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Soft tissue anatomy of pterosaur hands and feet — new
information from Solnhofen region pterodactyloid specimens
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The pterosaur fossil record is known for a large number of complete and articulated
specimens, including those with soft tissues, that predominantly come from a number
of key localities. However, isolated elements or body parts can still provide important
information. Here we describe a leg of a ctenochasmatid pterosaur from the Solnhofen
region of southern Germany which shows exceptional preservation of the scales of the
foot pad and webbing between the toes. A second specimen shows details of the hand
and foot. We show that the soft tissues are remarkably consistent with those of other very
distantly related pterosaurs. It is likely that the structure of the surfaces of the hands and
feet that contacted the substrate were largely uniform across the clade, despite the enor-
mous differences in habitats, body sizes and temporal differences between the various
lineages. Pterosauria, Pterodactyloidea, integument, soft tissue, taphonomy.
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Pterosaurs are an extinct group of archosaurian rep-
tiles that were the first vertebrate clade to evolve
powered flight. Their fossil record is extensive, with
records from the Late Triassic to the End Cretaceous
and covering every continent (Barrett et al. 2008).
However, the record is heavily skewed with a very
high number of specimens and taxa that are well-
preserved coming from a very small number of local-
ities that are sites of exceptional preservation (Dean
et al. 2016). Despite the dominance of these sites in
terms of specimens that are often largely complete and
well-preserved, they also produce lots of fragmentary
and incomplete pterosaur parts that can be important
for understanding their biology.

The Late Jurassic lithographic limestones of the
Solnhofen region of southern Germany have long
been one of the most important sites for pterosaur
fossils and research. These have produced numer-
ous fossils (e.g. Wellnhofer 1970, 1975) and both
new specimens (e.g. Augustin et al. 2022) and new
taxa continue to be found (e.g. Hone et al. 2024).
However, partial specimens, especially those of
unusually large individuals are often important as
these can provide upper estimates of the sizes of
animals that are present, and some may also rep-
resent new taxa (e.g. Elgin & Hone 2020). In par-
ticular, there are a number of large legs and feet of

pterosaurs known from the Solnhofen area which
have generally been overlooked in discussions of the
local faunas.

Although pterosaur soft tissues are generally rarely
preserved (Witton, 2013), there remains some excep-
tional examples (e.g. Frey et al. 2003; Bennett 2007)
and important details are often revealed or enhanced
through illumination with UV light (e.g. Kellner et al.
2010; Jager et al. 2018). This includes wing mem-
branes and internal structures (Unwin & Bakhurina
1994; Frey et al. 2003), muscles (Bennett 2007), head
crests (Beccari et al. 2021), tail vanes (Wellnhofer
1975) and integumentary structures (Kellner et al.
2010). For the legs and feet, preserved soft tissues
include claw sheaths, scales on the feet (Frey et al.
2003) and foot webbing between the toes (Wellnhofer
1978). Understandably, much of the focus on ptero-
saur research has been on their ability to fly, but in
recent years there has been more focus on their terres-
trial abilities and the accompanying anatomical adap-
tations that facilitated this (e.g. Witton 2015; Smyth
et al. 2024). This absence of information is therefore
unfortunate given the potential importance for such
data from the hands and feet in terms of terrestrial
locomotion, ecosystem occupation and foraging, and
even potentially the ability to take off (Pittman et al.
2022).
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Here we add significant new data on this area of
pterosaur biology with a description of a new large
pterodactyloid pterosaur leg and foot that preserves
the soft tissue of the foot pad scales and webbing
between the toes. Notably, these are not visible under
natural light but are superbly preserved when seen
under UV light. We compare this specimen to other
known ‘big legs’ from the Solnhofen region, and
well-preserved soft tissues from the hindlimbs. A sec-
ond specimen of a wing and foot provides some addi-
tional details of the hand and foot soft tissues.

Locality information

LF 2314P and the counterpart LF 3398N (Fig. 1)
are described as coming from the Eichstitt general
area, Eichstitt, Bavaria, Germany which would make
them mostly likely from the Solnhofen Formation.
Specimens LF 2314P and LF 3398N were acquired
by the Lauer Foundation for Paleontology, Science
and Education in January 2016 and February 2019,
respectively.

More details are known for LF 547. This was found
in 1996 in the Sappenfeld Quarry, Sappenfteld which is
near Eichstitt (Fig. 2). It was found in the lower layers
of the quarry, Malm zeta 2a, below the “Tsunami layer’
(or ‘crooked layer, for example see Arratia et al. 2015,
fig. 138) and so is also from the Solnhofen Formation
and Tithonian in age. The specimen was first acquired
by Stefan Schifer and sold to an unknown American,
who sold it to the commercial dealer Paleosearch.
Bruce Lauer and René Lauer acquired the specimen in
April 2011 and this was formally donated to the Lauer
Foundation in December 2021.

Material and methods

Photography of the specimen was taken with a Nikon
Z9 mirrorless digital camera using a Nikkor 60 mm
macro lens and a Nikon FTZ II adapter. Visible light
images were taken using a pair of Raleno video LED
panels, set at 5600K colour temperature, with built in
diffuser and a sheet of polarizing film over the LED
screen and a linear circular polarizing filter on the
lens. UV light images were taken with illumination
from a Way Too Cool, ‘triple lamp’ equipped with
appropriate filters and three 95-watt bulbs which
include UV A, UV B and UV C wavelengths, which
were used together. An orange colour correction
filter was used on the lens for UV photography as
this counteracts the purple tone of the UV lights to

provide clearer recognition of ultraviolet induced flu-
orescence (UVIF) expressed in the visible light spec-
trum. All images were stacked using HeliconFocus
Software.

The specimens are permanently held with the
Lauer Foundation for Paleontology, Science and
Education, Wheaton, Illinois, USA. The mission
of the Lauer Foundation is to curate its fossil col-
lection providing the scientific community and
other museums with permanent access for the pur-
poses of exhibition, study and education. Public
access to specimens listed or cited in publications is
guaranteed.

Institutional abbreviations: BSPG, Bavarian State
Collection for Palaeontology and Geology, Munich,
Germany; JME-SOS, Jura-Museum, Eichstitt, Bavaria,
Germany; LF, Lauer Foundation for Paleontology,
Science and Education, Wheaton, Illinois, USA;
NHM-UK, Natural History Museum, London,
UK; SMNK, Staatliches Museum fur Naturkunde,
Karlsruhe, Germany.

Results

Under UV light, a number of important details of the
soft tissues of the foot of LF 2314P and its counterplate
LF 3398N are revealed. This includes individual scales
of the foot pad, webbing between the toes, and ungual
sheaths. Specimen LF 547 also shows some details of
the hand and foot soft tissues, including scales and
well-preserved unguals.

Description

LF 2314P is a small irregularly shaped slab (c. 30 by
25 cm) of cream coloured lithographic limestone
that is typical for the region and preserves the right
leg of a pterosaur. The bones of the limb are gener-
ally quite well-preserved, though various parts have
suffered damage (e.g. the head and part of the shaft
of the femur) and some bone has been lost. As is seen
in a number of Solnhofen region pterosaurs, there are
large build-ups of calcite crystals on the joints that
obscure these to a degree, and especially the distal end
of the tibia through to the tarsals to the proximal ends
of the metatarsals. Dark coloured dendrites are pres-
ent as a halo around the fossil and lie along a crack
that bisects the slab. There is a larger counterplate
slab (LF 3398N) to the main plate which clearly pre-
serves a natural mould of the bones and some chips of
bone, but otherwise contains no useful information
under natural light. All subsequent description and
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Fig. 1. Pterodactyloid leg, LF 3398N (A) and LF 2314P (B) under natural light. Abbreviations as follows here and in subsequent fig.s: fe,
femurs; fi, fibula; hu, humerus; mt, metatarsal; ph, phalanges; ppb, prepubes; pt, pteroid; pv, pelvis; sc, scales; sh, ungual sheaths; st, soft tis-
sues; ta, tarsals; ti, tibia; ul, ulna; un, ungual; wpx, wing phalanges; wmec, wing metacarpal. Scale bar 5 cm.

Fig. 2. LF 547, a pterodactyloid pterosaur forelimb and hindlimb under natural and UV light. Pictured scale bars are 10 cm.
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discussion of the bones therefore relate to the main
plate alone (Fig. 1).

The femur is 81 mm long with a midshaft diameter
of 4.5 mm. The head of the femur is all but lost and
so this and the trochanters cannot be made out. The
shaft is distinctly curved anteriorly along its length.
Part of the midshaft is missing and this shows that
the core of the bone is also filled with calcite crystals.
The bone wall thickness in the middle of the femur is
c. 0.6-0.9 mm. The distal end of the femur is some-
what expanded such that the distal half of the femoral
shaft gradually widens along its length.

The tibia is a simple long and straight element that
is around 131 mm long (this is difficult to measure
exactly because of calcite build-up). The proximal
end appears to be nearly complete though it is dam-
aged and is slightly wider than the shaft. The shaft of
the tibia is close to 4.5 mm in diameter for almost its
entire length, but only slightly wider proximally and
distally the last 20 mm are a little wider such that the
distal end of the bone is around 6 mm wide where it
becomes covered in calcite. The fibula cannot be seen.

The tarsals cannot be made out as the entire joint
section is a large and robust nodule of calcite crystals,
as is common in Solnhofen area pterosaurs. All of the
elements of the pes are present, though the smaller
phalanges are not well preserved and difficult to make
out and the proximal parts of the metatarsals are cov-
ered by calcite. There are five metatarsals present,
with 1-4 being subequal in length, and the longest of
which is 40 mm long and 2 mm in diameter, with the
fifth being greatly reduced and is only c¢. 7 mm long.
The foot as preserved is relatively narrow, with meta-
tarsals 1-4 being spread a total of 11 mm proximally
but only 18 mm by their distal ends. Digits 1-4 are
also subequal in length, though digit 1 is around five
millimeters shorter than the others which are up to
25 mm long, with 2 being slightly longer than 3 and
4. Digit 5 is greatly reduced and is a short and sim-
ple nub of bone around 3 mm long. Digits 1-4 bear
short (5.5 mm long) and slightly curved unguals, with
a tapered and needle-like point and a well-defined,
curved groove on the lateral surface.

Under natural light, there is no visible soft tissue on
the specimen. The following description is based on
observation under UV light, both direct observation
and, primarily, from the resulting UVIF photographs
(Fig. 3). The former is limited for safety reasons.

There are clear scales present along the ventral part
of the foot from the base of the tarsals to the end of the
penultimate (i.e. last non-ungual) phalanx of digit 4.
These are generally small with the largest scales being
around 0.75 mm across below the middle of metatar-
sal IV, around 0.4 mm across around the distal end of

the metatarsal and proximal phalanx, and the small-
est ones are 0.15 mm and appear towards the later
phalanges. These are not too well preserved around
their margins on LF 2314P, but on the counterplate
(3398N) it is clear that, proximally, the scales are
larger and polygonal, and then are smaller and more
simple (perhaps even circular) distally. This is similar
to what is seen in the feet of crocodylians (Grigg &
Kirschner 2015, p. 84 fig. 3.5).

Webbing is present between digits 1 and 4 and is
preserved as a series of fibres. This tissue type starts
deep in the crux of the metatarsals at their proxi-
mal end, and extend to the base on the bony unguals
(seen most clearly ventral to digit 3). The fibres are
very thin, circa. 0.15 mm in diameter and although
not entirely clear, these appear to be continuous and
would be a single fiber running the entire length of
the space between the metatarsals and toes. The long-
est of these that is clear and can be measured is 11 mm
long before it is broken and sits between metatarsals
IIT and IV. There are at least 11 bands present between
digits 3 and 4, but given how they are spaced the true
count could be rather higher.

Claw sheaths are present on digits 1-4, but not
well preserved. These are short and slightly curved.
The longest preserved sheath is on digit 4 and is about
2.5 mm long, but part of this overlaps with the bony
ungual and so extends the length of the claw by less
than 2 mm, on a bony ungual that is 5 mm long.

There are also some indeterminate phospha-
tized tissues between the tibia and metatarsals and
between the elements of the tarsals. This includes
some tissue that is on the medial face of the tibia and
tarsals. It has a spotted appearance, but is distinct
from that seen on the ventral face of the foot and it is
not clear what its composition or appearance would
have been.

LF 547 is preserved as a near complete wing (miss-
ing only the carpus), a partial tibia and a pes (Fig. 2).
Some of the elements are not preserved well and bro-
ken open and infilled with calcite, or are present as
impressions in the matrix. The wing is mostly artic-
ulated but a number of the joints are highly flexed.
The humerus is straight, with a total length of 86 mm
and proximally has a large subcircular deltopectoral
crest and a similarly large medial crest, that is more
triangular in shape though rounded. The distal end
is slightly expanded, but the shape is unclear due to
the poor preservation. The radius and ulna are long
and straight and subequal in length (115 mm) and are
similar in width. The carpus is not preserved, though
this may be hidden behind the wing metacarpal and
first wing phalanx, but a poorly preserved and faint
pteroid is present. This is long (79 mm), thin, and



Pterosaur hands and feet 5

3 ;;;"\;"“:Q{‘

Fig. 3. Close ups of foot of LF 2314P (A), and 3398N (B) under UV light. The latter image has been reversed so that it matches the plate and
they can be more easily compared. The webbing between the toes and metatarsals is not labelled, but can be clearly seen. Scale bar is 10 mm.

curved along its length. It is L-shaped with a large
expansion to articulate with the wrist.

The four metacarpals are present, with metacarpals
I-1II being subequal in length to each other and the
large fourth wing metacarpal which is 148 mm long.
The manual phalanges for the free fingers are pres-
ent, as is normal for pterosaurs, the manual formula
is 2-3-4. The manual phalanges are generally short,
and the unguals are also rather short and not strongly
curved. The phalanges of the wing finger are all pres-
entand articulated and decrease in length successively.
These respectively measure 138, 112, 79, 67 mm in
length. The extensor tendon process on wing phalanx
one is fully fused suggesting a relatively late ontoge-
netic stage for the individual. Wing phalanges 1-3 are
all straight, but phalanx four is slightly curved as is
seen in many pterosaurs (Hone et al. 2015).

The tibia is partially preserved and the midsection
is missing and hard to see, but the distal end aligns

with the proximal part suggesting that this is a sin-
gle and continuous element, which can therefore be
measured and is 169 mm long in total. The tibia is
long and straight and tapers slightly along its length,
and the fibula is not seen, although it may be hidden
behind the tibia. The ankle is not seen, but part of the
metatarsals and the pedal phalanges are present. This
shows relatively short and robust metatarsals (32 mm)
with toes that are longer than the metatarsals to which
they are attached. The pedal phalanges are robust. The
pedalunguals are short and only moderately curved,
and so are similar in form to the manual unguals.
Under UV light, soft tissues of both the hand and
foot are visible on LF 547 (Fig. 4) though neither set
of tissues are extensive or as well-preserved as those
of LF 2314P. There are several pieces of largely inde-
terminate phosphatised tissues around the manual
digits. These are all on the ventral faces of the free dig-
its (1-3), the largest of these is around 2.5 mm across
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Fig. 4. Close of up of the manus and pes of LF 547 under UV light showing various preserved soft tissues. Scale bar is 20 mm.

and is ventral to the middle part of the first phalanx
of digit 3. There is something of a spotted pattern to
these, and based on the tissues of the foot here, and
as seen in other pterosaurs, these are interpreted as a
series of small scales where the edges are rather inde-
terminate and have blurred together. There are some
apparently distinct single dots and these are c. 2 mm
in diameter.

There is some faint staining around the unguals of
manual digits 2 and 3, showing that claw sheaths were
present. These are not well-preserved and only digit
2 shows some staining both dorsal and ventral to the
ungual, but it is not clear how far this would extend
distally.

On the pes, the scales are clearer. There are some
tiny dots (between 0.1 and 0.2 mm across) of scales
around the distal end of metatarsal IV and then
around the ventral side of the joints of the phalan-
ges of the 4" digit. There are one or two dots on
the dorsal side of digit 4, and a large indeterminate
patch of tissue around the base of the tibia and ven-
tral to digit 5 is presumably part of a large heel pad
of tissue. This patch extends as much as 6 mm ven-
tral to the 5" toe. Some larger dots and streaks that
are in subparallel lines are also present, the largest
of these is just over 1 mm long, so small in absolute
terms, but much larger than the tiny scales seen on
the pes.



Claw sheaths are clearly present on digits 1-4. All
of them increase the curvature of the ungual such that
the tips would finish ventral to the slight proximal
expansion at the proximal end of the ungual. These
are thin and pointed and extend at the tip and over
the distal and dorsal parts of the unguals. The sheaths
significantly extend the length of the claws. On digit 2,
the longest preserved sheath is 3 mm longer than the
bony ungual which is 5 mm long.

Discussion

Taxonomic identity

LF 2314P belongs to a pterodactyloid pterosaur
based on the greatly reduced 5" toe, which is not
seen even in the nearest sibling taxa to this clade (e.g.
Propterodactylus — Spindler 2024). There are a large
number of genera and species of pterodactyloid pter-
osaurs from the Solnhofen region, all of which belong
to the Ctenochasmatoidea. This matches what is seen
here with the foot bearing long metatarsals that are
commonplaceinthe Ctenochasmatidae (Witton,2013)
at least. Of the taxa known, most are a very modest in
size and although there could be anomalously large
individuals that would be the size of LF 2314P. For
example, the largest specimens of Pterodactylus have a
femoral length of c. 45 mm (Bennett 1996), barely half
what is seen here. Nevertheless, a number of taxa can
be ruled out given the differences they present to the
specimen here (see Table 1) based on a recent com-
prehensive phylogenetic matrix (Hone et al. 2024).
Cycnorhamphus has very short metatarsals that are
less than one fifth of the length of the tibia, which is
in contrast to the proportions here where they are a
third of the tibia (Table 1). Ardeadactylus has very
straight femora which contrast to the clear curva-
ture seen in LF 2314P. Auroroazhdarcho (Frey et al.
2011) and Altmuehlopterus (BSP AS.1.745) both have
a proportionally rather shorter tibia (ratio of 1.47 and
1.37 respectively compared to 1.62), and show a much
straighter femur. Finally, Petrodactyle also has much
shorter metatarsals (nearly one fifth of the length of the
tibia), and is from the younger Moérnsheim Formation
(Hone et al. 2023). Ctenochasma elegans is a fairly
close match here, but is a much smaller animal with a
straight femur which is typically only 35 mm (BSPG
1935 I 24) and we are not aware of femoral curvature
increasing with increasing size in other taxa so this
overall a poor match here. Although Gallodactylus
has a similarly curved femur to LF 2314P, the tibia is
proportionally much shorter, and the metatarsals are
also only slightly less than one quarter of the length of
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the tibia which makes them rather short (see Bennett
2013, fig. 5).

The closest match anatomically from the coding
data is Germanodactylus cristatus. This species is not
known from any material as large as LF 2314P with the
holotype bearing a femur of 56.5 mm (BSPG 1892 IV
1) and a slightly larger specimen (SMNK PAL 6592)
one of 61.6 mm. SMNK PAL 6592 has a femur to tibia
ratio of 1.5, which is a close match for the ratio seen
here (1.6), and they also have similarly proportioned
metatarsals, toes and ungual shapes. The holotype
specimen BSPG 1892 IV 1, does not have a complete
foot to compare, but has a still closer ratio of femur to
tibia lengths (1.6). Given the similarities here in cod-
ing and proportions, we therefore provisionally assign
LF 2314P / 3398N to Germanodactylus cristatus.

LF 547 is also a pterodactyloid, based on the very
elongate wing metacarpal and reduced fifth toe.
Determining which clade this may belong to is dif-
ficult since there are few diagnostic traits based on
the available elements that can be observed beyond
the moderately elongate metatarsals. However, given
the complete domination of ctenochasmatoids of the
pterodactyloid fauna in the Solnhofen region, we
here compare it to these local species and assume that
this represents a ctenochasmatoid or allied taxon. Of
the hindlimb, LF 547 only has an incomplete tibia
and a foot, though this has long pedal digits which
suggests that this is different to most of the other
taxa discussed above (see Table 1). It is also a large
animal which eliminates a number of smaller taxa
from consideration (Aerodactylus, Pterodactylus,
Ctenochasma).

Simple comparisons to the larger Solnhofern
ctenochasmatoids also shows some clear differ-
ences. The humerus to wing phalanx 1 ratio is unu-
sually high in LF 547 at 0.62, but is 0.5 or even 0.4
in Ardeadactylus in the two largest specimens that
can be measured (Wellnhofer 1970, specimen 59,
and an unnumbered SMS specimen respectively),
and Cycnorhamphus gives a ratio 0.45 for the largest
measurable specimen (GPIT 80). This ratio is much
closer in Germanodactylus cristatus that has a ratio
of 0.67 (BSPG 1892 IV 1), though this it a propor-
tionally much shorter tibia (tibia:humerus 1.56, vs
1.97 for LF 547) which rules this out. Petrodactyle
has a short humerus to wing metacarpal ratio of 0.46,
which is considerably shorter than the ratio of 0.58
seen here in LF 457, although the two do have sim-
ilarly short metatarsals compared to the tibia seen
here (c. one fifth of the length). Other differences
are present compared to these taxa, with, for exam-
ple Ardeadactylus (SMNS 56003) and bears a much
more robust humerus and a straight fourth wing
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TABLE 1. Phylogenetic characters taken from the matrix of Hone et al. (2024) on anatomy of the hindlimbs of pterodactyloid pterosaurs
from the Solnhofen region that can be compared to LF 2314P. The table does not include the species Ctenochasma roemeri or C. taqueti, or
Gnathosaurus subulatus as there is no coding for these traits. Gallodactylus was coded based on figures in Bennett (2013) and the unnamed

specimens were coded from direct observations.

Taxon or Specimen Femur curvature

Distal expansion of

Ratio of femur to tibia ~ Pedal digits shorter than

(493) femur (499) lengths (503) metatarsals (512)
LF 2314P Strong Present 1.5-1.7 Shorter
Germanodactylus cristatus Strong 1.5-1.7 Shorter
Almuehlopterus Slight <1.5
rhamphistinus
Pterodactylus antiquus Slight Absent <1.5 Shorter
Diopecephalus kochi Slight <15 Shorter
Petrodactyle wellnhoferi Absent
Cycnorhamphus suevicus Straight <1.5
Gallodactylus canjuersensis ~ Strong Absent <1.5
Aerodactylus scolopaciceps Slight <1.5 As long or longer
Ardeadactylus longicollum Slight <1.5
Auroroazhdarcho micronyx  Slight <15 As long or longer
Ctenochasma elegans Slight 1.5-1.7 Shorter
NHM UK PV OR 42737 Shorter
BSPG 1977 XIX 39 Present 1.5-1.7
LF 547 Longer

phalanx than seen here. Cycnorhamphus (GPIT 80)
has a similarly most robust humerus, while its first
wing phalanx is rather longer than the metacarpal
which contrasts with the shorter one seen in LF 547).
Altmuehlopterus (BSP AS.1.745) has a wing metacar-
pal that is similar in length to the humerus and so is
quite unlike the condition seen here, despite the gen-
erally similar shape of the humerus to that of LF 547.
Germanodactylus (BSPG 1892 IV 1) bears a some-
what curved humerus and lacks the greatly elongate
tibia seen here. Gallodactylus has similar proportions
for the known wing phalanges, but a much shorter
tibia than here (data from Bennett 2013).

LF 547 has a rather proportionally short wing met-
acarpal and wing phalanges (humerus, ulna and wing
metacarpal are 0.88 of the length of the wing finger)
compared to the “Type 1’ big-winged specimens (ratio
of 0.71) of Elgin and Hone (2020). The one speci-
men assigned as a ‘Type 2’ configuration of Elgin and
Hone, is rather incomplete but the humerus and ulna
ratio can be compared, and in LF 547 it is 0.75, but
0.87 in the Type 2 specimen. Therefore, this animal
is not a good match for any of the known taxa from
the Solnhofen region currently, or even these putative
unnamed forms.

As noted earlier, several other remains of isolated
legs and feet are known for some Solnhofen area

pterodactyloids (see Fig. 5). NHM UK PV OR 42737
is a specimen of a tibia and pes that is slightly larger
than LF 2314P (tibia length 143 mm vs 131 mm)
and has extraordinarily long metatarsals compared
to the phalanges. BSPG 1977 XIX 39 (given as
‘Pterodactylus grandipelvis’ on the label though we do
not think this name has appeared in the literature)
is a complete pelvic girdle and sacrum articulated
with one leg. It is also very large for the Solnhofen
area pterosaurs, with a femur length of 100 mm, and
a tibia of 165 mm. The specimen has proportionally
long tibia therefore, and the femur is notably robust
compared to other Solnhofen area pterodactyloids.
We do not make any detailed comparisons here, but
given that at least some of these differences between
these specimens shown here and the traits given in
Table 1, it is possible that they represent additional
currently unknown taxa. At the least, they are unu-
sually large animals and would represent some of
the largest known elements recovered from the
Solnhofen region. For reference, Petrodactyle (Hone
et al. 2023) is one of the largest pterodactyloid spec-
imens known from the area and has a femur that is
134 mm in length with the next largest being a speci-
men of Gallodactylus having a femur of 102 mm and
tibia of 144 mm showing that these isolated legs are
at the upper end of sizes seen.
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Fig. 5. Other ‘big leg’ specimens of Solnhofen region pterodactyloids. A, BSPG 1977 XIX represented by a pelvis and hindlimb, scale bar 150

mm. B, NHM UK PV OR 42737 a lower leg, scale bar 50 mm.

Soft tissues

The soft tissues of the foot seen here are generally
very similar for those that have been described from
a number of pterosaurs. The scales of pterosaur feet
are generally small, round and pebble-like (Frey
et al. 2003). Given the ancestry of pterosaurs, these
scales are presumably archosaurian in nature, and
therefore not squamous as in squamates (e.g. see

Chang et al. 2009). Although a variety of apparent
scale morphologies are seen in some archosaurs
(Milinkovitch et al. 2013; Bell & Hendricx 2021)
those seen in pterosaurs to date are very consistent
with one another.

Some descriptions are available for details of the
feet of a Rhamphorhynchus and Pterodactylus from
the Solnhofen area, and an indeterminate azhdarchid
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from the Crato Formation (Frey et al. 2003) which
show various scales, webbing and claw sheaths.

Better preserved, and described in more detail, are
the soft tissues of a pes of a similarly unnumbered and
privately held specimen of Pterodactylus (Frey et al.
2003). This clearly possessed circular scales around
the heel which are clear under UV light (Frey et al.
2003, fig. 2), though difficult to make out under nat-
ural light (DWEH, pers. obs.). The scales are 0.2 mm
across, round and slightly ‘vaulted’ (i.e. domed) with
a row of scales twice this size at distal end of digit 5.
The scales are present around the distal tibia, around
the ankle and along the fifth metatarsal and fifth digit
(Frey et al. 2003). Between the distal part of the toes
there are subparallel fibres that make up the webbing.
These are up to 5 mm long as seen, and ¢ 0.01 mm
in diameter (measured from Frey et al. 2003, fig 2).
There are 24 fibres that are around 0.2 mm apart, in
a 4.3 mm gap between two toes (Frey et al. 2003). In
addition, very long claw sheaths are present on the
pedal unguals. These are approximately double the
length of the underlying bony unguals and are curved
and terminate in sharp point (Frey et al. 2003, fig 2).
Similar webbing is also seen between the toes of one
specimen of Pterodactylus under UV light (JME-SOS
4008, Smyth & Unwin 2024, fig. 10).

An indeterminate azhdarchid SMNK PAL 3830
(Frey et al. 2003) has scales preserved on the foot.
These are mostly 1 mm across, although these are larger
around digit 5. These are much larger than other taxa,
although on a much larger animal (metatarsal length
of 62 mm, vs 18 mm in the Pterodactylus). There are
also scales seen on the distal tibia, on an extensive heel
pad, and along ventral margin of the foot. There are
swollen patches of these around joints. There is the
stain of apparent webbing between the toes, but no
details were given (Frey et al. 2003). Webbing between
the toes is also seen in the privately held specimen
of Rhamphorhynchus muensteri known as the ‘Dark
Wing), but these are not described or illustrated in
detail by Frey et al. (2003).

Soft tissue in the feet have also been mentioned in
Chinese pterosaurs, for the holotype of Jeholopterus
(Wang et al. 2002) and an indeterminate pterodacty-
loid (Lii 2002 - though based on the elongate cervicals
and large pes, this is likely a ctenochasmatid). In both
cases, little detail was given, though Wang et al. (2002)
states that there are fibres between the toes and that
the foot was webbed in Jeholopterus. In the pterodac-
tyloid, Lii (2002, fig. 5b) illustrates web tissue between
the pedal digits, but no striations are seen, and no
description was given.

All of these features are very congruent with the
features seen here on the feet. The scales are generally

of a similar size and shape with a similar distribution
on the foot, being thicker at the joints and with a large
heel pad. The webbing similarly is composed of long
and thin fibres that run parallel between the toes, and
the claw sheaths extend both the length and also the
curvature of the claws. There are though, still some
important novelties seen in these specimens.

The polygonal scales of LF 2314P / 3398N have not
been described before, with other previous pterosaur
scales having always been described as being round.
Such a shape is new for pterosaurs, but similar scala-
tion in non-avian dinosaurs (e.g. see Hendrickx et al.
2022, fig. 2) as well as extant crocodylians (Grigg &
Kirschner 2015, p. 84) means that these are consistent
with other archosaurs and are not unexpected. Some
of the scales seen here are also rather larger than those
previously reported for Solnhofen area taxa, though
as these animals are large compared to most other
Solnhofen area specimens (but smaller than the Crato
azhdarchid, which does have larger scales) again this
is expected.

The presence of the webbing, not just between the
toes, but between the metatarsals has not been seen
clearly before. Wellnhofer (1991, p. 159) does illus-
trate both a Pterodactylus and Rhamphorhynchus pes
as having webbing extending between the metatarsals
and a photo of a the former apparently showing this
(though the image is small, and the details are not
clear). However, these are shown as being generic soft
tissue rather than with any supporting fibres or sim-
ilar structures, so exactly what was seen and how it
was interpreted is not clear. This is definitive here in
LF 3398N and we interpret this as the metatarsals not
being bound together with extensive interstitial tis-
sue but were sufficiently spaced that the webbing was
needed to fill in the space. Although this has not been
described before in pterosaurs, the separation of the
metatarsals is seen in numerous Rhamphorhynchus
specimens from the Solnhofen region, even in spec-
imens that are otherwise well articulated. This does
therefore suggest that pterosaurs had not just separate
digits but also separate metatarsals, in earlier forms
and that this persisted until the ctenochasmatids at
least.

Finally, this is the first probable scales that have
been reported for the pterosaur manus as these have
only otherwise been reported for the pes (Witton
2013). Some indeterminate tissue around the hand
is seen in one azhdarchoid specimen (SMNK PAL
3803) which also may have had webbing between
the fingers (Frey et al. 2003), and has been inferred
for others based on some tracks (Hwang et al. 2002).
Claw sheaths are known in some others, (e.g. Frey
et al. 2003) but otherwise the details of manual soft



tissues are almost unknown. This is true even in spec-
imens with otherwise superb soft tissue preservation
(e.g. Kellner et al. 2010) or where pedal scales are seen
(SMNK PAL 3830). As such the preservation here in
LF 547 is important, even if the details are also limited.

Trackways are informative here. Numerous ptero-
saur tracks known from the fossil record, with wide
distribution in time and space and referred taxa (e.g.
see Lockely et al. 1995, 2008; Elgh et al. 2019; Li et al.
2021). However, few preserve more than general
morphology of the hands and feet — details are rare,
although some very-well preserved traces from small
pterosaurs are known (e.g. Mazin et al. 1995). Bumps
correlating to the pads around the joints of the dig-
its are seen in pes tracks for pterosaurs but not that
of the manus (Mazin et al. 1995; Hwang et al. 2002;
Elgh et al. 2019). This suggests that the hands may
have lacked such large expansions around the manus
and that this would have had a much thinner cover-
ing than the pes. Coupled with very small scales, these
might be all but impossible to see in most tracks.

Given the very small size of the scales seen in
various feet noted above (as little as 0.2 mm), these
could be so small that they would not show up unless
the sediment was very fine-grained and very well-
preserved. This cannot be true in every case though, as
for example very small scales are present in traces for
small theropods in conditions where pterosaur tracks
are also present, but do not show traces of scales (e.g.
Kim et al. 2019). In this case the pterosaur traces are
only of the hands, but if these also bear scales then
these could be visible.

There would likely be variation in manual morphol-
ogy, but the general rarity of manual tissues compared
to the relatively common pedal ones, does suggest a
genuine difference between the two. Less tissue with
smaller or more indistinct scaling would explain
why this is rarely preserved, and little information is
available even here. Such a pattern would be unusual.
Pterosaurs were obligate quadrupeds (Witton 2013)
and would have walked with both hands and feet on
the substrate (as seen in trackways). Although pter-
osaurs tracks are known where the manus prints are
much less clear or less deep than the pes (Mazin et al.
2003, fig. 1 e-g), the fingers were still taking weight and
the muscular forelimbs of pterosaurs would have pro-
duced much of the locomotory power during walk-
ing but especially during the launch to takeoft (Habib
2008). As such, contact with the substrate would have
been important and a constant part of terrestrial loco-
motion, but the reduction or perhaps even absence,
of scales and covering here is therefore most notable.

Acknowledgements.-We thank Mike Day, Oliver Rauhut and
Martin Roper for access to specimens. Thanks to the Lauer

Pterosaur hands and feet 11

Foundation. Jerry Harris and Ruben Guzman-Guiterrez for pro-
viding important papers. Adam Fitch discussion of pterosaur
taxonomy and Martin Gorlich for comments on the locality infor-
mation. We thank the editor and two anonymous referees for their
comments which helped to improve this work.

References

Arratia, G., Schultze, H-P, Tischlinger, H. & Viohl, G. (Eds) 2015:
Solnhofen. Ein Fenster in die Jurazeit. Verlag Dr. Friedrich Pfeil,
Munich.

Augustin, EJ.,, Kampouridis, P, Hartung, J., Albersdorfer, R.
& Matzke, A.T. 2022: The geologically oldest specimen of
Pterodactylus: a new exquisitely preserved skeleton from the
Upper Jurassic (Kimmeridgian) Plattenkalk deposits of Painten
(Bavaria, Germany). Fossil Record 25, 331-343. https://doi.
0rg/10.3897/r.25.90692

Barrett, PM., Butler, R.J., Edwards, N.P. & Milner, A.R. 2008:
Pterosaur distribution in time and space: an atlas. Zitteliana 28,
61-107.

Beccari, V., Pinheiro, EL., Nunes, 1., Anelli, L.E., Mateus, O. &
Costa, ER. 2021: Osteology of an exceptionally well-preserved
tapejarid skeleton from Brazil: Revealing the anatomy of a curi-
ous pterodactyloid clade. PloS One 16, p.e0254789. https://doi.
org/10.1371/journal.pone.0254789

Bell, PR. & Hendrickx, C. 2021: Epidermal complexity in the
theropod dinosaur Juravenator from the Upper Jurassic of
Germany. Palaeontology 64, 203-223. https://doi.org/10.1111/
pala.12517

Bennett, S.C. 1996: Year-classes of pterosaurs from the Solnhofen
Limestone of Germany: taxonomic and systematic implica-
tions. Journal of Vertebrate Paleontology 16, 432-444. https://
doi.org/10.1080/02724634.1996.10011332

Bennett, S.C. 2007: A second specimen of the pterosaurs Anurogan-
thus ammoni. Paldontologische Zeitschrift 81, 376-398.

Bennett, S.C. 2013: The morphology and taxonomy of the
pterosaur Cycnorhamphus. Neues Jahrbuch fiir Geologie
und Paldontologie. Abhandlungen 267, 23-41. https://doi.
org/10.1127/0077-7749/2012/0295

Chang, C., Wu, P, Baker, R.E,, Maini, PK,, Alibardi, L. &
Chuong, C.M. 2009: Reptile scale paradigm: Evo-Devo, pat-
tern formation and regeneration. The International Journal
of Developmental Biology 53, 813. https://doi.org/10.1387/
ijdb.072556¢¢

Dean, C.D., Mannion, P.D. & Butler, R.J. 2016: Preservational
bias controls the fossil record of pterosaurs. Palaeontology 59,
225-247. https://doi.org/10.1111/pala.12225

Elgh, E., Pienikkowski, G. & Niedzwiedzki, G. 2019: Pterosaur track
assemblages from the Upper Jurassic (lower Kimmeridgian)
intertidal deposits of Poland: Linking ichnites to potential track-
makers. Palaeogeography, Palaeoclimatology, Palaeoecology 530,
32-48. https://doi.org/10.1016/j.palaeo.2019.05.016

Elgin, R.A. & Hone, D.W. 2020: A review of two large Jurassic
pterodactyloid specimens from the Solnhofen of southern
Germany. Palaeontologica Electronica 23, al3. https://doi.
org/10.26879/741

Frey, E., Tischlinger, H., Buchy, M.C. & Martill, D.M. 2003: New
specimens of Pterosauria (Reptilia) with soft parts with impli-
cations for pterosaurian anatomy and locomotion. Geological
Society, London, Special Publications 217, 233-266. https://doi.
org/10.1144/GSL.SP.2003.217.01.14

Frey, E., Meyer, C.A. & Tischlinger, H. 2011: The oldest azhdar-
choid pterosaur from the Late Jurassic Solnhofen Limestone
(early Tithonian) of southern Germany. Swiss Journal of
Geosciences 104, 35-55.

Grigg, G.C. & Kirshner, D.S. 2015: Biology and Evolution of
Crocodylians. CSIRO Publishing, Clayton. https://doi.org/
10.1071/9781486300679

Habib, M.B. 2008: Comparative evidence for quadrupedal launch
in pterosaurs. Zitteliana 28B, 159-166.


https://doi.org/10.3897/fr.25.90692
https://doi.org/10.3897/fr.25.90692
https://doi.org/10.1371/journal.pone.0254789
https://doi.org/10.1371/journal.pone.0254789
https://doi.org/10.1111/pala.12517
https://doi.org/10.1111/pala.12517
https://doi.org/10.1080/02724634.1996.10011332
https://doi.org/10.1080/02724634.1996.10011332
https://doi.org/10.1127/0077-7749/2012/0295
https://doi.org/10.1127/0077-7749/2012/0295
https://doi.org/10.1387/ijdb.072556cc
https://doi.org/10.1387/ijdb.072556cc
https://doi.org/10.1111/pala.12225
https://doi.org/10.1016/j.palaeo.2019.05.016
https://doi.org/10.26879/741
https://doi.org/10.26879/741
https://doi.org/10.1144/GSL.SP.2003.217.01.14
https://doi.org/10.1144/GSL.SP.2003.217.01.14
https://doi.org/10.1071/9781486300679

12 David Hone et al.

Hendrickx, C., Bell, PR., Pittman, M., Milner, A.R., Cuesta, E.,
O’Connor, J., Loewen, M., Currie, PJ., Mateus, O., Kaye, T.G. &
Delcourt, R. 2022: Morphology and distribution of scales, der-
mal ossifications, and other non-feather integumentary struc-
tures in non-avialan theropod dinosaurs. Biological Reviews 97,
960-1004. https://doi.org/10.1111/brv.12829

Hone, D.W.E., Van Rooijen, M.K. & Habib, M.B. 2015: The wing-
tips of the pterosaurs: anatomy, aeronautical function and
ecological implications. Palaeogeography, Palaeoclimatology,
Palaeoecology 440, 431-439. https://doi.org/10.1016/j.palaeo.
2015.08.046

Hone, D.W.,, Lauer, R., Lauer, B. & Spindler, F 2023: Petrodactyle
wellnhoferi gen. et sp. nov.: A new and large ctenochasmatid
pterosaur from the Late Jurassic of Germany. Palaeontologica
Electronica 26, pp.1-28. https://doi.org/10.26879/1251

Hone, D.WE,, Fitch, A, Selzer, S., Lauer, R. & Lauer, B. 2024: A
new and large monofenestratan reveals the evolutionary tran-
sition to the pterodactyloid pterosaurs. Current Biology 34,
5607-5614. https://doi.org/10.1016/j.cub.2024.10.023

Hwang, K.G., Huh, M.LN,, Lockley, M.G., Unwin, DM. &
Wright, J.L. 2002: New pterosaur tracks (Pteraichnidae)
from the Late Cretaceous Uhangri formation, southwest-
ern Korea. Geological Magazine 139, 421-435. https://doi.
org/10.1017/50016756802006647

Jager, K.R., Tischlinger, H., Oleschinski, G. & Sander, P.M. 2018:
Goldfuf$ was right: soft part preservation in the Late Jurassic
pterosaur Scaphognathus crassirostris revealed by reflectance
transformation imaging (RTT) and UV light and the auspicious
beginnings of paleo-art. Palaeontologica Electronica 21, 1-20.
https://doi.org/10.26879/713

Kellner, A.W.,, Wang, X., Tischlinger, H., de Almeida Campos, D.,
Hone, D.W. & Meng, X. 2010: The soft tissue of Jeholopterus
(Pterosauria, Anurognathidae, Batrachognathinae) and the
structure of the pterosaur wing membrane. Proceedings of the
Royal Society B: Biological Sciences 277, 321-329. https://doi.
org/10.1098/rspb.2009.0846

Kim, K.S., Lockley, M.G., Lim, ].D. & Xing, L. 2019: Exquisitely-
preserved, high-definition skin traces in diminutive theropod
tracks from the Cretaceous of Korea. Scientific Reports 9, 2039.
https://doi.org/10.1038/s41598-019-38633-4

Li, Y., Wang, X. & Jiang, S. 2021: A new pterosaur tracksite from
the Lower Cretaceous of Wuerho, Junggar Basin, China: infer-
ring the first putative pterosaur trackmaker. Peer/] 9, p.e11361.
https://doi.org/10.7717/peer;j.11361

Lockley, M.G., Logue, T.J., Moratalla, J.J., Hunt, A.P, Schultz,
R.J. & Robinson, J.W. 1995: The fossil trackway Pteraichnus
is pterosaurian, not crocodilian: implications for the global
distribution of pterosaur tracks. Ichnos 4, 7-20. https://doi.
org/10.1080/10420949509380110

Lockley, M., Harris, ].D. & Mitchell, L. 2008: A global overview
of pterosaur ichnology: tracksite distribution in space and
time. Zitteliana 26, 185-198.

Lii, J. 2002: Soft tissue in an Early Cretaceous pterosaur from
Lianoning Province, China. Memoir of the Fukui Prefectural
Dinosaur Museum 1, 19.

Mazin, J-M., Hanzpergue, P,, La Faruie, G. & Vignaud, P. 1995: Des
pistes de pterosaures dans le Tithonien de Crayssac (Quercy,
France). Comptes Rendus de I" Academie des Sciences, Paris 321,
417-424.

Mazin, J.M., Billon-Bruyat, ].P., Hantzpergue, P. & Lafaurie, G.
2003: Ichnological evidence for quadrupedal locomotion in
pterodactyloid pterosaurs: trackways from the Late Jurassic of
Crayssac (southwestern France). Geological Society, London,
Special Publications 217, 283-296. https://doi.org/10.1144/
GSL.SP.2003.217.01.17

Milinkovitch, M.C., Manukyan, L., Debry, A., Di-Poi, N., Martin,
S., Singh, D., Lambert, D. & Zwicker, M. 2013: Crocodile head
scales are not developmental units but emerge from physi-
cal cracking. Science 339, pp.78-81. https://doi.org/10.1126/
science.1226265

Pittman, M., Kaye, T.G., Campos, H.B. & Habib, M.B. 2022:
Quadrupedal water launch capability demonstrated in small
Late Jurassic pterosaurs. Scientific Reports 12, p.6540. https://
doi.org/10.1038/541598-022-10507-2

Smyth, R.S., Breithaupt, B.H., Butler, RJ., Falkingham, PL. &
Unwin, D.M. 2024: Hand and foot morphology maps inva-
sion of terrestrial environments by pterosaurs in the mid-
Mesozoic. Current Biology 34, 4894-4907. https://doi.org/
10.1016/j.cub.2024.09.014

Smyth, R.S.H. & Unwin, D.M. 2024: Re-evaluation of Pterodactylus
antiquus and Diopecephalus kochi: two troublesome taxonomic
concepts. Journal of Systematic Palaeontology 22, 2421845.
https://doi.org/10.1080/14772019.2024.2421845

Spindler, F. 2024: A pterosaurian connecting link from the Late
Jurassic of Germany. Palaeontologia Electronica 27, 1-27.
https://doi.org/10.26879/1366

Unwin, D.M. & Bakhurina, N.N. 1994: Sordes pilosus and the
nature of the pterosaur flight apparatus. Nature 371, pp.62-64.
https://doi.org/10.1038/371062a0

Wang, X., Zhou, Z., Zhang, F. & Xu, X. 2002: A nearly completely
articulated rhamphorhynchoid pterosaur with exception-
ally well-preserved wing membranes and ‘hairs’ from Inner
Mongolia, northeast China. Chinese Science Bulletin 47,
226-230. https://doi.org/10.1360/02tb9054

Wellnhofer, P. 1970: Die Pterodactyloidea (Pterosauria) der
Oberjura-Plattenkalke Stiddeutschlands. Bayerische Akademie
der Wissenschaften, Mathematisch- Wissenschaftlichen Klasse,
Abhandlugen 141, 1-133

Wellnhofer, P. 1975: Die Rhamphorhynchoidea (Pterosauria) der
Oberjura-Plattenkalke Sitiddeutschlands. Palaeontographica,
Abt. A 148,1-13.

Wellnhofer, P. 1978: Pterosauria. Handbuch der Paldoherpetologie,
Gustav Fisher Verlag, Stuttgart, pp. 1-182

Wellnhofer, P. 1991: The Illustrated Encyclopedia of Pterosaurs.
Salamander Books.

Witton, M.P. 2013: Pterosaurs. Princeton University Press. https://
doi.org/10.1515/9781400847655

Witton, M.P. 2015: Were early pterosaurs inept terrestrial locomo-
tors?. Peer] 3, p.e1018. https://doi.org/10.7717/peer;j.1018


https://doi.org/10.1111/brv.12829
https://doi.org/10.1016/j.palaeo.2015.08.046
https://doi.org/10.1016/j.palaeo.2015.08.046
https://doi.org/10.26879/1251
https://doi.org/10.1016/j.cub.2024.10.023
https://doi.org/10.1017/S0016756802006647
https://doi.org/10.1017/S0016756802006647
https://doi.org/10.26879/713
https://doi.org/10.1098/rspb.2009.0846
https://doi.org/10.1098/rspb.2009.0846
https://doi.org/10.1038/s41598-019-38633-4
https://doi.org/10.7717/peerj.11361
https://doi.org/10.1080/10420949509380110
https://doi.org/10.1080/10420949509380110
https://doi.org/10.1144/GSL.SP.2003.217.01.17
https://doi.org/10.1144/GSL.SP.2003.217.01.17
https://doi.org/10.1126/science.1226265
https://doi.org/10.1126/science.1226265
https://doi.org/10.1038/s41598-022-10507-2
https://doi.org/10.1038/s41598-022-10507-2
https://doi.org/10.1016/j.cub.2024.09.014
https://doi.org/10.1016/j.cub.2024.09.014
https://doi.org/10.1080/14772019.2024.2421845
https://doi.org/10.26879/1366
https://doi.org/10.1038/371062a0
https://doi.org/10.1360/02tb9054
https://doi.org/10.1515/9781400847655
https://doi.org/10.1515/9781400847655
https://doi.org/10.7717/peerj.1018

	Soft tissue anatomy of pterosaur hands and feet – new information from Solnhofen region pterodactyloid specimens
	Locality information
	Material and methods
	Results
	Discussion
	References




