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In brief

Jagielska et al. report a fossil pterosaur
skeleton from the Middle Jurassic (ca.
167 million years ago) of Scotland,
belonging to a new genus and species,
Dearc sgiathanach. With a wingspan of
over 2.5 m, it was the size of the largest
modern-day flying birds and shows that
pterosaurs developed to a large size
earlier than previously thought.
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SUMMARY

Pterosaurs were the first vertebrates to evolve flight'? and include the largest flying animals in Earth his-
tory.s’4 While some of the last-surviving species were the size of airplanes, pterosaurs were long thought
to be restricted to small body sizes (wingspans ca. <1.8-1.6 m) from their Triassic origins through the
Jurassic, before increasing in size when derived long-skulled and short-tailed pterodactyloids lived along-
side a diversity of birds in the Cretaceous.® We report a new spectacularly preserved three-dimensional skel-
eton from the Middle Jurassic of Scotland, which we assign to a new genus and species: Dearc sgiathanach
gen. et sp. nov. Its wingspan is estimated at >2.5 m, and bone histology shows it was a juvenile-subadult still
actively growing when it died, making it the largest known Jurassic pterosaur represented by a well-pre-
served skeleton. A review of fragmentary specimens from the Middle Jurassic of England demonstrates
that a diversity of pterosaurs was capable of reaching larger sizes at this time but have hitherto been con-
cealed by a poor fossil record. Phylogenetic analysis places D. sgiathanach in a clade of basal long-tailed
non-monofenestratan pterosaurs, in a subclade of larger-bodied species (Angustinaripterini) with elongate
skulls convergent in some aspects with pterodactyloids.® Far from a static prologue to the Cretaceous,
the Middle Jurassic was a key interval in pterosaur evolution, in which some non-pterodactyloids diversified
and experimented with larger sizes, concurrent with or perhaps earlier than the origin of birds.

RESULTS AND DISCUSSION change in length-to-width ratio across the neck (1.8 to 1.2,
from anterior to posterior); humeral diaphysis slender with mus-
cle scar tubercle.

Dearc n. gen.

Type species

Dearc sgiathanach sp. nov.

Pterosauria Owen, 1842
Breviquartossa Unwin, 2003
Rhamphorhynchidae Seeley, 1870
Rhamphorhynchinae Seeley, 1870
Angustinaripterini He, 1983

Etymology

Included species Scottish Gaelic, with the double meaning of “winged reptile” and

Angustinaripterus longicephalus, Sericipterus wucaiwanensis,
and Dearc sgiathanach (below).

Diagnosis

Group of rhamphorhynchine pterosaurs sharing a low and elon-
gate skull (height-to-length ratio < 0.2); large antorbital fenestra
(20%-35% skull length and >80% orbit dorsoventral height);
lacrimal process of jugal nearly perpendicularly inclined (90°-
110°) to jugal body; strongly inclined quadrate (130°-140° rela-
tive to maxilla long axis); cervical vertebrae with considerable
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“reptile from Skye,” paying homage to pterosaurs (winged rep-
tiles) and the Gaelic name for Skye (An t-Eilean Sgitheanach,
the “winged isle”). Phonetic pronunciation: jark ski-an-ach.

Holotype

NMS (National Museums Scotland, Edinburgh) G.2021.6.1-4
(Figures 1, 2, 8, S2, and S3), a three-dimensionally preserved ar-
ticulated skeleton, lacking anterior and dorsal portions of the
cranium, left manus, portions of the wings, hindlimb elements,
and the distal tail. The fossil was separated into four slabs during
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preparation: the main slab contains the majority of bones,
exposed in dorsal view (NMS G.2021.6.1), and the main counter
slab contains bones exposed ventrally (NMS G.2021.6.3). An
additional block contains a wing phalanx (NMS G.2021.6.4).
The skull and anterior cervical vertebrae (NMS G.2021.6.2)
were separated from the main slab for X-ray computed microto-
mography (uCT) (Figure 2). Measurements in Data S1A.

Locality and horizon

The specimen was discovered by A.P. in 2017 at Rubha nam
Brathairean (Brothers’ Point), Trotternish, Isle of Skye, Scotland,
in the Lonfearn Member of the Lealt Shale Formation (Bathonian,
Middle Jurassic)®'® (Figure S1). The skeleton was embedded in
a well-sorted lagoonal bioclastic limestone (rich in Neomiodon,
ostracods, and conchostracans), which overlies and infills dino-
saur trackways impressed in subaerially exposed mudstones. '
These units formed in a marginal marine/nearshore environment
that fluctuated between submerged and exposed.
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Figure 1. The new Middle Jurassic ptero-
saur Dearc sgiathanach

(A-C) Photographs of main slab (NMS G.2021.6.1-
2), bones in dorsal view (A); wing phalanges 2-3
(NMS G.2021.6.3-4), in dorsal view (B); and main
counterslab (NMS G.2021.6.3), bones in ventral
view (C).

(D-F) Schematic drawings of (A)—(C).

(G-H) Reconstruction of skull in dorsal (G) and
ventral (I) views and skeleton in lateral view (H).
ar, articular region; cd, caudal vertebrae; cor,
coracoid; cv, cervical vertebrae; d, digit; den,
dentary; dors, dorsal vertebrae; dpc, deltopectoral
crest; ep, extensor process; fm, femur; gas, gas-
tralia; hdc, humeral distal condyle; hmt, humeral
tubercle; isc, ischium; ju, jugal; max, maxilla; mc,
metacarpal; mt, metatarsal; po, postorbital; r, ribs;
sac, sacral plate; sca, scapula; scv, sacral (?)
vertebrae; sm, sesamoid; sq, squamosal; st,
sternum; symp, symphysis; uc, ulnar crest; ul,
ulna; wp, wing phalanx; r/l, right/left. Blue on re-
constructions are missing regions; red line in (E) is
location of histological sectioning. Scale bars,
30 mm.

See Figures S2 and S3.

Diagnosis

Dearc sgiathanach is a rhamphorhyn-
chine pterosaur with the following auta-
pomorphies: tri-tubular vomers with
“trident-shaped” precapillary contact,
pre-choana depression on the palatal
surface of the maxilla, enlarged optic
lobes expanded anteroposteriorly, and
fourth metatarsal more robust (diameter
2.5x) than mt1-3. For additional informa-
tion, see STAR Methods.

Bone histology and maturity

Using Bennett’s'® osteologically based
ontogenetic stages for the closely related
Rhamphorhynchus, NMS G.2021.6.1-4
has features of terminal-stage adults, such as large and recurved
premaxillary teeth, fused scapula-coracoid, well-developed hu-
meral crests, smooth bone texture, and fused long bone epiph-
yses. However, some osteological features are indicative of
immaturity according to Bennett:'? portions of the skull are un-
fused, such as the jugal with the lacrimal, and there appears to
be limited fusion in the sacral vertebrae.

Immaturity is corroborated by bone histology (STAR Methods;
Data S2). The cortex of a sampled wing phalanx is composed
entirely of primary fibrolamellar bone'® and preserves two prom-
inent lines of arrested growth (LAGs), which indicate that the in-
dividual was at least 2 years old at death.'* The position of the
second LAG close to the external bone surface suggests that
the individual died shortly after emerging from an annual growth
hiatus. The cortex is densely vascularized and has a high propor-
tion of woven bone, indicating a rapid rate of growth throughout
life."® The presence of vasculature extending to the external
bone surface and the absence of an external fundamental
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Figure 2. Skull of the new Middle Jurassic pterosaur Dearc sgiathanach and comparisons of pterosaur brain and ear endocasts

(A-L) Photographs (A-D), segmented nCT scan renderings (E-H), and schematic drawings (I-L) of the skull (NMS G.2021.6.2) in, from top to bottom, left lateral
(reversed), dorsal, right lateral, and ventral views.

(M-U) Brain and inner ear endocasts of Rhamphorhynchus (based on Witmer et al.”) (M, P, and Q), Dearc (N, R, and S), and Tapejara (based on Eck et al.?) (O, T,
and U), shown in the skull in left lateral view and isolated in left lateral and dorsal views, respectively.

asc, anterior semi-circular canal; bp, basisphenoid; cbl, cerebellum; cer, cerebrum; ch, choana; chl, channels; cv, third cervical; d, dentary; den, dentition; e,
endocast; ec, ectopterygoid; et, edentulous anterior tip; f, frontal (?); hy, hyoid; ipv, interpterygoid vacuity; itf, inferior temporal fenestra; j, jugal; la, lacrimal; md,
matrix infilled dent; mx, maxilla; n, nasal; olf, olfactory bulb; opl, optic lobe; p, parietal; pm, premaxilla; po, postorbital; ppd, post-palatal depression; psc,
posterior semi-circular canal; ptf, pneumatic foramen; q, quadrate; qj, quadrojugal; rapr, retroarticular process; rh, probable placement of rhamphotheca; sof,
suborbital fenestra; sq, squamosal; sbtf, subtemporal fenestra; stf, superior temporal fenestra. In (E)—(L), bones that cannot be distinguished in the uCT scan due

to fusion or insufficient resolution are conservatively rendered together in one color. Scale bars, 30 mm.

See Figure S2.

system indicate that the individual was actively growing when it
died. In many respects, the bone microstructure is similar to
small, young individuals (<30% adult wingspan; size class 1'%
of Rhamphorhynchus'® and other actively growing juvenile
pterosaurs,'”'® indicating that it is best interpreted as a juvenile
or subadult™® that had not reached adult body size when it
perished.

Wingspan and body size

Wingspan—defined as double the summed lengths of the bones
of a single wing®—is tightly correlated to body mass and wing
area in pterosaurs and thus a robust body size proxy.?° A com-
plete wingspan cannot be measured directly from NMS
G.2021.6.1-4 because some wing phalanges are missing. To es-
timate wingspan, we compiled measurements of complete wing-
spans of two non-monofenestratans represented by large sam-
ple sizes—Rhamphorhynchus and Dorygnathus —and regressed
these against the lengths of individual bones to create predictor
formulas (STAR Methods; Data S1C-S1Q). Using Rhamphorhyn-
chus scaling, the humerus length (112 mm) and skull length
(222 mm) of NMS G.2021.6.1-4 indicate wingspans of 3.8 and
2.2 m, respectively. The largest known Rhamphorhynchus (Nat-
ural History Museum UK 37002) is considerably smaller, with a
wingspan of 1.8 m, humeral length of 79 mm, and skull length
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of 202 mm. Using Dorygnathus scaling, the humeral length of
NMS G.2021.6.1-4 indicates a wingspan of 1.9 m, approxi-
mately 10% larger than the largest Dorygnathus (1.69 m wing-
span, 84 mm humerus).

These results demonstrate that Dearc is the largest Jurassic
pterosaur yet known, consistent with the fact that its humerus
and skull are the longest of any Jurassic specimens. Further-
more, we interpret these results as evidence that Dearc likely
achieved wingspans over 2.5 m, and perhaps larger (>3 m).
This is based on two lines of reasoning. First, we consider the
Rhamphorhynchus equations, which give larger wingspan esti-
mates, as the most valid predictors: Rhamphorhynchus is a
closer relative of Dearc than is Dorygnathus, is known from a
larger sample size (and thus generates a regression with tighter
error bars and a higher r? value), and has a well-established and
nearly isometric growth trajectory that makes predicting wing-
span from isolated skeletal elements more justifiable.”’ Second,
the holotype of Dearc (NMS G.2021.6.1-4) was an actively
growing juvenile-subadult at death and would have been larger
as an adult (STAR Methods).

Description
A detailed description is provided in Data S2, with salient fea-
tures summarized here. Dearc generally conforms to the classic
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Figure 3. Postcranial skeleton and dentition of the new Middle Jurassic pterosaur Dearc sgiathanach
Photographs of the right manus (A), cervical series (B), pubic region (C), right humerus (D), left humerus (E), left metacarpal-phalanx articular region (F), right

maxilla (G), and left pes (H) of NMS G.2021.6.1-4.

ac, anterior caudal vertebrae; ar, articular region; ¢, condyle; cdv, caudal vertebrae; cor, coracoid; cv, cervical vertebrae; d, dentary; dc, distal condyle; dpc,
deltopectoral crest; dvrt, dorsal vertebrae; en, enamel; exp, extensor process; fem, femur; ft, flexor tubercle; gas, gastralia; h, humerus; ic, intercondylar groove;
isc, ischium; max, maxilla; mcp, metacarpal; md, maxillary dentition; mg, medial groove; mt, metatarsal; nss, neural spine scar; pa, preacetabular process; poz,
postzygapophysis ppb, prepubis; prez, prezygapophysis; rad, radius; rb, rib; sac, sacrum; sm, sesamoid; uc, ulnar crest; ul, ulna; un, ungual; vert, vertebra; wp1,

wing phalanx one. Scale, 10 mm per bar.
See Figures S2 and S3.

non-monofenestratan body plan, as it has an elongate mandib-
ular symphysis (>20% mandible length), cervical ribs (visible in
uCT data of anterior cervicals), a neck shorter than the combined
dorsal and sacral series, a short metacarpus (<80% humerus
length), and an elongate tail comprised of elongate caudal verte-
brae supported by interlocking zygapophyses (Figures 1, 2, and
3). It does, however, possess some features typical of pterodac-
tyloids and often considered part of a “module” unique to their
bauplan,® including a skull that is longer than the combined

dorsal and sacral series and a highly inclined quadrate (Figure 2).
Furthermore, although the cervical vertebrae are short and squat
as in non-monofenestratans, they are proportionally more elon-
gate than most members of that grade, beginning to approach
the proportions of more derived pterosaurs like Wukongopterus
li and Douzhanopterus zhengi*>*® (STAR Methods). There is a
continuum between two distinct types of dentition: elongate
fangs at the snout tip and conical pegs along much of the jaw
length (Figures 2 and 3).
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Figure 4. Phylogenetic relationships of the Middle Jurassic pterosaur Dearc sgiathanach and wingspan estimates for Jurassic pterosaurs
Strict consensus of most parsimonious trees from phylogenetic analysis, with silhouettes scaled to wingspan (Dearc = ca. 2.0 m) (1), and skull reconstructions of
key taxa: (A) Scaphognathus crassirostris (based on GPIB 1304), (B) Dorygnathus banthensis (based on SMNS 55886), (C) Rhamphorhynchus muensteri (based
on NHMUK R 37002), (D) Angustinaripterus longicephalus (based on ZDM T8001), and (E) Dearc sgiathanach. Wingspan plot (2): estimated wingspan range for
isolated pterosaur remains from the Taynton Limestone collection. See Data S1D for complete element list. (A) NHMUK PV R 36634, (B) GSM 113726, (C) OUM
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See Figure S4 and Data S1 and S2.

uCT data provide a stellar view of a complete, articulated
palate and hyoid of a non-monofenestratan pterosaur in dorsal
and ventral view (Figure 2). The heart-shaped choana is cut
medially by forking vomers, comprised of three cylindrical
rods that converge anteriorly in a trident-shaped contact. There
is a thin extension of the ectopterygoid, which rotates around
its own axis, forming an elevated ventral border of the postpa-
latine fenestra, joining the vomers at a perpendicular angle.
This “contorted” morphology has not been described in other
pterosaurs.

uCT data also provide one of the few brain and inner ear en-
docasts of a basal pterosaur (Figure 2). Like Rhamphorhyn-
chus,” Dearc had a large cerebrum with optic lobes positioned
at the same level as the forebrain and a large flocculus, around
which thin and arched semicircular canals looped, that none-
theless did not project to the same lateral level as the cere-
brum. In pterodactyloids, however, the brain is highly flexed
so that the cerebrum is elevated relative to the optic lobes,
and the flocculus is expanded beyond the cerebrum later-
ally.”®2* In Dearc, the optic lobes are larger, anteroposteriorly
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longer, and more widely exposed dorsally than in any known
basal pterosaur or pterodactyloid (Rhamphorhynchus,” Allkau-
ren,>* and Tapejara®).

Phylogenetic analysis

Our phylogenetic analysis focuses on non-monofenestratan
pterosaurs and combines data from several independent pub-
lished analyses®**>° with new characters, while excluding
taxa known only from highly immature specimens and charac-
ters that exhibit strong ontogenetic variation, resulting in a data-
set of 58 taxa scored for 155 characters (Data S1B and S2).
Dearc sgiathanach is recovered within a large grade of non-
monofenestratans, including subclades centered on Rhampho-
rhynchus and Scaphognathus (Figure 4). Dearc is in the former
subclade, where it groups with the Chinese Angustinaripterus
and Sericipterus, in the clade Angustinaripterini, diagnosed
here for the first time by several features including a large antor-
bital fenestra, reclined quadrate, and proportionally elongate
anterior cervicals (see above).
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Remarks
The holotype of Dearc sgiathanach is a rare three-dimensionally
preserved pterosaur from the Jurassic, which gives unique
insight into the osteology, size, growth, and neuroanatomy of a
basal non-monofenestratan. lts most remarkable attribute is its
size: its wingspan was ca. 1.9-3.8 m, roughly the size of the
largest flying birds today (e.g., wandering albatross), and it was
not fully grown at death. Triassic and Jurassic pterosaurs have
long been stereotyped as relatively small animals, constrained
to wingspans of approximately 1.6-1.8 m or less over the first
ca. 70 million years of their evolutionary history,” before
becoming larger in the latest Jurassic or Early Cretaceous,
culminating in airplane-sized giants like Quetzalcoatlus with
10-m wingspans.® A few tantalizing specimens have hinted at
larger Jurassic pterosaurs,®®® but these are often limited to
one or a few bones, which make body size estimations difficult.
Dearc is the first Jurassic pterosaur whose wingspan can confi-
dently be estimated at ca. 2.5 m or greater, based on a well-pre-
served, articulated skeleton.” Its closest relatives, Angustinarip-
terus and Sericipterus, are also sizeable for Jurassic species,
with wingspans previously estimated at 1.6'-1.7°® m extrapo-
lated from patchy fossils. Our regression equations indicate
larger wingspans for these taxa: ca. 2-3 m, which is still approx-
imately 10% smaller than Dearc. Dearc, therefore, anchors a
clade of large, long-snouted Jurassic non-monofenestratans:
Angustinaripterini.®

The large size of Dearc prompted us to re-examine fragmen-
tary specimens from the Taynton Limestone,®® an English unit
that formed at the same general time as the Scottish Middle
Jurassic deposits, in or along the margins of the same seaway.
We identified 17 specimens—all single bones—that yield wing-
span estimates of over 1.7 m based on our predictor formulas
(above), including several that may have had wingspans of
over 3.0 m. The discovery of Dearc, and our survey of Taynton
specimens, reveals that Jurassic pterosaurs were capable of
achieving considerably larger sizes than previously thought.
Jurassic pterosaurs may still have been constrained in size—
and certainly there is no evidence they approached the grandeur
of giant Cretaceous pterodactyloids—but if so, that constraint
was at a substantially greater wingspan than 1.6-1.8 m.°

Trends in pterosaur size evolution, particularly the shift to
increasingly larger species in the Cretaceous, have been inter-
preted in terms of two main hypotheses, which are not mutually
exclusive: (1) advances in the pterodactyloid body plan allowed
them to become larger and more efficient fliers than non-ptero-
dactyloids, and (2) the diversification of birds (Avialae) may have
driven latest Jurassic/Cretaceous pterosaurs into ever-larger
size niches.® Our identification of Dearc demonstrates that
non-pterodactyloids were able to grow to larger sizes by the
Middle Jurassic, with some evidence for large pterosaurs back
to the Early Jurassic,®” tens of millions of years before birds un-
derwent their adaptive Cretaceous radiation.***! These size in-
creases seemingly occurred too early for avialans, which are first
definitively known from the Late Jurassic, to have been a direct
cause. Alternatively, if there was pressure on pterosaurs to
become larger, it may have started deep in the Jurassic and
involved competition with unrecognized early avialans or other
animals,”’ like non-avialan feathered dinosaurs or other
pterosaurs.
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Not only is Dearc large, but it and its closest angustinaripterin
relatives possess derived characters considered keystones of
the pterodactyloid skull “module,” notably an elongate skull
and inclined quadrate. Previous work has argued that the transi-
tion between non-pterodactyloids and pterodactyloids involved
a nearly perfect modular shift, in which features of the skull
changed together in a tightly integrated unit, followed by the
body, limbs, and tail.® While we do not dispute the overarching
modularity of the pterosaur skeleton, Dearc hints that some of
the trademark “pterodactyloid” features convergently evolved
in other groups,*? perhaps due to feeding ecology or other fac-
tors. Yet the endocranial anatomy of Dearc is distinctly primitive,
as it has the unflexed brain and smaller flocculus of basal ptero-
saurs”?* and not the transformed brain of pterodactyloids. Thus,
it seems, non-pterodactyloids had a similar neuroanatomy
regardless of body size.

Our recognition of large Middle Jurassic pterosaurs exposes a
taphonomic bias, to add to the already notoriously problematic
record of pterosaurs.’®** There were fairly large pterosaurs in
the Jurassic (wingspans > 1.8 m), but reasonably complete adult
or near-mature skeletons are mostly lacking, for reasons unclear
and worthy of further study. The Middle Jurassic age of Dearc
adds to increasing evidence that this interval—once a frustrating
gap in the pterosaur record —was in fact a dynamic time of diver-
sification, in which a variety of basal taxa and early monofenes-
tratan lineages®*° coexisted and occupied a range of environ-
ments, from open marine to lagoonal, nearshore to desert,
around the world. We can now add larger taxa, with derived pter-
odactyloid-type skull characters, to that roster. As with dino-
saurs®® and mammals,*® the Middle Jurassic was likely a vibrant
time in pterosaur history, not a static and archaic prelude to a
Cretaceous explosion of larger,® more disparate,*” more efficient
fliers.?® With the dawn of the Cretaceous, however, the diverse
non-monofenestratans disappeared, including larger ones with
pterodactyloid convergences. This mystery remains to be
solved.
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Trainable Weka Segmentation ImageJ https://imagej.net/plugins/tws/

TNT 46 http://www.lillo.org.ar/phylogeny/tnt/

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources should be directed to and will be fulfilled by the lead researcher Natalia Jagielska
(Natalia.Jagielska@ed.ac.uk) or project supervisor Stephen L. Brusatte (Stephen.Brusatte@ed.ac.uk)

Materials availability
The holotype specimen is stored in the National Museum of Scotland (Edinburgh, Scotland, UK) under the collection number NMS
G.2021.6.1-4. This is a public repository where the specimen is permanently available for research.

Data and code availability

o Data are publicly available as of the date of publication. Accession numbers are listed here. The 3D nuCT scan of the crania and
cervicals can be accessed from the data repository MorphoSource 000420017; photogrammetric surface scan of the main slab
(dorsum) is reposited in 000420101, 000420110; photogrammetric surface scan of the counterslab is available at 000420118,
000420126. The phylogenetic and wingspan analyses are included in the supplementary information and Data S1. The TNT
matrix, measurements, segmented cranial/cervical elements are included in Data S1 and S2.

® This paper does not report original code.

@ Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

The main subject of this study, the holotype specimen NMS G.2021.6.1-4, is a well preserved, articulated, and reasonably complete
skeleton preserved in a lagoonal bioclastic limestone (Figures 1, 2, 3, S2, and S3). The exposed anterior skull of the specimen was
discovered at Brothers’ Point, Isle of Skye, Scotland, by AP during a National Geographic-funded fieldtrip led by SLB on May 23,
2017 (Figure S1). The entire specimen was recovered by the team (including SLB, TJC, AP, DAR, and NDLC) on May 24-25,
2017. The brunt of collection work was conducted by DAR using a diamond-tipped rock saw. All fieldwork was conducted under
a permit from Scottish Natural Heritage. The skeleton was found in the Upper Lonfearn Member of the Lealt Shale Formation (Great
Estuarine Group), at a site that is referred to as Brothers’ Point (BP) 3 in the literature.”’ BP3 is located immediately west of the mouth
of Lonfearn Burn into Port Earlish (57.5863°N, 6.1494°W).
Comparative data on other specimens/taxa was retrieved from personal observations and the literature.

METHOD DETAILS

Fossil genuineness

As our team discovered the specimen in situ, we can confirm its genuineness. The specimen was mechanically prepared by Nigel
Larkin, which involved gluing broken bones together and removing limestone matrix to expose the bones, but no other modifications.
During collection and preparation, the fossil was separated into four slabs. The largest slab—what we refer to in the text as the
‘main slab’—contains the greatest number of bones (trunk, forelimbs, sacrum and tail bones) exposed in dorsal view. The second
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slab—what we refer to in the text as the ‘main counterslab’—includes partial trunk, tail, pelvic and hindlimb, and left forelimb ele-
ments exposed in ventral view (the underside of the slab also contains the second wing phalanx). The third slab contains the third
wing phalanx with an articulation point. The fourth slab includes the skull and anterior cervical vertebrae, exposed in dorsal view.
The first and second slabs were separated from each other by hammer and chisel during the removal of the skeleton from the field
site. The third slab was also separated from the remainder of the skeleton during field excavation. The fourth slab was removed from
the first slab by Nigel Larkin during preparation, so that it could be nCT scanned.

Fossil examination

NMS G.2021.6.1-4 was studied first-hand in the University of Edinburgh Deep Time palaeontology laboratory by many of the authors,
principally NJ and SLB. The specimen was photographed by GFF and NJ using a Nikon D850 camera with Nikkor 14-24 mm and
MicroNikkor 60 mm lenses. Where adjustments were made to contrast, brightness, or white balance, they were applied to the whole
image. After image adjustment, the background was digitally removed. Some images were created using the automated focus-
stacking mode of the Nikon D850 to create enhanced-focus images in HeliconFocus v 7.5.5.

Computed tomography scanning

The skull and associated proximal cervical vertebrae were separated from the main slab by Nigel Larkin during preparation. The skull
piece was then scanned using a custom-built X-ray pCT instrument at the School of GeoSciences, University of Edinburgh. Multiple,
overlapping scans of the skull were acquired at 110 keV,and 50 W target power loading with a 0.9 mm copper and 1 mm aluminum
energy filter, using 2 X 2 s exposure per projection (two frames averaged) and 2000 projections per scan. The scans were recon-
structed by filtered back projection using Octopus v8.9 software.*® The geometric voxel resolution of the scans was 97um. The over-
lapping scans were registered and merged into a single volume using Avizo (version 9.1) and segmented manually in Mimics (Mate-
rialize N.V. 2014). Attempts were made for machine learning segmentation using the Trainable Weka Segmentation extension on Fiji/
Imaged, but with low contrast between bone and matrix and the presence of pyrite, manual segmentation in Mimics was required.
While the pCT scan offered good contrast in regions where the ratio of matrix to bone is low, contrast was reduced in the posterior
part of the skull (jugal, postorbital, squamosal), and manual segmentation of this region was challenging. These segmented regions
are more interpretive and low-detailed (Figure 2). Although the posterior skull has reduced contrast and resolution, the internal spaces
of the brain and ear region are well defined, making it possible to produce 3D endocasts. The dorsal section of the endocast is
missing due to recent beach erosion, and the terminal region anteriorly is difficult to assess as the endocast opens to the vacuity
around the orbits. The semi-circular canals can be segmented in part but are of too poor resolution to segment completely.

Bone histology

Thin sections (Figure S3) were prepared using a modified version of the method outlined by Padian and Lamm."® A portion of the wing
phalanx was removed at a natural break, and was embedded in Buelher Epothin Il epoxy resin under a vacuum (—1 atm). The epoxy
was left to cure at room temperature for 48 h and was then cut at the target plane using a Buehler Isomet 1000 Precision Saw and a
diamond-tipped wafering blade. The billet and an acrylic slide were each frosted on a glass plate using 600-grit silicon carbide abra-
sive slurry (Kemet International) to remove saw marks and increase surface area for adhesion. The billet was mounted to the slide
using cyanoacrylate adhesive (Loctite) and was left to cure at room temperature for 3 h. The mounted billet was resectioned to
700 pm in thickness using the Buehler Isomet 1000 Precision Saw. The section was then polished by hand on a glass plate using
600-grit silicon carbide abrasive slurry (Kemet International) until optimal contrast was achieved. The slide was finished by polishing
using a 1200-grit silicon carbide abrasive slurry (Kemet International) on a glass plate, and then two 10,000-grit lapping pads (Kemet
International), the second of which was impregnated with mineral oil (Johnson & Johnson) to improve optical contrast. The slide was
observed and photographed using a Leica DMLP Transmitted Light Polarizing Microscope and Leica Application Suite 4. Photomon-
tages were created using the automated ‘photomerge’ tool in Photoshop Creative Cloud v22.4.1. Osteocyte lacunar density was
calculated using the method of Cullen et al.*®

Wingspan estimates

In order to estimate the wingspan of NMS G.2021.6.1-4 and isolated Taynton Limestone specimens, we utilized regression equations
that predict wingspan based on the dimensions of single bones. These equations were constructed using data from two genera of
basal pterosaurs (non-monofenestratan species closely related to Dearc) known from large samples that span a range of body sizes
and ontogenetic stages: Rhamphorhynchus and Dorygnathus. We compiled measurement data for specimens of these genera for
which both total wingspan and the lengths of the individual bones in question can be measured. Then, for each bone, we ran a sepa-
rate regression equation: one using Rhamphorhynchus data only, the other using Dorygnathus data only.

All regressions were ordinary least-squares (OLS) regressions, performed in PAST, on log-transformed data. The source data for
each regression, the resulting regression equations, regression plots (with 95% confidence intervals), and wingspan estimates for
Dearc and isolated Taynton bones are provided in Data S1C-S1Q. Further explanation is given here:

Postcranial Bones

In order to estimate the wingspan of NMS G.2021.6.1-4 and Taynton Limestone pterosaurs, we carried out regression analyses using
datasets consisting of the lengths of complete individual elements (humeri, ulnae, wing phalanges, and femora) and their correspond-
ing complete wingspans. The humeral data were previously published in Appendix 1 of O’Sullivan et al.®” Each one of the Jurassic
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non-monofenestratan pterosaur specimens selected has at least one complete wing, which allows us to accurately measure the ab-
solute wingspan. (Wingspan is defined as the length of one wing doubled. The body is not included as pterosaurs flew with the hu-
merus and radius/ulna complex held in a v shape, the width of which is approximately equal to the lateral width of the body). We
performed a total of 12 postcranial regressions: humerus, ulna, wing phalanx 1, wing phalanx 2, wing phalanx 4, and femur, in
each case for Rhamphorhynchus and Dorygnathus separately. In each regression, we plotted the logarithms of wingspans along
the y axis against the logarithms of lengths of a complete postcranial element (e.g., humerus, wing phalanx 1, etc.) on the x axis.
For each regression, we then produced a line of best fit using OLS (with 95% Cls) and measured the variance of the data using
the R? score and the significance of the linear relationship with a permutation p value. We then took the Linear Regression
Equation from our plots and used it to estimate wingspan using the formula below.

Wingspan = m(element length) + b

Skull
We utilized the same regression methodology to use the skull length to estimate wingspan, but using only Rhamphorhynchus, as too
few complete skulls of Dorygnathus are available to conduct a robust regression analysis.

Finally, we used our postcranial and cranial regressions to estimate the wingspan of two close relatives of Dearc: Sericipterus and
Angustinaripterus. They have been described as large Jurassic pterosaurs, but their wingspans were estimated previously at
1.6-1.7 m based on fragmentary fossils and without explicit regression equations.

Stratigraphy, dating, and taphonomy

The Lealt Shale Formation (Figure S1) is Middle Jurassic in age. It is part of a package of formations known collectively as the Great
Estuarine Group, which were formed during repeated cycles of delta progradation and retrogradation into marginally marine lagoonal
systems between ca. 166-170 million years ago.® The dating of these rocks has historically been challenging because they do not
preserve ammonites—the most relevant index fossils—in abundance.®°° However, their stratigraphic relationships with the under-
lying Bajocian Garantiana Clay Member and Bearreraig Sandstone Formation and the overlying Callovian Staffin Bay Formation
constrain the age range for the Great Estuarine Group—and hence the Lealt Shale—to latest Bajocian to Bathonian.”~*® The dating
of the Lealt Shale in particular has been considered Bathonian, based on correlation with neighboring formations and the presence of
ostracods in the overlying Duntulm Formation, which bear similarities to those of the progracilis zone.*'° If accurate, this would mean
the Lealt Shale is coeval with the pterosaur-rich Taynton Limestone of England.

During the Bajocian-Bathonian, Britain was covered by a shallow epicontinental sea and divided into three major landmasses: Lon-
don-Ardennes, Cornish-Mendip, and the northern Scottish-Pennine; the latter of which was where the Lealt Shale and other Skye
deposits formed.®" Around the end of the Bajocian, the offshore Hebridean Basin experienced sea-level rise, and became linked
to neighboring basins by flooding of low grounds, which formed shallow areas of deposition with fluctuating salinity levels.>* These
events are represented by the lagoonal/marginal marine Lealt Shale and the deltaic Valtos formations of the Great Estuarine Group,
both of which are well exposed on Skye. Much of the Hebridean Basin was very shallow at this time, and submerged areas closer to
shore underwent periodic drying and subaerial exposure (as evidenced by terrestrial units with dessication cracks and salt deposi-
tion)"". The local climate during this time was warm and humid.>*

The Lealt Shale (referred to as Estheria or Mytilus Shale in earlier literature), ' is defined by an abrupt lithographic change from
coarse-to-pebbled sandstone at the base (underlying Elgol Sandstone Formation) to bituminous, silty shale. The upper boundary
is more gradational, turning from fissile muds to silts (overlying Valtos Sandstone Formation). There are notable changes in index
fossils, exemplified by the disappearance of Cyzicus clam shrimp, and appearance of Neomiodon bivalve shells.®"> The Lealt Shale
is tentatively divided into two members defined by the presence and abundance of Mylitus shells. The base is formed of monotypic
Praemytilus strathairdensi shell-beds. This unit (the Kildonnan Member) is best exposed on the Isle of Eigg, as a gray silt shale, with
occasional beds of limestone, and at least two bone beds and a coarse sandstone interval. The second member—the Lonfearn—is
predominately composed of shales with ostracods, gastropods and the index fossil Cyzicus.'® The holotype of the new pterosaur
Dearc comes from the Lonfearn member.

The Lonfearn member is composed of three distinctive facies.® The fissile mudstone facies have shell plasters, high (4.5%
max.) total organic content®® and lack bioturbation suggesting low water energy and low oxygen levels. The shell limestone
facies is composed of monotaxa Neomiodon shell beds replaced with biosparite and displaying effects of winnowing,® with
variable levels of compaction. The new pterosaur skeleton originates from the ferruginous oolitic limestone facies, predom-
inately composed of ooids with ferroan dolomite coating, with local muddy interbedding, pervasive fibrous calcite veins, dis-
articulated and winnowed bivalve shells and ostracods valves, which are found within a layer below the pterosaur specimen.

The pterosaur comes from a bed infilling sauropod trackway on a laminated micrite. It is a well-sorted, bioclastic limestone.”" The
bioclastic elements are chiefly disarticulated Neomiodon shells with some ostracods and conchostracans, although none have been
found in the immediate vicinity of the skeleton. There are desiccation cracks present on the bed, set in some distance from the fossil,
suggesting localized, periodic drying up periods in a shallow-water setting.® The skeleton is remarkably well preserved, with delicate
and hollow bones mostly uncrushed and preserved in three dimensions, and it shows no evidence of substantial fracture, compac-
tion, or disarticulation, suggesting it was buried in a low-energy environment, which dePolo et al.’’ suggested as biologically active
mudflats.
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The rock matrix within which the pterosaur skeleton resides is rich in evenly distributed diagenetic cubic pyrite (up to 3 mm),
which surrounds and in some cases (e.g., left metacarpal) extends into the fossil. The Lealt Shale Formation is intruded by
numerous dolerite sills but the pterosaur skeleton has not been visibly altered by diagenesis related to magmatism and
metamorphism.

Nomenclatural acts
This publication and the nomenclatural acts it contains have been registered in ZooBank under the following LSIDs: LSID urn:lsid:-
zoobank.org:pub:8087A873-85C2-447C-9B9C-FO1F15E3189D.

Phylogenetic analysis

The phylogenetic relationships of Dearc sgiathanach among pterosaurs were tested using an analysis of discrete anatomical char-
acters in a parsimony framework. The analysis includes 53 in-group terminal taxa and five outgroup taxa, scored for 155 unordered
and equally weighted characters (Data S1B); we do not order multistate characters, to avoid any assumptions of transformation
sequence. Characters include those assembled from numerous published pterosaur phylogenies and novel characters that partic-
ularly relate to features that are well preserved in Dearc (e.g., palatal, endocast, and ceratobranchial characters 71-79). Assembled
characters originate from first-authored studies of Andres;***° Britt;*’ Dalla Vecchia;*®*° Kammerer;*° Kellner;*" Lu;** Unwin;*® Vi-
dovic;***® Wang?? [details in Data S2]. Characters exhibiting strong ontogenetic variation were excluded. Our taxon sample was con-
structed to focus on basal non-monofenestratan pterosaurs (the grade into which Dearc falls) and to mostly exclude taxa known only
from immature specimens, which along with ontogenetically highly variable characters can confound phylogenetic analysis. We also
excluded some taxa known only from highly incomplete or very poorly preserved specimens. We do note that we have included some
taxa that are known mostly, or exclusively, from non-adult material or have immature type specimens: most notably Dearc itself, but
also Triassic taxa like Eudimorphodon and kin, and Anurognathus. We elected to include such taxa because of their potential phylo-
genetic importance (they anchor major clades or fill important gaps in the stratigraphic record) and because specimens, although
immature, exhibit good preservation and are relatively complete.

Fundamentally, we acknowledge that our phylogenetic analysis relies on a series of methodological choices, and other authors
may prefer alternatives. Our main goals were to focus on the relationships of non-pterodactyloids and to minimize false phylogenetic
signals that could derive from immaturity and incompleteness of specimens—a long-standing problem with pterosaurs. One alter-
native to the latter problem is to score ontogenetic-dependent characters as missing data (‘?’) for species with unknown mature
specimens. However, we prefer not to use this approach, because it can be challenging to recognize ontogenetic stages in ptero-
saurs due to the plasticity of various indicators of maturity (bone fusion and ossification, body size, histology). For instance, without
our histological evidence, we would probably have considered the Dearc a mature (or near-mature) adult, not a still-growing juvenile
or sub-adult. Given such uncertainty, we prefer the more straightforward approach of simply removing specimens/taxa known from
what are clearly very immature specimens or which are highly incomplete.

We performed a maximum parsimony analysis in TNT. We began with a New Technology Search (RSS, CSS, Ratchet, Drift, Tree
Fusion with default settings), in which the minimal length tree was identified 50 times. A most parsimonious tree length of 491 was
found 362 times. These trees were then subjected to an additional round of TBR branch swapping, which found a total of 9000 most
parsimonious trees (overflow) most parsimonious trees (consistency index = 0.440, retention index = 0.731). We used these trees to
conduct a strict consensus in which 27 taxa were excluded a posteriori, in order to eliminate wildcard taxa and specimens with a
suspected preponderance of juvenile morphological scores. Clade support was determined using Bremer and bootstrap values.
The strict consensus recovered Dearc in a clade with Angustinaripterus longicephalus and Sericipterus wucaiwanensis; this clade
is sister to Rhamphorhynchus muenstri.

Institutional abbreviations

BYU, Museum of Paleontology, Brigham Young University, Provo, USA; CM, Carnegie Museum of Natural History, Pittsburgh, Penn-
sylvania, USA; IVPP, Institute of Vertebrate Paleontology and Paleoanthropology; MCSNB, Museo Civico di Scienze Naturali di Ber-
gamo, Bergamo (Italy); MTM, Hungarian Natural History Museum, Budapest, Hungary; NHMUK, the Natural History Museum, Lon-
don, UK; NMS, National Museums Scotland, Edinburgh; OUM, Oxford University Museum of Natural History, Oxford, UK; PMOL,
Paleontological Museum of Liaoning, Shenyang Normal University, Shenyang, China; SMNK Staatliches Museum fiir Naturkunde
Karlsruhe, Karlsruhe, Germany; SHN, Paleo at Sociedade de Historia Natural, Torres Vedras, Portugal; SMNS, Staatliches Museum
fur Naturkunde Stuttgart, Stuttgart, Germany; SNHM, State Museum of Natural History in Brunswick, Saxony, Germany; TMP, Royal
Tyrrell Museum of Palaeontology, Drumheller, AB, Canada; ZDM, Zigong Dinosaur Museum.

QUANTIFICATION AND STATISTICAL ANALYSIS

The statistical analysis was performed using PAST 2.17.%7
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