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A pterosaurian connecting link
from the Late Jurassic of Germany

Frederik Spindler

ABSTRACT

Based on a unique and extraordinarily preserved complete skeleton, the “Painten
pro-pterodactyloid” is formally described and named as Propterodactylus frankerlae,
gen. nov., spec. nov. As previously shown, it has a nearly perfect mix of plesiomorphic
rhamphorhynchoid-grade, wukongopterid, and derived pterodactyloid traits. Due to its
lack of autapomorphies, Propterodactylus is a sufficient intermediate taxon that closes
the greatest knowledge gap regarding the evolution of pterosaur morphology. Non-
pterodactyloid features include interlocking caudal vertebrae and a functional fifth
pedal toe. Derived features such as the nasoantorbital fenestra, a short tail, or initially
elongated cervicals and metacarpals appear ancient within the spectrum of Pterodac-
tyloidea. Other early Monofenestrata appear more autapomorphic. However, the late
juvenile or subadult status of the described specimen suggests that the rostrum, neck,
and extremities might have been even more elongated when fully grown. Despite the
otherwise intermediate, transitional osteology, details of dentition types appear mosaic-
like in early Monofenestrata. While the remainder of the skeleton of Propterodactylus
fits into known evolutionary trends, its dentition implies a significant role of varying
dietary adaptation throughout the pterodactyl transition.
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INTRODUCTION

Pterosaurs, the oldest vertebrate lineage that
performed active flight, experienced a highly suc-
cessful evolution throughout the Mesozoic. For
most of their long research history (Wellnhofer,
2008; Tischlinger, 2023) any specimen could be
classified as belonging to one of two major types,
the more ancestral long-tailed “Rhamphorhyn-
choidea” and the derived stubby-tailed Pterodacty-
loidea (Wellnhofer, 1978). The only short-faced
pterosaurs, the rare Anurognathidae, are likewise
short-tailed (for an exception see Jiang et al.,
2015), but otherwise appear rhamphorhynchoid-
grade and thus were commonly considered to nest
deeply within the rhamphorhynchoid-grade (Ben-
nett, 2007; LU et al., 2010). A truly intermediary
and thus convincingly transitional morphology
between the major types remained unknown until
the discovery of the Wukongopteridae (Wang, et al.
2009; LU et al., 2010).

It is the rich faunas of the so-called Solnhofen
archipelago from the Late Jurassic of the Southern
Franconian Jura in Bavaria, Germany, that sub-
stantially contributed to the historical discovery,
systematics, and ecological knowledge about
pterosaurs (Collini, 1784; Cuvier, 1809; Wellnhofer,
1968, 1970, 1975, 1978; Vidovic and Martill, 2014,
2018). This fossil region has yielded a pterosaur
diversity as rich as possible for this stratigraphic
section (Tischlinger and Frey, 2015), comprising
two families of rhamphorhynchoid-grade forms, an
anurognathid, a broad diversity of archaeoptero-
dactyloids, and possibly the earliest eupterodacty-
loids. Wukongopterids may be missing for
environmental reasons (Witton, 2013), but are not
ultimately ruled out (Spindler and Ifrim, 2021).
Additionally, the Solnhofen region is the only one in
the world that has yielded considerable complete
specimens of transitional forms that are more
derived than rhamphorhynchoid-grade and wukon-
gopterid forms, but less derived than pterodacty-
loids (Rauhut, 2012; Tischlinger and Frey, 2013).

The most complete specimen of this transi-
tional type, DMA-JP-2011/006, is known from the
Kimmeridgian of Painten (Spindler and Albersdor-
fer, 2019). During its preparation, the basically
Pterodactylus-like skull was cleaned first, while the
virtually perfect mix of characters in the postcra-
nium soon revealed an important missing link (R.
Albersdorfer, pers. comm.) that surprisingly
matched with a hypothetical sketch by Frey et al.
(2003, figure 10). In the original report, Tischlinger
and Frey (2013) have described the anatomy and
evolutionary implications of what they colloquially
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referred to as the “Painten pro-pterodactyloid”, a
designation that was adopted in subsequent analy-
ses (Witton et al., 2015; Vidovic and Martill, 2018;
Elgh et al., 2019; Andres, 2021).

Within the evolution of Pterosauria, the ptero-
dactyloid transition marks the most significant
change. It took place in the Jurassic, preceding the
seemingly sudden occurrence of Pterodactyloidea
in the Late Jurassic (Tischlinger and Frey, 2013;
Andres et al.,, 2014). Since the discovery of the
Wukongopteridae and introduction of Monofenes-
trata for their sister group relationship with more
derived pterosaurs (Wang et al., 2009; LU et al.,
2010) it is known that the pterodactyloid transition
was modular, with the derived skull pattern evolv-
ing earlier and seemingly independent from post-
cranial modifications. Thus, along with fragmentary
mosaic forms and further discoveries (Zhou and
Schoch, 2011; Martill and Etches, 2013; citations in
Tischlinger and Frey, 2013; Codorniu et al., 2016;
Wang et al., 2017; Zhou et al., 2021), the initial
steps towards the pterodactyl transition could be
clarified to a certain extent.

Nonetheless, the breakthrough in determin-
ing the very origin of pterodactyloids lies in the pro-
pterodactyloid forms. One specimen informally
called “Rhamphodactylus” (Rauhut, 2012) is simi-
lar to the Painten pro-pterodactyloid, although its
conspecific status is unlikely, given their strati-
graphic distance (Tischlinger and Frey, 2013) and
proportional differences (pers. obs.). The fragmen-
tarily known Kryptodrakon was introduced as the
basal-most pterodactyl (Andres et al., 2014). Apart
from controversial phylogenetic positions of Kryp-
todrakon relative to the Painten pro-pterodactyloid
(Wang et al., 2017; Andres, 2021; but see Martin-
Silverstone et al., 2022), the phylogenetic classifi-
cation of the latter shows it unquestionably closing
the gap between early Monofenestrata and Ptero-
dactyloidea (Vidovic and Martill, 2018; Jiang et al.,
2020). The currently ongoing formal description
and detailed analysis of these intermediate forms
(Rauhut, 2012; Tischlinger and Frey, 2013) begins
with the present study.

MATERIAL AND METHODS

Fossils found in Upper Jurassic limestones
from Bavaria are frequently auto-fluorescent. Ultra-
violet induced fluorescence is used to improve con-
trasts in order to detect sutures or exact outlines of
delicate phosphorous structures (Tischlinger, 2015;
Tischlinger and Unwin, 2004; Tischlinger and Arra-
tia, 2013; Spindler et al., 2021). The description of
DMA-JP-2011/006 (Dinosaurier Museum Altmuhl-



tal: Jurassic Palaeontology) was supported with an
LED flashlight (UV A, 365 nm). Photographs taken
under ultraviolet light (UV) were kindly provided by
Helmut Tischlinger (365 nm, see Tischlinger and
Frey, 2013). Line drawings were digitally created
on a WACOM tablet, using a normal light photo-
graph in Adobe Photoshop as master template and
chosen UV close-ups as additional support. The
analogous pre-drawing was based particularly on
intensive work using microscopy under normal light
and UV, as well as digital microscopic photography
(Leica Stereozoom S9i and LAS X at various low
magnifications).

Two very similar partial skeletons of pro-ptero-
dactyloids were documented in the same way
(Rauhut, 2012; pers. obs.) but need closer investi-
gation. Therefore, this material was excluded from
the current study, with metric data provisionally left
at the status provided by Tischlinger and Frey
(2013). The discussion follows an eco-evolutionary
approach to assess morphological changes, which
the additional specimens do not contradict.

No phylogenetic analysis is carried out. The
described specimen was coded in published tree
hypotheses, repeatedly finding a sister-group rela-
tionship of the Painten pro-pterodactyloid with
Pterodactyloidea (Wang et al., 2017; Vidovic and
Martill, 2018) or with Lophocratia (Andres, 2021,
basing on the earlier definition of Kryptodrakon as
belonging to Pterodactyloidea sensu Andres et al.,
2014). The description attempts to detail differ-
ences from the fragmental Kryptodrakon. Contex-
tualisation of observed osteologic conditions uses
chosen comparisons, preferably those that are rep-
resentative for subclades around the pterodacty-
loid transition.

The revision of Late Jurassic pterosaurs from
Germany has made substantial progress (Jouve,
2004; Bennett, 1996, 2006, 2013a, b; Vidovic and
Martill, 2014, 2018), but is not yet underpinned by
a greater number of detailed osteological docu-
mentations. In order not to confuse the reader with
pending phylo-taxonomical issues, long-known
pterosaurs are herein referred to as typological
units, such as Pterodactylus-type forms (mainly
comprising P. antiquus, Diopecephalus kochi,
Aerodactylus scolopaciceps) or Germanodactylus-
type pterodactyls (G cristatus, Altmuehlopterus
rhamphastinus).

SYSTEMATIC PALAEONTOLOGY

Order Pterosauria Owen, 1842 (for a rejection of
Pterosaurii Kaup, 1834 see Seeley, 1870, 1891)
Clade Monofenestrata Li, Unwin, Jin, Liu, and Ji,
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2010
Propterodactylus gen. nov.

zoobank.org/AC14E4A9-B989-40EE-9CC6-2FF047B62A55

Type species. Propterodactylus frankerlae gen.
nov., sp. Nov.

Etymology. The genus name refers to the informal
designation as a pro-pterodactyloid in the litera-
ture, meaning a supposed forerunner (ancient
Greek 1po- for “before”) of the iconic Pterodactylus
(latinized form of Greek TrTepdv plus ddkTUuAoG for
“‘wing digit’) and at the same time a forerunner of
the Pterodactyloidea in general.

Diagnosis. As for the type species.

Remarks. The intermediate status is underlined by
a lack of apparent autapomorphies. Tischlinger and
Frey (2013) listed several plesiomorphic and apo-
morphic traits. Similarities with the derived Ptero-
dactyloidea comprise the skull shape and short tail.
Plesiomorphies shared with e.g., Wukongopteri-
dae, which preclude Propterodactlyus from Ptero-
dactyloidea, are the functional fifth toe and long
caudal zygapophyses. Intermediate conditions
apply to the cervical elongation, metacarpal elon-
gation, and reduced fifth toe.

Propterodactylus frankerlae gen. nov., sp. nov.
Figures 1-10

zoobank.org/7F2B8C07-B736-4830-BA20-53CD548F22E5

Holotype. DMA-JP-2011/006 (Figures 1, 2) com-
prises a complete and fully articulated skeleton,
exposed in right lateral view, with soft tissue
remains in the trunk region and wing actinofibrils
(Tischlinger and Frey, 2013, figure 8). Checked
under UV, the slab contains very little repair and
shows no restored areas.

Etymology. The epithet honours Petra Hahn, née
Frankerl (1966 - 2019), the wife of Stephan Hahn,
who found the specimen in 2011 during the scien-
tific excavation.

Horizon and locality. Lower levels of the Rygol
lime works quarry near Painten, Bavaria, Germany.
The outcrop contributes to the “Solnhofen archipel-
ago“, a Jurassic reef platform complex (Viohl,
2015a, b; Wilkin, 2020). The “Paintener Wanne”
(depression or basin) is among the largest areas of
laminated limestones that preserved allochthone-
ous biota under hypoxic conditions (Albersdorfer
and Hackel, 2015). In the sampled level, fine-lay-
ered to laminated, irregularly silicified limestones
(Kieselplattenkalke) belong to the uppermost
Ulmense Subzone (index ammonite Lithoceras
ulmense), representing the end-Kimmeridgian
stage (Schweigert, 2007, 2015). Therefore, the
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FIGURE 1. Specimen DMA-JP-2011/006, holotype of Propterodacylus frankerlae, gen. nov., sp. nov. (A) under day-
light condition; (B) under UV (365 nm), by courtesy of Helmut Tischlinger. Scale bars equal 5 cm.

specimen described herein is a contemporary of
the oldest known Archaeopteryx from a neighbour-
ing basin (Rauhut et al., 2018, figure 1). Informa-
tion about the faunal content of the Late Jurassic

marine and insular environment from Painten is
provided by specific studies (Rauhut et al., 2012;
Bennett, 2013b; Tischlinger and Frey, 2013; Spin-
dler, 2019; Spindler and Albersdérfer, 2019; Sachs
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FIGURE 2. Interpretative drawing and key for DMA-JP-2011/006, holotype of Propterodacylus frankerlae, gen. nov.,
sp. nov. Soft tissue preservation and areas of uncertain bone tracing are left out.

et al., 2021; Spindler et al., 2021; Augustin et al.,
2022, 2023).
Diagnosis. Monofenestratan pterosaur with

unique combination of characters: skull moderately
elongate, but longer than trunk, maxillary tooth row
under nasoantorbital fenestra, nasoantorbital
fenestra shorter than the massive rostrum, 11 max-
illary tooth positions, nine dentary tooth positions,
teeth moderately long and slightly curved conical,
wide interdental spaces, cervicals slightly elon-
gated, elongation including the eighth cervical,
mid-dorsal diapophyses with offset articulation for
rib read, caudal number about 18, mid-caudals
moderately elongated and interlocked by needle-
like prezygapophyses and hemapophyses, tail very
short, distal scapula narrowed to form rounded tip,
coracoid with large acrocoracoid process, pteroid
slightly elongated, wing metacarpus slightly elon-
gated, small but functional 5th toe with two phalan-
ges.

COMPARATIVE DESCRIPTION

The following description focuses on qualita-
tive information, as the reference of proportions
requires a broader discussion regarding the newly
introduced type of pterosaurs. Metric data and
comparisons beyond the table of Tischlinger and
Frey (2013) are subject of subsequent studies
about similar specimens that are currently in
preparation.

Skull
Proportions. DMA-JP-2011/006 contains an
extraordinarily well-preserved skull (Figure 3),

which is among the best known of any “transitional”
pterosaur (see LU et al., 2011, figure 2). The total
skull length is about 93 mm long, measured along
the greatest extent preserved, and 90 mm from the
tip of the premaxilla to the atlas articulation. Its
overall appearance is similar to Pferodactylus-type
and ctenochasmatid Pterodactyloidea regarding
the rostral tip (region anterior to the nasoantorbital
fenestra) being longer than the nasoantorbital
fenestra. In contrast, the rostral tip is shorter com-
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FIGURE 3. Close-up of skull and neck, DMA-JP-2011/006, holotype of Propterodacylus frankerlae, gen. nov., sp. nov.
(A) under UV (365 nm), courtesy of Helmut Tischlinger; (B) line drawing interpretation. Note that minor proportional
deviations in the key drawing result from zoom and lens effects due to a different master photography.



pared to an extended fenestra in Germanodacty-
lus-type forms and Wukongopteridae. A rather
even proportion of these zones, or slightly tip-dom-
inated ratio, is found in Gallodactylus and Cycnor-
hamphus (Fabre, 1976; Bennett, 2013b). However,
both the fenestra and the anterior snout tip are only
moderately elongated in DMA-JP-2011/006 when
compared to the skull height, making it potentially
prototypic for ancient Monofenestrata. This less
longirostrine condition, with the skull being only
slightly longer than the trunk, bridges the morpho-
logical gap between Sordes or Jianchangopterus
(Sharov, 1971; Li and Bo, 2011) and the early
pterodactyloid condition. Many proportions and
specific observations, including dentition patterns,
are astonishingly similar to juvenile specimens of
Pterodactylus (Diopecephlaus) kochi (Vidovic and
Martill, 2014, figure 3 G, H) and Kunpengopterus
sinensis (Jiang et al., 2021, figure 6). In the light of
DMA-JP-2011/006, the greatly enlarged heads of
Wukongopteridae, exceeding 1.5 times the trunk
length (LU et al., 2010; Wang et al., 2010), seem
less representative for the ancient monofenes-
tratan condition.

Premaxilla and maxilla. The very tip of the upper
jaw is blunt and of moderate thickness. On the tip
of the snout, no premaxillary-maxillary suture could
be identified with certainty. Posterior to the sixth
tooth position, a crack course may trace this con-
tact, as the premaxilla covers the skull roof above
the nasoantorbital fenestra in the same width. The
same is found in Pterodactylus (Bennett, 2013a,
figure 2). The rear end of the premaxilla is blunt
and slightly narrower than the middle portion. If
completely preserved, this posterior tip reaches the
longitudinal level of the jaw joint, ending anterior to
the middle of the orbit. This extent is much shorter
than in the longirostrine Wukongopteridae and
early Pterodactyloidea, but also cannot be
assessed without including the cranial angle (see
below). No trace of a striated base of an ornamen-
tal crest is present.

The maxilla is low, resulting in a shallow and
even triangular skull profile (Figure 4). No postero-
dorsal process is preserved, so that the maxilla
contributes only to the anterior and ventral margin
of the nasoantorbital fenestra. Although this area is
slightly damaged in DMA-JP-2011/006, there is no
impression of a dorsal component of the fenestra
margin built up by the maxilla, nor does the over-
lapping premaxilla allow for a greater hidden area,
resulting from the articulation of the upper skull.
That the anterior tip of the nasoantorbital fenestra
is defined by both the premaxilla and the maxilla,
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opposes the condition known from wukongopterids
and early pterodactyloids (Wellnhofer, 1970; LU et
al., 2010; Bennett, 2013a; Vidovic and Martill,
2018). The entire length of the maxilla covers more
than 60 % of the total skull length, pending the
unknown position of the anterior terminus. The
posterior end of the maxilla is externally bifurcate,
as the jugal interlinks on a long trough along the
dorsal half of the posterior maxillary ramus. Inter-
estingly, these maxillary characteristics match the
oldest known ctenochasmatid Liaodactylus (Zhou
et al., 2017). With its very end, the maxilla does not
reach the level of the dorsal process of the jugal.
Nasal region. The nasal region of Late Jurassic
monofenestratans is not documented in satisfying
detail. Nonetheless, the nasoantorbital fenestra is
of typical appearance in DMA-JP-2011/006. The
nasal covers a broad portion of the dorsal roof
about the level of the preorbital bar. A narrow and
pointed nasal process points downward to end
freely in the lower half of the skull depth. This con-
dition matches with early Pterodactyloidea, but not
the shortened free nasal process in most early
monofenestratan forms (Martill and Etches, 2013,
figure 6). In the antero-dorsal corner of the orbit, a
ventral blade of the nasal appears to indicate the
minimal posterior extent of this bone. This blade is
laterally overlain by a short and tapering, ventral
pointing prefrontal, as well as the lacrimal. The lac-
rimal is broad in its dorsal part, where it encloses
two smaller foramina. The ventral process is about
as broad as the dorsal process of the jugal, which it
contacts in the upper portion of the preorbital bar.
Due to minor damage, it cannot be figured out
which additional element points to the lacrimal-
jugal contact, but it may be the left lacrimal or a dis-
located part of the palate.

Posterior skull roof. In the dorsal and posterodor-
sal region of the orbital rim, slender bones are set
off from the frontoparietal roof. This condition is
normal compared to various early monofenestratan
and pterodactyloid skulls, although unclear regard-
ing its identification (LU et al., 2011, figure 3; Ben-
nett, 2013a, figure 2). Following Wellnhofer (1970),
these elements are labelled as supraorbital and
postfrontal. This strengthened upper orbital rim is
visible on both sides. No trace of sclerotic ring
plates was discovered during the preparation of the
right aspect, representing the only part of the skel-
eton that is lost due to decay.

The skull roof is constricted above the orbits
to about half the width observed at the level of the
preorbital bar, assessed from the dorsal part of the
nasal. Of the frontal, neither the anterior (nasal)
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FIGURE 4. Skull reconstruction of Propterodacylus frankerlae, gen. nov., sp. nov., from subadult holotype. The man-
dible is also shown in dorsal aspect, leaving out the unknown replacement teeth of the left side. For osteological key

see Figure 2.

contact nor the posterior (parietal) contact can be
traced by clear sutures. As compaction has
exposed the posterior skull roof in dorsal aspect,
no sharp sagittal crest appears behind the widen-
ing of the frontals, which corresponds with the
postorbital bar. However, this area is crushed,
hampering certain observations. Slightly dorsal to
the rearmost portion of the skull, right in the exten-
sion of the center line of the dorsal skull roof (Fig-
ures 2, 3), a strengthened, shallow V-shaped
chevron could mark the concave middle of the
nuchal crest (Codorniu et al., 2016, figure 1b).
Alternatively, this structure belongs to the sagittal
crest (LU et al., 2011, figure 3; Witton et al., 2015,
figure 1A). A likewise defined, though more deli-
cate margin is visible deeper on the parietal, about
the height of the dorsal process of the postorbital,
and might indicate the base of the nuchal crest.

Jugal and postorbital. The jugal is anteriorly long,
extending at least half the length of the nasoantor-
bital fenestra. Compared to other early monofenes-
tratan skulls, the rostral extension seems highly
variable (LU et al., 2010, figure 2c; Wang et al.,
2010, figure 2b; Vidovic and Martill, 2014, figure 3,
2018, figure 3b). Due to the large and rounded
orbit, there is a wide and smooth bay between the
lacrimal and the postorbital bar. This outline is in
contrast with the reverse drop-shaped orbit of most
Wukongopteridae and  Germanodactylus-type
pterosaurs but matches the condition of Pterodac-
tylus-like forms (LU et al., 2011; Martill and Etches,
2013; Vidovic and Martill, 2014), although an onto-
genetic signal might interfere with this condition
(Bennett, 2006). The lacrimal process of the jugal
is inclined forward by about 70° from the tooth mar-
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gin and builds up more than half the height of the
preorbital bar. The postorbital process is broad at
its base, while tapering in its dorsal part to allow for
an oblique overlap by the postorbital.

The postorbital bears moderately elongated
dorsal and ventral (jugal) processes that form a
reinforced orbital rim along a circular segment. The
squamosal process is short and blunt, although
somewhat sharper set off from the orbital part by
narrower concavities than reconstructed for most
early Pterodactyloidea (Wellnhofer, 1970). The
separation of the upper and lower temporal fenes-
tra is placed in the ventral half of the skull depth.
Quadratojugal to squamosal. The region around
the ventral and posterior part of the lower temporal
fenestra deserves greater detail in future descrip-
tions of Jurassic Monofenestrata. Only few reliable
comparisons were possible with published docu-
mentations. The quadrate bar is broad and robust.
Judged from the pattern of compaction in the whole
skull, it is the right quadrate in articulation with the
true jaw joint, though distorted dorsally. The outer
skull surface covering the jaw joint is not set off
from the ventral margin of the upper jaw by a nar-
row concavity. That means the quadratojugal con-
tains a rostral portion ventral to the jugal. However,
this particular region is not consistent with that doc-
umented for early pterodactyloids (Vidovic and
Martill, 2014, figure 13): The quadratojugal builds
up the antero-ventral corner of the lower temporal
fenestra to a much larger extend, with a consider-
able spike leaning to the postorbital process of the
jugal about half its length. Postero-ventral to the
temporal fenestra, the quadratojugal forms a slen-
der, tapering splint that shares a short contact with



the ventral point of the squamosal body, in similar
fashion as in Scaphognathus (Bennett, 2014, fig. 2;
a long process that lacks a squamosal contact was
reconstructed for the holotype of Diopecephalus,
see Wellnhofer, 1968). The squamosal has a long,
slender and pointed triangular process that seems
to have leaned against the quadrate. As this pro-
cess and the short quadratojugal contact are
notched by a narrow, rounded concavity, there
must have been an elongate fenestra that sepa-
rated the quadrate and the longest part of the
quadratojugal, as is reflected by the preserved
articulation. The squamosal of DMA-JP-2011/006
is small and shallow, with its posterior margin being
confluent with that of the parietal. Its postorbital
process is broad and blunt. The postero-dorsal
edge of the squamosal appears pointed where it is
flipped to contribute to the rear wall of the upper
temporal fenestra.

Occiput and palate. In the ventral region of the
upper temporal fenestra, a crushed depression
could represent the metotic foramen. Given the
highly articulated condition of the entire skeleton,
there is no doubt that the articulation of the neck is
ventral on the occiput (Tischlinger and Frey, 2013),
as in other Monofenestrata (LU et al., 2010, 2011;
Vidovic and Martill, 2018) but not Allkaruen
(Codorniu et al., 2016). The cranial angle is large,
with about 160° among the largest of early Ptero-
dactyloidea and clearly exceeding those of Wukon-
gopteridae (Martill and Etches, 2013). Posterior to
the right squamosal, a boomerang-like bone is
overlapped by the occiput; this element could not
be identified and is likely part of the left side of the
skull.

No informative observations were possible for
the palate. A pterygoid-ectopterygoid string is
exposed and partially broken due to compaction.
Mandible. The mandible is nearly straight, accord-
ing to the upper jaw. No clear distinction of individ-
ual bones is possible, except for the surangular
that covers the posterior third of the mandible
length. Its pointed anterior tip lies little more poste-
rior than the anterior range of the jugal, as usual for
early pterodactyloids (Wellnhofer, 1970). About the
region of the sixth tooth position, the mandible
bending indicates the posterior end of the mandib-
ular symphysis that is flipped into a plane bedding,
in contrast with the lateral exposure of the posterior
mandible. This finding is in accordance with breaks
around the last tooth positions. The symphysial
area is not greatly widened, apparently lacking a
medial shelf (compare Bennett, 2013b; Augustin et
al., 2022, figure 3). No sutures of the splenial could
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be recognised. The articular appears flat and
slightly elongated posteriorly, forming a shallow
glenoid, as is also typical for Pterodactylus-type
pterosaurs, but unlike the deep retroarticular pro-
cess of Ctenochasma (Jouve, 2004) or the short
one in Darwinopterus (Lu et al., 2011). Close to the
ventral edge, a small, dislocated piece is identified
as part of the angular.

Dentition. The upper jaw counts 11 tooth positions
of the right side, of which the fifth, seventh, and
ninth contain replacement teeth more than half as
large as the exposed crown of their forerunners.
Possibly also the third position wears a tiny
replacement tooth, which is uncertain, but not iden-
tified as a chipped splinter from the crown base of
the larger tooth, according to the dark reaction
under UV. Nonetheless, a regular pattern could be
assumed from the alternation of sockets that per-
form a replacement and those that do not at the
same time. However, five of the nine positions on
the mandible show ongoing replacement, namely
the third and fourth as well as the sixth to eighth
socket. Only the third replacement tooth is half as
exposed as its forerunner, whereas the seventh
had grown to the same size as its forerunner that is
still attached. In total, tooth replacement went on
without any convincing pattern and was highly
active (compare Fastnacht 2008), including 40% of
the testable sockets. Although individual tooth
exposition may suffer from postmortem displace-
ment, the tooth crowns of the rostral tip appear
considerably smaller than in the following
sequence, thus having proportionally more mas-
sive roots. This is indicated by a change in the UV
color signal, reflecting the gum line in life. Dense
dentine or enamel (the latter would frequently react
with bright yellowish signals under UV light, which
are missing in Figure 3) is restricted to the conical
tips, whereas the broader roots and bases of the
tapering crowns were situated within the gum line
(covered by cementum). Color bands appear irreg-
ular, with one or two annuli indicated on each
crown (compare Martill et al., 2023, figure 8)

In the upper jaw, the tooth row ends at a longi-
tudinal level that overlaps with the anterior nasoan-
torbital fenestra, whereas the mandibular tooth row
does not extend further back than the nasoantor-
bital rim. As a result, both the tooth rows of the
(pre-)maxilla and the dentary span over the ante-
rior 50 % of the upper skull and the mandible
length, respectively. Among the most remarkable
comparisons discussed by Tischlinger and Frey
(2013) is that the widely spaced teeth point out-
wards in the rostral tip and by this resemble the
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dentition of Ornithocheiridae. Although the com-
paction and torsion of the right hemimandible could
have biased the orientation of the forward-tilted
teeth in the dentary tip, all anterior teeth show
indeed a greater curvature and are lean saber-
shaped. The pointed conical teeth in the middle
region are more robust at their bases and bear a
slender, almost offset tip. More posteriorly, this
tooth type is retained, but reducing in size. The
sparse arrangement, with interspaces little shorter
(about 4 mm) than the largest exposed teeth
(about 5 mm; maximum crown height about 4 mm),
may be functionally linked to longer but still inter-
locking teeth, especially with such a high degree of
replacement activity.

For most aspects, the dentition of DMA-JP-
2011/006 matches the expected basal or least spe-
cialised condition for Pterodactyloidea, with a
remarkably low number of teeth. The short conical
tooth type with initially offset tips is found in Ptero-
dactylus-type forms (Bennett, 2013a, figure 2;
Augustin et al., 2022, figure 3), while the longer
and more widely spaced teeth resemble certain
wukongopterids (LG et al., 2010, figure 2b). Alt-
muehlopterus is roughly documented but generally
close to the conditions in DMA-JP-2011/006, only
that the tooth row ranges farther below the nasoan-
torbital fenestra (Vidovic and Martill, 2018). Again,
the greatest similarity is with juveniles of Pterodac-
tylus (Diopecephlaus) kochi (Vidovic and Martill,
2014, figure 3G, H).

Visceral Skeleton

One hyoid branch (ceratobranchial) is
exposed for most of its length. The posterior termi-
nus is hidden under the third cervical, but slightly
thickened, indicating that the tip is very close to the
exposed part. The lotal length is thus almost twice
the length of the orbit. Although the hyoid-skull-
ratio is influenced by jaw elongation, Jiang et al.
(2020, figure 2) could show that the longirostrine
wukongopterids tend to bear long hyoids (Li et al.,
2011), while the likewise longirostrine ctenochas-
matids show no significant elongation (Martill et al.,
2023). Within this potential shortening trend in
Jurassic pterosaur hyoids, DMA-JP-2011/006
appears intermediary between Wukongopteridae
and some Pterodactylus. The hyoid is nearly
straight, because a curved shape would have been
preserved in plane bedding in the laminated lime-
stone. By this condition, the hyoid resembles a
specimen assigned to Pterodactylus (Bennett,
2013a, Vidovic and Martill, 2014). The anterior tip
is widened to form a strengthened contact with the
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other hyoid. This trait is also seen in Darwinopterus
(LG et al., 2011), Changchengopterus (Zhou and
Schoch, 2011), Gallodactlyus (Fabre, 1976, figure
2, if not preserving the basibranchial, see Jiang et
al., 2020), as well as a specimen from Painten
assigned to Pterodactylus (Augustin et al., 2022).

Axial Skeleton

Cervical column. The vertebral column exhibits
an overall close resemblance with that of early
pterodactyloids. As Tischlinger and Frey (2013)
remarked, the neck shows an intermediate elonga-
tion shared with wukongopterids, and less pro-
nounced than in forms assigned to Pterodactylus.
The authors expressed the elongation of individual
cervical vertebrae by a length-width ratio of 5:3.5
despite the lateral exposure of the neck (see Dis-
cussion). In contrast to early pterodactyloids (Well-
nhofer, 1970; Augustin et al., 2022), the vertebral
elongation includes cervical eight, which isabout
twice the length of mid-dorsals (Figure 2).

The atlas-axis-complex is well-preserved (Fig-
ure 3). The atlantal neural arch is bipartite, with the
anterior apophyses slightly curved downwards
ending in blunt tips. It is this bending that supports
the interpretation as the atlas (Wellnhofer, 1970,
figure 4A; 1975, figure 6a). That the left part is not
the proatlas arises from the apparently mirrored
morphology and parallel articulation with the right
part. The rounded triangular proatlas is tentatively
identified as overlying on the squamosal. Between
the axis and the squamosal, the intercentrum of the
axis is found as articulating with the short pleuro-
centrum, if the latter is correctly identified based on
its postepipophysis. Alternatively, the anterior ele-
ment is identified as the atlas pleurocentrum. How-
ever, no direct observation can be made on the
ventral elements. The axis is shorter than all sub-
sequent cervicals, but longer than the dorsals, and
bears a long, moderately high spine.

All mid-cervicals are of typical appearance as
found in Pterodactylus-type pterodactyloids (Welln-
hofer, 1970; Bennett, 2013a; Augustin et al., 2022).
The spines are relatively tall, in contrast with
Allkaruen (Codorniu et al., 2016) and wukon-
gopterids (Wang et al., 2009). As typical, the post-
zygapophyses obliquely overlay the
prezygapophyses in large facets. Greatly extended
postepipophyses project posteriorly beyond the
zygapophysial contact, resembling an indetermi-
nate early monofenestratan (O’Sullivan and Martill,
2018, figure 19B), Allkaruen (Codorniu et al., 2016,
figure 1), and Pterodactylus (Wellnhofer, 1970, fig-
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FIGURE 5. Close-up of trunk and hip region, DMA-JP-2011/006, holotype of Propterodacylus frankerlae, gen. nov., sp.

nov., under UV (365 nm), courtesy of Helmut Tischlinger.

ure 4B). In the fifth cervical, a large pneumatic fora-
men is visible.

On cervical eight, which is the last of conspic-
uously lengthened cervicals, a shallow bulge on
the lateral margin of the neural arch resembles a
diapophyseal rib contact. As this bulge is found at
the mid-length of the vertebra, it would conflict with
the expected anterior position of diapophyses in
early pterosaurian cervicals (Wellnhofer, 1975, fig-
ure 6b; Spindler and Ifrim, 2021, figure 4). The cer-
vical count is in accordance with Bennett (2014),
finding the last one as bearing a long cervical rib.
On this nineth cervical, which is barely longer than
the first dorsal vertebra, DMA-JP-2011/006 shows
a clear transverse process (diapophysis) that is
short, rectangular, and slender compared to those
of all rib-bearing dorsals.

It cannot be precluded that also mid-cervicals
had ribs, which would contrast with the ribless con-
dition in pterodactyloids. At least, cervicals six and
seven are associated with questionable fragments
at a repeated anterior position (Figures 2, 3).
These bones could represent short but robust,
pointed cervical ribs. In comparison, wukon-

gopterids have residuals of moderately elongated
cervical ribs (Wang et al., 2009; Cheng et al., 2016;
Zhou et al., 2021, but see Lu et al., 2010). For
anurognathids, cervical ribs are stated, but not
well-documented (Dalla Vecchia, 2002; Bennett,
2007; but see LU et al., 2018), leading Hone (2020)
to evaluate them as reduced or absent. In the more
primitive Changchengopterus cervical ribs are
apparently absent (Zhou and Schoch, 2011).

Dorsal vertebrae. Regarding the thorax, Proptero-
dactylus is very similar to the common morphology
of Jurassic Pterodactyloidea, although little com-
parative research has been done on the early
pterosaurian torso (Tischlinger and Frey, 2013).
DMA-JP-2011/006 contains at least 10 dorsals,
with a greater gap near the left elbow that contains
some repair, but also plane fossil material including
mineralised soft tissue (Figure 5). An incomplete
dorsal neural arch is located at the longitudinal
level of the anterior tip of the ilia, which implies that
no further vertebrae are missing and that there is a
minor dislocation interrupting the dorsal column.
The spines are moderately high in the anterior tho-
rax. The subsequent column is flipped to a more

1



SPINDLER: PTEROSAURIAN CONNECTING LINK

dorsoventral exposure. Nonetheless, the spines
are clearly defined to at least the first sacral,
though shallower than in the shoulder region. The
transverse processes are broadly extended start-
ing at the first dorsal. At least in the dorsals five to
seven, they bear an offset anterior knob for the
articulation of the costal head (Figure 5), as simi-
larly seen in Rhamphorhynchus (Wellnhofer, 1975,
figure 6f). This condition is not observable in most
early pterodactyloids due to their predominantly lat-
eral exposure. In Gallodactylus, the diapophyses
lack an anterior protrusion (Bennett, 2013b, figure
5).

Dorsal ribs. Under the herein adopted counting
and assuming that no dorsal vertebra is missing,
ribs are present up to the eighth dorsal position,
judged from the articulation. The rib cage would
then typically end immediately before the ilium. In
the anterior thorax, a set of imprints parallel to the
preserved subsequent ribs confirms the region of
the first ribs. Some parallel remains of bone sheets
crossing the left forearm are of questionable iden-
tity (Figure 2). This area seems too broad to repre-
sent thickened first dorsal or last cervical ribs.
Thickened anterior ribs are documented for some
pterosaurs (Wellnhofer, 1987; Zhou and Schoch,
2011; Bennett, 2014; Albersdorfer and Hackel,
2015, figure 226; Wang et al., 2017; Aires et al.,
2021, figure 3b). However, the thickest fragment in
this enigmatic region of DMA-JP-2011/006 is most
likely the upper part of the left coracoid displaced
from its ventral part.

The ribs are double-headed with sharply set-
off tubercles. On the first three dorsal segments,
the rib heads are about twice as large as those of
posterior ribs. Since the dorsal ribs of the left side
are evenly oriented pointing backwards, another
set of longitudinally arranged rib-like elements is
identified as sternal ribs (Figures 2, 5). These ele-
ments can be as thick as anterior dorsal ribs and
reach more than half of their length. Apart from
their simple, rod-shaped form this size is in accor-
dance with sternal ribs reported by Claessens et al.
(2009).

At least four segments of fused gastralia pairs
are preserved in natural orientation. They are typi-
cally thin but wide, decreasing in width from ante-
rior to posterior. The first is preserved close to the
sternal plate and forms an almost straight angle.
Judged from the evenly tapering end, an additional
segment may be dislocated closer to the vertebral
column.

Sacral region. No fused synsacrum is present,
indicating a juvenile stage (Figure 5). Two free dor-
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sals are laterally accompanied by the iliac preace-
tabular processes. They have short and narrow,
but well-developed transversal processes and
apparently lacked ribs. Posterior to these last dor-
sals, three or four vertebrae exhibit enlarged con-
tacts with the ilium, of which the first two pairs are
inclined backwards (opposing the transversal
direction in e.g., Kunpengopterus, Cheng et al.,
2017, figure 4C). Their identity as transversal pro-
cesses or fused ribs remains unclear (Wellnhofer,
1974, 1978, 1988; Padian, 1983). The sub-circular
sacral foramina lack a fused suture where the ribs
meet distally. The overall morphology resembles
that of Altmuehlopterus (Wellnhofer, 1970, figure
14), but is less mature than seen in Pterodactylus
(Wellnhofer, 1987), Changchengopterus (Zhou and
Schoch, 2011), and Wukongopteridae (Wang et al.,
2009, 2010, 2017). The number of sacrals cannot
be examined.
Caudal column. Regarding its relative length and
depth, the tail column is greatly reduced (about 75
% of the femoral length, ranking along with “Ptero-
dactylus” according to Li and Hone, 2012, table 2).
It measures roughly two thirds of the trunk length,
being almost as short as in early pterodactyloids
(about 40 % in Pterodactylus-type forms, Welin-
hofer, 1970, 1987). The exact number of caudals
cannot be evaluated, as the tail tip is hidden under
the left metatarsus, while the base is distorted by
some damage and crushing of the region between
the postacetabular processes of the ilium. An artic-
ulated series of 14 caudals preserves most of the
tail but ends in an articular facet, implying at least
one further caudal vertebra. At least nine vertebrae
in this preserved sequence show substantially
elongated prezygapophyses and hemapophyses
(Figure 6), retaining the typical interlocking pattern
of long-tailed “rhamphorhynchoid” pterosaurs
(Tischlinger and Frey, 2013). The needle-like pro-
cesses are not as super-elongate as in Rhampho-
rhynchus (Wellnhofer, 1975, figure 7) and still in
Wukongopterids (Wang et al., 2009, 2010), but
closely resemble the caudals of the long-tailed
Changchangopterus (Zhou and Schoch, 2011),
although the vertebral bodies are much less elon-
gated in Propterodactylus. In Pterodactylus-type
forms, the caudals are short cylindrical to disc-like,
with a maximum number of 16 (Wellnhofer, 1970;
Tischlinger and Frey, 2013). There is some poten-
tial for ontogenetically or functionally induced
reversals (Codornit and Chiappe, 2004; Codorniu,
2005).

Close to the left pedal unguals, a dislocated
centrum from the tail base is visible. As it is
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FIGURE 6. Close-up of mid-caudal series, DMA-JP-2011/006, holotype of Propterodacylus frankerlae, gen. nov., sp.

nov., under UV (365 nm), courtesy of Helmut Tischlinger.

exposed from its ventral side, it cannot be deter-
mined whether it is fused to its neural arch. If the
complete vertebra was tall, it is unlikely to deposit it
vertically in fine laminated limestone, thus it may
have possessed an unfused neurocentral suture.
Due to the declining use of the tail, it is not unam-
biguously indicating a juvenile feature.

Appendicular Skeleton

Pectoral girdle. Despite the advanced ossification
and considerable size of DMA-JP-2011/006 com-
pared to most Pterodactylus-type specimens, there
is no fused scapulocoracoid (Figure 2). The
unfused condition is seen in some species of
Rhamphorhynchus or those assigned to Pterodac-
tylus, with doubt on whether it represents a taxo-
nomic or ontogenetic signal (Wellnhofer, 1978,
1987; Bennett, 1996, 2013a; Vidovic and Martill,
2014; Jiang et al., 2016). Still, both the scapula and
the coracoid show sophisticated sculptures in their
terminal regions, supporting a late co-ossification.
Andres et al. (2014) argued for a fused scapulo-
coracoid in Kryptodrakon. Likewise, early
monofenestratans imply no difference to that
(Wang et al., 2017; Zhou and Schoch, 2011).

The scapula is typically broad blade-like. The
antero-ventral terminus is slightly thickened and

forms an oblique contact with the coracoid. Above
the posteriorly protruding end of the glenoid facet,
a slender buttress reinforces the shoulder joint.
The distal end is best preserved on the left side. Its
dorsal edge exhibits a shallow embayment, starting
approximately one quarter in front of the posterior
end. Beyond this point, the lower edge of the scap-
ular blade remains almost straight, while the dorsal
edge is concave and tapers towards a thickened
and semi-lunar rounded terminus. This somewhat
lens-shaped cap has a tiny projection over the pos-
tero-ventral edge of the scapular blade. Although
this structure belongs to the numerous postcranial
aspects that are not sufficiently investigated for
many pterosaurs, it implies an improved coupling
of the dorsal scapula to the vertebral column,
maybe some early, soft-tissue-based forerunner of
the notarium seen in Eupterodactyloidea and few
Jurassic pterodactyls (Aires et al., 2021, figures 3,
4).

The length of the coracoid cannot be mea-
sured due to broken pieces. The dorsal part is
known from the right side, with a large glenoid
facet supported by a ventral buttress. There is a
large and stout acrocoracoid process, as typical for
Late Jurassic pterosaurs (Wellnhofer, 1975, 1978,
figure 9, 1987; Augustin et al., 2022). Close to the
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FIGURE 7. Close-up of wrists, DMA-JP-2011/006, holotype of Propterodacylus frankerlae, gen. nov., sp. nov., under

UV (365 nm), courtesy of Helmut Tischlinger.

base of the thickened dorsal head, the anterior
margin of the coracoid bears an obtuse-angled
knob that is separated from the acrocoracoid pro-
cess by a concave outline. Ventral to this point, the
shaft tapers towards the thin ventral region. The
barely thickened ventral end of the left coracoid is
exposed (Figure 7). It exhibits the typical saddle-
shaped articular surface for the sternal contact. On
the anterior margin, a flat corner is less pro-
nounced and more terminal than in Kryptodrakon
(Andres et al., 2014, figure 1).

Little can be said about the sternum, as the
two regions exposed are covered by or interlaced
with other postcrania. What is interpreted as the
left side of the medial aspect of the plate contains a
deep bowl-like concavity that may be diagenetically
exaggerated. The right side reveals a stout lateral
extension that likely served with contacting the
sternal ribs. The sternal plate is puzzling in its com-
plete outline but reveals overall convex anterior
and posterior margins. This combination is seen
only in some Archaeopterodactyloidea and few
early Eupterodactyloidea, and may contribute to
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juvenile patterns (Hone, 2023, figures 9, 11, 13,
19).

Wing skeleton. In general, the front extremity (Fig-
ure 7) is very similar to that of early pterodacty-
loids, apart from proportional deviations.
Particularly the humerus is stouter than in Dio-
pecephalus (Wellnhofer 1987), but almost identical
in the morphology of the proximal head (Vidovic
and Martill, 2018, figure 1). The entire humerus is
also very similar to those of Changchengopterus
(Zhou and Schoch 2011) and Kunpengopterus
(Cheng et al., 2017), despite that the latter two
bear a slightly longer and more pointed deltopec-
toral crest and a taller rim of the caput. In DMA-JP-
2011/006, the caput forms a shallow saddle with a
low anterior bulge. The proximal head of the
humerus is moderately broad, opposing the slen-
der appearance in Darwinopterus (Wang et al.,
2010). DMA-JP-2011/006 differs from rhampho-
rhynchids in lacking an extended, laterally con-
stricted deltopectoral process. Instead, this crest is
stout and rounded rectangular, confluently con-
nected with the shaft by a shallow concavity (as in
most early pterosaurs, O’Sullivan et al., 2013, fig-



ure 5). In comparison, the crest is more offset from
the shaft in Darwinopterus and Kunpengopterus
(LG et al., 2011; Wang et al., 2015, respectively).
The medial process in the proximal humerus is
weakly developed, but still larger than e.g., in Dou-
zhanopterus (Wang et al., 2017). In overall propor-
tions, the humerus is robust and short. The
proximal head is almost one third of the entire
length of the bone, which contrasts with more basal
monofenestratans (about one quarter in Douzhan-
opterus, Wang et al., 2017; intermediary between
this and DMA-JP-2011/006 are Darwinopterus, see
Lu et al., 2010, and Kunpengopterus, Cheng et al.,
2017). However, the stout and clunky humerus of a
juvenile Diopecephalus (Augustin et al., 2022)
implies that ontogenesis may also overlay interspe-
cific distinctness. That the distal condyles appear
uneven in size is likely an artefact due to compac-
tion. Unfortunately, it can thus not be tested regard-
ing the distal width (Witton, 2015, figure 4). Also,
the shaft is crushed and appears broader than in
life. No certain foramina were observed.

The forearm is also robust, not as slender as
the radius and ulna visible in both grown Rham-
phorhynchus and Pterodactylus-type pterodacty-
loids (Wellnhofer, 1975; Vidovic and Martill, 2014).
The shafts are straight and closely attached. Thick-
ened ends are observed on the proximal ulna,
forming a tiny olecranon-like bulge, and on the dis-
tal ulna and radius. The forearm is proportionally
conservative and not as elongated as in wukon-
gopterids (Wang et al., 2010; LU et al., 2011)

In the articulated wrists (Figures 2, 7), the
ulnare and radiale are separated, not forming a
fused proximal syncarpal. The ulnare is slightly
larger than the radiale and contains lip-like blades
to contact with the ulna and the fourth distal carpal
laterally. There is a slightly curved pteroid. Measur-
ing about one third of the forearm, it is elongated in
a wukongopterid or initial pterodactyloid manner,
contrasting with the shorter and bluntly ending
rhamphorhynchid pteroid (Tischlinger and Frey,
2013). The distal carpals are also unfused, pre-
serving the large fourth carpal to contact with the
wing metacarpal and at least one small additional
distal carpal. Antero-distal to this element, a preax-
ial carpal is present, if not already representing
sesamoids. The condition of unfused elements is
found in several small- to medium-sized specimens
of a variety of pterosaurs (Wellnhofer, 1970, figure
4,1975, 1987; Wang et al., 2010; Vidovic and Mar-
till, 2018, figure 1; Bennett, 2018, figure 2), while
the segment-wise fusion is also found throughout
pterosaur evolution (Wellnhofer, 1978, figure 11;
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Zhou and Schoch, 2011). For DMA-JP-2011/006,
this finding points to incomplete skeletal maturity.
With respect to non-metric characters, the
manus is of typical appearance compared with
most pterosaurs. The wing metacarpal (fourth
metacarpal) is shorter and more robust than the
fragmentary material of Kryptodrakon would sug-
gest, and the distal hinge is less markedly set off
from the shaft (Andres et al., 2014, figure 1H). The
metacarpus is significantly longer than that of
rhamphorhynchoid-grade forms (Tischlinger and
Frey, 2013, citing Wellnhofer, 1975, and Li et al.,
2010). Compared to the humerus and forearm, the
wing metacarpal is intermediary elongated with
respect to that of pterodactyloids (Wellnhofer,
1970). It exceeds the proportional length seen in
wukongopterids (Tischlinger and Frey, 2013), but
not that of Douzhanopterus (Wang et al., 2017).
The remainder of the metacarpus and short
digits shows no striking difference from other ptero-
saurs. The phalangeal formula is typically 2-3-4-4.
All claws are strongly built and curved. The phalan-
ges of the wing digit are straight, with an inconspic-
uous bending in the distal-most phalanx. The butt
joints are posteriorly widened, while forming a
straight leading edge anteriorly. The proximal joint
of the first phalanx is skeletally immature in forming
a flat saddle-shaped facet. This terminus is associ-
ated with isolated polygonal elements that occur in
the same articulated position in both wings. The
distal facet contacting the first phalanx is broad-
ened, whereas a steep edge leans to the distal end
of the wing metacarpal. Although a separated
epiphysial ossification seems anomalous for ptero-
saurs (Steel, 2008), the elements in question
resemble similar cases of other pterosaurs (Frey
and Martill, 1998; Martill et al., 2023). In compari-
son with these examples, the sesamoid for the
attachment of the extensor tendon is rounded and
less mature in DMA-JP-2011/006.
Pelvic girdle. The ilium is long, overlapping about
40 % of the glenoidal-acetabular distance (Figure
5). Half of the ilium’s length is built up by the preac-
etabular process that is blade-like and very slightly
widened close to the blunt anterior terminus. The
postacetabular process bears a dorsal projection,
most similar to Pterodactylus and Chanchen-
gopterus (Wellnhofer, 1970, figure 4G; Zhou and
Schoch, 2011). There is no fused puboischiadic
plate, a structure that apparently co-ossified late in
ontogeny (Hyder et al., 2014). The ischium is longi-
tudinally short, deep, and rounded ventrally, with
an unsharp posterior tip. The pubis is also deep
and concave on its anterior margin. Behind its
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FIGURE 8. Close-up of hindlimbs and feet, DMA-JP-2011/006, holotype of Propterodacylus frankerlae, gen. nov., sp.

nov., under UV (365 nm), courtesy of Helmut Tischlinger.

shaft, a broad blade-like extension reaches even
deeper ventrally, where the femur hinders to trace
its full size. The obturator foramen is well visible.
As the femur is shifted into the foramen, it is most
likely open on the rear side. The prepubis consists
of a broad proximal shaft and a semilunar distal
blade. A small process indicates the medial contact
of the prepubes. The right prepubis is notched in its
distal blade, but with rather undefined margins and
not repeated on the left prepubis. Therefore, it is
reconstructed as originally fully convex distally, not
bifurcate as in Rhamphorhynchus (Wellnhofer,
1975). In overall shape, the pelvis of DMA-JP-
2011/006 resembles that of early pterodactyloids
and Dorygnathus, but not Darwinopterus (LU et al.,
2011, figure 5). It is also close to the pelvic condi-
tions in Changchengopterus (Zhou and Schoch,
2011, figure 6, the long preacetabular ilium is visi-
ble on figure 2b).

Hindlimb. The hindlimbs are robust compared to
the remainder of the skeleton and not as short and
thin as in rhamphorhynchids, although not signifi-
cantly elongated as in most pterodactyls. DMA-JP-
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2011/006 has a rather conservative femur-tibia
ratio of about 85 % (Tischlinger and Frey, 2013),
which is close to that of Chanchengopterus (Zhou
and Schoch, 2011). Lower ratios of less than 60 %
to little more than 70 % refer to Wunkongopteridae
(LG et al., 2011; Wang et al., 2017) and seem to
correspond with the elongation of the skull and
forelimb. The femur of DMA-JP-2011/006 is of
classical pterosaur appearance, with a moderately
angled head on a constricted collum. The external
trochanter is as inconspicuous as in early ptero-
saurs to early pterodactyloids (Wellnhofer, 1978,
figure 16). The femoral shaft is very slightly bent.
On the thickened distal terminus, the condyles are
confluent.

The tibia is little longer than the femur. As typ-
ical for pterosaurs, the tibia is straight and slightly
slenderer than the femur. Both joint regions are
thickened, while the shaft inconspicuously tapers
towards its distal terminus. The tarsal contact is
perpendicular to the shaft and formed as a simple
butt joint. The fibula is reduced to a slender splint
that contributes to the knee joint with an asymmet-



rical articular head. Distally, the fibula tapers to its
pointed end, which forms a delicate onlap on the
tibia at a level slightly distal to the half-length of the
tibial shaft.

Three and four tarsals are densely packed on
the right and the left foot, respectively (Figure 8).
Assuming that they are located close to life articu-
lation, the right tarsus seems to contain the associ-
ated astragalus and calcaneus, with the latter
being slightly larger. Distally, a similar-sized ele-
ment contacts with the lateral metatarsals and
might represent fused distal tarsals. A much
smaller element is found next to the distal-most
wing phalanx and could be a dislocated distal tar-
sal. On the left foot, the largest element can only
be labelled as the calcaneus, based on its size, but
appears on the wrong side. It covers most of the
distal terminus of the tibia. The latter might possibly
show some torsion, suggested by the inclined posi-
tion of the fibula and the lateral aspect of the femur.
However, the distal tarsus is in perfect articulation
with the metatarsus, in accordance with the
enlarged (fused) distal tarsal element in the right
foot. That both feet are preserved in a parallel ori-
entation, while the knees are in opposite posture,
allows for the tentative explanation of a torsion due
to compaction, with a twist between the proximal
and distal tarsus (joint surface in life). In the pres-
ent condition of the left foot, three polygonal ele-
ments contact with the metatarsus, of which one is
likely the astragalus. All tarsals exhibit certain fac-
ets, but rounded edges, so that no detailed recon-
struction of the tarsus can be performed. The only
specific observation that occurs on both sides is
that the lateral fused distal tarsal bears an obtuse
angle where the surfaces for the fourth and fifth
metatarsal meet. The best assumption from the
given preservation is that there are two elements
ossifying in the distal tarsus. This condition
matches with the spectrum of documented ptero-
saur ankles (Wellnhofer, 1978, figure 17; Padian,
2017).

The metatarsals | to IV are robust and straight
columns about as long as the middle toes. Only
metatarsal IV is significantly shorter than | to lll,
which is in normal pterosaurian fashion. On the
proximal end, a thickening of the articular end is
visible on metatarsal IV and most conspicuously on
string I. All distal ends are slightly thickened, with
reduced angles of movement as in most interpha-
langeal joints. The toes | to IV show the common
pterosaurian formula 2-3-4-5, with elongated pen-
ultimate phalanges and strongly shortened middle
phalanges in the strings Ill and IV. The latter have
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gained the maximized reduction of the shaft length,
which DMA-JP-2011/006 shares with Pterodacty-
loidea, some wukongopterids (Wang et al., 2015,
figure 3) and Jianchangopterus (Lu and Bo, 2011,
figure 4), but not rhamphorhynchids and Dimorpho-
don (Wellnhofer, 1978, figure 17). The unguals are
strong and curved, somewhat larger than in most
rhamphorhynchids and early pterodactyloids (Well-
nhofer, 1975, figure 17, 1978, figure 17) but not as
long and pointed as in wunkongopterids (Wang et
al., 2015, figure 3).

DMA-JP-2011/006 shows a fifth toe that in
general resembles all non-pterodactyloid ptero-
saurs (Figure 8). Metatarsal V is of similar width as
the first, with the greatest width at about half its
length where the articular region ends. Its distal
half forms a constricted neck towards the phalan-
geal contact. As Tischlinger and Frey (2013) noted,
the entire string is of typical rhamphorhynchid
shape and no longer movable against the tarsus.
However, the Vth metatarsal of DMA-JP-2011/006
closely resembles a splayed-out metatarsus of
Rhamphorhynchus (Wellnhofer, 1975, figure 17f),
which could have been controlled by the external
knob, if working as a tendon scar, that is likewise
present on metatarsal V of DMA-JP-2011/006.
Maybe, the metatarsus of rhamphorhynchids and
wukongopterids (Wellnhofer, 1975, figure 17;
Wang et al., 2015, figure 3) could be fanned out in
life as a specific adaptation (see Mayr et al., 2002,
figure 5) or postmortem spreading occurred, while
DMA-JP-2011/006 shares strictly parallel metatar-
sals | to IV with pterodactyloids and anurognathids.
Consequently, the relative movement of string V
must remain unsolved.

Two phalanges of the modified fifth toe are
present on each foot. These phalanges are not as
slender and elongated as in rhamphorhynchids,
anurognathids, or wukongopterids (Padian, 2017;
Bennett, 2007; Wang et al., 2010, 2015). On the
right foot, the distal phalanx appears pointed and
somewhat curved, while on the left foot this ele-
ment is straight and does not taper. Instead, a joint-
like thickening is present as its distal terminus (Fig-
ure 8). Although both feet are articulated, it is pos-
sible in the preserved posture — speaking about
taphonomy only — that three phalanges were pres-
ent before the penultimate one was dislocated from
the right foot and the terminal one from the left.
This unlikely reconstruction would make DMA-JP-
2011/006 the only known pterosaur with more than
two phalanges on the fifth toe. Triassic pterosaurs
have two phalanges on toe V (Dalla Vacchia, 2003,
2009). Three phalanges were documented in the
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Jurassic Sordes (Sharov, 1971) but revised as
counting two (Unwin and Bakhurina, 1994) accord-
ing to the boomerang-shaped bending in the distal
phalanx (Wellnhofer, 1975; Bennett, 2014; Wang et
al., 2015; Cheng et al., 2017, figure 6). Four pha-
langes were reported from the holotype of Anurog-
nathus (Wellnhofer, 1978), but this appearance is
caused by bad preservation and an overlapping
wing bone (pers. obs.), whereas well-preserved
anurognathids exhibit two elongate phalanges on
toe V (Dalla Vecchia, 2002; Bennett, 2007).

A slight widening in the phalangeal terminus
of the fifth toe is visible in Wukongopterus (Wang et
al., 2009, figure 3e), Campylognathoides (per.
obs., SMNS 9787, SMNS 50914) or Dorygnathus
(per. obs., SMNS 55886), but not in the edged,
joint-like shape as in the left foot of Propterodacty-
lus. Therefore, the asymmetrical deviation in the
left foot of DMA-JP-2011/006 is explained as
abnormal, maybe an acquired pathological struc-
ture. After all, the outermost toe is reduced in size
but functional, representing a unique structure and
implying a lesser importance as tightener of the
uropatagium (Tischlinger and Frey, 2013). In the
light of the ontogenetically constant fifth toes in
wukongopterids and early pterodactyloids (Jiang et
al., 2021; Wellnhofer 1970), the morphology of the
fith toe in DMA-JP-2011/006 is not significantly
affected by its ontogenetic stage.

Ontogenetic Status and Pathology

With a skull length of 9 cm and estimated
wingspan of about 55 cm, DMA-JP-2011/006 is
mid-sized in the spectrum of specimens from the
Upper Jurassic of Bavaria. The orbit is proportion-
ally large, but well within the range of Jurassic
pterosaurs. Without any knowledge of conspecific
specimens, the relative orbit size (Wellnhofer,
1970) is not indicative of a certain ontogenetic
stage. Given its size and robust nature, along with
fully sized carpals and tarsals, the specimen is not
a young juvenile (partially opposing Wang et al.,
2017). On the other hand, there are several obser-
vations that, taken together, imply skeletal immatu-
rity or could contribute to future investigations of
neotenic/paedomorphic effects in pterosaurs: the
unfinished synsacrum, the unfused scapulocora-
coid, the outline of the sternum, the unfused car-
pals, unfused proximal end of the first wing
phalanx, unfused ischiopubic plate, and the possi-
bly isolated anterior caudal centrum (see individual
paragraphs). As a result, the observed relative
lengths of the metacarpus and the cervicals are
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only minimal measurements and can be expected
to have increased in adults of the same species.
On the fourth phalanx of the left wing, a
healed bone fracture resulted in a crooked callus
(Figure 9). Due to the semicircular wound, Tisch-
linger and Frey (2013) suspected a bite injury,
which the individual could survive despite impeded
flight abilities, and underpinned this with a compa-
rable case study (Tischlinger, 1993). The continuity
of the rear edge speaks for a greenstick fracture,
typically found in juveniles and subadults (Roth-
schild and Lambert, 2019; Samathi et al., 2023).
The young individual age at the time of the injury is
underlined by the intensively bloated callus. There
is no knowledge on pterosaurian callus formation
rates, but from veterinary data of birds, the pathol-
ogy in DMA-JP-2011/006 does not necessarily indi-
cate an event that occurred more than a few
months before death (James et al., 1978; Richards
et al.,, 2011), especially under the expected
mechanical load (Isaksson et al., 2009).

DISCUSSION

The formal description of Propterodactylus
confirms DMA-JP-2011/006 , the “Painten pro-
pterodactyloid”, as a transitional form with a mix of
synapomorphies shared with Pterodactyloidea,
although being clearly excluded from the mono-
phyly of well-known members. The phylogenetic
position as the sister taxon to Pterodactyloidea has
been proven by several cladistic analyses (Figure
10; Wang et al., 2017; Vidovic and Martill, 2018;
Jiang et al., 2020; except sensu Andres, 2021; see
also Dalla Vecchia, 2022, for substantial critique on
a derived position of Anurognathidae). Therefore,
Propterodacylus frankerlae documents the transi-
tion from the more ancient “rhamphorhynchoid”
pterosaurs (sensu Wellnhofer, 1975) to the derived
pterodactyloids in a nearly predictable way. Even in
the light of the transitional Wukongopteridae, it is
among the best examples of an intermediate
taxon.

Despite its transitional nature, Propterodacty-
lus is from the same layers that also yielded the
oldest Pterodactylus/Diopecephalus specimen
(late Kimmeridgian; Augustin et al., 2022). The
more derived Ctenochasmatidae are at least 10
Ma older (early Oxfordian; Zhou et al., 2017). Due
to this stratigraphic overlap, Propterodactylus can
be characterised as representing a surviving lin-
eage. The pterodactyloid transition dates back to
the Middle Jurassic. Interestingly, Propterodactylus
appears to lack skeletal autapomorphies, thus is
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FIGURE 9. Close-up of pathological wing phalanx, DMA-JP-2011/006, holotype of Propterodacylus frankerlae, gen.
nov., sp. nov., under UV (365 nm), courtesy of Helmut Tischlinger.

representative for this transition and suggesting a
Late Jurassic stasis of at least some pterosaurs.

The main conclusion from early Monofenes-
trata such as Propterodacylus and wukongopterids
is that major modifications of the pterodactyloid
skull came first, followed by the increase of flight
properties (Lu et al., 2010; Witton, 2013). Tisch-
linger and Frey (2013) provided a detailed list of
observations on DMA-JP-2011/006 that allow for a
reconstruction of pterodactyloid origins. The
authors were confident to identify the final step in a
gradual evolutionary pathway. However, the some-
times mosaic-like distribution of anatomical condi-
tions raises questions on how straight the
pterodactyloid transition took place, and how adap-
tational this central change of pterosaur evolution
was (Spindler, 2023).

Some specific aspects are affected by ontog-
eny. The above description has found repeated
similarities between juvenile specimens of Dio-
pecephalus (Pterodactylus) kochi and the subadult
holotype of Propterodactylus in terms of propor-
tions and qualitative characters including dentition.

This observation implies a greater role of ontoge-
netic signals like heterochrony over the pterodacty-
loid transition (Unwin and L4, 2013). Future
investigations should carefully test for the possibil-
ity that some incomplete juveniles assigned to
pterodactyloids (Wellnhofer, 1970) could in fact be
those of transitional, pro-pterodactyloid forms. A
greater data set of ontogenetic paths is needed. So
far, qualitative observations such as the caudal col-
umn and the outermost pedal toe serve as clear,
age-independent characters in rather complete
specimens.

In the preliminary description, Tischlinger and
Frey (2013) tried to reconstruct the dentition pat-
terns throughout the pterodactyl transition: DMA-
JP-2011/006 is stated to appear more ancient than
wukongopterids and closer to the rhampho-
rhynchine dentition in having large interdental
spaces and rostrolaterally directed fangs. Along
with the moderately long neck, the authors found a
considerable resemblance with ornithocheirid
pterodactyloids, despite greater differences in the
proportions of long bones. In its dentition, DMA-JP-
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FIGURE 10. Phylogenetic analyses that included Propterodactylus, formerly known as the “Painten (pro-)pterodacty-
loid”, restricted to chosen taxa. Note that there is little consensus about most relationships beyond the monophyly of
Pterodactyloidea (green, blue, violet), while the position of Propterodactylus is challenged only by the fragmentarily
known and barely diagnosed Kryptodrakon (introduced as the oldest pterodactyloid under deviant constraints, see

Andres et al., 2014).

2011/006 is conspicuously different from the stout
tooth crowns of early, Pterodactylus-type pterodac-
tyloids. The resulting evolutionary history, accord-
ing to Tischlinger and Frey (2013), may include
independent origins of a derived dentition type in
Wukongopteridae and Pterodactyloidea. Alterna-
tively, it is stated that the less derived dentition pat-
tern seen in Propterodactylus may have persisted
up to the early Pterodactyloidea and directly
retained by Ornithocheiridae. From the above cited
phylogenetic relationships, no simple and straight
character history can be concluded with respect to
the dentition type.

Beyond these hypotheses introduced by
Tischlinger and Frey (2013), even a rhampho-
rhynchid-ornithocheirid-type for fishing with a
somewhat pasta tong-like jaw (Holgado et al.,
2019, figure 4) could have evolved several times, if
functionally consistent at all. The pattern in Prop-
terodactylus, however, is barely congruent with that
of ornithocheirids, although both types (non-exclu-
sively) share enlarged interdental spaces, up to
three times the basal width of teeth. In fact, the
dentition of Propterodactylus is more similar to
Germanodactylus-type pterodactyloids (Witton et
al., 2015, figure 3), the questionable darwinopteran
Pterorynchus (Czerkas and Ji, 2002), or even the
less specialised non-pterodactyloids Sordes and
Jianchangopterus (Sharov, 1971; L4 and Bo,
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2011). Furthermore, that wukongopterids bear
smaller, robust, and narrow-spaced teeth concen-
trated in the distal part of a greatly elongated ros-
trum (Wang et al., 2009, 2010) could also be rather
derived or specialised. Similar dentitions are seen
in a few distantly related pterodactyloids
(Rodrigues and Kellner, 2013, figure 4; Albersdor-
fer and Hackel, 2015, figure 226; Hone et al.,
2023). Interestingly, species of Darwinopterus can
strikingly vary in their dentitions, including D.
modularis with a superficially ornithocheirid-like,
and D. robustodens with a durophageous adapta-
tion (LU et al., 2011, figure 6). This disparity is par-
ticularly informative since it was confirmed to be
intrageneric, in an analysis that otherwise found a
paraphyletic status for wukongopterids (Wang et
al., 2017, figure 4). Such variability underpins a
substantial component of adaptive character
changes across the early evolution of Monofenes-
trata. Ecological signals may strongly superimpose
the phylogenetic trends over the pterodactyloid
transition, at least concerning diet.

CONCLUSIONS

The detailed osteological description of the
Painten pro-pterodactyloid affirmed the almost per-
fectly intermediate mix of non-pterodactyloid and
pterodactyloid traits. Its phylogenetic position
around the basal-most node of Pterodactyloidea



matches with its evolutionary information about the
most important transition in pterosaurs. With spe-
cial interest on comparative osteology, however,
long-known material from the “Solnhofen archipel-
ago” deserves a much more detailed look on
detectable cranial sutures and postcranial varia-
tion.

The dentition patterns of early Monofenestrata
and Pterodactyloidea do not fit into straight evolu-
tionary trends, but appear more mosaic-like. This
suggests a strong role of dietary adaptation in the
pterodactyloid transition. The typology of the denti-
tion therefore yields only a minor value for the
reconstruction of relationships.
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