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Abstract
A partial pterosaur pelvis from the Campanian Dinosaur Park Formation of Canada adds to our
knowledge of Late Cretaceous pterosaurs. The pelvis is tentatively referred to Azhdarchidae and
represents the first pelvic material from a North American azhdarchid. The morphology of the ilium
is bizarre compared with other pterosaurs: it is highly pneumatized, the preacetabular process tapers
anteriorly, and muscle scars show that it would have anchored strong adductor musculature for the
hindlimb. The acetabulum is deep and faces ventrolaterally, allowing the limb to be positioned under-
neath the body. These features support previous suggestions that azhdarchids were well adapted to
terrestrial locomotion.
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Introduction
The pterosaurs of western Canada are relatively poorly known, represented primarily by fragmented
skeletons (Currie and Russell 1982; Padian 1984) or isolated elements (Sullivan and Fowler 2011),
mostly referable to Azhdarchidae. In Dinosaur Provincial Park, taphonomic biases against small,
delicate elements (Brown et al. 2013) mean that already-fragile pterosaur material is rare. Previously
described material from the Dinosaur Park Formation (DPF) includes vertebrae (Currie and Russell
1982), several pectoral girdle and wing elements (Godfrey and Currie 2005), and possible hindlimb
elements (Godfrey and Currie 2005). However, no cranial or pelvic material has yet been recovered.
The paucity of material and its isolated nature means that untangling the taxonomy of the DPF ptero-
saurs is particularly difficult.

Godfrey and Currie (2005) suggested that, because of the widely disparate sizes of identifiable
elements, up to three azhdarchid taxa may have coexisted. The largest of the azhdarchids is repre-
sented by a large limb bone (TMP 1980.016.1367) that Currie and Russell (1982) suggested was a
femur. If this bone is indeed a femur that individual would have had a wingspan of up to 13 m.
Others (Padian and Smith 1992; Averianov 2014) have argued that TMP 1980.016.1367 is in fact a
wing element and, therefore, represents a smaller individual, similar in size to Quetzalcoatlus
northropi from Texas. It has also been suggested that this element is a large, poorly preserved cervical
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vertebra (Godfrey and Currie 2005; M Habib, personal communication, 2016). Godfrey and Currie
(2005) suggested that the smallest azhdarchid material from the DPF is probably Montanazhdarcho
(Padian 1984; Padian et al. 1995), although the azhdarchid identity of that genus is uncertain
(Carroll 2015). A partial skeleton described by Currie and Jacobsen (1995) represents an intermedi-
ately sized individual (wingspan 6 m), although they point out that this individual was immature. In
most cases, a lack of autapomorphic characters in the elements from the DPF prevents their assign-
ment to these other taxa. However, Sullivan and Fowler (2011) suggested that both wing phalanges
IV-1 collected from the DPF were referable to Navajodactylus from the Kirtland Formation of New
Mexico. Despite the considerable geographic distance, it is conceivable and has been previously sug-
gested (Habib 2010) that, as volant animals, azhdarchids could disperse over such a large area.
Pterosaur material from the DPF, therefore, may represent as many as four different taxa.

In the summer of 2015, an unusual pterosaur bone (UALVP 56200) was recovered from a multitaxic
bone bed at the Steveville locality of Dinosaur Provincial Park (Fig. 1). Comparison with pterosaur
pelves strongly suggests that UALVP 56200 is composed mostly of the right preacetabular process
of the ilium. The great size (>150 mm) of the element suggests that it may tentatively be referred to
Azhdarchidae, although the anatomy of azhdarchid pelves is poorly known. UALVP 56200 provides
important anatomical information about the DPF pterosaurs and has implications for the previously
proposed terrestrial ecology of large azhdarchids.

Material and methods
UALVP 56200—?Azhdarchidae indet. Partial right pelvis including the preacetabular process of
the ilium and the acetabular rim of the pubis. The material was collected in 2015 in the DPF from
multitaxic bone bed BB151 (GPS: 12U E0458338, N5630743, WGS84) in Dinosaur Provincial Park
near Steveville, Alberta by GFF.

Fig. 1. Map of Alberta (A) and Dinosaur Provincial Park (B), traced in Adobe Photoshop CS6 (adobe.com/
photoshop). Star indicates BB 151, where UALVP 56200 was collected. Scale bar is 2 km. Map data for (A) and (B)
from Google Maps (Map data: ©Google), used under fair use terms.
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The specimen was collected under appropriate permits granted to PJC. The specimen was mechani-
cally prepared using hand tools and consolidated using cyanoacrylate and Paraloid B-37. After initial
preparation, the specimen was scanned via computed tomography (CT) using a Siemens Sensation 64
CT Scanner at the ABACUS Core Imaging Facilities in the University of Alberta Hospital
Mazankowski Centre. Images were generated at 120 kV and 192.00 mAs with a pixel size of
0.443 mm and a slice increment of 1.000 mm. CT scan data were imported to Mimics 14.0 to create
a mesh, which was cleaned up in Geomagic Design 64. An interactive model of this mesh is available
in Supplementary Material 1. Some fragments, including the posterior portion of the acetabulum,
were reassembled after CT scanning and are therefore absent in the three-dimensional model.

CT reconstruction of pneumatic spaces allowed estimation of volumetric air-space proportion (ASP).
However, UALVP 56200 was preserved in two types of matrix: soft, medium-grained sandstone; and
well-indurated siderite ironstone. Cavities infilled with sandstone were significantly less dense than
surrounding bone, but because of the similar densities of the bone and ironstone matrix, determining
the boundaries of ironstone-infilled cavities was difficult. All internal regions of low density were man-
ually segmented in Mimics 14.0, which automatically calculates mesh volume. Subsequently, a second
estimate was generated based solely on sandstone-infilled spaces, which were easier to determine
unequivocally. The bone enclosing the large dorsal pneumatic spaces is broken, so the volume of this
cavity was not estimated, but it would have increased the ASP considerably. The estimates presented
are, therefore, conservative minimum estimates of ASP. The specimen was photographed using a
Nikon D7200 with a 50 mm lens (Figs. 2A–D, F), or with a Nikon D5000 with an 18–55 mm lens
(Figs. 2E, 3). Measurements were taken using digital calipers with an accuracy of 0.05 mm.

Systematic paleontology
PTEROSAURIA Kaup 1834

PTERODACTYLOIDEA Plieninger 1901

AZHDARCHOIDEA Nessov 1984

AZHDARCHIDAE Nessov 1984

Azhdarchidae indet.

(Figs. 2–6)

Geologic and stratigraphic context
UALVP 56200 was recovered from a dense multitaxic bone bed (BB151) in the lower part of the
Upper Campanian (∼ 75 ma) DPF near Steveville, Alberta. The bone bed occurs at the base of an
intermittently sideritized, cross-bedded, medium-grained sandstone overlying a grey mudstone. The
fossil assemblage of BB151 is composed of a variety of micro- and macrofossils including ceratop-
sians, champsosaurs, crocodylians, hadrosaurs, and theropods. Fossils in the bone bed are disarticu-
lated and generally well preserved, but taphonomic signatures are conflicting. Abrasion on UALVP
56200 suggests that it was either transported a long distance or subjected to rapid flow velocities;
when recovered, it was in contact with an even more weathered fragment of hadrosaur cancellous
bone. In contrast, the presence of teeth in hadrosaur and crocodylian mandibulae, combined with fine
preservation of small theropod elements, suggests that those elements were buried rapidly without
significant weathering or transport. This taphonomic variability is likely evidence of a time-averaged
assemblage of reworked skeletal material. Accordingly, the bone bed is here interpreted as a channel
lag deposit; channel lags commonly host bone beds in the DPF (Eberth 2015).
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Description
UALVP 56200 (Figs. 2–6; Table 1) is relatively well preserved for a pterosaur element from the DPF.
The specimen is mostly composed of a highly pneumatized right preacetabular process of the ilium
(Fig. 2). Although it has been slightly crushed, it has retained its overall shape. The bone surface
shows some signs of stage 1 weathering (sensu Behrensmeyer 1978) and part of the medial side is
rounded and abraded. In the thickest regions (the dorsal margin of the ilium), the bone wall thickness
is as much as 3.5 mm, but the thinnest regions, surrounding the pneumatic cavities, are less than
0.5 mm thick.

The preacetabular process contacts and is fused indistinguishably with a medial plate of bone formed
from the fused distal sacral ribs, a condition termed a “fenestrated sacral shield” by Naish et al. (2013).
The preacetabular process is also fused to the sacral shield in Tropeognathus (Kellner et al. 2013). The
sacral shield of UALVP 56200 is broken posteriorly and abraded medially, but would have contacted
the first sacral rib. CT scan data reveal the suture between the sacral rib and ilium (Fig. 3).

The preacetabular process of the ilium tapers anteriorly in both lateral (Fig. 2A) and dorsal views
(Fig. 2D). The lateral surface of the preacetabular process (Fig. 4A) was occupied mostly by the

Fig. 2. Azhdarchidae indet. UALVP 56200, partial pelvis including sacral shield and preacetabular process of ilium in lateral (A), medial (B), ventral (C), dorsal
(D), posterior (E), and anterior (F) views. Photo (E) was taken before final reconstruction, for a clearer view of the acetabulum. ace, acetabulum; AMB, origin of
M. ambiens; ITB, origin of M. iliotibialis; PIFI-1, origin of M. puboischiofemoralis internus 1; PIFI-2, origin of M. puboischiofemoralis internus 2; pne, pneu-
matic cavity; por, pneumatopore; post, postacetabular process; pre, preacetabular process; pub, pubis; sr1, first sacral rib; supr, supraacetabular portion of ilium;
tub, preacetabular tubercle.
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origin of M. iliotrochantericus (ITC; Fig. 5), but also bears a pneumatopore (Fig. 2A) and two
ridges. The more ventral ridge extends to a tubercle on the anterior rim of the acetabulum, here
called the preacetabular tubercle. The pneumatopore is above this ridge, 16 mm anterior to the
acetabulum. The second lateral ridge extends posterodorsally from the tip of the preacetabular
process. Anterodorsal to it, a series of striated ridges mark a region of muscle attachment for
M. iliotibialis (ITB). Ventral to it, on the ventral edge of the anterior portion of the preacetabular
process, a second muscle scar probably represents the origin of M. puboischiofemoralis internus 2
(PIFI-2). At the anterior end of the contact between the fenestrated sacral shield and the ilium,
there is a rugose dorsal tubercle that probably contributed to the attachment of the ITB. The

Fig. 3. Azhdarchidae indet. UALVP 56200, computed tomography model in anterior dorsomedial view (see axes
for orientation), sectioned in coronal (A), transverse (B), and sagittal (C) planes to reveal internal pneumaticity. A,
anterior; D, dorsal; ilss, ilio-sacral suture; L, lateral; lds, low-density internal space (ironstone-infilled); M, medial;
P, posterior; pne, pneumatic cavity; V, ventral.
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ventral ridge and preacetabular tubercle may have anchored part of M. ambiens (AMB), as sug-
gested by Naish et al. (2013), but it seems more likely that it simply divides the enlarged origins
of ITC and M. puboschiofemoralis internus 1 (PIFI-1; Fig. 5).

The delicate dorsomedial surface of the preacetabular process is broken, revealing numerous pneu-
matic cavities (Figs. 4B, 6). The most ventral of these would have been closed in life, but is broken
to reveal an extensive chamber that is partially divided by an internal mediolateral ridge. This cavity
is confluent with the ironstone-infilled space in the sacral shield, suggesting both elements were
pneumatized (Figs. 4B, 6). Posterodorsal to the large chamber is a smaller, circular fenestra that
opens into a pneumatic pocket (Figs. 3, 4B). Posterior to this, there is a deep concavity bordered
ventrally by a ridge and a wide foramen. The ventral surface of the preacetabular process of the
ilium is smoothly convex and has a small nutrient foramen on its lateral side about 20 mm anterior
to the acetabular rim. The medial region anteroventral to the acetabulum is depressed into a deep

Fig. 4. Azhdarchidae indet. UALVP 56200, detail of preacetabular process in lateral view (A), highlighting rugose
insertion of M. iliotibialis; and oblique dorsomedial view (B; see axes for orientation), showing pneumatic cavities
in dorsomedial surface and ironstone-filled sacral shield. A, anterior; bone, bone of sacral shield; D, dorsal; dpnc,
dorsal pneumatic cavity; ismx, ironstone matrix; ITB, origin of M. iliotibialis; L, lateral; M, medial; P, posterior;
PIFI-2, origin of M. puboischiofemoralis internus 2; pne, pneumatic cavity; V, ventral.
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fossa with a weakly rugose patch from which the AMB probably originated. It is likely that part of
this fossa is composed of the pubis, but it is indistinguishably fused with the ilium. Directly medial
to the acetabulum, a broken region of the ilium would have contacted the sacrum. Above the
acetabulum, the lateral surface of the ilium is rugose and has a small foramen and anterodorsally
directed striae marking the origin of M. iliofemoralis externus (IFM). This area is strongly pneuma-
tized, with extensive open pockets that have become filled by ironstone (Fig. 4B). A small part of
the postacetabular process is preserved. Its dorsal edge is thin, and ironstone infill indicates that it
was extensively pneumatized. The dorsal margin of this portion is strongly convex and slopes post-
eroventrally, suggesting that the postacetabular blade was strongly downturned relative to the pre-
acetabular blade. Its lateral surface is rugose, and may have anchored a head of M. iliofibularis
(IFB) or possibly a posterior head of IFM.

The acetabulum is deep (Table 1), faces ventrolaterally, and is nearly circular except for a flattened
anterior face. The dorsal rim of the acetabulum is shallowly rounded on its lateral surface but flat
internally, forming a prominent shelf. The anterior rim protrudes far laterally because of the preace-
tabular tubercle, the posterior face of which is pitted with small depressions. The preacetabular
tubercle partly overhangs the anterior portion of the acetabulum, reminiscent of the supraacetabular
crest that dorsally overhangs the acetabulum of ornithomimid and tyrannosaurid theropods. The
anteroventral corner of the acetabulum is nearly square, and the ventral and anterior rims of the
acetabulum are perpendicular. The thin ventral rim encloses the acetabulum and would have pro-
jected lateral to the puboischiadic plate. Only the dorsal portion of the posterior rim of the acetabu-
lum is preserved; in this region, it is smoothly sloped and poorly defined.

Pneumaticity
ASP was estimated as 29% air for sandstone-infilled spaces only and 45% air for all low-density
regions (Fig. 6). These ratios are low compared with other estimates (mean 77%) of pterosaur pneu-
maticity based on long bones (Martin and Palmer 2014) and other skeletal elements (mean = 60.5%;

Fig. 5. Azhdarchidae indet. UALVP 56200, hypothetical reconstruction of pelvis in lateral view and inferred
myology. Note strongly downturned postacetabular process and deep anterior fossa at ilio-pubic junction.
AMB, origin of M. ambiens; IFM, origin of M. iliofemoralis externus; IFM?, possible origin of posterior head of
M. iliofemoralis externus or of M. iliofibularis; ITB, origin of M. iliotibialis; ITC, origin of M. iliotrochanteris;
PIFI-1, origin of M. puboischiofemoralis internus 1; PIFI-2, origin of M. puboischiofemoralis internus 2.
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Elgin and Hone 2013), but do not include the large unenclosed dorsal pneumatic spaces of UALVP
56200. CT scans reveal four main internal chambers, in addition to the large, broken dorsal pneu-
matic chamber (Supplementary Material 2). The largest of the internal chambers (ventral pneumatic
cavity (vpc); Fig. 6) occupies most of the body of the preacetabular process. At its midpoint, it is con-
stricted by a ventral lamina that divides it into two equally sized cylinders. Dorsal to this chamber,
there is a small circular outpocket of the large dorsal pneumatic chamber (dpco; Fig. 6). Internal to
the preacetabular tubercle, there are two small cavities (posterior pneumatic cavities (ppc); Fig. 6) that
may have been joined in life. They are separated from the ventral pneumatic cavity by a thin, vertical
wall of bone. They are connected to the pneumatopore near the origin of ITC, confirming its pneu-
matic nature (O’Connor 2006). Anterior to the ventral pneumatic cavity, two smaller pockets (ante-
rior pneumatic cavities (apc); Fig. 6) invade the preacetabular process below the sacral rib. It is
likely that these were confluent with the large ironstone-infilled chamber in the sacral rib, and, conse-
quently, that the majority of the preacetabular process was pneumatic.

Discussion

Identity
The fragmentary and unusual nature of UALVP 56200 makes the identification of the specimen dif-
ficult. Although theropods (avian and non-avian) can have pneumatic ilia (Coria and Currie 2006;
Sereno et al. 2008; Hocknull et al. 2009), the morphology of UALVP 56200 is entirely unlike any of
these animals. The acetabulum is imperforate, unlike in all dinosaurs, and the supraacetabular portion

Fig. 6. Azhdarchidae indet. UALVP 56200, computed tomography reconstruction of internal cavities used for estimation of air-space proportions (ASP).
Hollow cavities in anterolateral (A) and medial (B) views, and low-density internal spaces in anterolateral (C) and medial (D) views. apc, anterior pneumatic
cavity; con, constriction of ventral pneumatic cavity; dpco, outpocket of dorsal pneumatic cavity; lds, low-density internal space (ironstone-infilled);
ppc, posterior pneumatic cavity; vpc, ventral pneumatic cavity.
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of the ilium is wider than tall, instead of the plate-like condition in birds and other theropods.
The preacetabular portion lacks a peduncle for the pubis, and the sacral rib contacts the dorsal surface
of the ilium, rather than the medial surface. Within pterosaurs, at least two groups have pneumatized
pelves: ornithocheirids (sensu Unwin 2003; Claessens et al. 2009) and azhdarchoids (Naish et al.
2013). Although unusual in its proportions, the morphology of UALVP 56200 is consistent with the
pelves of these and other pterosaurs. Pterosaurs have an imperforate acetabulum, a small
supraacetabular surface, and a long, ribbon-like precetabular process. Thus, we infer that UALVP
56200 constitutes the first pterosaur pelvic material from Canada.

The large size of UALVP 56200 and its provenance, both geographically and stratigraphically,
strongly suggest that it is from an azhdarchid. Azhdarchid pelvic material is generally rare and frag-
mentary, especially in North America, and to date, no ilia have been described. The only known
azhdarchid pelvis, that of Zhejiangopterus (Cai and Wei 1994), is crushed so that the morphology
of the ilia cannot be discerned. Comparisons with other pterosaur groups support the exclusion of
UALVP 56200 from those groups. For example, it differs from other pterodactyloid groups (orni-
thocheiroids sensu Unwin 2003, and ctenochasmatoids) in that the short preacetabular process is
not curved, although these features are somewhat variable within these pterosaurs (Hyder et al.
2014). Furthermore, whereas most pterodactyloid preacetabular processes are spatulate and thin,
UALVP 56200 tapers anteriorly and is relatively robust. The robust muscle attachment sites are
unlike those of most pterosaurs, which have poorly developed muscle scars for hindlimb muscula-
ture (Molnar 1987; Wellnhofer 1988; Bennett 1990; Naish et al. 2013; Frigot 2017). The ilium is
similar to those of pteranodontids, but differs in several respects. UALVP 56200 is distinct from

Table 1. Selected measurements of UALVP 56200.

Element Measurement Value (mm)

Sacral rib 1

Anteroposterior width 40a

Dorsoventral thickness (min) 10.75

Preacetabular blade

Length >110.69

Shaft transverse width—min 5.73

Shaft transverse width—max 24.03

Height at sacral rib 31.65

Height at acetabulum 56.41

Height above acetabulum 19.06

Total transverse width at anterior
end of acetabulum

44.62

Acetabulum

Anteroposterior length 30.75

Anterior height 30.05

Maximum height 40.98

Depth (maximum) 37.11

aEstimated value.
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Pteranodon longiceps (Bennett 2001a) in having a relatively thicker (minimum height 15% of length
in UALVP 56200 vs. 4% in P. longiceps), nonspatulate preacetabular blade, a straight lateral margin
of the preacetabular process, and more pronounced areas of muscle attachment. These features are
unlikely to be allometric or ontogenetic differences, as they are not variable in P. longiceps (Bennett
2001a). Furthermore, UALVP 56200 is about equal in size to the large P. longiceps pelvis YPM 1175
(Bennett 2001a).

Azhdarchoids are one of two groups of pterosaurs that persist into the Campanian, alongside pter-
anodontoids. The dissimilarity of UALVP 56200 with known pteranodontoids therefore suggests
that it is from an azhdarchoid, and indeed, azhdarchids are already known from the DPF
(Godfrey and Currie 2005). In-clade relationships of azhdarchoids are not yet clear, but most
authors recognize four distinct families: azhdarchids, chaoyangopterids, tapejarids, and thalasso-
dromids. Of these groups, azhdarchids are the only group that persisted until the Late Cretaceous
and the only group known so far in North America, and therefore, we tentatively refer UALVP
56200 to Azhdarchidae.

Comparisons
Several well-preserved azhdarchoid pelves are known, and these draw morphological ties between
UALVP 56200 and azhdarchoids. In addition to the straight preacetabular process that characterizes
azhdarchoids (Hyder et al. 2014), the taper of the preacetabular process and development of the pre-
acetabular tubercle are similar to other known azhdarchoid pelves. A nearly complete pelvis (AMNH
22569) was described by Bennett (1990) and has been assigned by others to Neoazhdarchia (Hyder
et al. 2014), but most of the preacetabular portion is missing. The small preacetabular portion that
is present is similar to that of UALVP 56200, except that the preacetabular tubercle is relatively
smaller. Furthermore, Bennett (1990) speculatively reconstructed the preacetabular process of
AMNH 22569 as extending far past the first sacral rib, which is not the case in UALVP 56200.

Naish et al. (2013) described a small, nearly complete azhdarchoid pelvis (Vectidraco daisymorrisae)
from the Early Cretaceous of the Isle of Wight, which provides important comparative material.
Overall, the morphology of Vectidraco is similar to that of UALVP 56200, but there are important
differences, including the scale. The preserved length of the entire pelvis of Vectidraco is 40 mm
(Naish et al. 2013), which is just over one-third the length of the preacetabular process of UALVP
56200 (>110 mm). The anterior end of the preacetabular blade of Vectidraco is missing, and
although it tapers anteriorly in lateral view, it does not taper transversely. The origin of ITB in
Vectidraco is not as well developed, nor is it rugose, but Naish et al. (2013) described a sharp lateral
ridge, which is present in UALVP 56200 separating the origins of ITC and PIFI-1. The preacetabu-
lar tubercle is relatively smaller in Vectidraco and does not protrude as far laterally. Although the
postacetabular process of Vectidraco is pneumatized, Naish et al. (2013) did not describe any prea-
cetabular pneumaticity, which is extensive in UALVP 56200. It is likely that the difference in degree
of pneumatization is tied to body size (O’Connor 2009), but it may also indicate differences in
pelvic air sac organization.

Frigot (2017) recently provided a description of the reconstructed pelvic myology of Vectidraco,
which allows a reference for UALVP 56200. Although all of the muscular origins in UALVP 56200
are relatively larger than those of Vectidraco, the starkest contrasts are the ITB, ITC, and IFM. The
origin of ITB in UALVP 56200 is large and rugose, and occupies the anterodorsal portion of the pre-
acetabular process. Frigot (2017) reconstructed the ITB of Vectidraco as originating along a small lat-
eral strip of the preacetabular process, but it is situated more dorsally in UALVP 56200. Frigot (2017)
did not reconstruct the ITC in Vectidraco, but based on the inferences of Costa et al. (2014a), it
appears to occupy much of the lateral surface of the preacetabular process in UALVP 56200 and
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would have played a major role in femoral abduction and hip flexion. Similarly, an expanded supra-
acetabular portion of the ilium of UALVP 56200 is marked by a muscular origin, which we infer to
be an anteriorly expanded head of IFM. In Vectidraco, IFM is restricted posteriorly, and no muscle
originates dorsal to the acetabulum (Frigot 2017).

To assess the relationships of UALVP 56200, it was incorporated into the phylogenetic matrix
(25 taxa, 23 characters) of Naish et al. (2013). UALVP 56200 could be coded for only three
characters, and with only one multistate character (50 character states total), the matrix was at
the threshold of being resolvable (the minimum number of character states for a matrix of 25 taxa
is 50). The analysis produced 1230 most parsimonious trees, and the strict consensus tree had only
one node resolved: a trichotomy of the “Toolebuc pterosaur”, Dsungaripterus weii, and
Coloborhynchus spielbergi. UALVP 56200 was within an unresolved polytomy of the remaining
22 taxa. The results were, therefore, uninformative regarding the affinities of UALVP 56200 and
are not displayed here.

Body size
Estimations of body size and wingspan are difficult based on the material preserved in UALVP 56200.
Few pelves have been used to estimate size in pterosaurs, but the dimensions of the acetabulum may
provide an adequate proxy for body size and allow other dimensions to be estimated. Based on the
acetabulum of Vectidraco (7 mm × 7 mm; Naish et al. 2013) and Anhanguera (22.7 mm × 14.9 mm;
Wellnhofer 1988), UALVP 56200 (30.75 mm × 40.98 mm) would have been a very large animal.
Naish et al. (2013) estimated the wingspan of Vectidraco as 750 mm, andWellnhofer (1988) suggested
that the pelvis of Anhanguera corresponded to a 4.5 m wingspan. Based on this range of proportions,
UALVP 56200 could have had a wingspan between 3.2 and 7.0 m. However, wingspan in pterosaurs is
likely positively allometric to compensate for the cubic increase in mass for a linear increase in dimen-
sion, so that flight capability can be maintained. Therefore, the wingspan of UAVLP 56200 was prob-
ably towards the higher part of this range and may even have exceeded it. Because of the considerable
error in these estimated body sizes, UALVP 56200 cannot be confidently associated with any of the
size morphs proposed by Godfrey and Currie (2005), although the estimated range overlaps with their
“intermediate”morph (6 m wingspan). In any case, it highlights the varying sizes of DPF azhdarchids,
whether ontogimorphs or separate taxa. It is likely that differently sized azhdarchids in the DPF par-
titioned niches according to their size (Vremir et al. 2013).

Locomotion
Recent studies (Witton and Naish 2008, 2015; Naish and Witton 2017) have suggested that azh-
darchids were pterosaurs adapted for increased terrestrial locomotion. They envision azhdarchids
as “terrestrial stalkers”, using their tall frame and long neck to ambush unsuspecting prey. The
prominent muscular attachment sites on UALVP 56200 further support this assertion. The origin
of ITB occupies more than half the preacetabular length. Its rugose surface indicates that it was a
relatively strong hip flexor. Bennett (2001a) noted that in Pteranodon, the origin of ITB is not
demarcated in most specimens, and it was, therefore, probably not as well developed, which is
expected in a mostly pelagic animal. The ITB inserted onto the cnemial crest of the tibia and would
have functioned as a major limb extensor. The origins of ITC and IFM are also large for a pterosaur
and would also have anchored sizable muscles on UALVP 56200. The expanded areas of the ITB,
ITC, and IFM suggest that there were exceptionally powerful muscles for hip flexion and limb
extension. Although it is conceivable and likely that more powerful limb extension aided in takeoff,
previous work suggests that large pterosaurs were quadrupedal on land (Costa et al. 2014b) and,
thus, may have relied on forelimb-dominated quadrupedal launch strategies (Habib 2008).
Furthermore, assuming that other pterosaurs of similar size without increased pelvic musculature
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were capable of launch, it seems unlikely that takeoff was a strong selection pressure for increasing
hindlimb musculature. Instead, it is more likely that the larger muscle mass and stronger hip flexion
of UALVP 56200 was related to increased participation of the hindlimbs in locomotion. In terres-
trial locomotion, strong limb extensors and hip flexors would have quickly propelled the hindlimb
forward, possibly increasing stride speed. Despite the absence of most of the postacetabular process
and associated flexor muscle attachment sites, strong retractors probably complemented the strong
limb extensors.

The morphology of the acetabulum is also important for understanding locomotion, as recognized by
many previous authors (Wellnhofer 1988; Bennett 2001b). Bennett (1990) noted that the acetabulum
of the neoazhdarchian AMNH 22569 faces laterally, allowing the femur to be positioned below the
pelvis. In UALVP 56200, the deep acetabulum faces ventrolaterally, consistent with a parasagittal gait.
This is congruent with purported azhdarchid tracks (Haenamichnus) from Korea (Hwang et al. 2002),
which indicate a relatively parasagittal gait in that pterosaur. Costa et al. (2014b) reconstructed a 10°
upturn to the pelvis in the resting position of Anhanguera. In UALVP 56200, this arrangement would
allow the femur to dissipate upwards force into the strongest part of the acetabulum. The dorsal shelf
above the acetabulum of UALVP 56200 would have provided a strong weight-bearing surface to sup-
port the femur. The anterior border of the acetabulum is reinforced by the preacetabular tubercle,
which would have helped disperse reactive forces when pressure was put on the limb while it was
extended. These forces would be generated if the pelvis was rotated vertically as the animal reared
up, or as the leg pushed off the substrate, but are unlikely to have been generated during flight. The
large preacetabular tubercle may, therefore, have been an adaptation for countering increased pelvic
load as weight is placed on the hindlimb. Together, the increased hindlimb musculature and struc-
tural reinforcement of the acetabulum likely indicate that azhdarchids engaged in more terrestrial
locomotion involving the hindlimbs than other pterosaurs.

Conclusions
UALVP 56200 is the first recorded azhdarchid pelvis from North America and provides a wealth of
new information. The anatomy of UALVP 56200 is suggestive of a relatively large pterosaur with
well-developed hindlimb musculature. The ilium is extensively pneumatized, but the acetabulum is
structurally reinforced. The strong musculature and reinforcement of the pelvis support previous
assertions that azhdarchids are adapted for increased terrestrial locomotion.
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