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The anatomy and diversity of the pterosaurian sternum

David W. E. Hone

ABSTRACT

Despite a key role in anchoring major flight muscle groups, the sternum of ptero-
saurs has attracted relatively little attention in the scientific literature. Here the sterna of
more than 60 pterosaur genera are described and compared. Despite the overall con-
servative nature of the pterosaurian skeleton, the sternum varies greatly within and
between clades, and ontogenetically. The sternum appears to have been mostly carti-
laginous in juvenile (flying) pterosaurs, which ossified in different patterns in various
taxa and even individuals leading at least in part to the variation seen. Comparisons of
the pterosaur sternum to other reptiles suggest that it is formed of the clavicles, inter-
clavicle and sternal plated fused into a single unit, though the details of this remain
uncertain. Further studies of this major anatomical feature are required given its impor-
tance in anchoring flight muscles and therefore locomotion.

David W. E. Hone. School of Biological and Behavioural Sciences, Queen Mary University of London, Mile

End Road, London, E1 4NS, UK. d.hone@gmul.ac.uk

Keywords: Pterosauria; anatomy; flight; Pterodactyloidea

Submission: 19 December 2022. Acceptance: 28 March 2023.

INTRODUCTION

The pterosaurian sternum functions as an
anchor and articulations point for the coracoids and
as an anchor for major flight muscles (Bennett,
2003). As the forelimbs of pterosaurs are used in
flight as well as for launching and terrestrial loco-
motion, the sternum would have had a critical role
in the biomechanics of pterosaurs. The sternum
may also have a role in breathing, being moved by
the sternal ribs (Claessens et al., 2009; Geist et al.,
2014). The sternum should therefore be under

strong selection and provide important information
on both the biology and phylogeny of pterosaurs,
although it has so far had very limited attention in
the scientific literature.

The sternum in pterosaurs consists primarily
of a large, thin and convex plate of bone that sits
on the anterior part of the chest (Figure 1). This
may be anything from square to triangular or sub-
circular in shape, and longer than broad or the
reverse. In all well-preserved specimens there is
an anteriorly directed process called the cristop-
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HONE: THE STERNUM OF PTEROSAURS

FIGURE 1. The sterna of adult individuals of A) the non-pterodactyloid Rhamphorhynchus (based on Wellnhofer,
1975) and B) the pterodactyloid Pteranodon (based on Bennett, 2003). These are seen in i) dorsal, ii) lateral and iii)
ventral views. Abbreviations here and throughout are: af, articulation facet; ca, coracoid articulation; cr, cristospine; pf,
piercing foramen; pn, pneumatopore; rd ridge (or keel); sp, sternal plate; tb tubercle; xa, xiphoid articulation. Scale

bars are A 10 mm and B 50 mm.

sine, which varies greatly in shape between taxa,
but is often long, thin and dorsoventrally expanded.
This serves as an articulation point for the scapulo-
coracoids, which meet the cristospine on the pos-
teriolateral surface (Bennett, 2001). Unusually in
tetrapods, these are often asymmetric with the
right articulation anterior to the left. The sternum
may have smooth lateral margins or may have a
serrated appearance with articulation points along
the lateral edges to connect to the sternal ribs
(Geist et al., 2014), or these may be fused to the

sternum itself. In a few, there is a distally projecting
xiphoid process from the middle of the ventral mar-
gin of the sternal plate (Jiang et al., 2016). The
plate often has a thickened anterior rim and there
might be a slight keel on the anterior part of the
ventral face. The plate may be pierced by several
holes and the cristospine is usually pneumatic with
one or more pneumatopores. In short, there is con-
siderable variation in the size, shape and anatomi-
cal details of this singular element (and its
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FIGURE 2. Photographs of a variety pterosaur sterna to show the variation in shape and preservation. A) The anurog-
nathid Batrachognathus PIN 52-2, B) the scaphognathid Fenghuangopterus CYGB-0037, C) the rhamphorhynchine
Rhamphorhynchus JME-SOS4009, D) the istiodactylid Nurhachius IVPP V 13288 and E) an indeterminate tapejarid
MN 6599V. Images not shown to scale.

preservation), despite the often highly conservative
nature of pterosaur bauplans (Figure 2).

To date, however, the pterosaurian sternum
has featured only occasionally in the scientific liter-
ature and detailed descriptions are generally lack-
ing. For example, very few characters in major
phylogenetic analyses have been based on the
sternum (none in Unwin, 2003, one in Kellner,
2003, five in Andres et al., 2014, and five in Vidovic
and Martill, 2018), and it has also had little cover-
age in analyses of pterosaur mechanics (e.g., Ben-
nett, 2003; Chatterjee and Templin, 2004). Only
two papers in the last decade make any attempt to
compare the sterna of different pterosaur clades.
Ld et al., (2011a) provided some very brief com-
ments comparing the sternum of Darwinopterus to

other pterosaurs, while Jiang et al. (2016) com-
plete an outline analysis of the sternum shape of
17 monofenestratan taxa. This included members
of the wukongopterids, archaeopterodactyloids,
pteranodontids and azhdarchoids (plus the genus
Haopterus which remains of uncertain placement).
Based on this, they suggested that in future phylo-
genetic analyses, the shape of the sternum should
be divided into three characters for which their prin-
cipal components analysis showed would cover
most of the variation seen. These would be “the
ratio of the length to width of sternal plate; the posi-
tion of the lateral margins; and the shape of the
posterior margin” (Jiang et al., 2016), though there
were no further details about how these characters
and their states might be constructed or coded. In
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short, the sternum remains a greatly overlooked
part of pterosaurian anatomy and requires atten-
tion.

The sternum is itself often not preserved in
pterosaurs, or is poorly preserved even when the
rest of the specimen is present. For example, little
more than the cristospine is preserved of the other-
wise superbly preserved Anhanguera described by
Kellner and Tomida (2000), it is badly preserved in
Nurhachius despite being surrounded by better
preserved elements (Wang et al., 2005), and the
‘Vienna’ specimen of Aerodactylus (NHMW 1975/
1756) has a poorly preserved sternum despite oth-
erwise being complete and articulated and preserv-
ing such rare and fragile features as the
propatagium and brachiopatagium. A few others
are preserved with parts missing, a rough surface
texture unlike other elements of a specimen, and
even with numerous holes penetrating the main
sternal plate (Jiang et al., 2016, figure 1). This col-
lectively suggests that the sternum was often
poorly ossified and / or very thin making it unlikely
to preserve or to be preserved only poorly, and
may have had an extensive cartilaginous compo-
nent in many taxa. It is as little as 1.5 mm thick in
even large taxa such as Quetzalcoathus lawsoni
(Padian et al., 2021) and even then is often pneu-
matic (Elgin and Hone, 2013) and therefore both
thin and fragile. Similarly, Elgin and Frey (2011)
noted that the pectoral muscles inserting on the
sternum would be fleshy and lack ligaments and
tendons and with weak sternocostal and other
articulations the sternum would likely detach early
on in decay. Collectively this would explain the rar-
ity of pterosaur sterna, even in otherwise well-pre-
served and largely complete specimens.

However, while the sternum of pterosaurs has
received little attention and is considered rare, with
few available for study (Jiang et al., 2016), an
extensive review of the literature suggests that rel-
atively complete and well-preserved sterna are
known for over 60 genera taxa, with more preserv-
ing at least partial sterna. Almost all major ptero-
saur family-equivalent clades are represented in
this collection including small Triassic animals
through to Late Cretaceous giants, and for at least
a few species, multiple specimens including juve-
niles and adults. Thus, most of the known gross
diversity of pterosaurs in form and ecology are rep-
resented and the sternum, despite the preserva-
tional problems (Figure 2), is clearly better known
than commonly realised. As such, this is a field
worthy of further investigation. Here, every known

pterosaur sternum is described, and its structure,
ontogeny, function and homology are discussed.

Institutional Abbreviations

BSP, Bavarian State Collection for Palaeontology
and Geology, Munich, Germany; CM Carnegie
Museum, Pittsburgh, USA; CYGB, Chaoyang
Geopark, Chaoyang City, China; IMNH, Iwaki
Museum, Fukushima, Japan; IVPP, Institute of Ver-
tebrate Paleontology and Paleoanthropology, Bei-
jing, China; JME, Jura Museum Eichstaett,
Bavaria, Germany; LF, Lauer Foundation for Pale-
ontology, Science and Education, Wheaton, llli-
nois, USA; MN, Museu Nacional, Rio de Janerio,
Brazil; NHM Natural History Museum, London, UK;
NHMW, Natural History Museum, Vienna, Austria;
PIN, Palaeontological Institute, Russian Academy
of Sciences, Moscow, Russia.

MATERIALS AND METHODS

An extensive survey of the literature was car-
ried out in addition to examining specimens in
museum collections and assessment of my own
archives of photographs of pterosaur fossils. Every
taxon found with any degree of preservation of the
sternum was recorded and below each of these is
briefly described. Many of the sterna are poorly
preserved, not (or only poorly) illustrated, or are not
described in anything but very the briefest terms.
As a result, many of these following descriptions
are necessarily brief since only the limited informa-
tion of the original scientific literature was avail-
able.

Descriptions

Most pterosaur sterna are either preserved in
ventral view or have only been figured in ventral
view. As a result, the following descriptions are all
based on this view unless otherwise stated. The
systematic relationships of pterosaurs are contro-
versial with multiple competing, and contradictory,
phylogenies in the literature. Here the genera are
groups broadly according to the relationships of
Zhou et al. (2021) for non-pterodactyloids and
Hone et al., (2020) for pterodactyloids, but it should
be noted that some taxa do not clearly fall into rec-
ognised clades, or are controversial in their place-
ment and some clade names vary in usage by
different authors.

Eopterosauria. The sternum of a subadult Eudi-
morphodon is near complete and well preserved in
ventral view (Wild, 1978, plate 2 and figure 14)
(Figure 3A). The sternal plate is approximately
square in outline through with a slight triangular
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FIGURE 3. The sternum of A) an adult Eudimorphodon
(modified from Renesto, 1993) and B) juvenile (traced
from Wild 1993). These are seen in A, ventral and B dor-
sal views. Stippling in B indicates a differing bone tex-
ture. Scale bars are A 10 mm and B 5 mm.

part proximally, and it has a slightly wider posterior
margin than the proximal one. Both the lateral and
posterior margins are sinusoidal with multiple artic-
ulation points for costal ribs. The lateral margins
show five points each plus the distal corner forms
an extended point. The posterior margin is also
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complex showing five distinct points, with three of
them part of a slight posterior expansion of the
plate close to the midline. Wild (1978) states that
there are eight articulation points on each side,
which would match the description here if the elon-
gate corners and the posterior midline point are not
included. The cristospine is illustrated as be rela-
tively short and narrow in Wild’s (1978) figure 14,
though in his plate 2 he shows it to be considerably
longer — this is considered the correct interpreta-
tion in comparison to his plate 1. The cristospine is
barely connected to the thin keel that runs down
most of the face of the sternal plate before bifurcat-
ing close to the posterior margin. There are a pair
of depressions that sit at the base of the cristo-
spine where it connects to the anteriormost part of
the sternal plate, which are the coracoid articula-
tions.

A juvenile specimen referred to Eudimorpho-
don by Wild (1993) also preserves a sternum in
dorsal view (Figure 3B). This is somewhat oval in
outline but is broadly similar to that of the subadult
described above but with rounded margins and no
articulations (Wild, 1993, figure 6; Wellnhofer,
2003, figure 11b). It has a narrowing anterior part,
distolaterally expanded corners and with a slight
distal expansion in the midline. Wild (1993, figure
6) illustrates this as having two different bone tex-
tures with two triangular insertions being different
to the rest of the plate. It has at thickened anterior
margin, which Wild (1993) says is composed of two
separate and overlapping elements. The cristo-
spine is relatively short and sharply pointed with a
narrow ridge down the middle.

Renesto (1993) also described an isolated
sternum that he referred to Eudimorphodon. Given
the recent revisions to a number of specimens for-
merly identified as being in this clade, (Kellner,
2015; Dalla Vecchia, 2019) this referral must be
tentative, but certainly the piece is very similar in
form to that described by Wild (1978). The sternum
is preserved in ventral view and is incomplete with
part of the sternal plate missing (Renesto, 1993;
Dalla Vecchia, 2014). As preserved it conforms
almost exactly to that described above, though
Renesto (1993) notes that there is a deep notch on
either side of the cristospine where it meets the
sternal plate, which are the articulation for the cora-
coids, and these are more obvious in this specimen
than the specimen described by Wild (1978).

The adult holotype specimen of Seazzadacty-
lus preserves a sternum, though it is covered in
places by other elements limiting the available
information (Dalla Vecchia, 2019, figure 17). The
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sternal plate is proximally triangular with slightly
concave dorsolateral margins, and then the lateral
margins would be parallel to make a more rectan-
gular part. As preserved is it slightly longer than
wide though the posterior margin is not visible. The
visible lateral margin of one side has a serrated
margin with clear points for articulation sternal ribs.
Only the base of the cistospine is preserved (Dalla
Vecchia, 2019).

Carniadactylus has a sternum preserved in
ventral view, but it is mostly hidden behind other
elements (Dalla Vecchia, 2009). Is was described
by Dalla Vecchia (2009) as being broad and thin,
with the anterior part being triangular in outline with
a long cristospine that is dorsoventrally short.

A sternum of Austriadraco is both described
and illustrated by Wellnhofer, 2003, figures 9 and
11). However, Kellner (2015) correctly identifies
this in the text as being a fused fair of frontals
(although in the caption of his figure 2e, Kellner
identifies this as a sternum), and this identification
as cranial elements is followed here.
Campylognathoidea. Several specimens of Cam-
pylognathoides liasicus are known with preserved
sterna, though they mostly show little anatomical
information (Figure 4). The cristopine is tall (i.e., it
is ventrally expanded), and there is a ridge extend-
ing from this into the midline of the sternal plate.
According to Padian (2008b), Wiman (1925)
described Campylognathoides as having asym-
metric coracoid articulations. Padian (2008b) con-
sidered the “large, broad quadrangular sternum
flared at posterior ends” to be a diagnostic trait of
the genus (though noted the flared ends are
shared with Eudimorphodon). The best preserved
specimen (CM 11424) shows the sternal plate to
be roughly square with, as noted, laterally project-
ing extensions on the distal face, and the posterior
margin is scalloped. It is overall remarkable similar
to that of Eudimorphodon, only lacking the lateral
serrations of the Triassic taxon.

One specimen of C. zitteli is known with a
sternum, but it is poorly preserved (Padian,
2008b), which shows a short cristopine, midline
ridge and midline extension posteriorly.

Kellner (2015) states that the holotype of Ber-
gamodactlys has “a developed and ossified ster-
num” but it is not described any further. Wild’s
(1978, plate 5) drawing of the specimen shows this
to be a small patch of bone close to the dorsal
series and no details are apparent.
Anurognathidae. There is only one well-pre-
served sternum known for any anurognathid and
that is in Batrachognathus (Ryabinin, 1948). This is
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FIGURE 4. The sternum of Campylognathoides A) mod-
ified from Wellnhofer, 1978, and B) based on Padian,
2008b. Both shown in ventral view. Scale bar equals 10
mm and applies only to A, no scale was given for the
specimen used in Padian’s figure.

pentagonal in shape (Figure 5) with the sternal
plate being slightly wider than long. The cristospine
is short but broad and semi-circular (Ryabinin,
1948). The lateral and posterior margins are
roughly straight and smooth though they are some-
what uneven. Similarly, there is an extra expanse
of bone of the posterior left margin such that the
two sides are uneven, suggesting incomplete ossi-
fication of the sternum and that this would have
been larger with a cartilaginous part. The posterior
half of the sternal plate has a striated texture.
There appears to be a thick and smooth ridge
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FIGURE 5. The sternum of the anurognathid Batra-
chognathus (restored based on a photo). This is seen in
?dorsal view. Scale bar equals 1 mm.

close to the anterior margin and offset from the
midline of the sternal plate, but these are most
likely the impressions of other bones that lie below
the element since they are present on the right
side.

A second, very poorly preserved sternum is
present on the juvenile specimen of Anurognathus.
In his detailed description of the specimen, Bennett
(2007) described this although the sternum is pre-
served below the dorsal vertebra as the specimen
is in dorsal view. The cristospine is not visible and
only parts of the sternal plate can be seen. Bennett
suggested that based on the sternal ribs, the plate
was as long as four or five of the dorsal vertebrae,
and was anteroposteriorly narrow.

A Icr B cr
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Scaphognathidae. Although represented by few
taxa and specimens, this clade has a number of
well-preserved sterna known (Figure 6). Welln-
hofer (1978, figure 8) illustrates the sternum of
Scaphognathus in dorsal view. The cristospine is
very long (nearly the length of the sternal plate)
and tapers anteriorly. Wellnofer (1978) indicates
that a depression at the base of the cristospine is a
single facet for the articulation of the coracoids,
though Bennett (2001) considered these to be
asymmetric. The sternal plate is sub-triangular or
fan-shaped in outline with some kind of midline rib
or depression. There are a pair of holes, one just
either side of this midline features around one third
of the way down the sternal plate. However, recent
photographs under UV light and other regimes
(Jager et al.,, 2018) show that the sternum was
rather longer and more narrow than Wellnhofer
illustrated, and that there is no clear evidence of
the apparent holes, and that the cristospine
appears to be exaggerated in his illustration.

A sub-triangular sternum in ventral view is
present on a juvenile specimen of Scaphognathus
described by Bennett (2014). This is covered by
the ribs and so some details are obscured. It is
described as having a thickened anterolateral cor-
ner for articulation with a dorsal rib, though there
are no clear indications of other articulations on the
lateral margins of the sternal plate, and the poste-
rior margin of the plate is thinner (Bennett, 2014).
There is no evidence of holes penetrating the ster-
nal plate. A second sternum of a young juvenile
Scaphognathus is also known (LF 722) and is
broadly like the one described by Bennett (2014).
This second specimen is in probable dorsal view,
but is broadly asymmetrical in shape with part of
the right side missing, but it was likely a fan-shape

FIGURE 6. The sterna of the scaphognathids A) Fenghuangopterus (based on a photo), B) Scaphognathus (based
on Wellnhofer, 1978) and C) Nesodactylus (based on Colbert et al., 1969). These are seen in, A ventral view, B dor-
sal view, Ci ventral and Cii left lateral view (mirrored from the origins right lateral view, dotted line indicates the
restored part of the cristospine, following Colbert et al.). Scale bars are A 10 mm, B 10 mm, and C 20 mm.



HONE: THE STERNUM OF PTEROSAURS

originally with no apparent cristospine. The poste-
rior margin is thickened, and there are no penetrat-
ing holes in the sternal plate.

A sternum is preserved in the holotype of Fen-
ghuangopterus (LU et al., 2010a) (Figure 6A). The
cristospine is long and broad, and a rounded ridge
runs from the cristospine down on the middle of the
sternal plate. Several others are also present at an
angle to this one, however, while the middle of
these appears to be genuine, the others are most
likely the result of underlying ribs. This was
described as ‘fan-shaped’ by Li et al. (2010a), and
it is broader than long and with a general convex
outline. The sternum is described by LU et al.
(2010a) as having a pair of fenestrae in it, in the
same manner as Scaphognathus, but these cannot
be seen.

The sternum of Nesodactylus is described
and illustrated by Colbert et al. (1969) (Figure 6C)
although both Wellnhofer (1978) and Li et al.
(2011) redrew this with a more complete cristo-
spine than is preserved in the original specimen.
The sternum is shown to be nearly semi-circular in
outline with a straight anterior margin and a smooth
margin and is relatively small compared to the cris-
tospine. Colbert et al. (1969) notes that the sternal
plate is not flattened but “its two sides extend
obliquely upward from the midline”. The cristospine
is dorsoventrally tall and simple in morphology with
a pair of bulges at the base of this. The lack of any
complex anatomy on the ventral margins of the
cristospine suggest that this had symmetrical artic-
ulations for the coracoids.

The sternal plate of Daohugouopterus is small
and triangular in shape, and it is approximately
twice as wide as long (Cheng et al., 2015) with
smooth lateral margins. The anterior margin as
illustrated by Cheng et al. (2015, figure 1) appears
to be damaged and it is not well preserved. There
is no apparent cistospine preserved and none is
mentioned in the description.

Although not described in the literature, pho-
tos of specimen PIN 2585/25 of a juvenile of Sor-
des, show it has a small and triangular plate of
bone that is likely an incomplete sternal plate. This
is difficult to make out and its very small size sug-
gests it is incompletely ossified.
Rhamphorhynchidae. Numerous specimens of
Rhamphorhynchus preserve a sternum including
both juvenile and adult specimens (Figure 7A-C).
Following Bennett (1995), the Solnhofen speci-
mens of Rhamphorhynchus are considered to be a
monotypic genus. Colbert et al. (1969) noted that
some sterna of specimens of Rhamphorhynchus

are proportionally much larger than those of Neso-
dactlyus but others are similar in size, suggesting
ontogenetic changes in size.

Small (juvenile) specimens of Rhamphorhyn-
chus (Wellnhofer, 1978, figure 8, ‘R. longicaudus’)
exhibit a sternal plate that is in an inverted kite
shape in outline, with slightly concave anterior mar-
gins and a slight midline keel (Figure 7C). The mar-
gins of the sternal plate are smooth. It has a long
cristospine with a ventrally thickened margin.
There is a small and circular hole that penetrates
the lateral face of the cristospine close to where it
meets the sternal plate.

The sternal plate of a specimen of intermedi-
ate size (Figure 7B) is illustrated by Wellnhofer
(1975, figure 8e), which shows the plate to be
roughly semi-circular in outline and shows a some-
what intermediate size and shape between the
small morph above and the trapezoid one
described below for larger specimens. Another
intermediate-sized specimen (Wellnhofer, 1975,
figure 8b) in dorsal view shows the presence of a
pair of foramina on the dorsal side of the sternal
plate, immediately posterior to the cristospine. One
of these is positioned in the midline and the other is
displaced to the side. Without an illustration of the
plate in ventral view it is not clear if these penetrate
the plate fully or are pneumatic openings. In dorsal
view, the plate is shown to have a thickened ante-
rior margin. The cristospine is similar in size and
shape to that of the juvenile specimen and shows
asymmetrical articulations for the coracoids.

In large specimens (Wellnhofer, 1978, figure
8, R. muensteri) the sternal plate is closer to a
square outline with much more bone in the anterior
part of the plate (Figure 7A). There is still a slight
midline ridge and also some thickening and raised
parts of the plate close to the posterior margins.
There are a pair of holes (one each side) of the
sternal plate, close to the anterior margin and near
the base of the cristospine, though these holes are
apparently inconsistently present as they are illus-
trated in Wellnhofer (1975, figure 8a) but not in
Wellnhofer (1978, figure 8). The cristospine is simi-
larly proportioned to that of the juveniles and inter-
mediate-sized animals, though with a
proportionally larger hole on the lateral face. This is
shown to be circular in figure 8 of Wellnhofer
(1978), but elongate and oval in figure 8c of Welln-
hofer (1975). Wellnhofer (1978) also includes a
dorsal view of the base of the cristospine that
clearly shows the asymmetric articulations for the
coracoids though these are proportionally smaller
than in the intermediate-sized specimens. A still
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FIGURE 7. The sterna of rhamphorhynchid pterosaurs. A) an adult Rhamphorhynchus (based on Welinhofer, 197), B)
a ‘subadult’ Rhamphorhynchus (based on Wellnhofer, 1975), C) a juvenile Rhamphorhynchus (based on Wellnhofer,
1978), D) Bellubrunnus (drawn from Hone et al., 2012), and E) Dorygnathus (based on Padian, 2008a, scale bar

determined from Wiman, 1925). These are seen in Ai ventral and ii lateral views, B dorsal view, Ci ventral and ii lateral
views, and D and E ventral view. Scale bars equal 10 mm.

larger specimen of Rhamphorhynchus (JME SOS
4009) is not well preserved but shows a rectangu-
lar sternal plate that is wider than long, having a
small triangular extension in the middle of the distal
face. It has a long and robust cristospine that is
ventrally tall and extends posteriorly into a broad
ridge running the length of the sternal plate. At
least one specimen (Claessens et al., 2009, figure
2d) shows slight expansions on the lateral margin
of the sternal plate to contact the sternal ribs.

Bellubrunnus is known from only a single
young, but well-preserved, individual (Hone et al.,
2012), that has an apparently complete sternum
though it is partially covered by other elements. In
overall shape it is broadly similar to that of the juve-
nile Rhamphorhynchus (Figure 7D). The cristo-
spine is long and straight (Hone et al., 2012), and
the sternal plate is fan-shaped and a little longer
than wide and appears to have slightly thickened
anterior margins. Two apparent ridges diverging
from the midline across the face of the sternal plate
are breaks or distortions based on underlying ele-
ments and are not anatomical features.

Wellnhofer (1978) illustrated a sternum of
Dorygnathus as being triangular and longer than
wide with a convex distal margin and clear articula-
tion points on each side for the sternal ribs. How-
ever, the sternum of Dorygnathus is highly variable
(Padian, 2008a, figure 20C) varying from triangular
to rhombus shaped with varying proportions (Fig-
ure 7E). The most unusually shaped of those illus-
trated by Padian (2008a) was suggested to be
misidentified parietals, and that is considered more
likely here. Padian (2008a) described several of
these sterna briefly, perhaps the most notable of
which was one that in contrast to the others had no
cristospine, pneumatic foramen or articulation
points for sternal ribs. Some specimens are
described as having a convex dorsal margin and
with a midline keel on the sternal plate and a pneu-
matic foramen in the centre of the sternum near the
anterior margin and with a scalloped posterior mar-
gin (Padian, 2008a). The smallest specimen known
has a notch at the top of the sternum and a poorly
preserved cristospine (Padian, 2008a). One illus-
trated by Wiman (1925) appears to show facets on
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the ventral face of the sternal plate, though close to
the lateral margins and with a pronounced keel.

The recently named giant rhamphorhynchine
Dearc has a small and incomplete sternum pre-
served (Jagielska et al., 2022). It is unusual in
being somewhat heart-shaped but with broad and
rectangular lateral ‘wings’ that extend anteriorly.
The lateral and posterior margins are nearly
straight and the cristospine is missing.

Although Orientognathus was not described
as having a sternum (LU et al., 2015), one may be
present. There is a large, thin and somewhat indis-
tinct piece of bone to the side of the middle dorsal
vertebrae (LU et al., 2015, figure 4C). This has
some displaced dorsal ribs aligned with it suggest-
ing that they originally connected to the element
and it may be a sternal plate. If so, it is broad and
thin, but no other details are discernible.
Wukongopteridae. The holotype of Darwinopterus
LU et al. (2010) has a poorly preserved patch of
bone near the scaplocoracoids that is likely a ster-
nal plate, though little can be said about it other
than it is quite broad and thin. A specimen of Dar-
winopterus robustodens is preserved in dorsal view
and illustrated by LU et al. (2011a, figure 4m). The
sternal plate is roughly triangular in outline with
rounded edges and smooth margins. The cristo-
spine is short and robust with a sharp midline
edge. LU et al. (2011a) describe the coracoid artic-
ulations as being ‘distinct and slot-like’ but no other
details are given.

One specimen of Darwinopterus (LU et al.,
2011b) has been suggested to actually belong to
Kunpengopterus by Zhou et al. (2021), although Lu
et al., (2011b) never identified to which species it
may belong, and the wukongopterids as a whole
are in need of clear taxonomic revision. This speci-
men is notable for being preserved with an egg and
can be confidently identified as female having at
least reached reproductive maturity. The sternum
is difficult to discern in the available photograph (LU
et al.,, 2011b, figure 1) but is roughly diamond
shaped with rounded and smooth edges. The ante-
rior margins are thickened. The base of the cristo-
spine appears to be broad, but no other
information can be gained on its morphology.

The holotype of Kunpengopterus preserves a
near complete sternal plate in dorsal view, though
this has disarticulated (Wang et al., 2010). It was
described as being ‘heart shaped’ by Wang et al.
(2010) and is sub-triangular with smooth and
rounded edges, though with slight lateral expan-
sions (Figure 8). Overall, this makes it somewhat
intermediate in shape between that of the Dar-
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FIGURE 8. The sternum of the wukongopterid Kunpen-
gopterus (drawn from Wang et al., 2010). Shown in dor-
sal view. Scale bar equals 10 mm.

winopterus of LU et al. (2011b) and Chanchen-
gopterus described below. The anterior margins
are thickened. Only the base of a cristospine is
preserved and this is broad.

Douzhanopterus (Wang et al., 2017) pre-
serves a sternum, though this is broken into two
parts. As preserved, there is no cristospine or keel,
and the sternal plate is approximately square, with
a straight posterior margin but the anterior margin
rising towards the midline (Wang et al., 2017) sug-
gesting a more pentagonal shape in the complete
sternum.

A sternum is known in an adult Changchen-
gopterus and, although partly covered by other ele-
ments, is illustrated (Zhou and Schoch, 2011,
figure 2). The sternal plate is roughly triangular in
shape, with rounded margins and is rather wider
than long. The margins are smooth and lack any
costal articulations. Only part of the base of the
cristospine is visible and is clearly robust.

One specimen of Wukongopterus preserves a
sternum, but this is almost entirely covered by
other elements, and the only comment on it by
Wang et al. (2009) was that it is well ossified.

The currently unnamed ‘Painten pro-pterodac-
tyloid’ is represented by a single young individual
(Tischlinger and Frey, 2013). The sternum is pres-
ent but almost entirely covered by other elements,
and no details are available other than to say that it
is clearly thin.

Ctenochasmatidae. The sternum of Elanodacty-
lus is incomplete and broken (Andres and Ji, 2008)
and although the images available are not clear,
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FIGURE 9. The sterna of the ctenochasmatoids A) Pterodactylus (traced from Wellnhofer, 1978), B) Cycnorhamphus
(based on Wellnhofer, 1978), C) Ardeadactylus (based on Meyer, 1854) and D) Auroroazhdarcho (drawn from Frey et
al., 2011). These are all seen in ventral view. Scale bars are A, B and G 10 mm, B 10 mm. No scalebar was given for
C, but based on the published length of the wing phalanges in Wellnhofer, 1970 this would be c. 66 mm in diameter.

Andres and Ji provide some details. The sternum
has straight lateral margins, with at least four clear
rib facets one each side, which are more devel-
oped anteriorly than posteriorly (Andres and Ji,
2008).

Forfexopterus has a long, narrow and sharply
pointed cristospine, which is described as having a
medial ridge and is not constricted at the base
(Jiang et al., 2016). This has asymmetrical and
broad, oval-shaped facets from the coracoids and
a pneumatic opening set in a depression at the
base of the cristospine (Jiang et al., 2016). The
sternal plate is longer than wide and trapezoid in
outline with two straight edges on each side fol-
lowed by a slightly curved posterior edge. The
anterior margin is thickened, and there are no rib
facets visible (Jiang et al., 2016).

Although there are many known specimens of
Pterodactylus (Figure 9A), few seem to preserve
even a partial sternum, although the holotype (BSP
AS | 739) has one that is partially covered by other
elements and another (BSP 1924 V 1) is partially
preserved. These match the drawing of Wellnhofer
(1978, figure 8) showing the sternal plate to be
roughly triangular, though with the two lateral cor-
ners being ‘cut off. The margins are smooth and
lack articulations for costal ribs, and there is a
thickened rim along the anterior margin (that is also
visible in BSP 1924 V 1). The cristospine is long
and very narrow and pointed anteriorly. There is a
circular hole in the middle of the anterior part of the
plate of BSP 1924 V 1, which could simply be dam-
age but given the missing cristospine would sit
over this point, this could be the remnants of pneu-
matopore penetrating the dorsal surface of the cris-
topsine. It is about the right size, shape and

position of a pneumatopore of other pterodacty-
loids and suggests it was also present in Pterodac-
tylus.

One specimen of Aerodactylus (NHMW 1975/
1756) partially preserves a sternum, though this is
partly represented by a stain / impression in the
matrix. The sternal plate is very similar in shape to
that of Pterodactylus being generally triangular with
sharp inward turning angles at the lateral margins
and smooth edges. Although the cristospine is not
easily discernible, it appears to be a short and nar-
row spike extending anteriorly as in Pterodactylus.

The recently described Balaenognathus has a
sternum preserved in dorsal view, but it is mostly
hidden by other elements (Martill et al., 2023).
However, the sternal plate has a rounded pentago-
nal outline with a rounded posterior terminus (Mar-
till et al., 2023) and appears to be wider than long
and with no apparent thickening at the margins or
any articulation points.

A partial sternum is preserved in Ardeadacty-
lus (Jiang et al., 2016, figure 1F based on Meyer,
1854) (Figure 9C). The sternal plate is shovel-
shaped in outline with smooth edges and a strong
medial ridge. There are several ridges radiating out
from the midline of the plate towards, but not
reaching, the edge. The cristospine is broken and
shown to be hollow suggesting that it was pneu-
matic, though the bone walls appear to be rela-
tively thick.

The holotype of Cycnorhamphus has a well-
preserved sternum, which is fan-shaped with a
semi-circular outline (Bennett, 2013a) (Figure 9B).
The cristospine is relatively short and broad and
does not appear to project far ventrally. The ster-
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num has smooth margins and appears to have an
anteriorly thickened margin.

Huanhepterus is not well illustrated and the
only image of the sternum available is an interpre-
tative drawing (Dong, 1982, figure 2). This shows
the sternum to be large and nearly diamond-
shaped with straight margins and no indication of
any cristospine or any articulations for sternal ribs,
which fits the short description of the text (Dong,
1982). A cristospine was presumably present origi-
nally, but without further information available there
is little that can be added.

The holotype specimen of Auroroazhdarcho
has a very well-preserved sternum that is seen in
dorsal view (Frey et al., 2011). This has a triangular
and short cristospine, and the plate has a thick-
ened anterior margin (Figure 9D). Overall, it is
‘shovel shaped’ (Frey et al., 2011) with straight lat-
eral sides, thought the posterior margin appears to
be convex on one side and slightly concave on the
other. It is described as having three ‘lateral pits’
(Frey et al., 2011) for sternal ribs, which | interpret
to mean it has four articulation points.

The sternum of Gegepterus is very poorly pre-
served and very little information is visible (Wang
et al., 2007). It was described as being broad and
thin, with the posterior edge convex in shape and
at least three articulation points for sternal ribs
(Wang et al., 2007).

Although too poorly preserved to be
described, fragments of a sternum are present on
one specimen of Altmuehlopterus rhamphistinus
(BSP.AS.I 745). A more complete one is preserved
on a juvenile specimen (LF 2086P). This is seen in
ventral view, and is shovel-shaped in outline and
has only a small bulge on the proximal margin.
This is far too small to articulate with the coracoids
suggesting that this is not the cristospine but an
expansion of the sternal plate. There is a thickened
anterior rim to the plate, and although there is no
obvious midline ridge, it does appear to have thin-
ner (or at least different coloured bone) either side
of the midline in a pair of approximately oval
patches. There are several holes in the sternal
plate, but these are irregular and asymmetrically
placed and appear to just be damage, though they
do show that the plate is very thin (<1 mm, for an
animal with a skull length of 120 mm) even on the
anterior part of the plate.

There is a sternum known for Prejanopterus
(Pereda-Superbiola et al., 2012), a pterosaur of
uncertain affinities that may sit close to the Cteno-
chasmatoidea and so is included here. It was not
illustrated by Pereda-Superbiola et al. (2012) but
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was described as missing the cristospine, with a
sternal plate that is longer than wide, being sub-
rectangular in shape with a pronounced keel.
Pteranodontidae. A number of sterna are known
for Pteranodon (Bennett, 2001) though many are in
poor condition. However, this is to date the best
known, and the best illustrated and described
pterosaur sternum for any taxon, and can be seen
in both ventral and dorsal views (Bennett, 2001)
(Figure 10A). The cristopine is quite long and
rounded anteriorly and has a distinct step posteri-
orly where the cristospine expands laterally for the
coracoid facets (Bennett, 2001). The facets lie on
the lateral and posterior margins of the cristospine
and are symmetrical (Bennett, 2001). There is a
strong ridge along the ventral face of the cristo-
spine extending onto the anterior half to two-thirds
of the sternal plate (Bennett, 2001), which is most
clearly seen in Claessens et al. (2009, figure 2e).
This ridge shows rugsose muscle scars and is sug-
gested to extend ventrally as a cartilaginous struc-
ture (Bennett, 2001). There is also a thin midline
ridge on the dorsal side of the cristospine (Bennett,
2001 — which he termed a ‘keel’) until it meets the
coracoid facets where it bifurcates and extends
around their anterior margins (Bennett, 2001). Pos-
terior to the facets, at the base of the cristospine in
dorsal view, is a circular pneumatopore, and dorsal
to this in at least some specimens is a small tuber-
cle (Bennett, 2001). On the ventral surface of the
base of the cristospine, dorsal to the coracoid fac-
ets, are a pair of small tubercles (one each side),
which Bennett (2001) suggests may be attach-
ments for sternocoracoid ligaments.

The sternal plate is nearly square in outline
and scalloped on both the lateral and posterior
margins (Wellnhofer, 1978; Bennett, 2001),
although at least some specimens show a
smoother lateral margin (e.g., Bennett, 2001, figure
60). The plate is strongly concave in overall shape,
although many specimens are preserved as if this
was flat due to crushing. It is thinner posteriorly
than anteriorly, though apparently still pneumatic
even in the posterior part (Bennett, 2001). There
are thickened margins along anterior edge of the
sternal plate. (Bennett, 2001). Wellnhofer (1978,
figure 8) illustrates the plate with a large and circu-
lar foramen in the middle of the ventral part of the
sternal plate. Posterior to this foramen, Bennett
notes that gastralia may be incorporated into the
sternum (Bennett, 2001).

The sternum of Nyctosaurus is rectangular in
outline and is rather wider than it is long (Figure
10B). The cristospine is long and broad at the base
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FIGURE 10. The sterna of the pteranodontoid pterosaurs A) Pteranodon (based on Bennett, 2001), B) Nyctosaurus
(based on Jiang, 2016) and C) Musquizopteryx (based on Frey et al., 2006). These are all seen in ventral view. Scale
bars are A, 50 mm and C, 50 mm, no scale bar was provided for B, but based on Willison, 1902, this would be c. 70

mm in diameter.

and then narrows anterior to the coracoid articula-
tions before tapering to a point. Williston (1893)
described the articulations as being saddle shaped
and present on both the dorsal and lateral surfaces
of the cristospine. These are illustrated as being
symmetrical based on figure in Williston (1897).
The sternal plate is thickened anteriorly and shows
four lateral projections on each lateral face Willis-
ton (1893). The ventral margin in biconcave with a
clear midline point that expands distally into a
‘xiphisternal process’ (Williston, 1893), that Willis-
ton described as being ‘spatulate and distally
rounded’. Wellnhofer (1978) illustrates the sternum
as having a broad ridge down the middle of the
cristospine and the proximal two-thirds of the ster-
nal plate.

A sternum is preserved in the holotype of
Musquizopteryx (Frey et al., 2006). The sternal
plate is large and subrectangular, slightly wider
than long, and with a long and pointed cristospine
(Figure 10C). There is a large foramen at the base
of the cristospine, and it has a pair of articulations
for the coracoids, but Frey et al. (2006) do not state
or show if these are symmetrical or not. Frey et al.
(2006) describe the plate as having a concave dis-
tal margin, but it is illustrated (Frey et al., 2006, fig-
ure 2A) as having a convex one and it appears to
be biconcave with a midline point in their figure 3
as seen in Nyctosaurus. The lateral margins are
described as being ‘wavy’ (Frey et al., 2006), which
suggests scalloping and points for articulation with
sternal ribs.

Istiodactyliformes. The early branching istioda-
cyliform Mimodactylus preserves a sternum in right
lateral view (Kellner et al., 2019a). The cristospine
is short but broad (Kellner et al., 2019a) and dis-
tally expanded, a little like those of azhdarchids but
not as hook-shaped (see below). Only half of the
sternal late is visible and appears to have been
folded in half along the midline or that the second
half is simply missing. The visible sternal plate is
rectangular, but when complete would have been
overall square in shape and probably with a
straight lateral edge and a convex posterior mar-
gin. The anterior margin was described as being
rounded by Kellner et al. (2019a). A midline ridge
runs along the cristospine onto the face of the
plate, perhaps as far as the posterior margin.

The sternum of Haopterus was described by
Wang and LU (2001) as being fan-shaped,
although it might be better considered as semi-cir-
cular (Figure 11A). It has a long cristospine, with a
strong midline keel that extends onto the anterior
half of the sternal plate. The sternal plate itself is
about as wide as long and is thin (Wang and LU,
2001).

The sternum of Nurhachius is poorly pre-
served and was not described in the original paper
of Wang et al. (2005). However, Jiang et al. (2016,
figure 1K) illustrated this interpreting it as preserv-
ing an intact cristospine and only half of the sternal
plate being present. As there appears to be an
articular facet for the coracoid visible on the cristo-
spine, which would make this preserved in dorsal
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FIGURE 11. The sterna of istiodactyliform pterosaurs,
A) Haopterus (based on Wang and L, 2001) and B)
Luichibang (drawn from Hone et al., 2020) where the
dashed line indicates the apparent absence of the cris-
tospine. Both are shown in ventral view. Scale bars are
A, 10 mm and B, 20 mm.

view. The cristospine appears unusually robust,
and this may be crushed and distorted, especially
given the presence of only a single facet, although
Kellner et al. (2019a) described this as being like
that of Mimodactylus. When complete, the sternal
plate would be somewhat fan-shaped overall
though with straight lateral edges and a convex
ventral face. All of these edges are smooth and
with no evidence of scalloping or serrations.

The sternum of the large, juvenile istiodactylid
Luchibang is large and rectangular in outline being
only slightly longer than wide (Hone et al., 2020)
(Figure 11B). Only a trace of a cristospine was pre-
served with a small extension of the middle of the
anterior margin of the sternal plate (Hone et al.,,
2020). The lateral margins of the sternal plate
show serrations but the posterior margin of the
sternum is straight (Hone et al., 2020).

Although the holotype of Istiodactylus is best
known for the well-preserved cranial material,
Howse et al. (2001) describe this as having a par-
tial sternum. They describe saddle-shaped articu-
lar facets for the coracoids that are asymmetrically
arranged, and these can be seen in Plate XL of
Hooley’s (1913) description. The piece in question
(NHM R 176) is a robust piece of the cristospine
that appears to be slightly hooked anteriorly. See-
ley (1901, figures 67 and 68)) illustrated and noted
that the cristospine was large and dorsoventrally
deep and is shown with a distinct ridge along its
ventral margin.

Ornithocheiridae. Although Hamipterus is known
from multiple specimens preserved in three dimen-
sions, so far there is no description of a sternum
and only one partial sternum has been figured
(Wang et al., 2014, figure 1). It is not as well pre-
served as neighbouring elements suggesting that it
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may be poorly ossified. It is preserved in dorsal
view, based on the apparent depression near the
base of the cristospine, and there may be a pneu-
matopore in the depression. The sternal plate is an
unusual shape with laterally projecting broad trian-
gles proximally and a semi-circular part distal to
this, the maximum width of this is about the same
as the anteroposterior length of the plate. The
medial parts of the anterior margins are thickened,
and the edge of the better preserved left side is
smooth. The cristospine is relatively robust and is
at least one-third of the length of the sternal plate.

De Buisonjé (1981, figures 5, 8 and 10) illus-
trated reconstructions of the sternum of Santanad-
actylus brasilensis in dorsal, lateral and anterior
views (Figure 12A). In dorsal view, the sternal plate
is roughly square in outline, though with sinusoidal
lateral and distal margins. It is slightly dished in
shape with a thickened anterior rim and no indica-
tion of any pneumatopores. The cristospine is rela-
tively long and tapers anteriorly, and there are clear
symmetrical semi-circular facets for the coracoids
at the base. In lateral view the cristospine can be
seen to be convex in outline with a straight dorsal
margin and a slight lateral expansion posterior to
the coracoid articulation. A total of six costal ribs
are shown to articulate with the sternal plate. (de
Buisonjé, 1981, figure 10). In anterior view, the
sternal plate is strongly dished and U-shaped with
the dorsalmost part of the coracoid articulations
being approximately level with the dorsalmost point
of the lateral margins of the sternal plate.

A sternum is known from the well-preserved
subadult specimen of Anhanguera piscator
described by Kellner and Tomida, (2000) (Figure
12B). The following description is based on that of
Kellner and Tomida (2000) with additional observa-
tions from unpublished photos of the specimen.
Much of the sternal plate is missing or poorly pre-
served, but it is sufficient to determine all the major
features of the element. The plate is about as wide
as it is long and is approximately shovel shaped,
although with a somewhat straight distal margin.
The lateral edges are smooth, though the distal
margin is sinusoidal (and slightly asymmetric).
There is a strong and broad midline ridge (the ster-
nal keel of Kellner and Tomida, 2000) that runs
from near the distal margin of the sternal plate into
the cristospine. In dorsal view, the plate has a dis-
tinct depression at the base of the cristospine with
a large pneumatic foramen in the centre of this.
The cristospine is robust and about half the length
of the sternal plate. In dorsal view it has a pair of
protuberances (Kellner and Tomida, 2000 refer to
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FIGURE 12. The sterna of the ornithocherids A) Santanadactylus (based on de Buisonje, 1981) and B) Anhanguera
(based on Kellner and Tomida, 2000). These in seen in A dorsal view, Bi dorsal view, Bii ventral view, and Biii lateral

view. Scale bars are both 50 mm.

these as tubercles) that extend laterally and dor-
sally from its base, and between these a third and
much smaller extension points distally. Anterior to
these are the paired and symmetrical articular fac-
ets for the coracoids that are broad, flattened and
extend laterally. Anterior to these, the spine tapers
rapidly and extends ventrally, but with a thick mid-
line ridge. In lateral view, the sternal plate is rather
dished, and the cristospine has some odd serrated
margins on the anterior tip and on the first (distal)
pair of lateral protuberances.

One specimen of Ornithocheirus is illustrated
by Wellnhofer (1978, figure 8 - listed as Criorhyn-
chus) though it is a very partial anterior sternal
plate with a complete cristospine shown in dorsal
view. Little information can be gleaned from what
remains of the sternal plate, though it appears to
lack any depression or pneumatopore at the base
of the cristospine. The preserved cristospine is
short and robust, with a slight midline ridge. As
Bennett (2001) notes, the preserved cristopsine
has symmetrical facets for the coracoids and these
are unusual in being mediolaterally elongate.

A very large specimen of Tropeognathus rep-
resenting the largest known toothed pterosaur has
a partial sternum preserved (Kellner et al., 2013).
Overall this is very similar to that of other orni-
thochierids. The sternal plate is mostly complete
and shows that it was wider than long with concave
anterior margins, convex lateral margins and a
somewhat crenelated distal margin. The cristo-
spine is short and robust with an expanded central
part around the symmetrical coracoid facets. A

large dorsally projecting tubercle as shown on the
dorsal face of the cristospine is illustrated by Kell-
ner et al. (2013, figure 6e) though based on the
available lateral view of the specimen this may be
more of a ridge along the posterior margin of the
fact bulge.

Veldmeijer (2006) described a well-preserved
sternum of Coloborhynchus spielbergi that showed
only limited deformation and damage, although it
has been incompletely prepared and not all of the
dorsal surface is visible (Figure 13). The sternal
plate is roughly semi-circular in outline although
the margins of this are not well preserved. As seen
in anterior view, the plate is convex in shape with a
thickened anterior margin to this on the dorsal sur-
face. The cristospine is short and triangular and
extends onto the ventral surface of the plate as a
midline keel that runs for about half the anteropos-
terior length of the sternal plate. The cristospine
has broad lateral expansions for the coracoid artic-
ulation facets, which are symmetrical and lie on the
lateral and dorsal faces of the spine. A thickened
rim runs across the dorsal face of the cristospine,
immediately anterior to the margins of the facets.
On the dorsal face of the cristospine there is a sin-
gle medium-sized foramina between and slightly
posterior to the facets, and there is a much larger
foramen on the anterior part of the sternal plate.

The boreopterid Zhenyuanopterus preserves
a sternum (L0, 2010), though the articulated skele-
ton is preserved in dorsal view so this is mostly
covered by other elements. L0 et al. (2010)
describe the sternal plate as being wider than long,
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FIGURE 13. The sternum of the ornithocheirid Coloborhynchus (based on Veldmeijer, 2006). This in seen in A ante-
rior, B posterior, C ventral and D lateral view. Scale bar equals 50 mm.

but the total length of the element including the
cristospine is subequal to the width.
Dsungaripteridae. Young (1973) figured a single
sternum from Dsungaripterus, though the photo-
graph of this specimen in Jiang et al. (2016, figure
1N) is rather clearer (Figure 14). The cristopine is
long, straight and anteriorly forms a sharp point.
There is a sharp midline edge to this than contin-
ues down on to the anterior half of the face of the
sternal plate. Bennet (2001) notes that the cora-
coid facets are asymmetric in Dsungaripterus. The
sternal plate is overall square in shape, though it is
slightly wider than long and as a whole is convex.
There are serrations on the lateral margins, though
this is somewhat asymmetric being present on the
right edge but not the left, probably as a result of
poor preservation or incomplete ossification. The
posterior margin is biconcave with a single midline
point.
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Azhdarchoidea. An indeterminate and immature
azhdarchoid skeleton was described by Elgin and
Hone (2013) that preserves a sternum. The cristo-
spine is damaged but appears to be short (Elgin
and Hone, 2013), and the sternal plate is slightly
longer then broad with a convex posterior margin
(the lateral margins are not visible). It is overall
strongly convex in shape rather than flat. There are
concavities to the lateral faces of the cristospine,
which show small foramina and coupled with the
loss of the bone cortex on the cristospine showing
trabeculae suggests that this element was pneu-
matic.

Tapejaromorpha. Cauiajara is known from multi-
ple well-preserved specimens though the sternum
has yet to be described in detail, although three
have been illustrated (Manzig et al., 2014, figures 6
and 7). It has been described as being semi-circu-
lar in shape (Manzig et al., 2014) although this is
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FIGURE 14. The sternum of the dsungaripterid ptero-
saur Dsungaripterus (based on Jiang et al., 2016) seen
in ventral view. No scale bar was given in Jiang et al.,
2016 and the original illustration in Young, 1973 also
lacks a scale, but based on comparisons to the skull in
Plate 3 appears to be c. 100 mm in diameter.

more like a rectangular plate with a convex poste-
rior margin (Figure 15A). It has convex anterior
margins either side of the short and triangular cris-
tospine and several rounded serrations on the lat-
eral faces. Manzig et al.’s figure 7 shows a poorly
ossified sternum from an osteologically immature
adult (based on the lack of fusion of the carpals).
The sternal plate is very thin, wide and may have a
sinusoidal lateral margin.

Keresdrakon was described by Kellner et al.
(2019b) as an early branching member of Tapejar-
amorpha. The sternum is broken with the cristo-
spine and the proximalmost part of the sternal plate
separate from the main part (Kellner et al., 2019b).
It has a long, robust and slightly hook-shaped cris-
tospine (Figure 15B). The dorsal face of the cristo-
spine shows a single asymmetrical articulation
facet for the coracoids thus they presumably both
articulate against this. The sternal plate is large,
flat and square in shape. This has a smooth and
convex posterior margin with a slightly concave lat-
eral margin that is scalloped with four clear peaks
to articulate with sternal ribs. The dorsal face of the
proximal part of the sternum shows a large fora-
men (Kellner et al., 2019b) which is likely a pneu-
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FIGURE 15. The sterna of tapejarid pterosaurs. A)
Cauijara (drawn from Manzig et al., 2014), B) Keresdra-
kon (drawn from Kellner et al., 2019 with the cristospine
restored to the sternal plate) and C) Tapejara (based on
Eck et al., 2011). These in seen in A ventral view, B dor-
sal view and Ci anterior, Cii dorsal and Ciii ventral lat-
eral views. Scale bars are A 10 mm, B 50 mm, and C
20 mm

matopore. There are holes on the distal part of the
sternal plate and a serrated posterior margin, but
these are the result of poor preservation and / or
damage.

An undescribed sternum from Tupuxuara is
well-preserved in three dimensions (IMNH 1052).
The plate is roughly square in outline with a convex
ventral margin. The lateral sides are serrated with
at least four articulation points on the left and only
three on the right. The whole plate in concave in
shape and has a ridge running from the cristospine
across the whole length of the ventral face. The
cristopsine is narrow, sharply pointed and lacks
any obvious depressions to mark the coracoid
articulations. On the dorsal surface there is a clear
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ridge and expansion around the midpart of the cris-
tospine, and at the base there is a deep semi-circu-
lar depression.

Wang and Zhou (2002) were the first to illus-
trate a sternum for Sinopterus dongi, although this
shows no details and even the shape of the outline
is unclear. Based on a photo of the specimen in
question (IVPP V 13363), this can at least be seen
to have a partially preserved cristospine that is
short and narrow. The sternal plate is not espe-
cially thin though the lateral margins are covered
by / merge with other elements. Subsequent
descriptions of the sternum of this genus by LU et
al. (2006a) and Zhang et al. (2019) were based on
different species.

LU et al. (2006a) describe the sternum of S.
dongi as being poorly preserved and less well ossi-
fied distally. They say that the lateral margins are
parallel to the midline axis (i.e., it is square or rect-
angular in shape) and there are no facets for ster-
nal rib articulations. However, LU et al. (20063,
figure 1) show that most of the right margin of the
plate is covered by other elements, and the left
side does show some crenulations that could be
damage or at least conceivably be sternal articula-
tions. The distal margin of the sternal plate is also
slightly convex.

The sternum of Sinopterus atavismus is
described by Zhang et al. (2019) as being broad
and thin with a depression in the middle and being
thicker anteriorly than posteriorly. They specifically
describe it as having articulations for posterior ster-
nal ribs, though in a reversal of the issue with LU et
al. (2006a) these are not clear at all from the fig-
ures (Zhang et al., 2019, figures 1 and 2), and the
ragged margins of the poorly preserved sternal
plate make this identification uncertain. Zhang et
al. (2019) go on to describe the cristopine as being
a “short triangle, [that] tapers gradually toward its
anterior end, and whose articulations with the cora-
coids are asymmetric”. Both specimens appear to
be osteologically immature based on the lack of
fusion of numerous major elements in each, so
these apparent differences in sternal articulations
may not be the result of ontogeny, though as
noted, neither description is well supported by the
illustrations, and it is possible that both or neither
actually have sternal articulations.

A sternum is preserved in Huaxiapterus,
though it is incomplete and partially preserved as
an impression (LU and Yuan, 2005). It was
described by LU and Yuan (2005) as being rectan-
gular in shape and longer than wide. The distal part
of the plate appears to be less well preserved and
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by extension less well ossified given the well-pre-
served nature of other nearby elements. The cris-
tospine is either not present or covered by other
elements.

A sternum is known for one three dimension-
ally preserved, young specimen (based on the lack
of fusion of almost any major elements) of Tapejara
wellnhoferi (Eck et al., 2011) (Figure 15C). The
sternum is nearly square in outline with a slight
expansion distally, which with the base of the cris-
tospine makes it nearly hexagonal with sinusoidal
margins and articulations for approximately five
costal ribs (Eck et al., 2011, figures 6A-C). In ante-
rior view, the sternal plate is a gentle U-shape with
both sides rising dorsally. On the dorsal side of the
sternum there is a depression near the anterior
under the base of the cristospine and in the
depression is a pneumatic foramen. The cristo-
spine is anteroposteriorly very short and dorsoven-
trally short, too, as was described as being worn by
Eck et al. (2011) and is probably not complete.

Recently, a nearly complete subadult speci-
men of Tupandactylus (Beccari et al., 2021) has
been described. The sternum is preserved in three
dimensions, though it is partially covered by matrix
obscuring some details. The sternum was
described as being roughly square-shaped,
although the presented CT scan of the specimen
suggests that the sternum is longer than wide,
although the margins are not well preserved. It was
suggested by Beccari et al. (2021) that the sternal
plate was originally strongly convex on the ventral
face though is now compressed, has been flat-
tened and has a pneumatic opening below the cris-
tospine. The anterior margins of the sternal plate
are slightly concave and lead up to a short and
incomplete cristospine.

A sternum is preserved for the holotype of
Eopteranodon (LU and Zhang, 2005) though this is
very hard to make out in the photos and drawings
of the original description. It appears to be large
and rectangular, being slightly longer than wide
with smooth margins. A referred specimen (LU et
al., 2006b) also preserved a sternum that was rect-
angular, longer than wide and described as having
a short sternal keel, though this could refer to the
cristospine or the midline ridge seen in many
sterna. LU et al. (2006) noted that the anterior por-
tion was well preserved, but the distal part was
‘only weakly fossilized’ compared to the anterior
part. Both specimens of Eopteranodon show evi-
dence of osteological immaturity such as unfused
carpals so this could well represent incomplete
ossification of the distal sternum.



Caupedactylus has a partially preserved ster-
num with no cristospine and the sternal plate pre-
served in ventral view (Kellner, 2013). The sternal
plate is roughly square in outline, with no medial
ridge, though there is a mound in the middle of the
proximal part, which would have formed the base
of the cristospine (based on Kellner, 2013, figure
8). This is described as having several costal artic-
ulations on the right side (Kellner, 2013).

The sternum of an indeterminate tapejarid
from Brazil is also known (MN 6558-V). The sur-
face of this is poorly preserved and fragmentary,
but its overall shape and margins are well-pre-
served, and it appears to be undistorted apart from
some limited crushing. It is slightly longer than
wide, but rectangular in overall shape with a near
straight anterior margin, six rounded serrations
down each side (with the posteriormost being
noticeably larger than the others) and a slightly
convex ventral margin. The sternal plate has a
broad but shallow midline concavity, suggesting
that the sternum is preserved in dorsal view but
this is difficult to confirm. The anterior part of the
plate is damaged with the surface bone missing
and shows that the internal part was extensively
pneumatic almost to the anterior and lateral mar-
gins, and extends anteriorly into the base of the
cristospine at least. The cristospine is short, broad
and rounded with a slight expansion each side
near its base, presumably as part of lateral expan-
sions around the coracoid articulations.
Chaoyangopteridae. The sternum of Jidapterus is
preserved in dorsal view and is approximately rect-
angular in shape and rather wider than long with a
wide expansion on the posterior face (Wu et al,,
2017) (Figure 16). The cristospine is relatively
small and does not project far anteriorly from the
sternal plate (Wu et al., 2017). The lateral and pos-
terior margins are slightly irregular, but their nature
suggests that this is as a result of poor preserva-
tion rather than these being asymmetrical articula-
tions for the costal ribs, though this is a possibility.
The sternal plate is thick anteriorly and becomes
thinner posteriorly (Wu et al., 2017).
Azhdarchidae. The sternum of Zhejiangopterus is
illustrated in a drawing of the specimen by Cai and
Wei (1994). The cristospine is shown (Cai and Wei,
1994, figure 5) to be robust and distally is spreads
out such that it occupies some of the face of the
sternal plate. Although a photo of the specimen is
included in the paper, the sternum cannot be made
out. The sternum is illustrated as being much lon-
ger than wide (Cai and Wei, 1994, figure 5) with
broken or incomplete lateral margins and a deep V
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FIGURE 16. The sternum of Jidapterus (based on Wu et
al.,, 2017). This is in dorsal or ventral view. Scale bar
equals 10 mm.

incised into the posterior margin. In their recon-
structed skeleton, however, Cai and Wei (1994, fig-
ure 6) illustrate the sternum as being
approximately square and slightly longer than
wide, with slightly scalloped lateral margins.

Two very fragmentary sterna of Azhdarcho
were described by Averianov (2010). These con-
sist of two long and robust, hook-shaped cristo-
spines. A part of the sternal plate is present for one
of these, and although hidden under the matrix, is
described as having a deeply concave dorsal face
(Averianov, 2010). The coracoid articulations on
these specimens are asymmetric with the coracoid
facts starting on the lateral faces and wrapping
around onto the anterior face.

Bennett (2001) noted that the articular facets
for the coracoids are asymmetric in Quetzalcoatlus
but as there are no descriptions or photographs of
the sternum for this taxa, this was all that was
known until recently. However, new descriptions of
this genus by Padian et al. (2021) and Andres and
Langston (2021), that include several partial
sterna, have added considerable knowledge of this
azhdarchid (Figure 17). Padian et al. (2021)
describe a sternum of Quetzalcoatlus lawsoni with
a cristospine and partial anterior part of the sternal
plate. The plate is thin and its anterior margin proj-
ects anteriorly to meet the base of the cristospine,
and the plate is strongly concave in anterior view.
Andres and Langston (2021) add to this that the
plate is posteriolateral margins and that the plate
as a whole is somewhat rhombic in outline, though
the angles at which the anterolateral and posterio-
lateral margins meet is rather variable between the
three specimens. The plate is also concave in
anterior view (Andres and Langston, 2021). The
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FIGURE 17. The incomplete sternum of the giant azhdarchid Quetzalcoatlus (based on Andres and Langston, 2021)
which has most of the sternal plate missing. Shown in A) dorsal, B) ventral and C) anterior views. Scale bar equals 100

mm.

cristospine is short, broad and triangular and the
anterior part curves dorsally. On the dorsal face are
a pair of broad ridges that run into the anterior mar-
gins of the plate, between them is a deep cavity in
which lie one, two or three foramina the largest of
which is anteriorly positioned and has a small ridge
posterior to it and anterior to the other openings
when present (Andres and Langston, 2021). A sec-
ond specimen preserves articular serrations on
one side of the plate for up to four sternal ribs
(Padian et al., 2021). Both specimens show asym-
metrical articulations for the coracoids on the dor-
sal face of the cristospine with the right anterior to
the left, and both are saddle-shaped with an
anterolateral orientation (Andres and Langston,
2021).

Andres and Langston (2021) state that a par-
tial sternum is preserved for a specimen of Mon-
tanazhdarcho but this is not mentioned, described
or illustrated in either of the two papers that
described this taxon (Padian et al., 1995;
McGowen et al., 2002).

DISCUSSION
Ontogeny of Pterosaur Sternum

Most taxa described here are represented by
only a single sternum (or only one that is well-pre-
served) but there are some ontogenetic patterns
here that point to a change in the sternum during
ontogeny for various pterosaurs, and probably
reflect a pattern that is true for the clade as a
whole. For example, the shapes of the sterna of
Eudimorphodon and Rhamphorhynchus (Figures 3
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and 7) show that the sternum gets broader over
time and generally more elaborate around the mar-
gins. Similarly, there is strong variation in the
sterna seen in some taxa (e.g., Dorygnathus,
Quetzalcoatlus) and in some clades here even
when their overall morphology and implied
mechanics and ecology are extremely similar (e.g.,
ornithocheiroids, Figures 12 and 13), which could
represent taxonomic differences, but more likely
represent changes in ontogeny being represented
by animals of different ages being preserved or at
least intraspecific variation in rates or degrees of
ossification.

Juvenile pterosaurs, including even very
young animals, appear to have been capable of
powered flight (Hone et al., 2021; Naish et al.,
2021) and at least some are highly conservative in
their anatomy during ontogeny (Bennett, 1995) and
show near isometric growth (Hone et al., 2021).
Indeed, Rhamphorhynchus is extremely conserva-
tive in its anatomy during development, and | can-
not think of another element or skeletal region of
pterosaurs that changes a fraction of the degree
that the sternum does. Although this genus grows
isometrically, it would change in-flight performance
as it grew as wing loading and wingspan would
change at different rates (Hone et al., 2021). There
would be an increase in muscle mass for larger
and heavier adults compared to juveniles (Naish et
al., 2021), so it is possible that the relative muscle
attachments on the sternum might also change
during growth and lead to the changing shape of
this element.



The alternative to this is that the sternum
shows limited ossification in juvenile pterosaurs
and extensively ossifies later in ontogeny and that
the variation in shape of the preserved specimens
(both intra- and some interspecific) is as a result of
this. It does seem unlikely that the major down-
stroke muscles would attach only to the thin and
midline sternum seen in a juvenile Rhamphorhyn-
hcus and the very young holotype of Bellubrunnus
(Figure 7) or Anurognathus. A sternum that was
mostly cartilage would provide a much larger sur-
face area of these muscles, and although muscle
attachment sites might change and grow, it also
seems unlikely that juveniles would have had a
sternum that is one-third or less of the area seen in
adults. A cartilaginous expansion would also permit
the sternal ribs to reach the sternum if this was
considerably broader than as often preserved, and
again it is unlikely that in Rhamphorhynchus for
example the sternal ribs would simply ‘float’ in the
chest cavity and not reach any part of the sternum.
Changes in muscle mass as pterosaurs grew could
also have been coupled with a change in muscle
type as their flight capabilities altered. A move from
more slow twitch muscles in juveniles to fast twitch
in adults (who needed more power per unit muscle
for take-off with greater wing loading) could have
resulted in additional strain on the sternum and
therefore potentially driving ossification in older
and larger animals. The presence of an exten-
sively, or even entirely, cartilaginous sternum in
various reptile lineages (Bradley et al.,, 2019)
strongly supports this possibility in pterosaurs.

Bennett (2014) suggests distal and lateral
parts of a triangular sternum in a juvenile Scaphog-
nathus were cartilage, and Wild (1993) noted that
the juvenile Eudimorphodon specimen has a differ-
ent surface texture distally. This could have been a
result of a different origin of the element implying
ossification of different parts at different times. Cer-
tainly a number of specimens described here have
poorly preserved distal margins (e.g., Eudimorpho-
don, Forfexopterus, Keresdrakon) suggesting that
they were not well ossified at the time of death, and
indeed there are a number of pterosaurs whose
bones are extremely well-preserved in general but
the sternum is either absent or very poorly pre-
served (e.g., Darwinopterus linglongtaoensis,
Musquizopteryx, Keresdrakon, Jidapterus), and
supports the idea that it is often not well ossified,
even in animals that were not young juveniles and
could be considered subadult or even adult (sensu
Kellner, 2015).
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Finally, the variation seen in the costal articu-
lations also points to ontogenetic changes and that
much of the sternum in juveniles might be cartilagi-
nous. In at least some Pteranodon specimens
(e.g., YPM 2450), the costal ribs actually fuse to
the sternal plate and certainly these would nor-
mally articulate with the sternum and likely had a
major role in breathing (Claessens et al., 2009 and
see below). The variations in the number and form
of the costal articulations between the left and right
sides of single stern (e.g., Tupuxuara, Anhangu-
era) indicate that not all of these articulations were
of sufficient strength to generate expanded articu-
lations and that not all of them ossified. Similarly,
for specimens with narrow sterna anteriorly (e.g.,
juvenile Rhamphorhynchus) the ribs presumably
still articulated with, and were attached to, the ster-
num in some way or it would not have been able to
exert changes on the chest cavity and facilitate
breathing. By extension, this implies the possibility
that the ribs connected to a broader cartilaginous
plate rather than were free floating in the chest
bound only by muscles. Geist et al. (2014) also
suggested that for larger pterosaurs at least, such
a sternal pump would not be viable based on the
size and articulations of some of the ribs, and that
the sternum would be in a more fixed position in
the chest giving an alternative for the importance of
these articulations.

Some other ontogenetic changes are also
observed in the sterna. While complete adults with
well-preserved sterna show the cristospine fully
fused to the sternum with no suture apparent, a
number of specimens are similarly missing the cris-
topine (e.g., Luchibang) or represented by little
more than the cristospine (Daohugouopterus, Orni-
thocheirus, Quetzalcoatlus). In some cases, these
might relate to broken elements or a poorly pre-
served sternal plate, and indeed in at least some
juvenile animals, the cristospine does appear to be
completely part of the sternal plate (e.g., Rham-
phorhynhcus). However, in others the separation of
these components or the absence of the more
robust cristopine but retention of the thinner plate is
difficult to explain unless they were not well fused
together. A separate cristospine would presumably
not be a major issue for flight given that other major
elements like the scapulae and coracoids are fully
separate elements in juvenile pterosaurs and only
fuse later in ontogeny (e.g., Kellner, 2015). While
the forces at play in the scaplocoracoids would be
rather different to the sternum, a lack of fusion
should not a priori imply any issues for powered
flight. It does appear that different taxa ossified the
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FIGURE 18. Generalised reptile sternum based on Cau et al., (2021) and reconstructed sternum of the dinosauro-
morph Tawa based on Bradley et al., (2019) both seen in ventral view. Abbreviations as follows: af, articulation facets;
ca, clavicle; co, coradoic; ic interclavicle; sc, scapula; sp sternal plate.

sternal plate and the cristospine at different times,
and the variation seen and apparent absences in
some cases is simply preservation based on differ-
ent ossification rates.

Homologies of the Pterosaur Sternum

The ancestry of pterosaurs has been contro-
versial and difficult to resolve for an extended
period (Hone and Benton, 2007; Bennett, 2013b),
but it has recently become clear that pterosaurs
are derived archosaurs and lie close to the origin of
the Dinosauromorpha (Ezcurra et al., 2020). This
provides a strong starting point for establishing the
possible homologies of the pterosaur sternum
since its unusual morphology is quite unlike that of
most other reptiles, although ongoing disagree-
ments over which are the earliest pterosaurs
(Baron, 2020) mean this remains a complex issue.

The sternal complex of most reptiles has a
pair of clavicles that contact the scapulae and proj-
ect towards the midline. Here the clavicles meet
the interclavicle, which is an arrow-shaped bone
with a pair of rami meeting the laterally positioned
clavicles and a medioposterior extension that
meets the sternal plate (Figure 18). For early
archosaurs the interclavicle may meet and articu-
late with the scapulae, coracoids, sternal ribs and
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even the gastralia (Bradley et al., 2019). The clavi-
cles are absent in Crocodylia and in early dino-
saurs, (e.g., Tawa - Bradley et al., 2019) the sternal
complex consists of a furcula (fused clavicles)
anteriorly and paired sternal plates behind (Figure
18B). Therefore, ancestral pterosaur condition
might have had both an interclavicle and clavicles
or potentially lacked one or the other, while pos-
sessing a sternal plate.

Based on a juvenile specimen of Eudimorpho-
don, Wild (1993) suggested that the pterosaur ster-
num is composed of the interclavicle, clavicles and
two sternal plates. In his model, the thickened rim
of the anterior part of the sternum would be formed
from the two overlapping clavicles, with the inter-
clavicle described as making up the cristospine
and the central part of the sternum. Wild (1993)
also noted that two parts of the sternum of the juve-
nile have a different bone texture to the others, and
that this was potentially a result of them having dif-
ferent origins. These are broadly triangular sec-
tions, on each side of the main sternal plate
contacting the posterior margin with a roughly M-
shaped sternum surrounding them. Something
similar is also seen in the juvenile specimen of Alt-
mulopterus (LF 2086P) described here, which
somewhat supports Wild’s contention. Under UV
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FIGURE 19. A) Identities of the elements that make up the pterosaur sternum according to Wild (1993) based on a
juvenile Eudimorphodon and B) photograph of the sternum of a juvenile Altmulopterus in ?dorsal view (LF 2086P)
showing a pair of dark areas either side of the midline of the sternal plate which are inferred to be centres of conden-

sation.

light, this shows a clear difference in colour with
two dark patches on the sternal plate, one on each
side of the base of a cristospine, and these fade
out towards the margins of the element and sug-
gest two separate condensation points and rein-
force the idea that the lateral margins may be
incompletely ossified (Figure 19).

Even so, Wild’s (1993) figure 6b is not an
exact match for his own description and so the
possible interpretation of this is confusing. The text
says that the differently textured and even coloured
inserts are of different origin, but both these and
the lateral arms of the ‘M’ of the sternum surround-
ing them are labelled as the respective left and
right sternal plates. Thus either the interclavicle is
not restricted to the midline and includes these
arms (in which case the figure is wrong) or these
arms are part of the sternal plates, in which case it
is not clear why these should be a different colour
and texture to the rest of the plate.

| suggest that the interclavicle was smaller
and instead forms the cristospine alone. This
would also then be a separate ossification centre
and would explain the apparent lack of fusion of
the cristospine onto the sternal plate in young
pterosaurs. The clavicles would then form the ante-
rior margin of the sternal plate as described by
Wild. The plate itself could have two separate ossi-

fication centres from its origin as paired elements
(as seen in Eudimorphodon and Altmulopterus),
and as these expanded they would meet in the
midline and cause the presence of a ridge there,
while towards the margins the bones would be thin
and uneven in shape matching what is generally
seen across multiple specimens.

Structure and Function of the Pterosaur
Sternum

Despite its clear importance as a muscle
attachment site for major forelimb muscles, the
sternum has received relatively little attention in
terms of both structure and function. The shape of
the sternal plate is similar in a number of groups
that lived in similar habitats, and may therefore
have had similar functional constraints on their
flight and evolutionary pressures associated with
different windspeeds or flying in cluttered environ-
ments (see following section), and it should be
expected that the sternum will be influenced on the
size and flight style of pterosaurs given its critical
importance in the flight apparatus.

Only Bennett (2003) has provided any
detailed assessment of the muscles that may have
attached to the sternum and their effect. This work
was carried out when the origins of pterosaurs
were especially uncertain, and although both major
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competing hypotheses at the time were considered
(pterosaurs close to dinosaurs or as early archo-
sauromorphs), Bennett erred on the side of an ear-
lier branch for Pterosauria. Tokita (2015) also
comments on this area, but this largely reproduces
Bennett's patterns of muscles and follows his
assumptions of a lizard-crocodilian basis for this.
We now understand the pterosaurs are likely very
close to the Dinosauria (Ezcurra et al., 2020) and
as archosaurs, modern birds and crocodylians
should therefore be more informative about their
musculature than crocodylians and lepidosaurs.
Even so, the obviously highly derived nature of the
pterosaur flight apparatus means that any infer-
ences from other taxa living or extinct will have to
be tempered by the realities of the anatomy at
hand. Pterosaurs evolved muscles that would have
functioned for take-off and flapping flight that would
be substantially different to any non-flying ances-
tor. At least some attachment scars are present on
the sternum indicating insertions, and many mus-
cle groups in Bennett’'s (2003) work were present
and / or very similar in both dinosaurs and earlier
reptiles anyway. In short, while there may be some
issues with some details of Bennett's reconstruc-
tions, they are taken here to be broadly correct. A
reassessment of pterosaurian musculature is now
due given the recent advances in our understand-
ing of their origins and evolution and discovery or
more Triassic species, but it is beyond the scope of
this paper to reassess the musculature of the ster-
num let alone the forelimb as a whole.

The size and extent of the muscle attach-
ments on the sternum are unclear in almost all
specimens, but a critical question is whether or not
the sternal plate alone sufficed to attach the mus-
cles, or if there was some kind of ventral expansion
to increase the area. A midline ‘keel’ has been
described for some pterosaur sterna (e.g., Pteran-
odon, Bennett, 2001; Anhanguera, Kellner and
Tomida, 2000) and though a number of specimens
do show a raised midline ridge across the ventral
face of the sternal plate, this is quite unlike those of
birds being only a few millimetres high at most,
even in large taxa. It has been suggested that this
ridge was the basis for the attachment of a cartilag-
inous keel as Bennett (2003) notes in Anhanguera
at least, it lacks any rugosity or surface structure
that would normally indicate the attachment of a
large block of cartilage, and the absence of even a
minimal keel in numerous taxa would also suggest
that if present it was not common in pterosaurs.
One Pteranodon specimen (YPM 2546) is
described as having a flat ‘top’ (i.e., ventral margin
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of the keel) and being similar to that seen in
domestic chickens (Gallus) (Bennett, 2003). This
remains a possibility at least for some and would
increase the area of the sternal plate for muscle
attachments and would further support the idea of
extensive cartilage and incomplete ossification of
the sternum as a whole. However, a bony keel is
clearly absent in all pterosaurs, and the evidence
for even an extensive cartilaginous one is limited to
Pteranodon alone and even here its presence is far
from certain.

Bennett (2003) commented that there are no
muscle attachment scars on the sternal plate.
Although major muscle groups would have
attached here, they would presumably have been
spread out across the plate as a whole, and not ter-
minated in a tendon that attached at a point. Sev-
eral taxa show a striated middle (e.g.,
Ardeadactylus, indeterminate azhdarchoid — Elgin
and Hone, 2013) or posterior part of the plate (e.g.,
Fenghuangopterus, Batrachognathus), which may
indicate areas of attachment, though could also be
linked to ossification as with for example in Keres-
drakon where the posterior margin is rough but
also incomplete (Figure 15B).

Veldmeijer (2006) stated that the cristospine
of Coloborhynchus has multiple muscle attach-
ments and in figure 20, Veldmeijer did illustrate
some striations on the anterodorsal part of the cris-
tospine which are likely muscle scars of some
form, but he did not label or identify these. Bennett
(2001) also noted that the ventral midline of the
cristospine is marked by rugose muscle scars that
continue up the anterior end in Pteranodon, also
indicating the presence of tendinous muscle
attachments and something similar is illustrated for
Rhamphorhynchus by Wellnhofer (1975, figure
8a). In general, these are few are far between and
even well-preserved sterna may show no clear
muscle scars or only faint and indeterminate stria-
tions (e.g., Auroroazhdarcho, Anhanguera) and by
extension it will likely be difficult to correctly deter-
mine the exact arrangement of muscles on the
sternum given these limitations.

Bennett (2003) illustrated a long m. sternoclei-
domastoideus attaching from the anteroventral tip
of the cristospine which would turn the head. This
would at least explain one pair of these muscle
scars, although itself this is interesting since clearly
the cristopsine and this attachment is not more
exaggerated in long necked and large headed
pterodactyloids as seen from the small cristospine
in ornithocheirids and azhdarchids compared to
e.g., Rhamphoprhynchus (see Figures 7 and 12). It



might be expected in such animals that much
larger muscles would be needed to move the head
and require either a longer or broader cristospine
to provide a larger area for attachment but clearly
this was not the case. This perhaps points to the
optimisation of the stiff necks and supporting liga-
ments in pterodactlyoids that reduced the need for
large supporting muscles even as they got larger.
Otherwise the only muscles illustrated for ptero-
saur sterna by Bennett (2003) was a major attach-
ment for a single and massive m. pectoralis across
the sternal plate and cristospine, thought he noted
that the m. deltoides clavicularis might also origi-
nate on the anterior sternum. This might better
match the (limited) data here of multiple possible
attachment sites on the cristospine, although Wit-
ton (2013) also illustrated the m. sternohyoid-ster-
nothyoid complex as attaching to the anterior
cristospine, so this is another possibility.

The cristospine might also be longer than is
often seen if it is partly cartilaginous. For example,
Luchibang has no apparent cristospine, despite a
well-ossified sternal plate and the rest of the skele-
ton being very well preserved (Hone et al., 2020),
so this was presumably composed only of carti-
lage, and this is also the case in Altmulopterus
where the sternal plate is well ossified but the cris-
topsine is apparently absent. In both cases they
are young animals, and perhaps the cristopine
ossified later and remained short, but it is possible
that the apparent short cristopsines of derived
pterodactyloids had a cartilaginous anterior exten-
sion and were more similar to those of earlier
pterosaurs. This would then change the size and
position of attachment points of various muscles
and alter their performance and mean that muscles
like m. pectoralis could be larger than currently
reconstructed. In this particular case it would shift
some of the pull of the m. pectoralis anteriorly,
which would act against the general progression
for pterodactyloids to move to posteriorly (Bennett,
2003) and thus would argue against a longer cris-
tospine, or at least an anterior attachment for this
muscle on one.

The asymmetrical articulation of the coracoids
of many pterosaur sterna are certainly unusual
among vertebrates, and, given the importance of
bracing the shoulder girdle for a powered flier this
is surely more unusual still (though Bennett, 2001
notes that this is present in some birds). Presum-
ably whatever forces were directed through the
coracoids during flapping or maneuvoring in the air
would have produced asymmetric strain on the
sternum and yet there is no clear indication that
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this is the case through enlargement of one side
over the other. What effect this would have had is
unclear or why it is distributed the way that it is.
Asymmetry is relatively common in pterosaurs
(seen in scaphognathids, campylognathoidids and
rhamphorhynchines), and although Howse et al.
(2001) state that this was unique in Istiodactylus
among pterodactyloids it is also present in cteno-
chasmatids, dsungariptids, tapejarids and azhdar-
chids at least (see above). Thus, there is at least
no immediately obvious connection to this being
linked to the overall size or general ecology
(marine or terrestrial environments) of the animals
in question.

As seen in Nyctosaurus (Hooley, 1913), there
may be a posterior projection from the middle of
the posterior edge of the sternal plate in some
pterosaurs (Figure 10B). Hooley (1913) does not
describe it as an articulation but an extension of
the sternum, but Jiang et al. (2016) noted that
there is an articulation for this as seen in other taxa
(though did not name them), and it is not clear to
what taxa or to what articulation Jiang and col-
leagues were referring. A number of pterosaurs do
have a sternal plate that had a posterior margin fin-
ishing in a point in the midline (e.g., Chanchen-
gopterus, Ardeadactylus), and this may be similar
to some of the articulations seen on the lateral
margins for the sternocostal ribs. Even so, it is not
at all clear if this is a point of articulation on the
posterior margin, and in well-preserved and articu-
lated specimens a bony xiphoid process would
surely be present at least occasionally. | suggest
therefore, that this is a genuine absence in most
cases and potentially all. However, as noted
above, if part of the sternum is normally unossified
it is possible that pterosaurs often had a cartilagi-
nous xiphoid or other posterior extension of the
sternum and this has merely ossified in Nyctosau-
rus. Given the extreme adaptations to flight
attributed to this genus and the presence of fea-
tures such as ossified tendons in the wings (Witton,
2013) this is a plausible explanation for why it
might appear in this clade and not others. In Pter-
anodon the proximal gastralia may fuse to the pos-
terior part of the sternal plate (Bennett, 2001),
though how this might relate to a possible xiphoid
process is not obvious. None of this however,
addresses the issue of what function the xiphoid
process might have held, though it would presum-
ably have been an anchor point for various costal
muscles and by extension may have had a role in
breathing.
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Similarly, the articulation of the sternal or ster-
nocostal ribs with the sternum would have likely
helped in respiration with any movement of the
chest facilitating the movement of air through the
respiratory system (Claessens et al., 2009). How-
ever, different models for the articulation of these
ribs have been produced by Bennett (2001) and
Claessens et al. (2009) (Figure 20). In the former,
the anterior dorsal ribs almost touch the sternum
and are separate from this by only a tiny dot of
bone that is a very short sternal rib, and posteriorly
the sternal ribs are angled from anterodorsally to
posterioventrally onto the sternum or the gastralia
(Figure 20B). In contrast, Claessens et al. (2009)
reconstruct the sternal ribs to be orientated from
posteriodorsally to meet the sternum anteroven-
trally and posteriorly these do not reach the gastra-
lia (Figure 20C). This latter orientation gives a
deeper chest to pterosaurs (again, potentially
changing muscle insertion angles and orientations)
and has the potential for greater movement of the
sternum during flight. This does match some well-
preserved pterosaur specimens (Claessens et al.,
2009, figure 2) that show the articulations of the
sternal ribs and in particular does show that they
(can) meet the raised points on the lateral margins
of the sternum, and implies that these are genuine
articulation points. As noted above however, these
may be asymmetrical between the left and right
sides of the sternum and can be inconsistent in
number between specimens of a species as well.
Similarly, most Rhamphorhynchus sterna do not
show articulation points for the ribs so their pres-
ence in even a single specimen shows that the
expression of this feature is also variable intraspe-
cifically. This suggests that again there may be
varying degrees of cartilage or other supporting tis-
sues at play or that these are not necessarily a
clear 1:1 ratio of dorsal ribs and sternal ribs to meet
the sternum. As noted above, it would appear that
this would have to be the case for things like juve-
nile Rhamphorhynchus with the anterior sternal
plate very narrow (Figure 7C) and must have artic-
ulated with the sternal ribs in some manner. Nota-
bly, the distance and angle between the scapular
and coracoid articulation points different between
the two models and with a suitably complete and
3D preserved skeleton it may be possible to deter-
mine if either is a more appropriate fit for the sca-
pulocoracoids as a test for these competing
models (Figure 20B and C).

Although the data is generally limited, among
archosaurs, articulation points are not unique to
pterosaurs, and they are also seen in the early
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FIGURE 20. Hypothesised orientations and articulations
of the pterosaurian sternum using Pteranodon as a
model in A) anterior view and B) left lateral view based
on Bennett, 2001 and C) based on Claessens et al.,
2009. Note that A is shown at a larger size than B and C
for clarity and shows only the sternum and coracoids, the
coracoids are not shown in B or C as they would obscure
much of the detail, but the upper part of the scapulocora-
coids would articulate with the notarium. Abbreviations:
co, coaracoids; dr, dorsal ribs; gs, gastralia; no, notarium;
sa, scapula articulation; sr, sternal ribs.



branching ornithischian dinosaur Heterodontosau-
rus (Radermacher et al., 2021). This also shows
spatulate sternal ribs with articular ends as
described being very similar to those of both
Rhamphorhynchus and to modern crocodylians
(Radermacher et al., 2021). In short, these are
likely similar for archosaurs as a whole and are
probably normal for pterosaurs in general.

In addition to these lateral articulations and
the possible xiphoid process in pterosaurs, there
are a number of taxa that exhibit similar features
on the posterior margin of the sternal plate. As with
the lateral points above, these vary intraspecifically
and can even be asymmetrically presented on sin-
gle specimens. Given the fusion of the gastralia
into the posterior part of the sternum seen in Pter-
anodon, and orientation of the sterna ribs, it is not
clear what might, if anything, articulate with these
crenulations on the posterior margin and if nothing
does articulate with them, why they are present.
This is a small but unsolved issue.

Pterosaur Sternal Evolution

The intrarelationships of the pterosaurs
remain somewhat uncertain, and controversial and
multiple competing hypotheses exist for their phy-
logeny. It is even unclear for some taxa to which
major clade they belong, and other clades may join
or leave different branches of the pterosaur tree in
different analyses. As such, some of the assign-
ments of taxa used throughout this paper remain
uncertain or controversial, and thus it is also diffi-
cult to discuss.

Two taxa are worthy of special comment here
given their uncertain origins and positions, which
may cloud the comments below. Firstly, Batrachog-
nathus the anurognathid has a sternum which is
surprisingly similar in morphology to that of the
wukongopterid Kunpengopterus. The anurog-
nathids are of uncertain phylogenetic position and
have been recovered in almost every possible
place among non-pterodactyloids (see Hone,
2020). Thus despite showing the anurognathids
here as a relatively early branching group, they
may be much closer to the wukongopterids, and
this apparent strong similarity may be the result of
shared ancestry rather than convergence. That
said, both are also similar to the sternum of Feng-
huangopterus and as all three are animals from ter-
restrial environments, there is perhaps a functional
significance to these similarities. Secondly, San-
tanadactylus brasilensis while here shown as a
derived ornithocheirid (following Veldmeijer, 2006)
is also suggested to be of uncertain placement
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within the Pterodactyloidea with the vertebrae
described by de Buisonjé (1981) showing features
in common with anhanguerids, tapejarids and Pter-
anodon (Kellner and Tomida, 2000). The latter is
the most pertinent since the sternum of Santanad-
actylus brasilensis shows some striking similarities
with that of Pteranodon and other pteranodontids.
Both have elongate cristospines with square-
shaped sternal plates that have clearly serrated lat-
eral margins.

Despite the high degrees of variance in ptero-
saur sterna described above in various clades, and
uncertain phylogenetic positions of some taxa, it is
possible to observe some clear clusters of similar
forms in some clades and patterns and trends of
changes between lineages (Figure 21). Some of
the apparent patterns and trends are outlined
below.

Throughout the non-pterodactyloids the cristo-
spine varies in length and may be proportionally
short (e.g., Kunpengopterus), mid-sized (e.g., Eud-
imorphodon, Fenghuangopterus) or long (e.g.,
Scaphognathus, Rhamphorhynchus). This may
also have a broad or narrow attachment to the ster-
nal plate.

The earliest pterosaurs show a sternal plate
that is roughly square in adults, but with distinctive
expansions in the posterior corners and a clear
ridge along the midline of the ventral surface of the
sternum, and a serrated posterior margin. The
expanded corners are effectively absent after this
(there is a slight expansion seen in some, e.g.,
Rhamphorhynchus, Tapejara, but nothing like to
the same extent), and this appears to be restricted
to early braches of pterosaur evolution.

Most other non-pterodactyloids have a ster-
num that is broader than long and with the straight
anterior margin to the sternum. However, there is
considerable variety in overall shape (e.g., com-
pare the scaphognathids Fenghunagopterus,
Nesodactylus and Scaphognathus) and at least
some have a posteriorly deep midline expansion to
the sternal plate (e.g., Nesodactylus, Kunpen-
gopterus).

Among the pterodactyloids there is a greater
range of body sizes, shapes and ecologies repre-
sented generally and there is also greater range in
sternal morphology. Within the ctenochamatoids,
the sternum in generally fan-shaped, though the
cristospine may be long and thin or shorter and
broader. This morphology is at least partly reflected
in the istiodactyliforms which have a broad and fan-
shaped sternal plate and might be linked to both
groups often occupying coastal environments.
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The pteranodontids are generally highly con-
sistent in form with long cristospines and a rectan-
gular sternal plate with serrated lateral margins.
Despite the distance in evolutionary history and
body size, these are quite similar to those of the
earliest pterosaurs, which were also marine ani-
mals and may suggest an ecological convergence.
The istiodactylids, as noted above, tend to have a
more fan-shaped sternum and generally have
smooth margins to the sternum with a short cristo-
spine. In the ornithocheirids, the sternum tends to
be broader than long with rounded lateral margins.
The cristospine is short with broad tubercles at the
base and a largemidline ridge from this onto the
face of the sternal plate.

The azhdarchoids in general have a relatively
square sternum, though notably the tapejarids and
azhdarchids have a relatively short cristospine that
may be shorter than even that of the orni-
thocheirds. Other than this, there is some variation
in sternal plate shape (e.g., Keresdrakon and Caui-
jara) though at least some also have a posterior
expansion to the plate (e.g., Jidapterus, Cauijara,
Tapejara) that is like that seen in other pterosaurs
from terrestrial deposits and may represent conver-
gence of ecomorphology.

CONCLUSIONS

The diversity of the pterosaur sterna, both
within and between species and clades has been
underappreciated to date. This work is only
intended to cover and describe the diversity of
pterosaur sterna, but it demonstrates that there are
various lines of enquiry that, while beyond the
scope of this study, should be fruitful and informa-
tive in the future into numerous traits present that
can be linked to their ancestry, biomechanics and
ecology to better understand the life and evolution
of the pterosaurs.

The development and ontogeny of the ster-
num is not well understood. Even the dramatic dif-
ferences that can be seen between juvenile and
adult specimens of Rhamphorhynchus, for exam-
ple, provide only limited snapshots of what was
likely a long and complex (and variable) process of
growth and ossification. This is surprising given the
importance of the sternum in locomotion and the
apparent constancy of other pterosaur elements
during growth, and this is an area ripe for further
study, though hampered by the limited number of
specimens. Similarly, although pterosaur sterna
undoubtedly originated from the major sternal ele-
ments seen in most reptiles (clavicles, interclavi-
cles, sternal plates) the exact homology of the
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FIGURE 21. Figure of the diversity of shapes of ptero-
saur sterna plotted onto a dendrogram of pterosaurian
relationships (images not to scale). This is based on
Zhou et al., 2021 (non-pterodactyloids), Andres, 2021
(ctenochasmatids), Hone et al., 2020 (other pterodacty-
loids). Where there are multiple specimens, preference
has been given to adult specimens and all sterna are
shown in ventral view except Santanadactylus and
Scaphognathus which are in dorsal view.



parts of the pterosaurian sternum are uncertain.
The data is limited and unclear and several possi-
bilities exist.

Characters associated with pterosaur sterna
have been of only limited use in phylogenetic anal-
yses and should be remedied given the data that is
available. Most sterna are poorly preserved and
unknown for many taxa, but numerous traits are
present and can be scored that would add to our
current matrices. Although it is unlikely that well-
established pterosaur clades would be rearranged
by considering further sternal traits (as for example
seen by the inclusion of numerous pelvic charac-
ters in work by Hyder et al., 2014) addition of new
characters to phylogenetic analyses might well
help resolve some problematic and uncertain
regions of the tree and provide new topologies that
can be further assessed. That said, this must be
undertaken with caution given the issues noted
above about growth and ossification.

A further assessment of pterosaurian muscu-
lature would also be important. Bennett's (2003,
2008) reconstructions of the forelimb muscles of
the pterosaurs Anhanguera and Campylogna-
thoides remain the only detailed work of this kind
so far and yet these groups form the basis of ptero-
saur movements both in flapping in the air and
walking on the ground (as well as the transition
between the two in take-off). Thus an improved
understanding of how the sternum is integrated
with the major forelimb muscles is likely to be
important for determining the terrestrial and aerial
capabilities of different clades.
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By extension, this may well be important for
better interpreting their ecology. Since the locomo-
tion of flying animals is intimately tied to their forag-
ing styles and environments, determining how
different sterna shapes and development patterns
are linked to different muscle groups and poten-
tially walking and flight styles will add further to our
understanding of the palaeobiology of these ani-
mals. Hopefully this work provides a starting point
for such research.
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