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Redescription of soft tissue preservation in the holotype of
Scaphognathus crassirostris (Goldfu, 1831)
using reflectance transformation imaging

Nils Henkemeier, Kai R.K. Jager, and P. Martin Sander

ABSTRACT

The description of the holotype of the non-pterodactyloid pterosaur Scaphog-
nathus crassirostris from the Upper Jurassic Solnhofen Formation by the German
palaeontologist Georg August Goldfuf? in 1831 was the basis for the first published sci-
entific life reconstruction of a pterosaur. In the time since Goldful3, the technologies
used in imaging soft parts in fossils have advanced greatly, but despite its historical
importance, the holotype of S. crassirostris has received relatively little attention, limit-
ing comparisons to more recent pterosaurian soft part finds. In this study, reflectance
transformation imaging (RTI) was used to investigate fine surface details of the S. cras-
sirostris type specimen. The observations of Goldfull concerning the existence of dif-
ferent preservational patterns of the hair-like integumentary structures (pycnofibres) in
this specimen were confirmed. Individual pycnofibre types differ both in their position
and frequency and may indicate variation in pycnofibre morphology across different
body regions in the living animal. Pycnofibre types forming a ‘tuft’ or a ‘feather-like’
structure are similar to those of other pterosaur fossils from the southern German Sol-
nhofen Formation and the northeastern Chinese Tiaojishan Formation. However, some
types, such as ‘forked’ pycnofibre impressions, could be artefacts of taphonomic pro-
cesses. This study provides further evidence for the similarity in the preservation of
integumentary appendages and associated preservational patterns in pterosaurs
across different localities, palaeoenvironments, stratigraphic ages, and systematic
positions.
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INTRODUCTION

Pterosaurs were the first vertebrates in
Earth’s history capable of powered flight (Chatter-
jee and Templin, 2004; Elgin et al., 2011; Beard-
more et al., 2017). They first appeared in the Late
Triassic and were highly diverse, with substantial
morphological disparity and taxonomic richness
until the end of the Late Cretaceous (Benton and
Pfretzschner, 2007; Longrich et al., 2018). Since
their first scientific description in the late eighteenth
century (Collini, 1784), pterosaur fossils have been
known preserving not only hard parts (e.g., skeletal
remains), but in extraordinary cases also soft parts
that provide insights into their palaeobiology (e.g.,
Goldful3, 1831; Zittel, 1882; Bennett, 2000, Tisch-
linger and Frey, 2002; Frey et al., 2003; Wellnhofer,
2008; Kellner et al., 2010; Witton, 2013). Although
a variety of soft tissues are preserved in the ptero-
saur fossil record (including skin and internal
organs), two types of soft parts appear to be
unique to the group, warranting background dis-
cussion.

Soft Parts in Pterosaurs

Pycnofibres. Pycnofibres are filamentous struc-
tures in the integument of pterosaurs (Kellner et al.,
2010). Pycnofibres were typically relatively short
(five to seven millimetres in length), elongated
structures that tapered towards the tip. They were
of simple construction and, apart from a channel-
like central hollow, do not seem to have had a com-
plex internal structure (Witton, 2013). However,
their appearance varied, and some pycnofibre
types (at least in some taxa) seem to have been
restricted to certain regions of the body (Yang et
al., 2019). The fossil record suggests that ptero-
saurian pelage resembled that of densely-furred
rather than more sparsely-haired mammalian taxa
(compare Czerkas and Ji, 2002; Wang et al., 2002;
Kellner et al., 2010; Witton, 2013). Pycnofibres
may have been restricted to the body, including the
tail, in most pterosaurs (Frey and Martill, 1998).
However, they are also known from the distal area
of the wing close to the wing finger and, at least in
the case of the anurognathid Jeholopterus ningc-
hengensis Wang et al., 2002 may have also been
present on the wing surface itself, i.e., on the
tenopatagium (Kellner et al., 2010).

It is unclear to what extent pycnofibres can be
compared with the integumentary appendages of
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other vertebrates. It is generally assumed that the
pterosaurian structures sometimes referred to as
“hair” in the literature are not homologous with
mammalian hair (Czerkas and Ji, 2002; Strang,
2009). However, it is possible that the filamentous
structures of pterosaurs and those of theropod
dinosaurs may have had a common evolutionary
root (Wellnhofer, 1975c; Czerkas and Ji, 2002; Wit-
ton, 2013; Yang et al., 2019). The alternative would
be that pycnofibres appeared independently in
pterosaurs, and thus are not causally related to the
corresponding structures in theropods (Welln-
hofer, 1975c; Tischlinger, 2006; Kellner et al.,
2010) or ornithischians (Mayr et al., 2016). In the
absence of early pterosauromorph and dinosauro-
morph fossils with well-preserved soft tissues, this
relationship (i.e., the theoretical homology of pyc-
nofibres with feathers) is likely to remain controver-
sial (see Unwin and Martill, 2020; Yang et al.,
2020).

Pycnofibres likely served a similar primary

purpose to the integumentary appendages of
extant tetrapods (e.g., hair): the regulation of the
body temperature (Frey and Martill, 1998; Witton,
2013; Yang et al., 2019). As in extant taxa, how-
ever, these structures may have been multifunc-
tional, with possible roles in tactile perception,
improving flight characteristics, or signal function
during courtship display (Wang et al., 2002; Yang
etal.,, 2019).
Aktinofibrils and vessel structures. The second
type of soft tissue structure unique to pterosaurs
are aktinofibrils (Wellnhofer, 1987; Witton, 2013).
The term “aktinofibrils” was first coined by Welln-
hofer (1987), but their earliest scientific description
goes back to Karl Alfred von Zittel (1882), who
identified these structures in a specimen of the
genus Rhamphorhynchus Meyer, 1846 (specimen
number BSP 1880-I1-8, the famous “Zittel wing”).

The presence or absence of aktinofibrils dis-
tinguish two areas of the pterosaur wing (Kellner et
al., 2010), with the proximal portion lacking them,
but with the distal portion (aktinopatagium) show-
ing a striking radiating pattern in a posterodistal
direction (Schaller, 1985; Wellnhofer, 1987; Ben-
nett, 2000; Tischlinger and Frey, 2002; Frey et al.,
2003; Chatterjee and Templin, 2004; Kellner et al.,
2010; Witton, 2013; Bennett, 2015; Hone et al.,
2015). Aktinofibrils were densely packed in the
wing (Kellner et al., 2010) and are hypothesised to



have increased the stability of the distal wing
region despite their exceedingly small diameter
(only 0.05-0.2 mm) (Wellnhofer, 1975c, 1987,
1991; Czerkas and Ji, 2002; Witton, 2013). Their
spatial orientation within the wing membrane would
have been variable depending on the respective
wing position. In general, however, they were
arranged approximately vertically relative to the
bones of the forelimb and parallel to subparallel rel-
ative to the wing finger (Wellnhofer, 1987; Chatter-
jee and Templin, 2004; Kellner et al., 2010; Zhou
and Schoch, 2011; Hone et al., 2015).

Individual aktinofibrils ran parallel to each
other with a distance of ~0.2 mm to each other
(Wellnhofer, 1975c, 1987; Tischlinger and Frey,
2002; Chatterjee and Templin, 2004). Their diame-
ter and length do not seem to have remained con-
stant within the wing membrane, as they
decreased in the medial direction (Frey et al.,
2003; Bennett, 2015). Aktinofibrils were probably
rather rigid structures that maintained their length
even when the wing was folded or stretched (Ben-
nett, 2000; Witton, 2013). They were attached
within a wedge of connective tissue to the wing fin-
ger (Witton, 2013; Bennett, 2015).

The function of aktinofibrils is less clear than
that of pycnofibres and has been discussed exten-
sively by pterosaur researchers (Padian and Ray-
ner, 1993a, 1993b; Bennett, 2000; Bennett, 2015).
While some authors considered a stabilising func-
tion of aktinofibrils to be plausible (Wellnhofer,
1975c, 1987; Chatterjee and Templin, 2004;
Strang, 2009; Kellner et al., 2010), Padian and
Rayner (1993a) argued that aktinofibrils served to
redistribute aerodynamic forces to the wing bones.
Bennett (2000) interpreted the spatial arrangement
of aktinofibrils within the wing membrane as an
indication that their actual function was to relieve
the distal phalanges by redistributing tensile forces
to the proximal phalanges. Hence, aktinofibrils
would have counteracted a narrowing of the pata-
gium under tension. Finally, Tischlinger and Frey
(2015) recently proposed that aktinofibrils played
an important role in controlling fast flight manoeu-
vres, in interaction with the muscle layer contained
within the patagium.

The position and composition of aktinofibrils
have also been the subject of controversy. An
external position of aktinofibrils on the outer sur-
face of the wing membrane (i.e., an epidermal ori-
gin) would indicate a keratinous composition
(Wellnhofer, 1991; Padian and Rayner, 1993a;
Strang et al., 2009; Bennett, 2015). However, the
interpretation of aktinofibrils as external structures
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was opposed by Frey et al. (2003) and Kellner et
al. (2010), who argued for an internal placement of
the aktinofibrils within a flight membrane composed
of several layers. If aktinofibrils were embedded in
the wing membrane as internal structures, they
likely would have consisted of collagen (Chatterjee
and Templin, 2004).

Apart from pycnofibres and aktinofibrils, Soln-
hofen pterosaur fossils are also known to show
remnants of other soft tissues. These are mainly
vascular structures, the third relevant soft tissue
type for the current study. One specimen of Rham-
phorhynchus (JME SOS 4784) shows a rather
complex network of vessels (Tischlinger and Frey,
2002; Frey et al., 2003). It has been assumed that
this vessel system could have served as a trans-
port system for air, blood, or lymphatic fluid (Frey et
al., 2003, p. 244), but it may also have played an
essential role in thermoregulation (Bennett, 2015).
Based on recent models of the architecture of the
patagium, such vascular systems are more likely to
have been located on the ventral side of the pata-
gium (see, for example, Tischlinger and Frey,
2015). Another notable soft tissue type known from
Solnhofen pterosaurs is a connective tissue wedge
along the posterior side of the wing finger,
assumed to have played an important strengthen-
ing or aerodynamical role during flight (e.g., in the
reduction of the drag) and probably made up of col-
lagen fibres (Monninger et al., 2012).

Taphonomy of the Solnhofen Pterosaurs

The Scaphognathus crassirostris specimen
examined here originates from the Solnhofen lime-
stone deposits of the Franconian Alb, Bavaria. The
fine-grained Solnhofen Formation deposits were
deposited in basins, which are sometimes called
“Wannen” in the German literature (Barthel, 1964,
1970; Keupp, 1993; Rauhut et al., 2017). These
basins were not completely isolated from the sur-
rounding sea, as the preserved fossils show both a
terrestrial and a marine influence (Barthel et al.,
1990). However, individual basins were largely pro-
tected from turbulent water flow by algae and
sponge reefs. These circumstances allowed low-
energy sedimentation conditions to develop (Bar-
thel, 1964; Barthel et al., 1990; Kdolbl-Ebert and
Cooper, 2019).

Dead organisms (e.g., pterosaurs) were
deposited at the bottom of the basins. This process
was followed by the rapid coverage of the car-
casses with sediment (Barthel et al., 1990). A
reducing environment, low oxygen levels, a high
salt content, and the scarcity of decomposers
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favoured the delayed degradation of the organic
matter and thus the excellent preservation of the
fossils (Barthel, 1964; Barthel et al., 1990; Beard-
more et al., 2017; Kolbl-Ebert and Cooper, 2019).
Due to the limited amount of microbial activity, the
outline of the body had the chance to be imprinted
on the surrounding sediment; a prerequisite for the
former soft tissues to be preserved as impressions
(Barthel et al., 1990). Frey and Martill (1998) stated
three essential factors involved in pterosaur soft
part preservation: Firstly, the lithology of the sedi-
ment, which was particularly well-suited to repro-
duce the body shape in the Solnhofen Formation
basins; secondly, the early diagenesis of the sedi-
ment, which also contributed to the high quality of
the impressions; thirdly, the rapid precipitation of
minerals replacing the former organic material.

Various types of soft tissues have been
described from pterosaurs from the Solnhofen For-
mation. Though wing membranes (brachiopatagia),
pycnofibres, and aktinofibrils have been known for
a long time (Zittel, 1882; Wiman, 1925; Broili, 1927;
Wellnhofer, 1975c, 1987; Barthel et al., 1990; Frey
and Martill, 1998; Tischlinger and Frey, 2002; Frey
et al., 2003; Tischlinger and Frey, 2013; Vidovic
and Martill, 2014; Hone et al., 2015), other types of
soft tissues have only been described relatively
recently, such as cranial crests with internal fibres
of varying orientation and skin impressions show-
ing the anatomy of the foot (Bennett, 2002; Frey et
al., 2003; Frey et al., 2011), e.g., webbed metatar-
sals and digits in the taxa Rhamphorhynchus and
Pterodactylus Cuvier, 1809 (Frey et al., 2003). In
one specimen of the latter genus, there are also
fossilised heel and sole pads known. Furthermore,
there is evidence for throat pouches in both genera
(Frey and Martill, 1998; Frey et al., 2011; Vidovic
and Martill, 2014).

Remnants of the brachiopatagium are best
known in the genera Scaphognathus, Rhampho-
rhynchus, Pterodactylus, and Anurognathus
Doderlein, 1923 (Frey et al., 2003). Two distinct
modes of preservation are known for pterosaur
patagia: 1. external moulds; 2. physical preserva-
tion, in which the former organic composition was
lost and primarily substituted by phosphate miner-
als (Frey and Martill, 1998). Both modes of preser-
vation occur in the Solnhofen Formation
(Tischlinger and Frey, 2002; Frey et al., 2003).

Besides brachiopatagia, uropatagia and
propatagia are also known in Solnhofen pterosaurs
(Wellnhofer, 1975c, 1987; Frey and Martill, 1998;
Tischlinger and Frey, 2002; Bennett, 2007; Vidovic
and Martill, 2014). In the genus Rhamphorhyn-

chus, there are also remains of a terminally located
tail vane (Frey et al., 2003). Remains of the muscu-
lature or vascular system have also been reported,
albeit rarely (Tischlinger and Frey, 2002; Frey et
al., 2003; Bennett, 2007; Beardmore et al., 2017).
In some cases, there is even evidence for the pres-
ervation of the original organic materials of soft tis-
sues, i.e., in the form of ungual sheaths of claws
(Frey et al., 2003).

Following the initial description of the integu-
mentary structures later known as pycnofibres in
the Scaphognathus crassirostris holotype (Gold-
ful, 1831), they would not be reported again until
the early twentieth century. The second pycnofibre
record was in a specimen of the genus Rhampho-
rhynchus described by Wanderer (1908), although
he was not aware of the exact nature of those soft
tissues, and their identity was not confirmed until
the redescription by Broili (1927). Only a few years
later, the first report on a body coverage resem-
bling fur in the genus Pterodactylus appeared
(Broili, 1938; Frey et al., 2003). Apart from these,
evidence exists for the presence of bristles in the
cervical region in Germanodactylus Young, 1964
as well as in Pterodactylus among Solnhofen
pterosaurs (Frey and Martill, 1998; Frey et al.,
2003).

History of Research on the Scaphognathus
crassirostris Holotype

One of the first scientifically founded life
reconstructions of a pterosaur (and thus of an
extinct vertebrate) can be traced back to Georg
August Goldfull (1782-1848; Tischlinger, 2003;
Jager et al.,, 2018). Goldful depicted his new
pterosaurian taxon Pterodactylus crassirostris
(later transferred to a new genus, Scaphognathus
Wagner, 1861) in its presumed habitat, a steep
coast by the sea (Goldfu3, 1831; plate 9; see also
Figure 1). But Goldful} also reconstructed the ani-
mal as having a fur-like body coverage. Therefore,
Goldful has to be regarded as the first scientist
having deliberated over the body coverage of
pterosaurs (Tischlinger, 2003, 2006), and the holo-
type of Scaphognathus crassirostris represents the
first record of pycnofibre preservation from the Sol-
nhofen Formation (Frey et al., 2003; see Kellner et
al., 2010 for an overview about pterosaurian soft
parts). However, Herman von Meyer (1801-1869),
one of the leading experts in the field of palaeoher-
petology at that time, rejected GoldfuR's ideas
(Frey et al., 2003; Tischlinger, 2003, 2006; Jager et
al., 2018), arguing that the supposed soft parts in
this specimen were instead minerogenic precipita-



PALAEO-ELECTRONICA.ORG

FIGURE 1. Images from the original publication by Georg August Goldfu® (1831). Main slab (1A) and counter slab
(1B) of the holotype of Scaphognathus crassirostris IGPB Goldful® 1304a (main slab) and 1304b (counter slab). 1C,
Skeletal reconstruction of Scaphognathus crassirostris, including palaeobiological life reconstruction of two Scaphog-
nathus crassirostris specimens in their presumed marginal marine habitat. However, the skeletal reconstruction con-
tains two maijor errors: firstly, four instead of three clawed fingers are to be seen on the hand, and secondly, the long
tail characteristic of most non-pterodactyloid pterosaurs is missing.

tions (Tischlinger, 2003; Jager et al., 2018). Skepti-
cism concerning the identification of soft parts in
the Scaphognathus crassirostris continued through
the twentieth century, as seen in Peter Welln-
hofer’s monographic works. For example, when
summarising the genera from which parts of the
wing membrane are known in his influential book,
he did not mention the genus Scaphognathus at all
(Wellnhofer, 1991, p. 149). Regarding the possible
preservation of pycnofibres in the specimen, he
noted that Goldfull regarded them as impressions
of tufts of hair, but did not agree with this interpreta-
tion, instead suggesting “in places somewhat wrin-
kled body skin” (Wellnhofer, 1975b, p. 179).

Therefore, the importance of Goldful®’s work
was largely overlooked for much of the history of
pterosaur palaeobiology, receiving a new apprecia-
tion only in the context of Helmut Tischlinger's
investigations at the beginning of the twenty-first
century. Tischlinger was able to verify the observa-
tions of Goldfu® using UV light (Tischlinger, 2003,
2006), confirming the existence of soft parts in all
regions of the skeleton where Goldful believed
them to be present. In addition to pycnofibre
impressions, he was also able to document the
phosphatically preserved aktinofibrils in the
Scaphognathus crassirostris holotype for the first
time (Tischlinger, 2003, 2006). Most recently, Jager
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et al. (2018) used reflectance transformation imag-
ing (RTI) to study the specimen, corroborating and
complementing the UV data. In particular, they
noted that RTI provided better resolution of the pre-
served pycnofibres than previously used tech-
niques and that this would be a useful avenue for
future research. Here, we follow up on that,
describing the preserved soft tissue of this speci-
men in detail. Apart from records of a few other
genera, e.g., Dorygnathus Wagner, 1860 and the
abundant, well-studied genus Rhamphorhynchus,
the holotype of Scaphognathus crassirostris rep-
resents one of the few published finds within the
family Rhamphorhynchidae known to show soft
part preservation (Broili, 1939; Colbert, 1969; He et
al., 1983; Carpenter et al., 2003; Gasparini et al.,
2004; Andres et al., 2010; Lu et al., 2010; Lu et al.,
2012; Cheng et al., 2012; Bennett, 2014; Zhou,
2014).

MATERIAL AND METHODS
Holotype of Scaphognathus crassirostris

The specimen (IGPB Goldful 1304a and b)
investigated in this study is the holotype of the
Upper Jurassic non-pterodactyloid pterosaur
Scaphognathus crassirostris (Figures 1 and 2). Itis
in the collection of the Goldful3-Museum, Section of
Palaeontology, Institute of Geosciences of the
Rheinische Friedrich-Wilhelms-Universitat Bonn,
Germany.

The specimen is preserved on two slabs of
limestone, referred to as the main slab and the
counter slab (Goldfu®, 1831; Jager et al., 2018;
see also Figure 1A-1B). The actual skeleton and
the majority of soft part impressions lie on the main
slab; there is no evidence of drag marks indicating
the presence of the bones and soft tissue remains
on the underlying counter slab (Viohl, 1990). On
the counter slab, most bones are only visible as
impressions (i.e., as whitish surfaces) and soft tis-
sue impressions are much rarer than on the main
slab. The skeleton lacks its posterior extremities
and the distalmost part of the caudal vertebral col-
umn. Only the first phalanx and the proximal end of
the second phalanx of the elongated right wing fin-
ger are preserved on the main slab.

Unfortunately, the exact circumstances of the
find are unknown. The preservation is typical of the
Solnhofen limestones, but the precise locality
where it was found was not recorded. Goldfuf} sus-
pected that the specimen in question came from
“the Jurassic formation of the Eichstadt area ...
(Goldfu3, 1831, p. 65). Since the holotype origi-

nates from the Solnhofen Formation, its age corre-
sponds to the lowermost Tithonian (Upper
Jurassic) (Barthel, 1964; Wellnhofer, 1975b).

Reflectance Transformation Imaging

General description of the technique. The usage
of RTl in this study is a continuation of the research
by Jager et al. (2018), who also applied this
method to the investigation of the holotype speci-
men. RTI files enable the user to analyse fine
structures on the surface of an object by manipulat-
ing reflective properties and lighting conditions vir-
tually (Malzbender et al., 2000; Hammer et al.,
2002; Earl et al.,, 2010; Hammer and Spocova,
2013).

Thirty to 40 images were taken under varying
illumination directions to create a polynomial tex-
ture map (Malzbender et al., 2000, 2001; Duffy,
2010; Cosentino, 2013). The raw images used are
available at https://figshare.com under the follow-
ing DOls:

10.6084/m9.figshare.21809553;

10.6084/m9.figshare.21809577;

10.6084/m9.figshare.21809661;

10.6084/m9.figshare.21809688; and

10.6084/m9.figshare.21809706.
In this study, the “mobile highlight technique” was
applied (see Jager et al.,, 2018 for a detailed
description of the technique). In contrast to the
study of Jager et al. (2018), much smaller black
spheres with a diameter of 14 mm were used for
the close-ups of regions with soft part preservation
in the specimen. The distance of the movable flash
functioning as the light source to the object was not
measured exactly, as recommended by Jager et al.
(2018).

A total of six RTI files were created, four for
the main slab and two for the counter slab. In total,
these cover four different areas with soft tissue
preservation: the area dorsal to the dorsal vertebral
column until the base of the cervical vertebral col-
umn (1); the area ventral to the cervical vertebral
column (2); the approximately triangular area dex-
tral to the humerus of the right wing, which is
enclosed by the bones of the zeugopodia (3); and
the area ventral to the zeugopodial bones as well
as left of the phalanges of the wing finger of the
right wing (4) (Figure 2).

The software RTIViewer offers different ren-
dering modes (Jager et al., 2018). Within the scope
of this study, the images were modified with the
“specular enhancement mode” (Jager et al., 2018).
This mode helps to refine the shape of the object's
surface, i.e., to improve the visualisation of the
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FIGURE 2. Main slab (2A) and counter slab (2B) of the Scaphognathus crassirostris holotype, IGPB Goldfu 1304a
and b. Black rectangles and triangles illustrate the four different body regions in which soft part preservation is present:
dorsal to the dorsal vertebral column until the base of the cervical vertebral column (1), ventral to the zeugopodial
bones and next to the first and second phalanx of the fourth wing finger of the right wing (2), ventral to the cervical ver-
tebral column (3), and the region enclosed by the zeugopodial and stylopodial bones of both wings (4). Images
adapted from Jager et al. (2018).
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topography (Malzbender et al., 2000, 2001; Ham-
mer et al., 2002; Caine and Magen, 2011). It con-
tains three different settings to vary the brightness
of the image. The value of the setting “diffuse
colour” was set to zero to create a whitening effect
and to improve the visibility of the relief (Hammer
and Spocova, 2013; Jager et al., 2018). The values
for “specularity” and the corresponding ones for
“highlight size” were manipulated to provide ideal
visibility. According to our own observations, the
values for both parameters should be neither too
high nor too low. To better accentuate the relief of
the surface in the RTIViewer, relatively low-angled
virtual light was chosen via the green light control-
ler. In the following description of the soft tissue
remains, images not processed with the specular
enhancement mode are referred to as images
studied under normal light. This notation also
applies to text passages in which images are
described whose areas were investigated only by a
naked eye examination.

The description of the preserved soft tissues
in the Scaphognathus crassirostris holotype is only
based on the morphology of the structures itself,
which results from a long taphonomical pathway to
the present day. Therefore, note that the term “pyc-
nofibre type” used here refers primarily to preser-
vational patterns, recognising that these may not
correspond precisely to anatomically distinguish-
able types of integumentary appendages found in
the living animal. Several interpretations for the ori-
gin of these impressions are possible, which are
discussed below.

Institutional Abbreviations

BSPG, Bayerische Staatssammlung fiir Palaontol-
ogie und Geologie, Munich, Germany; CAGS, Chi-
nese Academy of Geological Sciences, Beijing,
China; ELTE, Eotvos University, Budapest, Hun-
gary; IGPB, Section of Paleontology, Institute of
Geosciences, Rheinische Friedrich-Wilhelms-Uni-
versitat Bonn, Germany; IVPP, Institute of Verte-
brate Paleontology and Paleoanthropology,
Beijing, China; JME, Jura-Museum, Eichstatt, Ger-
many; SNSD, Senckenberg Naturhistorische Sam-
mlungen Dresden, Germany.

RESULTS

Pycnofibres Dorsal to the Dorsal Vertebral
Column

Soft tissue impressions and traces of prepara-
tion created by Goldfuf3 in 1829 or 1830 (personal
obs. of archival materials) can be easily distin-

guished from each other: Smooth edges on the
sediment surface near the bones (e.g., ventral to
the zeugopodial bones of the right wing) indicate a
careful removal of the sediment. It resulted in par-
allel striae underneath the preparation edge, which
was smoothed out afterward (red arrow in Figure
3A). Thus, the colouration of a prepared surface
near the bones appears rather homogeneous,
whereas a sediment surface, which occurs
together with soft tissues, still shows the original
colouration (Donhauser, personal commun, 2019;
green arrow in Figure 3A). While clearly visible on
the main slab, pycnofibres are difficult to identify on
the counter slab (Jager et al., 2018; also personal
obs.).

Pycnofibres are the most extensively pre-
served of all soft tissue types in the specimen. As
noted by Goldful (1831), these are present as
grooves on the main slab. In total, we recognised
six distinct pycnofibre types preserved in the speci-
men on this slab. Only those impressions that
allowed a more detailed description of their mor-
phology, without being surrounded by overlapping/
overlying impressions hiding the potential margins
of the respective structures, were categorised as a
type. Their complexity, including side branches and
symmetry, clearly discriminates them from random
distributions of neighbouring impressions and
were, therefore, included in Table 1. In addition, the
chosen pycnofibre types can be described without
being greatly influenced by the reflective properties
of the sediment surface resulting from the chang-
ing direction of the incident light. In most instances,
the morphological description reflects the actual
appearance of the impressions on the main and
counter slab. In the few cases where length infor-
mation is given, they only refer to the visible parts
of the preserved structures. Thence, the descrip-
tion of the pycnofibre types given below represents
an interpretation of the RTI images illustrated in
Figures 4-11. In the following description of the soft
tissue remains, the term “groove” is used for the
pycnofibre impressions as well as for the organic
remains between the zeugopodial bones of both
wings on the main and counter slab. The term
“indent”, however, is used to describe an excep-
tionally large, curved, and whitish groove from
which the more caudally located pycnofibres dorsal
to the dorsal vertebral column originate (red arc in
Figures 4C-4E and 5A-5C).

Dorsal to the dorsal vertebral column, pycnofi-
bres occur in a high density. Their orientation and
appearance differ depending on their position on
the back (Figure 4A-4C). Pycnofibres in this area
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are of variable length and curvature. Some impres-
sions in the area of the anterior dorsal vertebrae
appear to be relatively straight, with their tips
curved only slightly caudally, towards the vertebral
column. By contrast, the impressions in the more
caudal direction dorsal to the dorsal vertebral col-
umn tend to be more strongly curved along the
entire length of the corresponding pycnofibre
impressions. Pycnofibre impressions dorsal to the
dorsal vertebral column (and also ventral to the
cervical vertebral column) are restricted to a dis-
tinct whitish amorphous surface made up of lime-
stone. Many impressions in the caudal part dorsal
to the dorsal vertebral column originate from the
large indent mentioned above. From one curved
end to the other, this indent measures almost 17
mm. Other whitish spots comparable to the one
dorsal to the dorsal vertebral column are observ-
able on the main slab, e.g., near the deltopectoral
crest of the humerus (see Figure 2). Even though
this whitish surface is full of pycnofibre impres-
sions, it appears generally smoother than the sur-
rounding ochre-coloured rock surface (Figure 4A).

In the more caudally oriented part of the dor-
sal indent (Figure 4A, 4C-4E), most pycnofibre
impressions appear as elongated, curved, and
largely unbranched grooves, which are arranged
nearly parallel to each other. However, the RTI
images also indicate at least one clearly intersect-
ing or forked pycnofibre impression (Figure 4D,
4E). Most of the impressions in this area represent
the first pycnofibre type, unbranched and oblong
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FIGURE 3. Close-ups of two different regions on the main slab demonstrating the optical difference between unpre-
pared regions associated with soft parts (green arrow) and the surfaces prepared by Goldful® (red arrow), without
being processed with the specular enhancement mode. 3A. The sharp border between the unprepared ochre- and
beige-coloured limestone surface and the homogenous, striated surface directly ventral to the above-mentioned

bones, which underwent preparation. 3B. The striations created by Goldfuf® are more clearly discernible dorsal to the
cervical vertebral column (red arrow). Scale bar in both illustrations equals 10 mm.

pycnofibres without further complexity (e.g., in the
form of several side branches). The curved ends of
the respective pycnofibres point away from the dor-
sal vertebral column towards the direction of the
rock matrix. In the more caudal area dorsal to the
dorsal vertebral column, pycnofibres start from the
arched, large indent mentioned above (marked
with a red arc in Figures 4C-4E and 5A-5C). Under
normal light, the dorsal indent can be seen as a
prominent whitish structure (see especially the red
arc in Figure 4A). Several overlapping pycnofibres
can be seen in this area both in the RTI images
and by the naked eye (compare Figure 4A with 4D,
4E).

Unlike the caudally oriented pycnofibres, pyc-
nofibres positioned more cranially tend to be more
inclined towards the dorsal vertebrae (Figure 5A-
5B). The respective tips of these pycnofibre
impressions point towards the anterior dorsal ver-
tebrae and lie relatively subparallel to them (Figure
5A-5C). The different orientation of the tips of the
respective pycnofibre impressions between the
more cranially and the more caudally oriented parts
of the whitish indent dorsal to the dorsal vertebral
column can clearly be observed (red arrows in Fig-
ure 4C and red marked angles in Figure 5A).

Type 1 pycnofibre impressions consist of sin-
gle, undivided structures and are found in all por-
tions of the main and counter slab where
pycnofibres are preserved. Type 2 pycnofibre
impressions are characterised by a bifurcation giv-
ing them a roughly “Y”-shaped appearance (Figure
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TABLE 1. Table of the characteristics of the different pycnofibre types.

Abundance and special

Examples of

Pycnofibre type Occurrence General characteristics features Figures
1st type: * dorsal to the dorsal « elongated, curved and largely * high; the predominant type Figures 4A,
Simple-shaped Vvertebral column unbranched « insertion from a striking indent 4C, 5A, 5B,
impressions « ventral to the zeugopodia < commonly intersections or overlaps at the dorsal vertebral column 7C, 8C, 9B,

of the right wing « high variability of curvature and * mane-like appearance dorsal to
« ventral to the cervical orientation depending on the body  the dorsal vertebral column
vertebral column region

2nd type: « anterior part of the dorsal < two side branches branching off « at least two occurrences, Figures 5A,
bifurcations vertebral column from a longer main branch maybe even a third one on the 5B, 6G, 8C, 8E

« ventral to the zeugopodia « very characteristic Y-shape counter slab
of the right wing near the
metacarpo- phalangeal
joint
3rd type: trident * ventral to the « terminal bifurcation consisting of < rare, one certain occurrence Figures 6A,
zeugopodial bones of the  three different side branches and one potential 6C, 6D, 6F, 9B
right wing « side branches
« ventral to the cervical » more or less of equal length
vertebral column?

4th type: main  * ventral to the zeugopodia - at least one side with several side * unique occurrence Figure 6D, 6F
branch with of the right wing branches bent caudally * unusual symmetry with the side
caudally bent « slightly different length of the side branches only at one side of the
side branches branches main branch
5th type: tuft « ventral to the zeugopodia ¢ several side branches spreading  « unique occurrence Figures 6C,

of the right wing out in aradiating pattern from a * possibly belonging to a much 6D, 6H, 7A
common starting point larger structure or even linked
« decreasing length, but increasing  with the symmetrical feather
curvature of the side branches (main branch of the feather)
towards the margin
» middle side branch with a smaller
bifurcation

6th type: « ventral to the zeugopodia < two distinct parts: a terminal * unique occurrence Figure 7D, 7E,
symmetrical of the right wing at the ramification consisting of several 7G, 7TH
feather articulation of the first with side branches and a main branch

the second phalanx of the
right wing finger

« variable length of the side
branches with the length and

curvature decreasing towards the
centre of the ramification

5A, 5B) and are to be found in the more caudal
area dorsal to the dorsal vertebral column. Possi-
ble additional examples of this type are present
ventral to the zeugopodia of the right wing (com-
pare Figure 6D with 6G). However, the apparent
forking in these could represent overlapping pycno-
fibres, as is the case elsewhere in this region (see
Figure 5C).

In the cranialmost section of the whitish sur-
face dorsal to the anterior dorsal vertebrae, ante-
rior to the indent, pycnofibre impressions form
slightly curved grooves running parallel to each
other (Figure 5A-5C). In general, these impres-
sions are less curved but are more regularly organ-
ised than those in the more caudal part above the
dorsal vertebrae (Figures 4C and 5C). Impressions
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in this region do not have a uniform width or length
but do indicate the presence of some fairly long
pycnofibres (maximum length almost two centime-
tres), supporting Goldfuly’s assumption of almost
inch-long hairy pelage for the living animal (Gold-
ful®, 1831, p. 109).

Most pycnofibres dorsal to the first anterior
dorsal vertebrae originate from a curved indent
(red arc in Figure 5D-5F) similar in appearance to
the indent in the more caudal region dorsal to the
dorsal vertebrae. This indent is visible even under
normal light (albeit only weakly) by using a magni-
fying glass. Goldful® (1831) compared the appear-
ance of pycnofibres in this area to “a fluffy,
upwardly directed mane” (Goldfu®, 1831, p. 108:
“...und auf der Hauptplatte zeigt sich auch auf der
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FIGURE 4. Close-up RTIViewer snapshots of the region dorsal to the dorsal vertebral column on the main slab, taken
under different lighting conditions but all processed using the specular enhancement mode (except for Figure 4A).
Scale bar for all illustrations equals 10 mm.
Comment on the settings in the RTIViewer software as visualised in the figures. A green sphere symbolises the
direction of the incident light (upper right corner), a text box in the upper image margin contains the respective x- and y-
coordinates of the incident light direction (the first value contains the x-coordinate, while the second one contains the y-
coordinate), the zoom factor is given in brackets. A second text box contains the individual values of the specular
enhancement mode (lower left corner). The first value stands for the parameter “specularity”, the second one indicates
the parameter “highlight size”. The line drawings were sometimes made based on several RT| images with different
settings to illustrate an individual impression more clearly. As far as the figures themselves are concerned, the interpre-
tative drawings have tried to come as close as possible to the appearance and arrangement of the structures observed
in the RTIViewer. However, some drawings, such as Figure 4B, represent rather idealised illustrations of the general
pattern and arrangement of individual pycnofibre impressions in a given area. For this reason, the interpretative draw-
ings may differ in detail from the respective RTIl images to which they refer. In all figures, the orientation of the pycnofi-
bres is marked by red arrows; the whitish semicircular indent, the starting point of most of the pycnofibres in the caudal
region of the dorsal vertebrae, is symbolised by a red arc throughout Figure 4 and 5, the single occurrence of Type 2
pycnofibres is circled in red in the aforementioned figures.

4A. Overview of the pycnofibre impressions in the area dorsal to the dorsal vertebral column associated with the
whitish amorphous rock surface under normal light. 4B. Interpretative drawing of Figure 4A (dorsal ribs in the lower
right corner of the image) under normal light, idealised to give an overview of the spatial orientation of the pycnofibre
impressions and therefore not reflecting the exact path of individual impressions. Thicker lines indicate better observ-
able impressions. 4C. The same area as in 4A, seen under the specular enhancement mode. 4D. Pycnofibres of the
caudalmost part of the area dorsal to the dorsal vertebral column (lower right corner). Note the pycnofibres showing a
distinctive cross-over (red circle in 4D and 4E), representing Type 2. 4E. The same area as in 4D under other lighting
conditions to highlight the overlapping impressions.

1
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weissen [sic!] Stelle am Ricken der Abdruck einer
flockigen, emporgerichteten Mahne...”). The RTI
images demonstrate that the individual impres-
sions spread out in a fan-like manner to all sides
(see Figure 5D-5F). Some of these pycnofibre tips
appear to be forked (orange circle in Figure 5D-
5F).

Area Ventral to the Zeugopodium of the Right
Wing and the Phalanges of the Right Wing
Finger

Ventral to the zeugopodium of the right wing,
near the phalanges of the right wing finger, pycnofi-
bres are also common (Figure 6A, 6C). Pycnofibre
impressions in this area are generally more abun-
dant than the ones dorsal to the dorsal vertebral
column, although less organised, based on the
much higher number of overlying or crossed
impressions, which complicates the identification of
individual pycnofibre outlines. There is no consis-
tent orientation of the individual pycnofibre impres-
sions on this part of the slab, unlike the upwardly
directed "mane" formed by impressions dorsal to
the dorsal vertebral column (compare the differ-
ently oriented red arrows in Figure 4C with Figure
6A and 6C). The distinct whitish rock surface seen
in the area dorsal to the dorsal vertebral column is
absent ventral to the zeugopodium (Figure 6A).
When this region is exposed to low-angled light
without using the specular enhancement mode,
pycnofibres are partly visible as distinctive grooves
of variable length and orientation (Figure 6A).

Pycnofibres close to the articulation between
the metacarpals and the phalanges of the right
wing finger follow a pattern in which some pycnofi-
bre ends point sub-parallel to each other and away
from the zeugopodial bones (Figure 6A-6B and 6D-
6E). The pycnofibre impressions in this area have
a simple appearance: unbranched and curved,
sometimes in a wave-like series. These
unbranched pycnofibre impressions, although
partly hard to see, are likely to be of the first type.
The RTI images indicate that some of these pycno-
fibres cross or overlay each other, making separat-
ing individual filaments difficult, especially under
normal light (Figure 6A).

Some pycnofibre impressions, comparable to
those dorsal to the dorsal vertebral column, appear
to have conspicuous forks and side branches
pointing caudally (Figure 6D-6F). There is even
one distinctive pycnofibre impression, which is
characterised by a clear bifurcation resulting in two
side branches forming a “Y” in shape (Figure 6B-
6D and 6F-6G). It corresponds closely to the bifur-
cated pycnofibre impression dorsal to the dorsal
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vertebral column (Figure 5A-5B) and is classified
as Type 2. Therefore, forked pycnofibres may be
present in at least two different body regions of the
Scaphognathus crassirostris holotype on the main
slab: dorsal to the dorsal vertebral column and ven-
tral to the zeugopodia of the right wing near the
articulation of the metacarpal bone with the first
phalanx of the right wing. These bifurcations are
only clearly visible in the RTI images.

In addition to the simple “Y”-shaped impres-
sions, an elongated, crooked pycnofibre is present
with an even more pronounced bifurcation. It is
located near the “Y”-shaped impressions, close to
the articulation of the metacarpal bone with the
phalanges of the right wing finger (Figure 6D-6F).
This impression has several side branches of vari-
able length and orientation, suggesting that it
resulted from several individual filaments pre-
served together rather than an irregularly complex
original pycnofibre type.

Two other important pycnofibre impression
types are worth mentioning that are located close
to those previously described. The first of these
(Type 3) is located more distally in comparison to
the second type shown in Figure 6G and is notable
for being remarkably similar in shape to a trident
(Figure 6C-6E). Its terminal portion consists of
three side branches, which are more or less of
equal length. The middle of these side branches
has practically no curvature, whereas the outer
ones are distinctly curved. All three point in the
direction of the articulation of the metacarpal bone
with the first phalanx of the right wing finger. The
curvature of the outer side branch, which faces the
zeugopodial bones, shows an even curvature, but
the other, more distally located one, is character-
ised by a pronounced kink (Figure 6D and 6F).
This morphology may be the result of a taphonomi-
cally influenced amalgamation of several individual
impressions, especially since the most distally
located side branch, which is itself curved, does
not seem to have a direct connection to the
remaining branching. Additionally, this impression
type was only perceptible by using the specular
enhancement mode. Nevertheless, this pycnofibre
impression is distinguishable enough from all other
branched structures described so far that it can be
counted as an independent type. However, a tri-
dent-shaped pycnofibre is not unlikely to have
once existed in the living animal, considering
reports on branched integumentary structures in
other pterosaurs with even more remarkable mor-
phologies (see Yang et al., 2019). Moreover, the tri-
dent shape is only influenced to a lesser degree by
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FIGURE 5. Close-up RTIViewer snapshots of the region dorsal to the dorsal vertebral column on the main slab, taken
under different lighting conditions, but all processed using the specular enhancement mode (except for Figure 5D).
Scale bar for all illustrations equals 10 mm. 5A-5B. Caudal region dorsal to the dorsal vertebral column (lower right
corner of both images) and next to the semi-circular indent, illustrated under different lighting conditions. 5C. Sketch of
Figure 5A and 5B showing the appearance and the orientation of the pycnofibres under normal light. 5D-5E. Pycnofi-
bres dorsal to the first anterior dorsal vertebrae (lower right corner), showing a striking pycnofibre accumulation under
normal light (5D) as well as under the specular enhancement mode (5E). Note the spreading of pycnofibres in a radi-
ally symmetrical pattern from an arc-like starting point (red arrows, starting point marked by a red arc in 5E-5F). Also,
note the branching in the dorsalmost part of the whitish limestone surface (orange circle in 5D-5F). 5F. Interpretative
drawing of 5D and 5E, illustrating the arrangement of the pycnofibre impressions under normal light.
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the direction of the incident light, suggesting that
this is also indeed an original pycnofibre type.

Type 4 pycnofibre impressions resemble
those of Type 1 (unbranched, curving pycnofibre
impressions; see Table 1), but with an important
difference: at least one side, i.e., the side directed
towards the metacarpal-phalangeal joint, shows at
least three caudally curved side branches, with the
possibility of a fourth (Figure 6B, 6D-6F). The main
groove of type 4 impressions can be observed
even with the naked eye, but its side branches are
difficult to see without the RTI images.

In the direction of the elbow joint of the right
wing, immediately ventral to the zeugopodial
bones, an additional pycnofibre impression type
(Type 5) is located at the edge of the unprepared
sediment surface. This type is characterised by a
tuft-like appearance (Figure 6H). The appearance
of this tuft differs from that of the pycnofibre cluster
dorsal to the dorsal vertebral column near the base
of the cervical vertebrae (Figure 5C-5F). Seven
side branches spread out in a radiating pattern
from a common starting point, with their tips pro-
jecting towards the elbow joint. The tips of each of
these side branches are curved, pointing in the
same direction as the side branches themselves.
In the middle section of the tuft, the longest of the
side branches is split at its terminal part into two
forks, with one running relatively straight, but with
the other one showing the strongest curvature
among the side branches (the region marked by
the red circle in Figure 6H). The middle branch is
also the longest of the side branches, which
decrease in length towards the outer edges of the
tuft. No other occurrences of a Type 5 impression
could be identified in the specimen. The appear-
ance of the tuft, i.e., its overall symmetry including
the organisation of the side branches (i.e., the
length difference between central and outer parts
of the impression), remains constant regardless of
the incident direction of light. This suggests that
this structure is not a simple amalgamation of sev-
eral individual impressions or the result of the
reflective properties of the sediment surface (com-
pare Figure 6C with 6H).

Perhaps it was this structure that Goldful®
(1831) described as “tufts”, in which one could
identify a “more prominent, medium elevation”,
from which “weaker elevations seem to diverge
here and there” (Goldful®, 1831, p. 108: “In den
meisten Flocken unterscheidet man eine etwas
starker vorstehende, mittlere Erhabenheit, von
welcher die andern schwachen hier und da zu
divergiren [sic!] scheinen.”) Although the interpre-
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tative drawing Figure 7B suggests that the most
distal side branches of the tuft may be continued in
impressions that are curved and kinked to varying
degrees and laying close to the tuft (see the red
arrows in this drawing), it seems more reasonable
to assume that the tuft represents a structure inde-
pendent from adjacent impressions (see Figure
7A), especially since there are no direct connec-
tions between these side branches.

Exceptionally long, unbranched Type 1 pycno-
fibres are present distal to the second phalanx of
the right wing finger at the edge of the main slab.
Some of them are strongly curved (Figure 7C). In
this region, the rock surface appears to be
grooved, with the appearance of the individual pyc-
nofibre impressions being variable depending on
their curvature and with respect to their position
towards the edge of the main slab. The degree to
which these pycnofibre impressions show a
straight versus curved shape also depends on their
position in relation to the second phalanx of the
right wing finger. In general, the degree of curva-
ture of individual impressions decreases with
increasing distance from the second phalanx (see
red markings in Figure 7C). The shape of pycnofi-
bre impressions located in the direct vicinity of the
second phalanx and at the edge of the main slab
can be described as either moderately or as
strongly curved, whereas pycnofibre impressions
located more distally from it are more or less
straight in appearance (see Figure 7C).

To sum up, the above-mentioned pycnofibre
impressions differ (slightly) in the spatial orientation
of their tips from each other. Figure 7C (see red
markings) illustrates that the curvature of pycnofi-
bre impressions situated more proximal to the sec-
ond phalanx of the right wing finger tend to be
inclined in the direction of the relevant bone,
whereas distally, some pycnofibre impressions
point away from the second phalanx such that their
tips are no longer facing the second phalanx, but
lie subparallel to parallel to the bone. The
described pycnofibre impressions intersect with each
other and may even show forking in this region at
the edge of the main slab. The impressions corre-
spond to elevations of the same region on the
counter slab (Figures 7C, 8C).

Dorsal to the articulation of the first and sec-
ond phalanges of the right wing finger, there is a
very distinctive accumulation of pycnofibre impres-
sions, constituting an additional impression type of
remarkable appearance (Type 6). These individual
impressions branch off from a central main branch,
which points towards the zeugopodial bones (Fig-
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FIGURE 6. Close-ups of RTIViewer snapshots of the region ventral to the zeugopodial bones of the right wing on the
main slab, taken under different lighting conditions, but all processed using the specular enhancement mode (except
for 6A and 6H). Scale bar for all illustrations equals 10 mm, except for 6G and 6H (one millimetre). Markings for vari-
ous pycnofibre types used throughout this Figure: Type 2 (bifurcated; yellow circle), Type 3 (trident-like; orange cir-
cle), Type 5 (tuft, red circle), and Type 6 (symmetrical “feather”, green circle). The path of individual pycnofibre
impressions, and the path of individual side branches of single impressions are illustrated by red markings (either by
straight lines or by curved arcs as in 6D, 6E, and 6H). 6A, 6C. Overview of the area with the pycnofibres ventral to the
zeugopodial bones of the right wing (upper left corner of both images) and the phalanges of the right wing finger (near
the right image margin) under normal light (6A) as well as under the specular enhancement mode (6C). 6B. Sche-
matic sketch of Figure 6C, showing the appearance of the pycnofibre impressions under normal light. 6D-6E. Close-
ups of 6C. Note the parallel to subparallel alignment of several pycnofibre impressions (red vertical lines in 6D and
6E) and the easily detected caudally curved side branches of the Type 4 pycnofibre (red rectangle in 6F). The com-
plex structure with several putative side branches at the right image margin between Type 2 and 3 pycnofibres (red
arrow) is more likely to represent an arrangement of overlapping impressions of individual pycnofibres. 6F. Sketch of
the RTI images 6D and 6E. 6G. Detailed close-up of the Type 2 pycnofibre, outlined by red markings. 6H. Detailed
close-up of the Type 5 pycnofibre. The longest branch in the middle has a distinctive bifurcation (red circle).
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ure 7D-71). In the RTI images, this main branch
appears to be a deeply embedded groove (Figure
7D and 7G). In the direction of the articulation of
the first two phalanges of the right wing finger, the
distal part of this main branch has impressions indi-
cating side branches of variable length and degree
of curvature. At this point, they occur in such a high
density that their point of origin, the point where the
central branch splits into several side branches, is
referred to as a ramification.

Side branches closer to the center of the ram-
ification are shorter than those further away and, in
the RTI images, their curvature appears to be mod-
erate, and are characterised by a distinct change of
the direction towards the side. Their tapering tips
are directed towards the remains of the patagium
at the phalangeal articulation. Although the RTI
images and their interpretation (compare Figure
7A-7B) seem to suggest a connection between
impression Type 5 (the tuft, Figure 6H), and Type
6, the feather-like structure, there is no real evi-
dence for a more complex pycnofibre type being
composed of both types. As with the tuft, there is
also no influence on the general arrangement and
the length difference between the outer and more
central parts of the ramification of the Type 6
impression, due to the changing direction of the
incident light.

This structure might be what GoldfuR® referred
to as “the delicate, two-row diverging striation of a
small bird feather” (Goldfu3, 1831, p. 109). As is
the case for the Type 5, there is no indication of a
comparable feather-like structure on the counter
slab, nor are there other examples elsewhere on
the main slab. This structure may be called a
feather-like pycnofibre type, but it is highly unlikely
that this impression, even if it is to be derived from
a biological structure preserved without strong
taphonomic influence, represents a true feather.

On the counter slab, the presence of pycnofi-
bres can only be verified ventral to the zeugopodial
bones of the right wing. Unlike the corresponding
area on the main slab, pycnofibres on the counter
slab are only visible in the region of a whitish amor-
phous rock surface (Figure 8A). In the lower part of
the triangle formed by the phalanges and the zeu-
gopodial bones of the right wing, pycnofibre
impressions are mostly simple in shape (i.e., Type
1: unbranched and without any further complex
morphology), elongated, and curved (Figure 8B-
8D), except for one bifurcated pycnofibre (Figure
8E-8F). The bifurcated impression is similar to the
forked pycnofibre (Type 2) dorsal to the dorsal ver-
tebral column (compare Figure 5A-5B) and ventral
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to the zeugopodia of the right wing on the main
slab (Figure 6G), but unlike the latter, the RTI
image (red arrow in Figure 8E) suggests one side
branch of the main bifurcation has a further, termi-
nal bifurcation, much smaller than the main branch
(yellow circle in Figure 8F). However, it remains
unclear whether there is a real bifurcation of one of
the main branches or not. There is also the possi-
bility that there is only one real bifurcation with an
adjacent impression overlapping one of the
branches of the main bifurcation, resulting in the
aforementioned smaller bifurcation.

The shapes of pycnofibre impressions on the
counter slab cannot be determined with certainty
via RTI because they change markedly depending
on the direction of the incident light (compare Fig-
ure 8G, H with Figure 8I). This statement refers to
the visible length, orientation, and position of the
pycnofibres relative to each other in RTI. Unlike the
pycnofibres at the lower edge of the counter slab,
these pycnofibres appear to overlap in places (Fig-
ure 8G). Due to their unstable appearance in the
RTI images, no reliable statement concerning their
assignment to a particular type is possible.

Pycnofibres Ventral to the Cervical Vertebral
Column

Few pycnofibres are observed ventral to the
cervical vertebral column. They are mostly present
in the triangle formed by the posterior end of the
mandible and the anterior region of the cervical
vertebrae (Figure 9A-9C). Similar to the dorsal
region, a whitish, relatively smooth rock surface is
present (Figure 9A). Under normal light and using
a magnifying glass, pycnofibres appear as oblong,
unbranched, and curved grooves (Type 1), similar
to those dorsal to the dorsal vertebral column
(compare for example Figures 4 and 5). On the
main slab, ventral to the cervical vertebral column,
only one pycnofibre impression is more complex. It
appears to have a relatively symmetrical organisa-
tion of four side branches of equal length (interpre-
tive drawing of Figure 9C). The side branches are
similar in arrangement to the bifurcated Type 2
impressions (Figures 4 and 5), with the possible
exception of two neighbouring bifurcations laying
closely together (Figure 9B). These two supposed
bifurcations are connected to each other by a long,
somewhat S-shaped groove originating at the bor-
der between the unprepared and prepared sedi-
ment surface (see the oblong groove marked by
the red arrow in Figure 9B and drawing Figure 9C).
It is unclear to which type these bifurcations
belong. Either these impressions could represent
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FIGURE 7. Close-ups of RTIViewer snapshots of the region ventral to the zeugopodial bones of the right wing on the
main slab, taken under different lighting conditions, but all processed using the specular enhancement mode (except
for 7D and 7G). Scale bar for all illustrations equals 10 mm, except for Figure 7A (1 mm). Markings for various pycno-
fibre types used throughout this figure: red circle illustrating Type 5 (the tuft); red arrows highlighting the main branch
and several side branches of Type 6 (feather-like) as well as the individual path of single pycnofibre impressions at the
lower margin of the main slab (Fig. 7C). For better comparability, the outermost (longest) side branches of the
“feather” are highlighted by red markings (inclusive all terminal bifurcations). 7A. Type 5 pycnofibre. Some impres-
sions suggest a connection between the Type 5 and 6 pycnofibres, but are not consistent in their appearance. 7B.
Schematic drawing of Figure 7A, showing possible connections between the tuft and neighbouring grooves (see red
arrows, although not entirely confirmable by the RTI images). 7C. The accumulation of Type 1 pycnofibres at the edge
of the main slab near the articulation of the first with the second phalanx of the right wing finger (towards the lower
right corner). Red arrows indicate the opposing directions of the impressions. Note in the upper right image corner the
sixth pycnofibre type of Figure 7D-71 (green circle). 7D. Type 6 pycnofibre, dorsal to the articulation of the first with the
second phalanx of the right wing finger (lower right image corner). Some side branches bear even smaller ones (red
parabola-like upside-down markings in Figure 7D, 7E and 7H). 7E. Specular enhancement image of the sixth type. 7F.
Interpretative sketch of 7E, highlighting the similarity with a feather as Goldfu® (1831) previously pointed out. The
extent, length and number of several side branches are difficult to determine. Therefore, the drawing may differ in
some details from the structure visible in the RTI images.7G-7H. The feather-like pycnofibre impression from a greater
distance under normal light (7G) and processed by using the specular enhancement mode (7H). 71. Sketch of Figure
7G and 7H, suggesting no real connection between the Type 5 (tuft) and Type 6 (feather) pycnofibres.
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FIGURE 8. Close-up RTIViewer snapshots of the region ventral to the zeugopodial bones of the right wing on the
counter slab, taken under different lighting conditions, but all processed using the specular enhancement mode
(except for 8A). Scale bar for all illustrations equals 10 mm, except for 8E (1 mm). Markings for various pycnofibre
types used throughout this Figure: the location of aktinofibrils impressions is marked by a red rectangle, the direction
in which pycnofibre impressions point is highlighted by red arrows, the Type 2 pycnofibre is illustrated by a red circle.
8A. The whitish amorphous rock surface with pycnofibres between the zeugopodial bones of the right wing (upper
right corner) and the first two phalanges of the right wing finger (lower left corner). Note first type pycnofibre impres-
sions (red lines). The locality of overlapping impressions is marked by an orange circle in 8A and 8B (although not
well visible in the image). 8B. Idealised sketch of Figure 8A after comparing several RTI images with each other to
better visualise the trend of the decreasing abundance of crossing/ overlapping pycnofibres. Note that a trend of
opposing impression directions seems to exist in this area of the counter slab (see the two red arrows). 8C. Specular
enhancement image depicting the lower image part of 8A encompassing a wider field of vision. Aktinofibrils-like
impressions heading for the lower right edge of the image (red arrows within the orange rectangle). 8D. Sketch of 8C.
8E. Enlarged close-up of the Type 2 pycnofibre. A much smaller terminal bifurcation is indicated (red arrow), suggest-
ing that it might even be another type of bifurcated pycnofibre. 8F. Sketch of 8E, illustrating the smaller terminal bifur-
cation (yellow circle). 8G, 8. The inconsistent appearance of the pycnofibres directly ventral to the articulation of the
metacarpal bones with the phalanges of the right wing finger, taking on interesting shapes depending on the direction
of incident light (red oval in 8G and also indicated in 8H). At some places, the pycnofibre impressions cross each
other at specific angles (marked by two red angles in 8G and 8l). 8H. Sketch of 8G to highlight the oval shape of an
accumulation of impressions.
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two bifurcations of Type 2 pycnofibres next to each
other (due to taphonomy), or they could belong to a
type with a ramification made up of several side
branches similar in appearance to Type 3 (Figure
6D-6F). However, since a definitive assignment is
not possible, this accumulation of impressions is
not counted as a further independent pycnofibre
type.

Under normal light, signs of elongated,
unbranched pycnofibres can also be seen ventral
to the cervical vertebral column on the counter
slab, meaning that they can also be classified as
Type 1. It is notable that these impressions, analo-
gous to the pycnofibres ventral to the zeugopodial
bones of the right wing on the same slab, are also
present on a whitish rock surface. However, the
RTI images cannot confirm the existence of pycno-
fibres in this region, as previously noted by Jager
et al. (2018).

Aktinofibrils of the Aktinopatagium

On both slabs, aktinofibrils are present on the
slightly whitish rock surface close to the first and
second phalanx of the right wing finger, i.e., in the
location of the aktinopatagium in the living animal
(Bennett, 2000; Chatterjee and Templin, 2004;
Kellner et al., 2010; see also Figure 9D and 9E).
The aktinofibril impressions are only clearly
observable with the help of a magnifying glass
when studied under normal light by the naked eye.
On the main slab, the appearance of aktinofibrils
near the phalanges varies from sharply defined
impressions to weaker, barely perceptible ones in
the RTI images (Figure 9E). Also, in the RTI
images showing the main slab, the most easily
detectable aktinofibrils are found on an orange-
brown sediment surface that is probably goethitic
in origin. At the edge of the main slab, this sedi-
ment is limited to the area immediately dorsal to
the phalanges of the right wing finger and a sec-
ond, smaller spot further towards the knee joint of
the right leg (Figure 9D). The arrangement of indi-
vidual aktinofibrils impressions to each other is
also seen outside of the prominent line which,
according to Jager et al. (2018), marks the border
of the former aktinopatagium area (see Jager et al.,
2018). This line is to be found distal from the pha-
langes of the right wing finger and near the two
orange-brown spots described before. The individ-
ual impressions of the aktinofibrils are straight, par-
allel to each other and parallel to subparallel to the
wing finger (Figure 9D-9F).

Unlike the main slab, aktinofibrils on the
counter slab are only visible distal to a prominent
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line that marks the edge of the aktinopatagium
(Figure 8C-8D). Aktinofibrils impressions do not
occur close to the impressions of the first and sec-
ond phalanges of the right wing finger on the
counter slab.

Organics Between the Zeugopodia of Both
Wings

Soft tissue impressions in the triangle formed
by the bones of the zeugopodia are distributed
over two surfaces. One is bounded in the proximal
direction by the elbow joint of the right wing and the
deltopectoral crest of the right humerus. The other
includes the more distal area from the deltopec-
toral crest of the right humerus to the point where
the zeugopodial bones of both wings meet each
other (see the two rectangles in Figure 10A).

On the main slab, several grooves are visible
between the elbow joint and the deltopectoral crest
of the humerus of the right wing. They extend over
the whole sediment surface between the zeugopo-
dial bones and the humerus of the right wing (Fig-
ure 10B-10E). These grooves vary in depth. In the
RTI images, the appearance of the impressions
varies depending on the direction of the incident
light. The parallel organisation of some of the
grooves near the zeugopodial bones is evident,
while others are curved and approach each other
(Figure 10C-10D).

These structures differ from pycnofibre
impressions. They are not curved and lack cross-
ings or intersections with other soft tissue impres-
sions in the way that the pycnofibre impressions
generally do and also lack the overall “hair-like”
appearance of them (including the wavy-like look-
ing pycnofibre impressions, such as the “mane”
dorsal to the dorsal vertebral column, e.g., com-
pare Figures 4C-4E and 5A-5B). Unlike the more
irregular pycnofibre impressions, these structures
are arranged at regular distances to each other,
i.e., the overall appearance does not resemble a
chaotic arrangement with overlapping and crossing
impressions (red lines in Figure 10C-10E). They
are organised in groups of three clusters, i.e.,
accumulations of soft tissue impressions with each
cluster being characterised by having two or three
individual impressions grouped together. Within
each cluster, all individual impressions are oriented
similarly to each other, but the orientation of indi-
vidual impressions between different clusters var-
ies (see line drawings in Figure 11A, 11C, and
11D). One cluster originates from a branch belong-
ing to a central crossing located immediately proxi-
mal to the deltopectoral crest of the humerus, while
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FIGURE 9. Close-ups of RTIViewer snapshots of the region ventral to the cervical vertebral column and at the articu-
lation of the first with the second phalanx of the right wing finger on the main slab, processed without (9A and 9D) and
with the specular enhancement mode (9B and 9E). Scale bar for all illustrations equals 10 mm. Markings for various
pycnofibre types used throughout this Figure: The Type 2 (bifurcated) pycnofibre type is marked by a red rectangle,
orange-brown sediment surfaces on which the aktinofibrils impressions are to be found are illustrated by a red rectan-
gle and a red ellipse. The suggested border of the partly preserved wing membrane after Jager et al. (2018) is also
marked (red transversal line). 9A. The whitish amorphous rock surface ventral to the cervical vertebral column. 9B.
Specular enhancement image of 9A. Frequent occurrence of pycnofibres marked by a red triangle. The pycnofibre
accumulation within the red circle might represent closely spaced neighbouring bifurcated Type 2 pycnofibres (pointed
out by a red arrow). 9C. Interpretative drawing of 9B. 9D. Aktinofibril impressions close to the articulation of the first
with the second phalanx of the right wing finger, especially well preserved within two orange-brown sediment sur-
faces. Also note the presence of aktinofibrils on the surface of the phalanges, visible in 9D as well as in 9E (recognis-
able by a grooved bony surface). 9E. Specular enhancement image of 9D. Aktinofibrils beyond the patagium border
(and therefore laying on the bone surface of the phalanges) indicate their taphonomical displacement. 9F. Interpreta-
tive drawing of 9E demonstrating the spatial arrangement of the aktinofibril impressions. Not shown are the aktinofi-
brils on the bone surface.
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another branch spans the whole area between the
deltopectoral crest of the humerus and the zeugop-
odia of the right wing.

In general, these soft tissues near (i.e., ven-
tral) the deltopectoral crest of the humerus of the
right wing have a much greater diameter compared
to the pycnofibres, i.e., they appear thicker than
the pycnofibre impressions in the RTI images. This
refers above all to a prominent elevation approxi-
mately 11 mm away from the base of the deltopec-
toral crest of the right humerus, i.e., the longer
branch of the central crossing mentioned above
(Figure 11A-11C). The branches of the cross meet
in such a way that they are almost at right angles to
each other (see the cross in Figure 11C and 11D).
Therefore, these structures are likely derived from
some unknown soft tissue types originating from
the former patagium, maybe some sort of a com-
plex (blood) vessel system (see illustration caption
of Figure 11A for a detailed discussion).

Another striking feature are channel-like
grooves on the surface of the zeugopodial bones,
appearing to be real indents that traverse the bone
surface (see Figures 10 and 11). They have clearly
marked margins. These channels are at places
parallel aligned to each other. The appearance of
individual channels varies between straight-lined
but diagonally oriented grooves to grooves with
very distinct, abrupt bends, which lead to a striking
change of their course by 45° compared to their
previous course. Although they present a chaotic
appearance in places, individual grooves are con-
nected by elongated channels, which run in the
direction of the posterior-anterior axis of the zeu-
gopodia. These channel-like grooves on the bone
surface might have resulted from pathways for
immigrating aqueous solutions precipitating iron
minerals, resulting in the reddish-brown colouration
of the bones.

On the counter slab, between the elbow joint
and the deltopectoral crest of the humerus of the
right wing, elongated elevations correspond to the
aforementioned grooves found on the main slab
(see Figure 10). Overlapping of individual eleva-
tions and their relative orientations are more easily
recognisable on the counter slab (Figure 11A, 11C,
11D). The exact nature of these soft tissue struc-
tures on both the main and counter slab remains
speculative, but they could be attributed to tapho-
nomic derivations of a blood vessel layer, as
described for the Rhamphorhynchus specimen
JME SOS 4784 (Tischlinger and Frey, 2002).

Blood vessels are limited to the triangle
between the deltopectoral crest of the humerus of
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the right wing and the intersection point of the
respective zeugopodial bones of both wings (Fig-
ures 10A, 10F, 10G, and 11E-11G). They are elon-
gated, slightly curved structures, arranged
subparallel to each other (Figure 10F). They lack
branches, except for the vessel located furthest
distal to the humerus of the right wing, which has a
bifurcation. However, this bifurcation is only appar-
ent in the RTI images (Figure 10F) and especially
on the counter slab (Figure 11E). The sediment
surface with the blood vessels is interspersed rela-
tively evenly with a high density of small, hole-like,
rounded to elongated depressions on both slabs
(Figures 10C-10D and 11E-11G) with a diameter of
approximately 0.1-0.7 mm. Some of these are also
present proximal to the deltopectoral crest of the
humerus of the right wing. On both slabs, they
occur in a relatively high density (12 individual pits
per cmZ in the region of the main slab illustrated in
Figure 10G).

DISCUSSION
Comparison to the Observations of Goldfu

With RTI, it was possible to verify the main
observations of Goldfu® concerning soft part pres-
ervation in the Scaphognathus crassirostris holo-
type (supporting previous work by Jager et al.,
2018), as well as to recognise several novel integu-
mentary impression types in the specimen (compa-
rable to some forms seen in other pterosaurs; see,
e.g., Wang et al., 2002; Kellner et al., 2010; Yang
et al.,, 2019). In particular, these include complex
pycnofibre impressions ventral to the zeugopodia
of the right wing, here classified as Type 2 (Figures
5A, 5B, and 6G), Type 3 (Figure 6A, 6C- 6F), and
Type 4 impressions (Figure 6B, 6D, and 6E).

Analogous to Jager et al. (2018), the postu-
lates of Goldful® that soft part preservation is pres-
ent in the holotype could thus be verified in almost
all regions. For example, Goldful3 recognised the
“white spot on the back” on the main slab and
wrote of a possible body coverage composed of
hairs or feathers. He compared these pycnofibre
impressions with a “fluffy, upwardly directed mane”
and concluded that the living animal was covered
“not like the reptiles with scales and shields, but
with a fur of soft, almost inch-long hair, perhaps in
some places even with feathers” (Goldfu3, 1831, p.
108 f.: “Der Pterodactylus crassirostris war dem-
nach nicht wie die Reptilien mit Schuppen und
Schildern, sondern mit einem Pelz von weichen,
fast Zoll langen Haaren , vielleicht an manchen
Stellen sogar mit Federn bekleidet.”) The RTI
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FIGURE 10. Close-up RTIViewer snapshots of the region enclosed by the articulation of the humerus with the zeu-
gopodial bones of the right wing and the intersection point of the zeugopodial bones of both wings on the main slab,
taken under different lighting conditions, but all processed using the specular enhancement mode (with the exception
of 10A and 10B). Scale bar for all illustrations equals 10 mm. Markings for various soft part impressions used through-
out this Figure: the longest soft part impression connecting the zeugopodial bones of the right wing with the humerus
of the same wing is marked by a thick transversal red line, the other shorter ones running parallel to subparallel to
each other by thin red lines, channel-like grooves on the bone surface are pointed out by a red rectangle. Dissolved
limestone layer surfaces are pointed out by red rectangles. 10A. Overview over the area with the organic remains
between the zeugopodial bones of both wings. The location of the most pronounced grooves is highlighted (yellow
rectangle) as well as the blood vessels (orange rectangle). Image modified from the .rti file of Jager et al. (2018). 10B.
The impressions in this area do not share a common starting point. Note the parallel to subparallel arrangement of the
shorter soft part impressions. Also, pay attention to the channel-like grooves on the bone surface and the whitish
irregularly-shaped stains of the sediment layer between the zeugopodial bones, probably being the result of aqueous
solutions, which might have occurred during fossilisation, and which might have dissolved the former uppermost sed-
imentary layer. Although speculative, such solutions might have been derived from escaping body fluids in the context
of the taphonomy of the integumentary appendages (see Foth, 2012 for a detailed discussion). 10C-10D. Specular
enhancement images of 10B, taken under different lighting conditions to highlight the parallel arrangement of the soft
part-related impressions and the channel-like grooves on the bones. Note the oblong channel connecting individual
shorter ones (thick green arrow) and especially the zigzag pattern of some shorter channels (brown ellipse in both fig-
ures). 10E. Interpretative drawing of Figure 10C and 10D. 10F. The blood vessels near the intersection point of the
zeugopodial bones of both wings. The subparallel alignment of the vessels (red slightly curved lines in Figure 10F)
might indicate a similarity with the blood vessel system in the Rhamphorhynchus specimen JME SOS 4784 (Tisch-
linger and Frey, 2002; Frey et al., 2003). Note the distinct bifurcation of the rightmost vessel (red circle). Image modi-
fied from the .rti file of Jager et al. (2018). 10G. Detailed close-up of Figure 10F. Small pits (red circles) might be the
result of degradation processes in the context of the decay of the pterosaur carcass, although the exact generic pro-
cess is uncertain.
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images also confirmed Goldful¥’s skilled powers of
observation, since all the different pycnofibre types
mentioned in his publication of 1831 could be veri-
fied. Among the different pycnofibre types
described in this study, the parallels between our
own description and that of Goldfull are most obvi-
ous in the case of Types 1, 5, and 6. In particular,
the description of the fluff’ by Goldful3, in which a
medium elevation (likely meaning a particularly
well-developed side branch) spreads to a greater
extent than the other elevations, brings to mind the
Type 5 tuft (cf. Figure 6H).

However, there are also discrepancies
between our findings and the observations of Gold-
ful. This includes the position of individual soft tis-
sue impressions on both slabs, their
interpretations, and also the presence of soft tissue
types that Goldful did not mention, e.g., the
aktinofibrils (Figure 8D, 8E) or the blood vessels
(Figures 10 and 11). Goldfu also identified some
pycnofibre impression types that were confirmed
by this study, but in different locations than he indi-
cated. A notable example is Type 6, the feather-like
structure (Figure 7D-71), which was observed by
Goldful® at a location near the right wing finger,
where RTI could not detect any soft part preserva-
tion, only rock matrix (compare Goldfuf3, 1831,
plate 8, signature A).

Some structures considered by Goldful? to be
remnants of soft tissues are inorganic formations,
e.g., the reddish-brown stripes dorsal to the cervi-
cal vertebral column on the counter slab. Goldfuf3
also interpreted these striations as remains of
integumentary appendages (Goldfu®, 1831, p.
109). However, these structures are instead disco-
lourations of the rock surface, probably caused by
Liesegang effects, as are known from other Soln-
hofen Formation fossils, e.g., Compsognathus lon-
gipes Wagner, 1859 (Reisdorf and Wuttke, 2012).
Reisdorf and Wuttke (2012) concluded that the Lie-
segang marks in the Compsognathus longipes
specimen BSPG AS | 563 are made up of iron
hydroxide. The reddish colouration of the corre-
sponding structures in the Scaphognathus cras-
sirostris  holotype  suggests an identical
mineralogical composition. Furthermore, Goldful
noted “forward-directed hair tufts” close to the cer-
vical vertebral column on the main slab (Goldful3,
1831, p. 109). With RTI, however, no “tufts” could
be identified in this area.
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Critical Evaluation of RTI for the Use in the
Analysis of Fossils

The RTI method offers some major advan-
tages, but also disadvantages when it comes to the
investigation of details on a sediment surface with
exceptionally low relief, as is the case for this
study. The most important advantages of RTI over
conventional imaging techniques are the improved
visualisation of three-dimensional surface struc-
tures and the consideration of reflective properties
on the surface (Malzbender et al., 2000, 2001).
Therefore, RTI increases the perceptibility of sur-
face structures compared to photographs (Malz-
bender et al., 2001). For this reason, an RTI model
represents a far more realistic representation of
three-dimensional shapes on the surface, which
improves the study of morphological details (Earl et
al.,, 2010; MacDonald, 2011; Cosentino, 2013),
including the perceptibility of surface details not
documentable by a direct physical examination
(MacDonald, 2011). This better visualisation of fine
surface details is due to the lack of data loss
caused by the presence of light and shadows in
traditional imaging (Mudge et al., 2006). A disad-
vantage of RTI, however, is that the mobile high-
light technique used in this study is susceptible to
errors, as the correct arrangement of the light
source cannot be checked virtually (Barbosa et al.,
2007).

Rendering modes like the specular enhance-
ment mode contained in the RTIViewer permitted
the visualisation of the aktinofibrils and other struc-
tures that were not visible to Goldful. Another
advantage of RTl is that the optimal illumination for
the study of soft tissues and their visualisation in
scientific illustrations can be set with little effort
(Jager et al., 2018). In contrast to the RTI method,
regular photographic methods traditionally used in
palaeontology illustrate the optical properties of an
image, such as colour, reflection, or shading, only
on a two-dimensional plane (Hammer et al., 2002).
Unlike RTI, these methods often struggle to high-
light small relief differences on low-relief fossils
(Hammer et al., 2002; Béthoux et al., 2016).

A major disadvantage, however, was the
unstable appearance of the pycnofibres under the
varying directions of the incident light, often making
it difficult to interpret their real appearance. More-
over, many pycnofibres overlap or cross each
other, obscuring the outlines of individual pycnofi-
bres even with RTI. This was the case, for exam-
ple, with the pycnofibres on the counter slab (see
Figure 8G and 8l). Therefore, future studies using
RTI should compare the structures visible in the
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FIGURE 11. Close-up RTIViewer snapshots of the region enclosed by the articulation of the humerus with the zeugop-
odial bones of the right wing and the deltopectoral crest of the humerus on the counter slab, taken under different
lighting conditions, but all processed using the specular enhancement mode (except 11A and 11E). Scale bar for all
illustrations equals 10 mm. Markings for various soft part impressions used throughout this Figure: red lines illustrate
the path of the impressions and their orientation to each other and a red ellipse marks the longest blood vessel. 11A.
The geometrically organised soft parts ventral to the deltopectoral crest of the humerus (uppermost left corner) and
the zeugopodial bones of the right wing (lower margin). Note the distinct crossing of the two thick main branches (red
circle in 11A and 11B). The arrangement of these impressions of a soft tissue type that cannot be determined with
absolute certainty, but very probably once belonging to the Patagium reminds of the arrangement of the main vessels
in the complex vessel system in the Rhamphorhynchus specimen JME SOS 4784 (Tischlinger and Frey, 2002; Frey et
al., 2003). In this specimen, a large main vessel serves as an attachment point for side channels branching off from it
at more or less right angles. 11B. Interpretative drawing of 11A. 11C-11D. Specular enhancement images of Figure
11A under different lighting conditions. The soft part impressions likely representing former patagium vessels appear
either as elevations (11C) or as grooves (11D). The parallel arrangement of some side branches is confirmed under all
lighting conditions, suggesting its interpretation as part of the patagium. 11E. The longest, unbranched and strongly
bifurcated blood vessel (red circle in 11E). 11F-11G. The appearance of the pit-like depressions already shown in Fig-
ure 10 associated with the blood vessels.
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FIGURE 12. Distribution of the different soft tissue types occurring on the main slab of the Scaphognathus crassirostris
holotype IGPB Goldfu® 13044, illustrated in a modified version of Figure 2A. This Figure functions as a guide for the
respective location of the soft part types intensively described in the manuscript and the captions to give an overview
about their spatial distribution and their occurrence on the main slab, supported by the interpretative drawings of the
soft tissues. Pycnofibre Type 2 (smaller red and yellow circles), Type 3 (orange circle), Type 4 (red rectangle), Type 5
(larger red circle), Type 6 (green circle), aktinofibrils (red ellipse), and putative patagium vessels marked by red trans-
verse lines.

RTI images with their corresponding appearance
under normal light. Furthermore, complementary
methods can be used to visualise soft tissue pres-
ervation, e.g., UV (see Jager et al.,, 2018). For
object surfaces with a stronger relief, RTl is rather
unsuitable. In this case, the use of supplementary
methods, such as photogrammetry, can be a good
way to study strongly three-dimensional surfaces.

Unusual Findings

Some extraordinary structures in the holotype
of Scaphognathus crassirostris as well as some
features of the surrounding rock surface require an
additional note. Small pits in the region between
the zeugopodial bones of both wings in the
Scaphognathus crassirostris holotype (Figures
10C-10G and 11D-11G) seem to resemble those of
the Dresden Rhamphorhynchus specimen SNSD-

MMG Bad 2210, which Wiman (1925) and Broili
(1927) regarded as the remains of hair follicles,
later confirmed for other specimens (Wellnhofer,
1975c). However, the pits in the holotype of
Scaphognathus crassirostris are not associated
with small grooves as in the Dresden specimen,
suggesting that they might represent another
organic structure (Broili, 1927; see illustration cap-
tion of Figure 10D and 10G for a detailed discus-
sion). Instead of being organic in origin, there is
also the possibility that these structures may have
been formed taphonomically. In the Dresden
Rhamphorhynchus specimen, these small pits and
their associated fine grooves are not located on the
actual wing membrane (Broili, 1927). This supports
the idea that the corresponding structures in the
Scaphognathus crassirostris holotype are not iden-
tical to the structures described by Broili (1927)
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because, in the Scaphognathus specimen, the pits
are restricted to the area of the former wing mem-
brane. However, according to Wellnhofer (1975c),
pits identical to the Dresden Rhamphorhynchus
specimen are indeed part of the wing membrane in
another Rhamphorhynchus specimen. Therefore,
these small pits were in all probability not limited to
the body alone, making an interpretation of their
former organic composition and nature (i.e., hair
follicles or other organic/inorganic structures) diffi-
cult.

Goldful® (1831, p. 106f.) described the whitish
amorphous rock surface containing pycnofibres
next to the vertebral column (Figures 4A, 5D and
9A) as a “splittable, dissolved rock mass" and “very
thin-slated". A similar preservation may also exist
in  Germanodactylus rhamphastinus (Wagner,
1851) (specimen number MCZ 1886), the holotype
of Pterorhynchus wellnhoferi (CAGS02-1G-gausa-
2/M 608), and the holotype of Jeholopterus ningc-
hengensis (IVPP V12705). For the latter two, this
surface was interpreted as remains of the epider-
mis or dermis (respectively), being closely associ-
ated with other pterosaurian soft tissue parts
(Bennett, 2002; Kellner et al., 2010). Kellner et al.
(2010) assumed that the epidermis or dermis in the
holotype of Jeholopterus ningchengensis (IVPP
V12705) might be preserved as phosphate, which
likely also applies to the holotype of Scaphog-
nathus crassirostris. Because epidermal struc-
tures are made up of keratin (Chatterjee and
Templin, 2004; Schweitzer, 2011; Witton, 2013),
the holotype of Scaphognathus crassirostris could
support the keratinous composition for pycnofibres
argued by Kellner et al. (2010).

Rounded, irregularly shaped, whitish stains
between the zeugopodial bones of both wings (Fig-
ure 10A and 10B) are not identical with the whitish
rock surface associated with the pycnofibres and
are likely inorganic in origin. They might result from
aqueous solutions resulting from the detachment of
the uppermost rock layer (see caption of Figure
10B for discussion).

At least for pterosaurs from the Solnhofen
area, the reddish colour of the bones of the
Scaphognathus crassirostris holotype is rarely
seen (Tischlinger, pers. comm., 2021). The reason
for this colouration is unknown, but it could be
associated with the precipitation of iron-rich miner-
als, which seem to have influenced almost all of
the bone surface of the skeleton (see also Figure
10C).

Another unusual aspect is the line that
extends along the phalanges of the right wing fin-
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ger to the edge of the main and counter slab next
to the aktinofibrils (Figure 9D-9F). It was previously
mentioned by Goldful3 (1831) and interpreted as a
remnant of a fold of the patagium or a muscle.
Later, Wellnhofer (1975b) attributed this line to the
wing membrane. Jager et al. (2018) most recently
interpreted this line as the border of the aktinopata-
gium. Two signs support the interpretation of Gold-
full that the patagium might have been folded in
this area. The maximal distance of the line near the
phalangeal articulation of the right wing finger is
approximately 1.7 cm at the edge of both slabs.
Therefore, the presumed edge of the patagium bor-
dered by this line is narrower than generally
assumed for the width of the wing membrane in
this region (compare Bennett, 2000, figure 1, p.
256). Therefore, this piece of flight membrane
might be derived from a section close to the trailing
edge. Also, the bone surface of the first two pha-
langes is covered by slightly curved and discontin-
uously running elevations with a more or less
parallel arrangement to each other. They cover
most of the bone surface of the first two phalanges
(see Figure 9D and 9E), at some places merging
into each other. Due to their high similarity to the
adjacent aktinofibril impressions, they are likely to
also pertain to these structures.

Aktinofibril impressions on the bone surface
can only be explained by a folding of the patagium
over the phalanges. Bennett (2015) attributed com-
parable grooves in soft tissue impressions to the
folding of the patagium. Thus, the distinctive line in
the Scaphognathus crassirostris holotype might
correspond to those in the famous “Zittel wing,”
BSPG 1880 Il 8 (Bennett, 2015).

Taphonomy

Goldful (1831) linked the formation of the
pycnofibre impressions to the whitish amorphous
rock surface associated with them (Figures 4A, 5D,
and 9A), which is plausible in the context of the
aforementioned preservation of the epidermis or
dermis in this area in Jeholopterus ningchengensis
(IVPP V12705) (Kellner et al., 2010). According to
GoldfuR (1831, p. 107), lime layer deposits
between the folded patagium and the integumen-
tary appendages are said to have made the preser-
vation of these soft tissues possible in the first
place. The decomposition of the pterosaur carcass
is also thought to have contributed to the formation
of the white amorphous rock surfaces.

Due to the presence of the pycnofibre impres-
sions as grooves on the main slab and as corre-
sponding elevations on the counter slab (cf. Figure
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FIGURE 13. Different areas on the main slab as well as on the counter slab sum up the general mode of the soft part
preservation in the Scaphognathus crassirostris holotype IGPB Goldfull 1304b. The impressions on the main slab
(images on the left figure side; 13A, 13C, and 13E) are in accordance with the corresponding elevations of the same
impressions on the counter slab (right images 13B, 13D, and 13F; see for a direct comparison the red arrows). This
illustrates the observation made by Goldful® (1831), who stated that on the main slab, the soft part impressions are to
be seen as grooves, whereas on the counter slab, they are shaped as elevations. This observation led Goldfuf3 (1831,
p. 108) to the conclusion that the pycnofibres must have originally been under the limestone layer of the counter slab.
13A-13B. Pycnofibre impressions and the remains of the wing membrane including the aktinofibrils close to the artic-
ulation of the first with the second phalanx of the right wing finger (putative patagium border marked in both images by
a red transversal line). 13C-13D. The impressions between the deltopectoral crest of the humerus and the zeugopo-
dial bones of the right wing. Note the strong contrast between the deeply embedded grooves on the main slab (13C)
and the clearly perceptible elevations on the counter slab (13D). 13E-13F. Blood vessel impressions. The grooves of
the blood vessels on the main slab trace the exact contour of the corresponding elevations on the counter slab.
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13). Goldful® concluded that the pycnofibres must
have originally been under the limestone layer of
the counter slab (Goldful3, 1831, p. 108). This inter-
pretation can also be applied to the other soft tis-
sue types, i.e., the aktinofibrils and the vessels of
the patagium. In general, Solnhofen Formation fos-
sils are usually characterised by bones and soft tis-
sues laying on the roof slab, whereas the
impression of the fossil is present on the underlying
slab (Viohl, 1994; Tischlinger and Frey, 2002).

Even in exceptionally preserved fossils, it is
not easy to determine which surface features are
derived from biological structures (i.e., those origi-
nally present in the living animal) and which are
due to taphonomical influences. This is due to a
variety of abiotic and biotic parameters influencing
the morphology of the fossil (e.g., ontogeny, phy-
logeny, availability of oxygen, and the sediment in
which burial took place; summarised in Sansom,
2014).

Therefore, the following discussion is split into
two sections. The first focuses on possible tapho-
nomic factors explaining the morphology of the
apparent soft tissue impressions in the Scaphog-
nathus crassirostris holotype. The purpose of this
section is to highlight the importance of taphonomy
and to question the assumption that the morpholo-
gies of the integumentary appendages in the fossil
were the ones already present during the animal’s
lifetime. The second focuses on the biological influ-
ence of the preservation of potential anatomical
structures in explaining the morphology of the pyc-
nofibre types. For each pycnofibre type, we state
which influence (biological vs. taphonomical) we
prefer and why.

Biostratinomial transport could have affected
the appearance of the integumentary structures in
the Scaphognathus crassirostris holotype because
movement of the carcass in the water column is
assumed to be responsible for the disarticulation
and loss of completeness of individual elements
from the rest of the skeleton. Kellner et al. (2010)
argued that pycnofibres were not attached strongly
to the skin and might, therefore, have been lost
and detached from the body easily, resulting in
taphonomically displaced pycnofibre impressions
no longer showing their original organisation and/or
structure. Even before entering the water column,
the lightly built skeletal anatomy of pterosaurs
might have led to a prolonged residence time on
the water surface with pycnofibres saturated in
water, which can result in alteration to the struc-
tures of integumentary appendages (Kundrat,
2004; Foth, 2012; Beardmore et al., 2017). For
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example, as Kundrat (2004) pointed out, only a
short period of water contact can produce an
obscured feather morphology in which anatomical
details fail to get preserved as impressions. How-
ever, the high degree of articulated skeletal ele-
ments and the extensive soft part preservation in
the Scaphognathus crassirostris holotype, com-
bined with the presence of phosphatic preserva-
tion, indicates a fast embedding of the carcass and
a reducing environment (Wilson et al., 2016). This
suggests that the carcass reached the bottom of
the basin relatively undistorted and maybe immedi-
ately after death, though this conclusion should not
exclude possible biostratinomial effects. Indeed,
disturbing transport processes might not have
lasted over an extended period of time, since it has
been suggested that Solnhofen pterosaurs were
strongly bound to their marginal-marine environ-
ment (Beardmore et al., 2017).

Moreover, bacterial mats may have been
responsible for the formation of a protective sar-
cophagus, which might have enclosed the ptero-
saur carcass as a reasonable biological barrier
against destructive taphonomical processes,
favouring soft part preservation by precipitating
biominerals such as calcium carbonate or calcium
phosphate (Briggs and Kear, 1993; Iniesto et al.,
2017). This sarcophagus might have given an
advantage for the generation of impressions and
furthermore acted as a preventive agent against
disarticulation, as suggested by taphonomic exper-
iments with recent anurans conducted by Iniesto et
al. (2017).

However, some biostratinomial transport pro-
cesses must have occurred in this specimen
according to Tischlinger (2003, 2006). At least in
some places, pycnofibres may have been washed
together, potentially resulting in different pycnofibre
types purely by chance, as it may have been the
case for the alleged pycnofibre type of Figure 6D,
E. These deposits of coincidentally arranged
neighbouring integumentary appendages might
simulate larger pycnofibre types that were never
present in the living animal (see Feduccia et al.,
2005). The pycnofibre impressions ventral to the
zeugopodia of the right wing are likely to have
been displaced because their location on the area
of the former wing membrane seems unlikely
according to newer models of the structure of the
patagium (Tischlinger and Frey, 2002; Frey et al.,
2003; Tischlinger, 2003, 2006; Kellner et al., 2010;
Tischlinger and Frey, 2015, figure 917, p. 474).
Therefore, Tischlinger (2003, 2006) assumed that
the pycnofibre impressions close to the right wing



finger could have originated from pycnofibres from
the ventral side of the animal.

It can be assumed that at least some of the
branchings or crossings (especially Type 2, but
also Type 3 pycnofibres) may have been formed
due to taphonomy-related clumping of neighbour-
ing integumentary appendages as a direct conse-
quence of sedimentary compaction (Foth, 2012),
though there is, at least in one case (the Type 3
impression ventral to the zeugopodia of the right
wing), still the possibility of a distinct biological ori-
gin for the impression in question. Potential tapho-
nomic factors to form such pycnofibre types may
include overlapping of simple-shaped, non-
branched integumentary appendages (Feduccia et
al., 2005; Saitta et al., 2019) or the decomposition
of the skin of the pterosaur carcass (Feduccia et
al., 2005), but also objects placed between individ-
ual fibres (Lingham-Soliar, 2003; see p. 41).
Clumping in turn may have resulted in artificial
integumentary impressions sharing similarities with
fossilised plumage known otherwise in the ornitho-
diran fossil record (e.g., Chen et al., 1998; Xu et
al., 2001; Czerkas and Ji, 2002; Kellner et al.,
2010; Godefroit et al., 2014; Yang et al., 2019).
However, the “tuft” of the Scaphognathus cras-
sirostris holotype specimen (Figure 6H) is marked
by a much higher degree of symmetry and organi-
sation, suggesting that it is more likely biological in
origin.

Another possible example of taphonomical
displacement during the biostratinomial phase
might be the area dorsal to the dorsal vertebral col-
umn, for which a distinct change in the orientation
of the pycnofibre tips can be documented (Figure
4). Feduccia et al. (2005) explain the different ori-
entation of integumentary structures with a taphon-
omy-related re-arrangement of pieces (creasing,
folding, overlying) of the skin and its decomposi-
tion.

In addition to the biostratinomy-related factors
already mentioned, there may also be several dia-
genetic factors that might have affected the ptero-
saur carcass and the morphology of the former
integumentary appendages. Diagenetic processes,
such as high temperature and pressure, are essen-
tial factors when considering the preservation of
biological structures (Saitta, 2015; Saitta et al.,
2019). According to Saitta (2015), this diagenetic
maturation can have major impacts on the mor-
phology of integumentary appendages even at
moderately low temperatures, resulting in a loss of
crucial information (e.g., concerning their overall
morphology).
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Although taphonomic studies on ornithodiran
integumentary appendages focus mainly on thero-
pods (including modern-day birds, e.g., Foth, 2012;
Saitta, 2015, Saitta et al., 2018, Saitta et al., 2019,
Schweitzer et al., 2018; Zhao et al., 2020), their
implications may also be applicable to pterosaurs,
because general diagenetic processes such as
compaction should likely have affected the mor-
phology of the integumentary appendages inde-
pendent from the phylogenetic position of the
respective taxa. At the same time, potential limita-
tions for direct comparisons between taphonomi-
cally induced variation in these structures should
be considered, given the phylogenetic distance of
pterosaurs relative to birds and their completely
extinct status (see Sansom, 2014).

As exemplified by Foth (2012), diagenetic fac-
tors such as compaction can influence the shape of
feathers of modern birds so they can no longer be
distinguished from each other, for example due to
compaction-induced overlapping of the plumage.
Such a process could also have been the reason
for the chaotic arrangement of many pycnofibre
impressions in the holotype specimen of Scaphog-
nathus crassirostris, in particular regarding the pyc-
nofibre types ventral to the zeugopodia of the right
wing (compare Figures 4D, 4E, 5A, 5B and 6A and
6C).

Therefore, the arrangement of the integumen-
tary appendages itself as a densely packed plum-
age can complicate morphological interpretations
(Saitta et al., 2019). Exceptionally fine details of
integumentary appendages prone to decay and
maturation-related changes can affect the overall
morphology and, therefore, the morphological
interpretation of the former structures, as sug-
gested for example by Foth (2012), Saitta et al.
(2017), Saitta et al. (2019) and Zhao et al. (2020).
Furthermore, taphonomic experiments conducted
by Saitta (2015) suggest that the degree of fusion
of these anatomically fine details (such as barbs
and barbules in recent bird feathers) might depend
on whether other biostratinomial effects occurred
prior to burial, such as a certain degree of decay. In
sum, these factors should be considered as having
affected at least some regions with integumentary
appendages in the holotype specimen. These
observations have implications for the interpreta-
tion of fossil integumentary appendages. In fact,
the appearance of the integumentary appendages
studied by Foth (2012) was comparable to the
ones found in the fossil record of dinosaurs and
pterosaurs, including the Scaphognathus cras-
sirostris holotype (e.g., Chen et al., 1998; Xu et al.,
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2001; Czerkas and Ji, 2002; Kellner et al., 2010;
Godefroit et al., 2014; Yang et al., 2019; Zhang et
al., 2008).

Furthermore, organic fibre types other than
pycnofibres might have imitated the shape of some
pycnofibre types described here. This refers above
all to the aktinofibrils since it is not always easy to
discriminate them from pycnofibres (Unwin and
Martill, 2020). For example, fossilised and decom-
posed integumentary fibres may look quite similar
in shape to pycnofibres and may have a variable
organisation in the fossil record (cf. Lingham-
Soliar, 2015, figure 6.1, p. 265). Morphologically,
they can show great parallels to some of the pyc-
nofibre impressions in the holotype, e.g., the sec-
ond and sixth type (Figure 5A and 5B). According
to Lingham-Soliar (2003), bifurcated structures
such as Type 2 pycnofibres (Figures 5A-5B, 6G)
could also be traced back to objects placed
between individual integumentary fibres. These
objects may have altered the appearance of the
integumentary fibres before fossilisation, poten-
tially leading to forked or feather-like structures (cf.
Lingham-Soliar, 2003, figure 2a, p. 6) and superim-
posed fibres with different diameters might have
resulted in feather-like impressions (cf. also Ling-
ham-Soliar, 2003, figure 2b, p. 6).

Thence, it is important to emphasise that the
shape of the pycnofibre impressions in the fossil
record does not necessarily have to reflect the
appearance of the integumentary appendages
during the animal’s lifetime. For that reason, most
of the types described in this study should be
treated with caution and not viewed as direct evi-
dence for preserved anatomical structures, but
more as the result of the combined influence of
anatomical structures and taphonomical patterns.

However, there is the possibility that there are
some regions on the main and counter slab where
a biological signal is present. Saitta (2015) and
Saitta et al. (2018) pointed out that interpretations
of the integumentary appendages seen in the fossil
record, especially in non-avian theropod dinosaurs
(e.g., Chen et al., 1998; Xu et al., 2001; Zhang et
al.,, 2008), might include structures with a partly
preserved original integumental morphology.
Referring to the Scaphognathus crassirostris holo-
type, the appearance of the two most complex pyc-
nofibre types, i.e., the fifth and sixth one, might at
least partly reflect the initial morphology they had
prior to burial and diagenesis. Although the individ-
ual physicochemical parameters of the sedimen-
tary environments of fossil deposits with
exceptional fossil feather preservation were not
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accurately simulated, Saitta et al. (2018) empha-
sise the applicability of their experimentally gained
results to the fossil record of Fossillagerstatten,
which are hypothesised to be derived from low-
energy aquatic sedimentary milieus (which is the
case for the Solnhofen sedimentary basins).
According to Saitta et al. (2018), even the perma-
nent contact with water (in the case of submerged
integumentary appendages) should not result in
the clumping of anatomical feather traits leading to
a loss of the finer morphological details, contra
Foth (2012), making it possible that individual side
branches in the holotype specimen might be pre-
served and are still describable.

Also, the early-compacted sediment surround-
ing the integumentary covering should act as a fix-
ative for the position of individual integumentary
structures (Saitta et al., 2018), arguing in the case
of the Scaphognathus crassirostris specimen that
especially in places where the pycnofibres were in
close vicinity to the skeleton (e.g., dorsal to the
dorsal vertebral column (see Figures 4 and 5), they
might not be greatly displaced by early diagenetic
processes like compaction. However, these con-
clusions should be treated with caution since at
least in one place (ventral to the zeugopodia of the
right wing), there is evidence for the taphonomical
displacement of the pycnofibres.

However, the high degree of symmetry
regarding the organisation of individual side
branches makes it reasonable to assume that the
more complex types, such as the Type 3 (Figure
6C-6E) or Type 5 (Figure 6H), are not (only) due to
taphonomic factors, e.g., compaction or current
activity in the Solnhofen sedimentary basin (see
Saitta et al., 2019). For example, the three side
branches of the Type 3 pycnofibre have approxi-
mately the same length and are almost symmetri-
cally organised to each other (Figure 6F). And in
the case of the Type 5 pycnofibre, there is an even
increase in the length of the side branches from the
outermost parts of the tuft towards the middle, diffi-
cult to explain by a coincidental taphonomically
influenced arrangement of several individual pyc-
nofibores washed together. In addition, the side
branches of the tuft also have nearly the same dis-
tance to each other, which supports the view that in
individual cases there is a well-founded suspicion
of possible biological structures preserved in the
holotype specimen. The assumption of an at least
partly biologically influenced soft part preservation
seems more likely because of reports on similar
structures in other pterosaurs of varying taxonomic
affinity and from other localities representing differ-



ent palaeoenvironmental, and therefore, tapho-
nomical, settings (e.g., Yang et al., 2019). A tuft-
like structure comparable to Type 5 in the Scapho-
gnathus crassirostris holotype might also be pres-
ent in the holotype of Pterorhynchus wellnhoferi
(Czerkas and Ji, 2002).

It is plausible to assume that several different
types of integumentary appendages were present
on the body surface of pterosaurs, including simple
monofilaments (comparable to Type 1), branched
structures (Type 2), and tufts (Type 5), an assump-
tion to which the studied holotype may contribute
further evidence (see Benton et al., 2019). As Yang
et al. (2020) pointed out, modern-day birds are
characterised by distinct interspecific variation
when it comes to feather morphologies and even a
striking difference between closely related taxa
concerning the existence or non-existence of these
feather morphologies, so comparable variation in
pterosaurs should not be considered unlikely.

Comparison with Other Pterosaur Finds

Pycnofibres. Due to the preservation of the soft
parts as impressions, there is only a limited amount
of information and therefore comparability with
other pterosaurs, especially with regard to the
complex interplay between different taphonomical
factors affecting the appearance of the integumen-
tary appendages. Hence, the focus of comparisons
is on the observed preservational patterns, i.e., the
pycnofibre types, in other pterosaurs relative to the
Scaphognathus crassirostris. In general, these
comparisons add new information to the compara-
bility of pterosaurian soft part preservation, but in
particular to some detailed considerations, such as
that of Tischlinger (2003, 2006) concerning the
detailed comparison between the preserved integ-
umentary appendages of Pterorhynchus welln-
hoferi and the Scaphognathus crassirostris
holotype specimen. These comparisons are not
claimed to be complete or to provide unequivocal
evidence for the existence of certain anatomical
traits, especially in the Scaphognathus crassiros-
tris holotype. Another problem in the Scaphog-
nathus crassirostris holotype that should not be
neglected is the very limited, often only singular
occurrence of certain types as in the case of the
tuft (type 5) or the feather (type 6), so that no reli-
able statements can be made about the former
occurrence (including their spatial distribution) of
certain pycnofibre types, which also limits the
detailed comparison (above all in terms of their
respective frequency) of similar pycnofibre types
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occurring in our specimen and others (see Figure
12).

The observed soft tissues and associated
structures are in accordance with those of other
pterosaurs from the Solnhofen Formation (e.g.,
Broili, 1927; Frey and Martill, 1998; Tischlinger and
Frey, 2002; Frey et al., 2003; Tischlinger and Frey,
2015). This is especially true for the pycnofibres.
For example, several specimens of the genus
Rhamphorhynchus show clear signs of an exten-
sive pycnofibre coverage, including the Dresden
specimen SNSD-MMG BaJ 2210 described by
Wanderer (1908). That specimen shows an associ-
ation of tiny pit-like holes with fine grooves of short
length, particularly in the triangle formed by the
humerus and the zeugopodial bones of the right
wing. Broili (1927) assumed that these holes could
be interpreted as the remains of hair follicles. Cor-
responding structures might also exist in the
Scaphognathus crassirostris holotype in the same
region (Figures 10C, 10D, 10G, and 11E- 11G; see
subchapter 4.3; unusual findings), but with a
slightly different appearance of the tiny pits com-
pared to the Dresden specimen (see above).

Following the description of Broili (1927), the
putative pycnofibre impressions of the Dresden
Rhamphorhynchus specimen resemble the ones of
the Scaphognathus crassirostris holotype: curved,
with recognisable overlaps as well as a different
orientation relative to the vertebral column and
depending on the body region (Figure 4C-4E).
Such hair-like pycnofibres are also known from
several pterodactyloids from the Solnhofen Forma-
tion, indicating pycnofibres of variable length and
spatial arrangement, e.g., in tufts (e.g., Frey and
Martill, 1998; Vidovic and Martill, 2014). In particu-
lar, the pycnofibres of Pterodactylus micronyx
(Aurorazhdarcho micronyx sensu Bennett, 2013;
specimen ELTE V 256) have a surprising similarity
with the Type 1 impressions dorsal to the dorsal
vertebral column in the Scaphognathus crassiros-
tris holotype (see Tischlinger and Frey, 2015, figure
913, p. 473; see also Figure 4C). Tufts and
unbranched, simple impressions likely resembling
Type 1 and Type 5 are also known from the holo-
type of Jeholopterus ningchengensis (IVPP
V12705; Figures 6H, 7C) and from other ptero-
saurs from the northeastern Chinese Tiaojishan
Formation and the Solnhofen Formation, e.g., Pter-
orhynchus wellnhoferi Czerkas and Ji, 2002, Ptero-
dactylus kochi (Wagner, 1837), and various
Chinese anurognathids (Frey and Martill, 1998;
Czerkas and Ji, 2002; Wang et al., 2002; Kellner et
al., 2010; Yang et al., 2019). Czerkas and Ji (2002,
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p. 4), for example, mention that in Pterorhynchus
wellnhoferi “individual filaments appear to spread
from a single follicle” and their point of origin can
be described as a short basis, similar to Type 5 in
the Scaphognathus crassirostris holotype (Figure
6H). Whereas Type 1 and Type 5 pycnofibre
impressions found in the Scaphognathus cras-
sirostris holotype might be applicable to other
pterosaur finds, others might be either much less
distributed among other pterosaur taxa or were not
present in the living animal at all. First and fore-
most, this refers to the bifurcated Type 2, the tri-
dent-shaped Type 3, and Type 4 with side
branches only observable at one side of the main
branch. Although even more complex-branched
types have been described in other pterosaurs
(see Yang et al., 2019), none of those described for
anurognathids perfectly accords with the pycnofi-
bre types observed using RTI in the Scaphog-
nathus crassirostris holotype. Even with regard to
the most complex pycnofibre Type 6 (the feather-
like pycnofibre impression), there seems to be a
corresponding structure in the Pterorhynchus well-
nhoferi holotype, which, according to Tischlinger
(2003, 2006), bears a striking similarity with an
ostrich feather (a term also used by Goldful} to
describe a feather-like structure in the Scaphog-
nathus crassirostris holotype).

Aktinofibrils and presumed wing membrane of
the aktinopatagium. The aktinofibrils were not
mentioned by Goldfu (1831) in his original
description. This is most likely due to their low visi-
bility when observed with the naked eye.

The few aktinofibril impressions neither allow
reliable conclusions about their former density in
the aktinopatagium nor their organic composition.
Although UV imaging increases their visibility
(Jager et al., 2018; Figures 8D-8E), it is not possi-
ble to determine the former composition of organic
material based on UV images (Lingham-Soliar,
2015). The preserved aktinofibril impressions sug-
gest no radiating pattern, as is known from other
pterosaurs from the Solnhofen Formation, e.g., the
Zittel wing (BSPG 1880 Il 8; see Bennett, 2000,
2015; Tischlinger and Frey, 2002; Kellner et al.,
2010). Instead, the few aktinofibril impressions pre-
served indicate a closely spaced and almost paral-
lel arrangement (see Figure 9E-9F). Furthermore,
there is no evidence for the presence of several
aktinofibril layers with different orientations to each
other, as is known from the holotype of Jehol-
opterus ningchengensis (IVPP V12705; Kellner et
al., 2010). The appearance of the impressions
does not preclude the assumption that aktinofibrils
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were made up of a relatively resistant material
such as Kkeratin, as hypothesised by several
authors (Padian and Rayner, 1993a, 1993b; Ben-
nett, 2000; Tischlinger and Frey, 2002; Chatterjee
and Templin, 2004; Witton, 2013; Bennett, 2015).

Despite their supposed small diameter of only
0.05-0.2 mm (Wellnhofer, 1975¢; Padian and Ray-
ner, 1993a; Bennett, 2015; Hone et al., 2015),
aktinofibrils left fine but clear impressions. More-
over, they are the only remains of the aktinopata-
gium that resisted decay long enough to produce
clear impressions, suggesting that they were
among the last organic components of the wing to
be decayed, probably related to their keratinous
composition (Bennett, 2015). The fact that there is
evidence (including the completeness of the bones
forming the leading edge of the wing as well as the
preservation of the actual membrane itself) that the
patagium as a whole was resistant to decay
(Beardmore et al., 2017) suggests the same for its
component structures.

However, such parallel-running, exceptionally
fine and longitudinal impressions observed in the
Scaphognathus crassirostris holotype (compare
Figure 9D-9E) also show a certain similarity with
non-pterosaurian Mesozoic marine reptiles, i.e.,
ichthyosaurs (Lingham-Soliar, 1999, fig. 2; Ling-
ham-Soliar and Plodowski, 2007, fig. 2h) and
mosasaurs (compare Lindgren et al., 2010, fig. 6c¢;
Lindgren et al., 2011, fig. 1b; Lindgren et al., 2013,
fig. 3d), in which these soft tissue traces are
derived from collagenous connective and dermal
tissues. For this reason, the holotype does not pro-
vide unambiguous evidence for the former organic
composition of the aktinofibrils as keratinous. If the
sharply defined line along the phalanges of the
right wing finger is interpreted as part of the akti-
nopatagium (Jager et al.,, 2018), the aktinofibrils
found outside of this line must have been trans-
ported taphonomically, maybe during the decay
stage of the pterosaur wing membrane. Diagenetic
influence on the position of the aktinofibrils has
also been considered for other Solnhofen ptero-
saurs (e.g., Tischlinger and Frey, 2002).

The patagium section containing the aktinofi-
brils impressions may not have belonged to the
trailing edge of the wing membrane due to the lack
of intercalations (cf. Figure 8E). In this area, the
aktinofibrils normally show intercalations with each
other (Wellnhofer, 1991; Bennett, 2015), i.e., an
insertion of an aktinofibril within the space formed
by two adjacent aktinofibrils. The absence of inter-
calating aktinofibrils is also evidence for why this
section must have been located at a greater dis-



tance from the trailing edge of the wing (Welln-
hofer, 1987; Bennett, 2000; Tischlinger and Frey,
2002; Frey et al., 2003; Chatterjee and Templin,
2004; Kellner et al., 2010; Witton, 2013; Bennett,
2015; Hone et al., 2015).

However, it cannot be completely excluded
that the patagium was folded after the death of the
animal, making it difficult to speculate about the
exact position of the wing membrane section. Sug-
gested by the comparison with other pterosaur
finds, e.g., the Zittel wing (cf. Wellnhofer, 1987, fig-
ure 3, p. 156, Wellnhofer, 1991, p. 152; Padian and
Rayner, 1993a, figure 4E, p. 113), the parallel
arrangement of the aktinofibrils with respect to the
phalanges of the right wing finger leads to the con-
clusion that this section of the wing membrane
already must have been located near the wing fin-
ger in the living animal.

Blood vessels and suspected wing membrane
of the tenopatagium. The blood vessels distal to
the deltopectoral crest of the humerus (see Figure
10F-10G) can only partly be compared with the
complex vessel system in the Rhamphorhynchus
specimen JME SOS 4784 described by Tischlinger
and Frey (2002) and Frey et al. (2003). Due to their
arrangement at regular distances to each other
and their moderate curvature, the blood vessels in
the holotype specimen might be comparable to the
main branches forking from the most prominent
vessel in JME SOS 4784 (illustration caption of
Figures 10F and 11A). In JME SOS 4784, these
tubes are said to show a bifurcation in the direction
of the trailing edge of the brachiopatagium (Frey et
al., 2003). The distal ends of the tubes are them-
selves connected with arc-shaped tubes and have
medially and laterally originating smaller bifurca-
tions. If the vessels in the Scaphognathus cras-
sirostris holotype are identical to those described
by Frey et al. (2003), then the preservation of the
former ventral blood vessel layer supposed to have
existed according to newer models of the pterosaur
wing (e.g., Tischlinger and Frey, 2002) would be
very modest. An interesting difference between this
specimen and JME SOS 4784 is the prominent
bifurcation of the rightmost vessel, resembling an
inverted “Y” (Figure 10). However, the most promi-
nent vessel and the smaller bifurcations originating
from the main side branches described in JME
SOS 4784 cannot be detected in the area distal to
the deltopectoral crest of the humerus in the
Scaphognathus crassirostris holotype. However,
the thickest blood vessel in Figure 10F and 10G is
similar in diameter to the main vessel in JME SOS
4784. If recent models of the structure of the pata-
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gium are correct, these blood vessels would be
part of the ventral side of the multi-layered wing
membrane (Tischlinger and Frey, 2002; Frey et al.,
2003; Bennett, 2015; Tokita, 2015).

Small pits directly associated with the blood
vessels might be the result of degradation pro-
cesses in the context of the taphonomy of the
pterosaur carcass (Figure 10F) or might be linked
with the pycnofibres and their preservation. Com-
parable structures might be present in some speci-
mens of the genus Rhamphorhynchus, including
the Dresden specimen SNSD-MMG BaJ 2210,
where these pits show an irregular distribution
comparable to the Scaphognathus crassirostris
holotype (Broili, 1927). However, the specular
enhancement images cannot confirm the existence
of fine grooves between the pits in the Scaphog-
nathus crassirostris holotype, which are present in
SNSD-MMG Bad 2210. In this Rhamphorhynchus
specimen, these fine grooves were assumed to
have been derived from original organic structures
due to their association with these pits (Broili,
1927).

Due to their limited occurrence in the area of
the former patagium (compare Figures 10A-10D
and 11A-11D), it is highly probable that the grooves
proximal to the deltopectoral crest of the humerus
of the right wing are either the remains of the wing
membrane or are their taphonomic products. Their
variable length, visibility, and orientation indicate
that they might represent another vessel type but
may not be blood vessels like the ones distal to the
deltopectoral crest of the humerus. They do not
have the same moderate curvature as the blood
vessels, nor do they have bifurcations in the same
manner as them. Moreover, they are characterised
by a distinct length difference between the longest
main groove and the other half-sized grooves,
which are only roughly half the length of the main
groove (compare red markings in Figure 10B-10D).
Such a distinct length difference is not present in
the blood vessels distal to the deltopectoral crest of
the humerus or for the main branches forking from
the most prominent vessel in JME SOS 4784 (the
tubular structures with a brighter central canal in
JME SOS 4784). However, it is possible that the
most prominent, i.e., the longest groove proximal
to the deltopectoral crest of the humerus might be
the counterpart of the tubular structures described
in JME SOS 4784. Besides, the vessels in the
Scaphognathus crassirostris holotype proximal to
the deltopectoral crest of the humerus share the
same parallel arrangement with the thinner tubes
branching off at regular distances from the main
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vessel as described for JME SOS 4784 (Tisch-
linger and Frey, 2002; Frey et al., 2003). Therefore,
it cannot be ruled out that both structures—proximal
and distal to the deltopectoral crest of the humerus
—represent blood vessels, and that their mode of
preservation might be different between the two
regions. Apart from the blood vessel layer, none of
the other tissue layers (i.e., the fibre and fascia
layer) described for JME SOS 4784 bears similarity
with the soft tissues near the deltopectoral crest in
the Scaphognathus crassirostris holotype (Tisch-
linger and Frey, 2002; Frey et al., 2003). Despite
Jager et al. (2018) having interpreted them as pyc-
nofibres, the organisation of these putative vessels
also compares well with the vessel system of JME
SOS 4784, suggesting that they are true remains
of the patagium and not those of the body cover-
age. No aktinofibrils are present in the entire area
between the zeugopodia of both wings. This sup-
ports the hypothesis that this section of the former
wing membrane may have belonged to the tenopa-
tagium (cf. Unwin and Bakhurina, 1994; Bennett,
2000, figure 1, p. 256; Kellner et al., 2010; Witton,
2013).

CONCLUSIONS

The publication of Georg August Goldfu from
1831 contained the first life reconstruction of an
extinct vertebrate to be based on a detailed scien-
tific description, including soft part impressions and
their interpretation as body coverage in the holo-
type of the Late Jurassic pterosaur Scaphognathus
crassirostris.

With the help of an optical imaging technique
called reflectance transformation imaging (RTI), six
different and partly undescribed pycnofibre types
could be detected: unbranched (1), bifurcations (2),
trident-shaped (3), a type similar to the first one but
with side branches pointing caudally (4), tuft (5),
and feather-like (6). These and similar findings
from other pterosaurs from the Solnhofen Forma-
tion and from the northeastern Chinese Tiaojishan

Formation support the postulate of a body cover-
age in pterosaurs composed of several pycnofibre
types, (e.g., Frey and Martill, 1998; Yang et al.,
2019). Discrepancies with the observations of
Goldfull are mainly in the position of individual soft
part impressions and their interpretation, but also in
soft part types not described by Goldfu}, e.g., the
aktinofibrils of the aktinopatagium (Jager et al.,
2018). Both aktinofibrils and blood vessels demon-
strate the existence of at least two different layers
in the patagium (Tischlinger and Frey, 2002; Frey
et al.,, 2003). However, the exact location of the
wing membrane section and the comparability of
the vessels with other pterosaurian finds coming
from the Solnhofen Formation is difficult to deter-
mine.

However, the similarity of some pycnofibre
types, particularly with respect to Type 1, with com-
parable structures described in the context of the
preservation of other biological fibre types in taxa
unrelated to pterosaurs, e.g., ichthyosaurs, might
also suggest an important influence of the Soln-
hofen basin taphonomy on the pterosaur carcass
(Lingham-Soliar, 2003; Tischlinger, 2003, 2006;
Foth, 2012). Nevertheless, other pycnofibre types,
such as Types 5 and 6, resemble the description of
comparable structures in other pterosaur speci-
mens to such a high degree (e.g., Czerkas and Ji,
2002) that they might indicate a widespread occur-
rence of specific pycnofibre types in pterosaurs of
varying taxonomic affinity and from different palae-
oenvironmental settings.
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