,
while the distal portion is directed posteriorly. In addition, the
process usually tapers distally, although in a few cases, such as
Dimorphodon (Sangster, 2021) and Rhamphorhynchus (Well-
nhofer, 1975), the distal terminus may bear a slightly bulbous
expansion. A few relatively basally branching pterodactyloids,
e.g., Altmuehlopterus rhamphastinus, retain (presumably) the
morphology observed in non-monofenestratans, otherwise,
however, monofenestratans are distinguished by a post-acetabu-
lar process that is dorsally expanded, although the shape and
extent of this expansion varies within Monofenestrata.

In terms of its general morphology, proportions, and orien-
tation the fragmentary left pelvis preserved in Ceoptera is identi-
cal to that of darwinopterans including Darwinopterus (L et al.,
2011—HGM 41HIII-0309A; Wang et al., 2010—IVPP 16049),
Changchengopterus (Zhou & Schoch, 2011—PMOL AP-
00010), Kunpengopterus (Cheng et al., 2017—IVPP V 23674),
and ‘Archaeoistiodactylus’ (= Darwinopterus) (Li & Fucha,
2010—JPM04-0008). Comparison with a range of early-branch-
ing forms and pterodactyloids suggests that the morphology of
the postacetabular process of the ilium of darwinopterans and
Ceoptera is unlike that of other pterosaurs and may be unique
to Darwinoptera.

Ulna (R)—This element, exposed on the surface of block A, is
largely uncrushed, and has a partially preserved proximal articula-
tion but lacks its distal termination (Fig. 3). The proximal condylar
region is medially inflected, exhibits a well-developed ventral
expansion, and bears two distinct, subcircular, slightly dished
articular facets separated by a low ridge. Immediately distal to
the proximal expansion the anterodorsal margin of the ulna
shaft bears a small, but distinct, proximally directed, flange-like
tubercle, presumably a muscle attachment site. The morphology
of the ulna corresponds to that of darwinopterans such as Darwi-
nopterus modularis (ZMNH M8802; Lii et al., 2011; DMU, pers.
obs.) but this differs little from that of other Jurassic pterosaurs.

Proximal Syncarpal (R) —The right proximal syncarpal is com-
plete, but preserved entirely within the matrix and was made
visible using CT-scanning (Fig. 1). It is located ventral to the
medial carpal and closely associated but not articulated with it.
This syncarpal is completely fused into a single composite
element. Details are difficult to discern but the irregular pentago-
nal outline, with steeply sloping anterodorsal and posterodorsal
margins in proximal or distal view, is comparable to that exhib-
ited by the same element in Kunpengopterus (Cheng et al.,
2017:fig. 2) and contrasts with the subrectangular profile of the
proximal syncarpal in non-monofenestratans, for example
Dimorphodon (Sangster, 2021:fig. 13e) and Rhamphorhynchus
(Wellnhofer, 1975: fig. 12), in which the dorsal profile is relatively
flat. The distal aspect bears two large grooves separated by an
obliquely oriented ridge that trends anteroventral to posterodor-
sal, as found in monofenestratans and some relatively derived
non-monofenestratans such as Rhamphorhynchus (Wellnhofer,
1975:fig. 12). This contrasts with basally branching forms such
as Dimorphodon where the ridge separating the upper and
lower groove is oriented horizontally (Sangster, 2021:fig. 13).

Distal Syncarpal (L) —This element is complete but enclosed
entirely within matrix (Figs. 1, S2). The syncarpal is blocky in
shape, seemingly completely fused, and in terms of its general
shape and proportions comparable to the distal syncarpal of
other Middle and Late Jurassic pterosaurs, but fine anatomical
details are not discernible. In ventral view, as is typical for pter-
osaurs, the proximal margin, which articulated with the proximal
syncarpal, is markedly convex while the distal margin, which
articulated with the metacarpus, is flat.

Metacarpal IV (L) —This metacarpal is entirely buried within
matrix. The diaphysis is slightly compressed but otherwise this
element is complete and well preserved (Figs. 1, 4, S2). The
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FIGURE 3. The partially preserved right ulna of Ceoptera evansae (NHMUK PV R37110), in A, ventral, and B, dorsal views. Abbreviations: t,

tubercle.

FIGURE 4. Complete left metacarpal IV of Ceoptera evansae (NHMUK PV R37110), in: A, anterior; B, posterior; and C, distal views. Abbreviations:
dc, dorsal condyle; ve, ventral condyle; ve, ventral expansion.

wing-metacarpal is robustly constructed and relatively elongate
with a length/maximal depth (anterior aspect) ratio (LD) of
3.9. This falls well within values for darwinopterans (LD =3.5-
4.5) and is considerably greater than for any non-monofenestra-
tan pterosaurs, which have a relatively short wing-metacarpal
(LD <3.5), and lower than that for any pterodactyloid (LD
>4.5), including the basally branching-most forms such as ‘Rham-
phodactylus’ (LD =4.55).

The proximal termination has a prominent ventral expansion
and a marked anterior projection at about mid-height on the
anterior aspect. The diaphysis is anteroposteriorly compressed,
of similar depth throughout much of its length, and lacks a

‘notch’ in the dorsal surface just proximal to the distal ginglymus,
which in other pterosaurs accommodates the wing-phalanx when
it is fully flexed (Wellnhofer, 1975:fig. 13c). A muscle scar
immediately proximal to this ‘notch’ that is usually present in
other pterosaurs also appears to be absent.

As is typical for pterosaurs, the distal expansion consists of a
double condyle, the dorsal slightly larger than the ventral. In
distal view, the ‘hourglass-shaped’ profile of the condyles
appears slightly offset as, for example, in Rhamphorhynchus
(Wellnhofer, 1975:fig. 13c): the dorsal condyle projects further
posteriorly than the ventral, while the latter projects further
anteriorly than the dorsal condyle. In non-monofenestratans
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(e.g., Dimorphodon, Dorygnathus, and Rhamphorhynchus), the
dorsal and ventral profiles of the dorsal and ventral condyles,
viewed in anterior or posterior aspect, are more or less parallel
to each other and to the long axis of the metacarpal shaft (cf.
Galton, 1981:fig. 2a—p). By contrast, in Ceoptera, the darwinop-
terans Wukongopterus (Wang et al., 2009), Kunpengopterus
(Cheng et al., 2017), and Changchengopterus (Lii, 2009), and
the basally branching pterodactyloid ‘Rhamphodactylus’
(DMU, pers. obs.) and other more derived pterodactyloids (cf.
Galton, 1981:fig. 2p-t; Wellnhofer, 1978:fig. 12), the dorsal and
ventral profiles of the dorsal and ventral condyles diverge distally
away from the long axis of the metacarpal, such that the condyles
have a sloping rather than flat profile in anterior and posterior
view. Preservation precludes verification of this feature in
many pterosaurs, but it may prove to be another distinctive
difference between non-monofenestratan and monofenestratan
pterosaurs.

Metacarpal IV (R) —This element lacks the proximal end and
much of the diaphysis but is otherwise well preserved (Figs. 1,
S2). Its external morphology corresponds in all respects to that
described for the left metacarpal IV. The cortical thickness,
exposed at the point where the diaphysis is fractured, ranges
from 0.93 mm in the narrowest segment of the section up to
1.82 mm in the broadest.

Metacarpals/Metatarsals —Several elongate slender elements
likely represent metacarpals that supported the ungual-bearing
manus digits, or metatarsals I-IV (Figs. 1, S2). One element
that bears a slightly expanded incipiently ‘hourglass-shaped’
profile in proximal view is most likely a metatarsal.

Wing Phalanx (WP) One (L) —This element is represented by
the proximal articulation and a short section of the diaphysis
(Figs. 1, S2). The proximal articulation, as is typical for ptero-
saurs, is strongly expanded anteriorly with a rounded profile
that gently descends into the diaphysis distally. The posterior
expansion is less pronounced and sharply pointed. It fades into
the diaphysis at about the same point as the anterior expansion.
The proximal articulation supports a double cotyle: the dorsal
cotyle takes the form of a gently arcuate shallow groove, that is
anteroposteriorly elongate and extends across much of the
articulation. The ventral condyle is much shorter and confined
to the anterior half of the articulation. The diaphysis has a flat-
tened oval cross section. The anatomy and proportions of the
WP1 of Ceoptera lack any distinctive features and are typical
for many pterosaurs, including darwinopterans.

Wing Phalanx One —This element consists of a distal portion
of a WP1, possibly the complementary portion to the proximal
end of the left wing phalanx one.

Wing Phalanx Fragments—Block A contains several frag-
ments that, due to their distinctive flattened-oval cross section,
are identified as short sections of wing phalanges (Figs. 1, S2).
Their breadth is markedly less than that for the diaphysis of
wing phalanx one indicating that they likely represent wing
phalanx two or three.

Femur (R)—The right femur in block A (Figs. 5, S2) is rep-
resented by much of the diaphysis and the distal articulation
(Fig. 5C-E). The diaphysis is slightly bowed laterally with a
gently convex lateral profile in anterior or posterior aspect and,
as in other pterosaurs, is subcircular in cross section. The distal
articulation consists of two condyles, the medial slightly more
robustly constructed than the lateral, and separated from each
other by a shallow sulcus. Comparable morphology is found in
many other pterosaurs, including darwinopterans.

Pedal Phalanx— A small, slender, relatively elongate bone is
likely a pedal phalanx (Fig. 1) rather than a manual phalanx as
the latter tend to be more robustly constructed. The proximal
articulation is gently expanded and bears a shallow cotyle,
whose width is somewhat greater than its height. The distal
articulation is also gently expanded and roller-shaped: highly

FIGURE 5. Right femur of Ceoptera evansae (NHMUK PV R37110),
lacking a short section of the diaphysis, in A, C, anterior, B, D, posterior,
and E, distal views. The proximal portion (A, B) is located in Block C
while the distal portion (C-E) is located in Block B. Abbreviations: cf,
collum femoralis; gr, groove; gt, greater trochanter; me, medial condyle.
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convex along the dorsoventral axis and slightly concave
mediolaterally.

Block B

The elements found in Block B can be viewed in Figures. 1, 6-9
and S3-5 and are described in detail below.

Sternum—The sternum is completely enclosed within the
matrix and lacks most of the thin posterior margins of the
sternal plate but retains much of its 3D shape (Figs. 1, 6,
S3). The cristospine is short, deep, robustly constructed, and
bears a pair of crescentic coracoid facets, the right located
immediately ventral to the left. The dorsal surface of the
sternum is pierced by a small pneumatic opening at the junc-
tion of the cristospine and the sternal plate. The anterior
margins of the sternal plate are thickened and directed latero-
dorsally at about 40° above the horizontal such that, when
viewed in anterior aspect, the sternal plate presents a shallow
‘V’-shaped profile.

Among pterosaurs a short, deep, relatively broad-based cris-
tospine, comparable to that present in NHMUK PV R37110,
seems to be restricted to darwinopterans and is observed, for
example, in Darwinopterus (e.g., Li et al., 2010, 2011; Wang
et al., 2010), Kunpengopterus (Wang et al., 2010), and, seemingly,
in Changchengopterus (Zhou & Schoch, 2011). The sternal cris-
tospine of Fenghuangopterus also appears to be broad-based
(Lu et al., 2010), but the cristospine is relatively more elongate
than in darwinopterans and its apparent robustness may be
partly due to crushing. In ‘Rhamphodactylus’ (BSPG 2011 1
133) the outline of the cristospine is closely comparable to that
of Ceoptera, but the sternal plate is subcircular rather than trape-
zoidal as in darwinopterans.

Rib—A single, incomplete, poorly preserved early rib is
present, lacking the distal termination (Figs. 1, S3).

Dorsal Vertebra (DV) A— A well-preserved, near complete,
and largely three-dimensionally preserved dorsal vertebra
(Figs. 1, 7A, B, S3). The relatively small size of this dorsal verte-
bra, the slenderness of the transverse processes, and the low
neural spine indicate a position toward the posterior end of the
dorsal series. As for dorsal vertebra B the base of the transverse
process is relatively broad extending forward to buttress the
prezygapophysis.

Dorsal Vertebra B—Located between the scapula and cora-
coid this is the best-preserved, most complete, and largest of
the four dorsal vertebrae present in NHMUK PV R37110
(Figs. 1, 7C, D, S3). The morphology of this dorsal vertebra,
and the others described below, corresponds in general to
that of other pterosaurs but also exhibits subtle but distinctive
features. The centrum is strongly waisted with a typical spool-
shaped profile, the transverse processes are robust and well
developed, and the neural spine is relatively tall. These fea-
tures suggest that this vertebra occupied a relatively anterior
position within the dorsal series. This is consistent with the
location of the capitular facet, which extends to about half
the length of the transverse process, a configuration that, in
other pterosaurs including Darwinopterus (DMU, pers. obs.)
corresponds to dorsal vertebra #5 or #6 (e.g., Wellnhofer,
1975).

The transverse processes are directed laterally and slightly
above the horizontal (seen in anterior or posterior aspect) and
seem to be strengthened by a narrow ridge that extends from
the base of the neural process almost to the distal termination
of the transverse process. The dorsal profile of the transverse
process is rather unusual: the base of the buttress supporting
the capitular facet extends anteriorly, supporting the lateral
margin of the prezygapophysis. In addition, the same buttress,
taking the form of a short flange, extends a little distal to the
capitular facet. These features appear to be absent in other
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FIGURE 6. Reconstruction of the sternum (primarily the cristospine) of
Ceoptera evansae (NHMUK PV R37110), in A, dorsal, B, ventral, and C,
left lateral views made from CT scans. Abbreviations: cs, cristospine; f,
foramen; lef, left coracoid facet; ref, right coracoid facet; sp, sternal plate.

pterosaurs such as Rhamphorhynchus (Wellnhofer, 1975) and
Pterodactylus (DMU], pers. obs.), but are present in Darwinop-
terus (ZMNH M8782).

The neural arch and centrum appear to be fully fused as seems
to be the case for all other vertebrae of NHMUK PV R37110 in
which this condition can be assessed.

Dorsal Vertebra C—This vertebra is fully enclosed within the
matrix and only visible in high-resolution scans (Figs. S4, S5). In
ventral view the centrum is prominently waisted.
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FIGURE 7. Dorsal vertebrae A (A, B) and B (C,
D) of Ceoptera evansae (NHMUK PV R37110),
in A, C, anterior and B, D, posterior views.
Abbreviations: ¢, centrum; cf, capitular facet;
ns, neural spine; prz, prezygopophysis; tf, tuber-
cular facet; tp, transverse process.

ns

Dorsal Vertebra D —This well-preserved dorsal vertebra is
fully enclosed within the matrix and only visible in high resol-
ution scans (Figs. S4, S5).

Caudal Vertebra A —This small, lightly built, relatively elongate
vertebra (Figs. 1, S3-S5), lacking transverse processes and with a
low, subtriangular neural spine, represents an anterior caudal corre-
sponding, in darwinopterans such as Darwinopterus (HGM HIII-
0309A), to caudal #6 or #7. The development of attenuate anterior
and posteriorly directed processes on the dorsal surfaces of,
respectively, the pre- and postzygapophyses hints at the presence
of elongate filiform processes in the tail of Ceoptera.

Other Vertebrae (A, B)—Two poorly preserved ?dorsal ver-
tebrae (Figs. 1, S4), one consisting of part of the centrum and
the neural arch, and the other a partial centrum, respectively,
are also present but do not provide any further anatomical
information.

Scapulocoracoid (R)—The right scapula and coracoid are
complete and exposed on the surface of block B (Figs. 1, 8, S3-
S5). They are preserved adjacent to each other and, based on
the shape of the joint surfaces, were unfused rather than separ-
ated by breakage. The glenoid is positioned primarily on the
scapula and to a lesser extent by the coracoid ventrally. The
scapula is elongate, strap-like, and gently bowed laterally, when
viewed in anterior aspect, and bears a distinctive slightly
bulbous distal termination capped by a smooth, possibly articu-
lar, facet oriented obliquely to the long axis of the scapula shaft.

The coracoid is markedly expanded proximally with a well-
developed anteriorly directed acrocoracoid, as in other darwi-
nopterans (Fig. 8). Unlike other non-pterodactyloids, except
for darwinopterans, the coracoid bears a prominent sub-triangu-
lar brachial flange on its lateral surface. The diaphysis has a
rounded triangular cross section. Its distal portion, the terminus
of which articulated with the sternum, is strongly expanded,
especially along its dorsal margin, which bears a narrow, elongate
flange with a ‘wavy’ free margin, that is interpreted here as an
insertion site for the m. sternocoracoideus.

Compared with non-monofenestratans the scapulocoracoid is
relatively derived, with a scapula that is markedly longer than
the coracoid. In darwinopterans, as in most other pterosaurs,
the distal (sternal) end of the coracoid is markedly expanded.

The expanded bulbous distal termination of the scapula is a
highly unusual feature and typical of darwinopterans. In Darwi-
nopterus (Li et al., 2011 —ZMNH M8802; Wang et al., 2010—
IVPP V16049), Kunpengopterus (Cheng et al., 2017, IVPP
V23674), and Wukongopterus (Wang et al., 2009; IVPP
V15113) the scapula is nearly identical in morphology to that
of Ceoptera. Moreover, in ZMNH M&8802 the proximal surface
of the distal expansion also appears to bear an articular facet.
The distal end of the scapula is also expanded in Changchengop-
terus (Lii, 2009; basally branching monofenestratan Douzhanop-
terus (Wang et al., 2017, STM 19-35). Whether the scapula
articulated with the vertebral column in Ceoptera and other dar-
winopterans is not yet known.

Radius (L)—The radius preserves the proximal articulation
and much of the diaphysis, which is cylindrical in shape, but
lacks the distal termination (Figs. 1, S3). The proximal articula-
tion consists of a simple, rounded, slightly dished facet, as in
other pterosaurs.

Ulna (L)—An incomplete limb bone, adjacent to the radius,
may be the poorly preserved remains of the left ulna (Figs. 1, S3).

?Wing Phalanx One (R)—Adjacent to the previous two
elements, a limb bone with a strongly expanded (?)proximal
end appears to represent the incompletely preserved remains
of the proximal end of the right wing phalanx one (Figs. 1, S3).
Notably, the proximal extensor tendon tubercle appears to be
absent and presumably was not fused to the wing phalanx.

Metacarpal— Adjacent to the distal end of the radius an
elongate, slender element is present (Figs. 1, S3). It has a markedly
expanded termination bearing a well-developed condyle that is tri-
angular in terminal view, and likely represents a metacarpal that
articulated with one of the claw-bearing digits of the manus.

Manual Phalanx (Penultimate)— A small, simple, slightly
elongated element medial to the scapula, with a flattish proximal
articular facet and bicondylar distal condyles, likely represents an
intermediate phalanx from one of the three claw-bearing digits of
the manus (Fig. 1).

Pelvis (R)—The preserved part of the right pelvis consists of
the postacetabular process of the ilium, a slender portion of
the posterior margin of the ischium, and the posterodorsal rim
of the acetabulum (Figs. S4, S5). This fragment corresponds
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FIGURE 8. Reconstruction of the right scapulocoracoid of Ceoptera
evansae (NHMUK PV R37110), made from CT scans in A, lateral and
B, medial views. C, reveals a close-up of the expanded sub-triangular bra-
chial flange of the coracoid, one of the diagnostic characters of this taxon.
Abbreviations: acc, acrocoracoid process; afs, articular facet for sternum;
bf, brachial flange; ¢, coracoid; cf, coracoid flange; gl, glenoid; s, scapula;
sde, distal expansion of scapula. The top scale bar is for A and B.

closely, in terms of the portion of the pelvis preserved and its
morphology, to the fragmentary left pelvis (see above), but is
not as well preserved as the latter. This element is only visible

in the high-resolution scans of block B and is preserved entirely
within the matrix.

Tibia and Fibula (?L)—The proximal articulations of a fused
left tibia and fibula, exposed in anterior view, together with
short sections of their co-ossified diaphyses, are preserved on
the surface of block B (Figs. 1, 9, S3-S5). The combined proximal
(articular) surface is slightly dished transversely. In anterior
aspect the proximal profile of the tibia-fibula is flat and perpen-
dicular to the long axis of the element. The proximal termination
of the tibia projects slightly medially then curves rapidly into the
shaft of the tibia. The lateral apex of the fibula is more rounded
and the shaft, which is closely appressed to the tibia with no inter-
osseous space, is relatively robust and more than one-half the
width of the tibia shaft. The preserved portion of the tibia-
fibula of Ceoptera corresponds closely in all anatomical details
to those of other darwinopterans, including Darwinopterus (L
et al., 2011; HGM 41HIII-0309A), Changchengopterus (Zhou
& Schoch, 2011; PMOL AP-00010), and Wukongopterus (Wang
et al., 2009; IVPP V15113).

Metatarsals —Several incomplete, long, slender elements that
are markedly thinner than the metacarpal described above
likely represent the remains of metatarsals I-IV (Figs. 1, S3-S5).

Pedal Ungual— An isolated pedal ungual, preserved on the
underside of block B (Fig. S3), is well preserved, lacking only
its distal tip. The ungual is elongate (length=3.6 x width) and
gently recurved. The flexor tubercle is elongate, extending
about 40% the total length of the ungual and has a distinctive
geometric rather than rounded profile, with a flat ventral
margin, anterior to which its profile slopes gently into the main
body of the claw. The posterior margin of the tubercle is
angled at about 45° to the ventral margin. The articular facet is
only slightly dished. Within Pterosauria, this particular ungual
morphology is largely restricted to darwinopterans, including
Darwinopterus (Lii et al.,, 2011; HGM 41HIII-0309A, IVPP
V16049), Kunpengopterus (IVPP V16047), Changchengopterus
(Zhou & Schoch 2011; PMOL AP-00010), and Wukongopterus
(Wang et al., 2009; IVPP V15113). Some pedal unguals of Ptero-
dactylus and Germanodactylus appear similar but lack the
elongation of the ungual tip.

Unidentified/Non-pterosaurian Bone —The surface of block B
bears a subquadratic bone of uncertain identity (Figs. 1, S3). It
does not compare well with any element from the pterosaur skel-
eton and exhibits a rough, porous texture. It is possibly a croco-
dilian osteoderm or a fragment of turtle plastron or carapace.

Block C

Caudal Vertebra— Remains of a small caudal vertebra are pre-
served adjacent to the femur (Figs. 1, S6).

Femur (R)—Block C preserves the proximal portion of the
right femur (Figs. 1, SA, B, S6). The femur has a gently convex
subcircular caput, bisected in its posteromedial quadrant by a
large groove that notches into the terminal profile of the caput.
The collum femoris is markedly constricted and the lateral
‘shoulder’ of the femur bears a well-developed greater trochan-
ter. The latter, seen in anterior aspect, projects dorsally above
the general profile of the collum femoris where it merges into
the diaphysis. This feature is absent in basally branching ptero-
saurs, but present in darwinopterans and more derived ptero-
saurs. The collum femoris and caput are directed at
approximately 126° to the long axis of the shaft.

Within Darwinoptera, for all taxa where this element is pre-
served including Darwinopterus (Wang et al., 2010) and Kunpen-
gopterus (Wang et al., 2010), the morphology of the proximal half
of the femur is invariate and compares closely to the femur of
Ceoptera. There are some minor differences: most notably, in
Ceoptera, the collum femoris is relatively elongate and seemingly
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FIGURE 9. Tibia-fibula of Ceoptera evansae (NHMUK PV R37110), in
A, lateral, and B, medial views. Abbreviations: fi, fibula; ti, tibia.

more constricted than in other darwinopterans, in which it
appears to be relatively shorter and stouter.

Manual Phalanx— A small, elongate, markedly curved
phalanx, likely from one of the manual digits, is located adjacent
to the femur (Figs. 1, S6).

Wing Phalanx Fragments—Two fragments, consisting of
elongate, somewhat flattened, lath-like diaphyses, lacking articu-
lar ends, likely represent portions of the third or fourth wing
finger phalanges (Figs. 1, S6).

Isolated Material

Coracoid (L)—The well-preserved distal portion of the left
coracoid (Fig. S7) has been isolated from the matrix. This frag-
ment is less complete than the corresponding part of the right
coracoid, but insofar as comparisons can be made the two are
identical.

Size and Ontogenetic Status

The wingspan of NHMUK PV R37110 was calculated by
regressing forelimb length (humerus + ulna + wing-metacarpal
+ wing-finger) against wing metacarpal length for the following
darwinopterans (Darwinopterus, Changchengopterus, Kunpen-
gopterus, and Wukongopterus). An estimate of forelimb length
for Ceoptera was generated using the length of the wing metacar-
pal and the regression equation. The estimated forelimb length
(0.76 m) was multiplied by a factor of 2.1 to generate an esti-
mated wingspan of 1.6 m.

Several compound skeletal structures including vertebrae, the
pelvic plates, syncarpals, and the tibia-fibula are fully fused. This,
and the presence of bone surfaces with a smooth, dense texture
(Bennett, 1993; Dalla Vecchia, 2018), seems to indicate that the
holotype of Ceoptera was osteologically mature at time of
death. By contrast, the absence of fusion of the scapulocoracoid
and of the proximal extensor tendon to the wing-phalanx are not
consistent with full osteological maturity. Patterns of fusion in
the pterosaur skeleton are highly variable, however (e.g.,
Bennett, 1993; Dalla Vecchia, 2018), and rarely, if ever, follow
a strict sequence, even within species. Critically, the presence of
multiple examples of fused compound structures suggests that
in the case of NHMUK PV R37110 the main growth phase had
been completed, and it is doubtful that there would have been
any further significant increases in the size of this individual. Ulti-
mately, osteohistological data may provide a more precise under-
standing of the ontogenetic status of NHMUK PV R37110.

Phylogenetic Analysis

Phylogenetic analysis recovered 2890 most parsimonious trees
(MPTs), from which a strict consensus tree was calculated (Sup-
plementary Material S1, section 6, Figs. S8, S9). This contains a
monophyletic Darwinoptera that includes Ceoptera evansae,
several Tiaojishan Formation pterosaurs (Darwinopterus,
Wukongopterus, Kunpengopterus, Chanchengopterus), and Kryp-
todrakon, Cuspicephalus, and Allkaruen from the Upper Jurassic
of China, the UK., and Argentina, respectively, whose referral
significantly expands the content of this clade compared with
previous studies (see Supplementary Material S1, section 7 for
discussion on the definition of Darwinoptera). Resolution was
poor in the region of the tree close to Ceoptera, but a posteriori
pruning of four unstable taxa, Cacibupteryx, Campylognathoides,
Douzhanopterus, and Haopterus, produced a reduced strict con-
sensus tree with better resolution (Figs. 11, S10). However,
support values for Darwinoptera (and many other clades) are
moderate to low (Figs. 11, S9). The list of character changes is
available in Supplementary Material S1, section 8a for the
strict consensus tree and Supplementary Material S1, section
8b for the strict reduced consensus tree. Note that in the strict
consensus tree Darwinoptera is Node 77; in the reduced strict
consensus it is Node 79.

Ceoptera exhibits several derived character states that appear
to characterize darwinopterans, including an expanded, bulbous
distal termination of the scapula (#90.2) and the relative pro-
portions of the wing metacarpal (#110.1) (see Supplementary
Material S1, sections 7, 8a, and 8b for further information).
Ceoptera also exhibits several features (a short, relatively
broad cristospine of the sternum; distinctive crescentic shape of
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FIGURE 10. Skeletal of Ceoptera evansae
(NHMUK PV R37110), showing the material
that is present (top, with grayed bones indicating

partially preserved elements) and an artist’s
B impression of what the entire skeleton would
have looked like if complete. Image copyright
Mark Witton.

the post-acetabular process of the ilium) that also appear to be
restricted to Darwinoptera. Reinforcing the results of the phylo-
genetic analysis, the skeletal anatomy of Ceoptera compares
closely to that of typical darwinopterans, such as Darwinopterus
(L, 2009; Lii et al., 2010, 2011).

In the strict consensus tree Darwinoptera and Pterodactyloi-
dea form an unresolved node with Douzhanopterus and ‘Rham-
phodactylus’ (Figs. S8, S9) but in other tree topologies generated
by our analysis, as in other studies that include these taxa
(Jagielska et al., 2022; Wang et al., 2017; Wei et al., 2021), the
latter two resolve as basally branching pterodactyloids, consist-
ent with the presence in these taxa of typical pterodactyloid char-
acters such as the reduction of pedal digit V to a single phalanx
(see Supplementary Material S1, sections 8a and 8b for full syna-
pomorphy lists).

DISCUSSION

Ceoptera evansae from the Middle Jurassic of Scotland (Fig.
12) provides important new data on the geographic and strati-
graphic range of the controversial clade Darwinoptera, which
was thought previously to be a species-poor group restricted
largely to the early Upper Jurassic of eastern Asia (Andres
et al., 2014; C.-F. Zhou et al., 2017). Critically, new insights into
potentially unique anatomical features of darwinopterans, such
as the expanded distal termination of the scapula, first identified
in Ceoptera, contribute new phylogenetic data to the analysis
presented herein, which underpins five key findings:

(1) Darwinoptera is Monophyletic

In some previous analyses, the taxa included in this clade
formed a paraphyletic cluster of basally branching monofenes-
tratan-grade pterosaurs (Andres et al., 2014; Jagielska et al.,
2022; Wang et al., 2017). Pterosaurs such as Darwinopterus and
Wukongopterus, which are represented by relatively complete

skeletons, were united by a uniquely modular anatomy in
which the cranium and cervical vertebrae exhibit derived charac-
ters typical of pterodactyloids while the remainder of the skel-
eton appears to be closely comparable to that of early-
branching (non-monofenestratan) pterosaurs (Lii et al., 2010,
2011; Wang et al., 2009, 2010, 2017). The relative incompleteness
of other putative darwinopterans, such as Cuspicephalus (known
only from skull remains: Witton et al., 2015), hindered wider rec-
ognition of this complex morphological pattern.

Although support for clade monophyly appears to be low on
the basis of Bremer and bootstrap values (Figs. 11, S9), this
study identified a suite of characters distributed across the skel-
eton (cranium, sternum, scapulocoracoid, metacarpus, pelvis,
pes) that are either unique to darwinopterans, occur in a
unique combination, or arose independently in other clades but
have a restricted distribution within Pterosauria (Witton et al.,
2015). In the strict consensus tree, monophyly of the clade is sup-
ported by 14 shared character state changes, with the low support
values due to homoplastic distributions of many of these features,
although some of this homoplasy is caused by very limited distri-
butions of these character states in parts of the pterosaur tree
distant from Darwinoptera. For example, an unusual construc-
tion of the second phalanx of the fifth digits (#135.1) is found
only in darwinopterans and Rhamphorhynchus. The number of
synapomorphies is reduced to seven for the reduced strict con-
sensus, due to differences in taxon inclusion. Contrary to
earlier studies (L et al., 2010; Wang et al., 2009, 2010, 2017) it
appears that darwinopterans can no longer be considered as
directly transitional between early-branching pterosaurs and
Pterodactyloidea, but rather form a sister group to Pterodactyloi-
dea. Nevertheless, it can be inferred from the results of our phy-
logenetic analysis, in which Darwinoptera and Pterodactyoidea
are sister taxa, that the modularity exhibited by darwinopterans
was likely derived from early-branching pterodactyloids provid-
ing important, if indirect, insights into the origin of the pterodac-
tyloid bauplan.
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FIGURE 11. Reduced strict consensus tree of 2890 most parsimonious trees (tree lengths = 553; Retention Index = 0.779, Consistency Index = 0.360,
with bootstrap/Bremer support values for each node) showing Ceoptera evansae as a basally branching monofenestratan (M) pterosaur within Dar-
winoptera (D). Silhouettes from top to bottom of: Preondactylus; Jeholopterus; Rhamphorhynchus; Darwinopterus; Ctenochasma; Nyctosaurus; Ger-
manodactylus; and Quetzalcoatlus. Silhouettes from PhyloPic, attributions can be found in the Supplementary Material S1, section 9. See text and
Supplementary Material 1, sections 3 and 6-8 for further detail.
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FIGURE 12. Life reconstruction of Ceoptera evansae. Image copyright Mark Witton.

(2) Ceoptera is a New Species of Darwinopteran

Two distinctive features, the morphology of the sternal portion
of the coracoid and the morphology of the postacetabular
process of the ilium, distinguish Ceoptera from other
darwinopterans.

In most, but not all pterosaurs the distal, sternal termination of
the coracoid is transversely expanded to varying degrees, such
that the articular cotyle is supported on each side by a small,
rounded, or subtriangular narrow buttress, or flange, of bone
that rapidly narrows proximally and fades into the shaft of the
coracoid. In most cases where the distal termination is expanded
it is asymmetric, the medial buttress being more pronounced
than the lateral which, not infrequently, is all but absent (e.g.,
Dalla Vecchia, 2009:fig. 3; Unwin, 2003; Wellnhofer, 1978).

Darwinopterans are unusual in that the lateral flange is also
well developed. In most cases, including Darwinopterus (e.g.,
HGM 41HIII-0309A), this expansion is simple in form resulting
in a flange with an elongate triangular profile. Ceoptera is distin-
guished from other darwinopterans by the presence of a well-
developed, elongate, narrow, subrectangular bony flange with
an irregular ‘wavy’ free margin, that extends proximally for
almost one-quarter of the length of the coracoid (Figs. 1, 8).
Among darwinopterans Kunpengopterus is unusual in that the
dorsal flange is also relatively elongate and similar in outline to
that of Ceoptera (Cheng et al., 2017:fig. 4b), but lacks the
‘wavy’ margin and rather abrupt proximal termination of the
flange.

The morphology of the post-acetabular process in Ceoptera
(Fig. 2) is closely comparable to that observed in darwinopterans,
notably Darwinopterus linglongtaensis (Wang et al., 2010:fig. 5b)
from which it differs only in the absence of a lateral depression,
in the latter. A lateral depression is present in Kunpengopterus
(Cheng et al., 2017:fig. 4) but it is small and located in the anterior
part of the expanded caudal portion, just caudal to the

constricted portion of the process and quite unlike the condition
observed in Ceoptera. Moreover, in Kunpengopterus the dorsal
expansion of the post-acetabular process is much more pro-
nounced than in Ceoptera. In other darwinopterans, such as Dar-
winopterus modularis, Changchengopterus, and Wukongopterus,
the post-acetabular process is relatively slender and elongate
(length to maximum depth ratio = 3.0-4.0) unlike that of Ceop-
tera in which it is relatively shorter and more robust (length to
maximum depth ratio =2.5).

Finally, it is worth noting that a pelvis and associated hind limb
elements (DFMMh/FV 500) of an indeterminate dsungaripterid
from the Upper Jurassic of the Langenberg Quarry, Oker,
Germany (Fastnacht, 2005:fig. 3) also bears a post-acetabular
process with a pronounced depression on its lateral surface. In
this case, however, the depression is tear-shaped and extends
for much of the length of the process, rather than being confined
to the caudal half.

(3) Darwinoptera is a More Inclusive Clade than Inferred
Previously

Our analysis shows that in addition to Ceoptera, Darwinop-
terus (Lu et al., 2010), and Wukongopterus (Wang et al., 2009),
other Tiaojishan Formation pterosaurs such as Kunpengopterus
(Wang et al., 2010) and Changchengopterus (Lii, 2009), as well
as Allkaruen (Codorniu et al., 2016; Cuneo et al., 2013), Krypto-
drakon (Andres et al., 2014), and Cuspicephalus (Witton et al.,
2015), can be assigned to Darwinoptera. Originally identified
as the earliest-known pterodactyloid (Andres et al., 2014), reas-
signment of Kryptodrakon to Darwinoptera means that Liaodac-
tylus (C.-F. Zhou et al., 2017) is now the earliest record for
Pterodactyloidea. Mirroring their taxonomic diversity, which
already exceeds that of all other principal Jurassic pterosaur
clades, darwinopterans also exhibit considerable morphological
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diversity. This is most notable in the cranium (Witton et al., 2015)
and suggests that Darwinoptera was composed of several distinct
sub-clades, although resolution of the clade’s internal relation-
ships remains poor and additional work is required in this area.

(4) Darwinopterans Persisted for at Least 25 Million Years and
had a Near Global Distribution throughout this Interval

Re-dating of the oldest known darwinopteran, Allkaruen, indi-
cates that Darwinoptera extended from at least the late Early
Jurassic (Toarcian: Cineo et al., 2013) to the Late Jurassic (Kim-
meridgian), with Cuspicephalus the youngest record for the clade
(Witton et al., 2015). The seemingly complete absence of darwi-
nopterans in any of the latest Jurassic (Tithonian) pterosaur-
bearing Lagerstédtten of western Europe suggests that the clade
might not have survived to the end of the Jurassic. Darwinopter-
ans have now been reported from western Gondwana (Codornit
et al., 2016), east (L, 2009; Lii et al., 2010, 2011; Wang et al.,
2009, 2010, 2017) and west Laurasia (this study) and it seems
likely that they had achieved a near worldwide distribution by
the Middle Jurassic, if not earlier.

(5) Rewriting the First Half of Pterosaur Evolutionary History

Combining the results of this study with other recent fossil
finds (Jagielska et al., 2022; Tischlinger & Frey, 2014; Wei et al.,
2021; C.-F. Zhou et al., 2017), more precise dating of pterosaur
assemblages, most notably the Tiaojishan Formation (Gao
et al.,, 2019), and new key taxa (e.g. Allkaruen: Codornit et al.,
2016; Cuneo et al., 2013), reveals greater complexity in the
early history of pterosaurs than previously recognized. Mass
extinctions at the end of the Triassic seem to have had relatively
little impact on pterosaurs, with most principal clades surviving
into the Jurassic (e.g., Butler et al., 2013; Dean et al., 2016). A
second radiation appears to have taken place in the Early Juras-
sic leading to the establishment of several important early-
branching pterosaur clades: scaphognathines, rhamphorhynch-
ines, darwinopterans, and a lineage that culminated in pterodac-
tyloids. In sharp contrast to the paucity of their fossil record,
pterosaurs clearly achieved relatively high levels of taxonomic,
morphological and, presumably, ecological diversity in the
Middle Jurassic. The Late Jurassic witnessed even higher levels
of diversity, as almost all of the Middle Jurassic non-pterodacty-
loid clades seem to have persisted through much of this interval
alongside the basal radiation of pterodactyloids, and the initial
radiation of avialans (Cau, 2018). Expansion into unoccupied
ecomorphospace by newly evolving clades, rather than competi-
tive displacement, would seem to offer a possible explanation for
the co-occurrence, over a period of at least 15 million years, of
these diverse groups of Late Jurassic fliers, although quantitative
examination of pterosaur and avialian morphospace occupation
will be required to test this hypothesis.
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