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6.1 Introduction

The discoveries of numerous theropod dinosaurs
from the Upper Jurassic and Lower Cretaceous of
China preserved with filamentous integumentary
structures in various stages of morphological
complexity provided new insights into the early
evolution of feathers. These findings indicated
that ancestral feathers were filamentous and did
not originate in relation to flight, but for other
purposes (Prum and Brush 2002; Norell and Xu
2005; Xu and Guo 2009; Foth et al. 2014; Xu

et al. 2014). The feathers from these localities are
usually preserved as black, carbonized traces
related to melanosome preservation (Li et al.
2010, 2012, 2014; Zhang et al. 2010), which for
the first time allowed conclusions about ancestral
colour patterns in extinct animals (see Vinther
et al. 2008).

In the last decade, two early juvenile theropod
dinosaurs from the Upper Jurassic limestones of
Bavaria (Germany) were described, Juravenator
starki (Göhlich and Chiappe 2006) and
Sciurumimus albersdoerferi (Rauhut et al.
2012), both of which were preserved with large
traces of soft tissue remains, including skin and
feathers (Fig. 6.1). In contrast to the feathered
theropods from China, the integumentary
structures of both theropods were preserved in
the form of apatite (see Frey and Martill 1998;
Viohl and Zapp 2006; see below), resulting in a
strong autofluorescence signal under UV light
with respect to the surrounding matrix. In the
present study, the integumentary soft tissues of
J. starki and S. albersdoerferi are investigated
with the help of autofluorescence techniques
using two different wavelengths (UVA and
cyan) and different light filter adjustments. This
approach allows corroborating morphological
observation on soft tissues due to different
reactions on light colours and filter adjustments.
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These results in turn are used for taphonomic
revision of the preservation of the integumentary
structures. Finally, the morphology of the
integuments of J. starki and S. albersdoerferi is
compared with that of other feathered theropods
and, after a short discussion on the phylogenetic
position of J. starki, integrated into a
phylogenetic-based overview of early feather
evolution in theropods.

6.2 General Comments on Soft
Tissue Preservation
in Plattenkalks of Painten
and Schamhaupten

The Upper Jurassic well bedded to laminated
lithographic limestones of the southern
Franconian Alb (the often so-called Solnhofener
Plattenkalks or plattenkalks of the Solnhofen
Archipelago) have a great potential for soft tissue
(e.g. integuments, inner organs and muscles)
preservation, including impressions (Wellnhofer
2009; Foth et al. 2014), melanosome preservation
(Tischlinger 1998; Carney et al. 2012) and apatite
preservation (Frey and Martill 1998; Briggs 2003;

Viohl and Zapp 2006), which differ in their chem-
ical compounds, respectively. The feather
impressions of various Archaeopteryx
lithographica specimens, for instance, are cov-
ered by a thin layer rich in phosphorus and sul-
phur, which might be organic in origin
(Bergmann et al. 2010). The isolated
A. lithographica feather, which is preserved in
the form of melanosomes, is rich in copper, nickel
and sulphur (Carney et al. 2012; Manning et al.
2013), whereas apatite preservation is, unsurpris-
ingly, rich in calcium and phosphorus (Briggs and
Kear 1994; Briggs and Wilby 1996; Briggs
2003). These different chemical compounds lead
to different fluorescent characteristics, inasmuch
as apatite shows a strong luminous signal under
certain wavelengths such as UV light or cyan
light (autofluorescence), while the melanosomes
and organic cover of the impressions appear to be
darker than the surrounding matrix (Frey and
Martill 1998; Tischlinger and Frey 2002;
Tischlinger and Unwin 2004; Tischlinger 2005,
2009).

Based on the strong luminescence under UV
light (see Göhlich and Chiappe 2006; Göhlich
et al. 2006; Chiappe and Göhlich 2010; Rauhut

Fig. 6.1 Overview of both juvenile theropods under UV light. (a) Juravenator starki. (b) Sciurumimus albersdoerferi.
Areas with fossilized integument structures are marked by dotted circles. Scale bar 5 cm
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et al. 2012), the soft tissues of both Sciurumimus
albersdoerferi and Juravenator starki are mainly
preserved in the form of apatite, although Göhlich
and Chiappe additionally reported tubercle scales
and ventral fibres in the proximal tail region of
J. starki, which are preserved as visible marks
(see below), and in S. albersdoerferi, parts of
the filaments can be traced as impressions under
low-angle light (Rauhut et al. 2012: Fig. S1).
According to Briggs and Kear (1994), apatite
mineralization occurs mainly under anoxic
conditions when the pH drops between 6 and
7, inducing the precipitation of calcium phos-
phate in the system. This, however, requires a
high concentration of phosphate from the very
first, which can, for example, originate from the
organism itself due to decay of organic matter and
dissolution of biogenic apatite or from external
sources like microbial mats, in which bacteria can
induce apatite precipitation (Hirschler et al. 1990;
Briggs et al. 1993; Wilby et al. 1996). These
experimental results are consistent with the sup-
posed deposition process for the bindstones of the
Painten and Schamhaupten localities, which were
both formed under hypersaline and anoxic
conditions by microbial mats (predominantly by
cyanobacteria) (Link and Fürsich 2001; Viohl and
Zapp 2006, 2007). Besides, the Schamhaupten
bindstones are strongly silicified due to a higher
abundance of representatives of Radiolaria and
Silicispongia (Viohl and Zapp 2006, 2007). The
almost complete and articulated preservation of
J. starki and S. albersdoerferi indicates that both
specimens sank to the sea bottom rapidly after
death and did not float for a longer period in open
water (see Reisdorf and Wuttke 2012). Thus, the
anoxic conditions at the bottom and the over-
growth by microbial mats prevented further
decay and finally induced soft tissue mineraliza-
tion (Hirschler et al. 1990; Briggs and Kears
1993; Wilby et al. 1996). However, in contrast
to bone, the main compounds of integumentary
structures (i.e. keratin, collagen and colour
pigments) are not very rich in phosphorus (Kühn
1974; Murayama et al. 1986; Schweitzer et al.
1999a; McGraw 2003), while various examples

of fossilized integumentary structures show a
strong phosphate signal (e.g. Schweitzer et al.
1999a; Tischlinger and Unwin 2004; Benton
et al. 2008; Bergmann et al. 2010; Tischlinger
and Rauhut 2015). This fact may favour a pre-
dominant external source of phosphate for apatite
formation in the soft tissues of J. starki and
S. albersdoerferi. On the other hand, integumen-
tary structures often work as toxin storage organs
(e.g. Reichholf 1996; Metcheva et al. 2006;
Dumbacher et al. 2009), accumulating various
biogenic and toxic elements, including phospho-
rus (Marlow and Caldwell 1934; Kelsall and
Calaprice 1972; Liu et al. 2006; Metcheva et al.
2006), so that apatite formation still can partly
source from the specimen itself.

6.3 Material and Methods

6.3.1 Taxon Sampling

The holotypes of Sciurumimus albersdoerferi
(BMMS BK 11) and Juravenator starki (JME
Sch 200) represent both early juvenile theropod
dinosaurs from the Torleite Formation (upper
Kimmeridgian) of the Jurassic limestones of
Bavaria (see Niebuhr and Pürner 2014), in
which J. starki was found in strongly silicified,
laminated bindstones (a type of autochthonous
limestone; see Embry and Klovan 1971) located
in the Schamhaupten area (Göhlich et al. 2006;
Viohl and Zapp 2006, 2007; Chiappe and Göhlich
2010; Viohl 2015a, b), while S. albersdoerferi
comes from the thin-bedded micritic bindstones
of the Painten area (Rauhut et al. 2012;
Albersdörfer and Häckel 2015; Viohl 2015a).

Although both specimens resemble each other
in general features and body proportions, it could
be demonstrated that J. starki and S. albersdoerferi
are taxonomically distinct from each other at the
species level (Rauhut et al. 2012). In a phyloge-
netic assessment, S. albersdoerferi was found
close to the base of tetanurans, most likely
representing a juvenile megalosauroid (Rauhut
et al. 2012). In contrast, J. starki was originally
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described as a basal coelurosaur (Göhlich and
Chiappe 2006; Chiappe and Göhlich 2010),
which was supported by several phylogenetic
analyses (e.g. Butler and Upchurch 2007; Rauhut
et al. 2012; Loewen et al. 2013; Brusatte et al.
2014; Choiniere et al. 2014). However, Rauhut
et al. (2012) already argued that this phylogenetic
position may result from the early juvenile stage of
J. starki (see discussion).

6.3.2 Autofluorescence Methods

During the past 15 years, frequent investigations
under ultraviolet (UV) and cyan radiation have
shown that fossils from the Upper Jurassic
limestones of southern Germany are often
autofluorescent (e.g. Tischlinger 2002, 2005;
Tischlinger and Unwin 2004; Haug et al. 2009,
2011a, b; Haug and Haug 2011; Frey and
Tischlinger 2012; Tischlinger and Arratia 2013),
i.e. the objects emit light in a longer certain wave-
length after they were exposed to more energetic
light. Due to an increased contrast between struc-
ture and matrix, this characteristic allows a more
precise investigation of morphological details of
both hard and mineralized soft tissues, including
delicate structures that are poorly or not discern-
ible in visible light. Thus, this technique can be
used to establish compressed morphological
structures more clearly and to differentiate them
from each other, but also from cracks, preparation
artefacts and the underlying matrix.

The UV investigations of Juravenator starki
and Sciurumimus albersdoerferi were done with
the help of powerful UVA lamps with intensities
between 4000 and more than 50,000 μW per
10 mm2 and a wavelength of 365–366 nm.
Because sometimes essential details of morpho-
logical structures are poorly or even not visible to
the naked eye or under a microscope, they can
still be documented with the help of UV light
photography, using different filter techniques for
the camera, which allow a selective visualization

of peculiar fine structures. In most cases, a variety
of different colour-correction filters are necessary,
because each type of limestone, but also
fossilized hard and soft tissues, reacts differently
to different wavelengths. Thus, the right combi-
nation of filters and exposure times (1 second
to several minutes) is needed to highlight the
area of interest, depending on the nature of the
fossil material and the magnification, intensity
and incident angle of the UV lamps. In conse-
quence, the optimum filtering and exposure time
must be tested in a series of experiments
(Tischlinger 2002; Frey and Tischlinger 2012).
The UV photos were taken with analogue
cameras (Pentax ME and MX) on slide film
(Kodak Professional Elite Chrome ISO 100/21�

and Kodak Elite Chrome Extra Colour 100) and
with diverse digital cameras (Panasonic Lumix)
partly in combination with a Raynox M-250
macro lens.

As stated above, we used a second
autofluorescence method (cyan-red) for corrobo-
ration of the morphological observations on the
integumentary structures. The investigation with
cyan-red fluorescence was performed with a
Canon EOS Rebel T3i camera and a Canon
Macro Photo Lens MP-E 65 mm, in which the
camera lens was equipped with a red filter foil
taken from cyan-red stereo spectacles. The com-
plementary cyan filter foil was attached to the
light sources (three LED torches). After the
objects of interest were excited by the cyan
light, only the emitted light was able to pass
through the complementary red filter, while light
with other wavelengths was mostly blocked
(Haug et al. 2011a; Haug and Haug 2011).

After documentation, the digital photos were
processed in Adobe Photoshop CS3, including
brightness adjustment and contrast enhancement.
For the cyan-red light investigation, the photos
were modified by deleting the blue and green
colour channels and transformed afterwards into
grey scale to increase the contrast between fluo-
rescent and nonfluorescent structures.
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6.4 Results

6.4.1 The Integumentary Structures
of Juravenator starki

The soft tissues of Juravenator starki were first
described by Göhlich and Chiappe (2006),
Göhlich et al. (2006) and Chiappe and Göhlich
(2010). Due to the fact that the bindstones from
Schamhaupten are strongly silicified (Viohl and
Zapp 2006, 2007), the preparation of the soft
tissues was much more difficult in J. starki, and
the quality of preservation is not as good as in
Sciurumimus albersdoerferi. The majority of soft
tissues in J. starki are preserved as apatite,
illuminating bright yellow to bright green under
filtered UV light (depending on the filter and
camera system), and are also visible under cyan
light (Figs. 6.2 and 6.3). The remains are
restricted to the posterodorsal pelvic region,
both tibiae and the tail, in which skin remains
can be found in all areas (Fig. 6.2), while feather
filaments are restricted to the mid-tail section
(Fig. 6.3). Chiappe and Göhlich (2010) further
mentioned soft tissue preservation dorsal to the
rostrum of the skull, but the identification of this
alleged soft tissue is currently impossible because
it is covered with glue, illuminating cyan under
filtered UV light.

The most conspicuous structures are a large
patch of tubercle-like structures along the
laterodorsal side of the tail between the 9th and
18th caudal and a series of longitudinal orientated
fibre-like structures along the ventral side of the
tail between the 12th and 15th caudal (Fig. 6.2a),
which are even visible under normal light
conditions (see Chiappe and Göhlich 2010). The
former structure was originally described as uni-
formly sized, nonoverlapping, smooth tubercle-
like scales, as known from various dinosaur taxa
(Osborn 1912; Czerkas 1997; Mayr et al. 2002;
Coria and Chiappe 2007; Christiansen and
Tschopp 2010; Bell 2012, 2014), while the latter
was interpreted as possible remains of tendinal
elements of the m. ilioischiocaudalis, remains of a
reinforced layer of the vertical septum ventral to
the chevrons or bundles of subcutaneous collagen

fibres (see Göhlich and Chiappe 2006; Göhlich
et al. 2006; Chiappe and Göhlich 2010). On the
ventral side of the caudals, between the chevrons,
further tubercle-like structures are present, but
they are not as well preserved as those on the
laterodorsal side. On the basis of the current
investigation, performed with a digital camera,
both structures illuminate green to brown under
filtered UV light similar to the bone and
surrounding matrix (Fig. 6.2d). Using a different
filter arrangement and an analogue camera, both
structures fluoresce in bright blue, while the
matrix possesses a darker blue signal, and the
bone appears green to brown (Fig. 6.2c). In both
cases, the signal is very different from the
phosphatized soft tissue remains (see above).
Under cyan light, both structures show no signs
of autofluorescence, like the surrounding matrix,
but in contrast to the bone and phosphatized soft
tissues (Fig. 6.2b, e). These findings indicate that
the tubercle- and fibre-like structures may chemi-
cally be differently composed than both bone and
phosphatized soft tissue remains, but also the
surrounding matrix. In some areas, both tubercles
and fibres are partly covered with a thin layer of
phosphatized soft tissues. Consequently, the sup-
posed tubercles are not superficial, but seem to be
internal, like the fibre-like structures. Another
aspect that should be taken into account is that
the tubercle-like structures are not as uniform as
originally described. In fact, dorsal to the 12th
and 13th caudal, some tubercles converge to
short, thick, parallel band-like structures, which
are orientated perpendicular with respect to the
tail axis. These bands in turn look very similar to
the ventral, horizontally orientated fibres, only
differing in orientation. In consequence, it is pos-
sible that the original interpretation of the
structures may not be correct (see discussion).

In contrast, the skin remains from the tail and
hindlimb region, which are preserved as apatite,
appear smooth and show no signs of scales
(Fig. 6.2e–g). Feather filaments are visible on
the dorsal and ventral side of the tail. The dorsal
feathers are found in a small area around the 18th
to 20th caudal (Fig. 6.3a–c), while the ventral
filaments are preserved between the 9th and
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13th caudal vertebrae (Fig. 6.3d). The filaments
are parallel oriented and angled 20–45� back-
wards with respect to the tail axis. The filaments
are short, measuring about 4 mm as preserved,
and show no sign of branching. However, it

should be noted that these filaments could have
been longer originally, but parts of these very
delicate structures might have been removed dur-
ing preparation. Due to the quality of preserva-
tion, no further observation can be made.

Fig. 6.2 Skin of Juravenator starki. (a–d) Tubercle and
fibre structures of the proximal tail region under (a) normal
light, (b) cyan light, (c) filtered UV light taken with an
analogue camera and (d) filtered UV light taken with a
digital camera, which are here interpreted as adipocere. (e)

Skin remains on the ventral side of the tail. (f, g) Skin
remains of the hindlimb under (f) filtered UV light and (g)
cyan light. ca caudal vertebrae, f fibres, is ischum, s skin,
t tubercles, ti tibia
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Fig. 6.3 Feather filaments (arrows) of Juravenator starki.
(a, b) Filaments on the dorsal side of the tail under (a)
filtered UV light taken with an analogue camera, (b) cyan

light and (c) filtered UV light taken with a digital camera.
(d) Filaments on the ventral side of the tail under filtered
UV light taken with a digital camera



6.4.2 The Integumentary Structures
of Sciurumimus albersdoerferi

The holotype of Sciurumimus albersdoerferi
shows both skin and feather preservation in vari-
ous parts of the body (Figs. 6.4 and 6.5). Under

filtered UV light, the skin remains fluoresce in a
bright yellow, which can be well distinguished
from the reddish bindstone. The skin remains
further show a red autofluorescent signal when
illuminated with cyan light, while they are not
visible under normal light. The skin remains are

Fig. 6.4 Skin of Sciurumimus albersdoerferi. (a, b) Skin
remains of the forelimb under (a) filtered UV light taken
with digital camera and (b) cyan light. (c) Overview of
skin remains in the tail region. (d) Detail of large patch of

skin on the ventral side of the tail. (e) Skin remains in the
thorax region. White arrows mark skin remains and yellow
arrows mark feather filaments. ca caudal vertebrae, dr
dorsal ribs, hu humerus, ra radius
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Fig. 6.5 Feather filaments of Sciurumimus
albersdoerferi. (a, b) Skin and filaments on the dorsal
side of the thorax under filtered UV light taken with digital

camera. (a) Overview of the integument structures. (b)
Details of the filaments from the dorsal region. (c–f) Integ-
ument structure of the dorsal side in the proximal tail
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preserved in the region of the scapula (dorsal to
the acromion process of the left scapula), forelimb
(along the right humerus, ulna and radius) and
hindlimb (left femur and tibia). In the original
description, the soft tissues along the posterior
edge of the tibia of Sciurumimus were interpreted
as possible fossilized muscle tissue (Rauhut et al.
2012). However, because the surface of this area
is rather smooth and does not show any indication
for internal structuring (i.e. fascicle and fibres; see
Kellner 1996; Chin et al. 2003; Dal Sasso and
Maganuco 2011) under UV and cyan-red light,
we reinterpret this patch also as skin remains.
Further small patches of skin are preserved in
the anterior portion of the back, on the lateral
and anteroventral side of the torso as well as
ventral to the last sacral vertebra. The best-
preserved relicts of skin can be found in the
anterior and middle tail section (up to the 25th
caudal vertebra), along both the dorsal and lateral
side (Fig. 6.4c, d). The skin appears generally
smooth and shows no signs of external tubercle-
like scales. Within the tail region, the skin is even
directly preserved in association with feather
filaments (see below).

The best feather remains are present along the
back, as well as along the dorsal and lateroventral
side of the tail (Fig. 6.5). The tail feathers are
traceable until the midportion of the tail (27th
caudal). Small patches of feathers are further pre-
served on the lateral side of the torso as well as in
the belly region right in front of the knee joint. In
the torso and the anterior tail region, the feather
remains fluoresce under yellow-filtered UV light
and are visible as red structures when illuminated
with cyan light. More posteriorly the tail feathers
shine greenish under filtered UV light and are
barely visible under cyan light anymore, while
the most distal tail feather remains appear yellow
again (Fig. 6.5c–e).

The reasons for the different fluorescence sig-
nal of the feather filaments in the tail region
probably result from different chemical
compounds, which could be related to a preserved
colour pattern. However, with the current method,
this is not testable. Although it is principally
possible to trace different chemical compounds
with the help of unfiltered UV light due to specific
characteristic fluorescence colour signals (Kane
and Sell 2001), this does not work with the cur-
rent approach, which works with multiple UV
filters for increasing the contrast between matrix,
bones and soft tissues (see above). As the identi-
fication via unfiltered UV light is further limited
to only those chemical compounds being
autofluorescent, the differences in the colour
signals of the feathers have to be investigated
with more sensitive methods using scanning elec-
tron microscopy and different spectroscopy
techniques in a future approach (see Field et al.
2013; Egerton et al. 2015).

The general morphology of the feathers of
S. albersdoerferi is described on the basis of the
anterior dorsal tail feathers, which are best
exposed. The feathers of this region are long,
gently backward curved, stiff filaments, which
measure 30–40 mm in length, 0.2 mm in width,
and are almost perpendicularly orientated with
respect to the axis of the tail (Fig. 6.5c–e). More
posteriorly, the filaments become shorter, measur-
ing c. 3 mm in the mid-tail portion. The filaments
in the anterodorsal region show no signs of
branching distally, although some filaments
seem to stick closely together (Fig. 6.5d). Because
those filaments are not fused both proximally and
distally to the contact area, these structures cer-
tainly do not represent branching structures, but
artificial attachments due to an overlapping in
combination with taphonomic compaction of the
single filaments (see Foth 2012). Proximally, the

Fig. 6.5 (continued) region. Long filaments under (c)
cyan light and (d) under filtered UV light taken with digital
camera. Orange arrows mark artificial overlaps of the
monofilaments. Blue arrows mark the proximal ends of
the feather filaments. (e) Skin remains (white arrows),
short (yellow arrows) and long filaments with yellow and

greenish fluorescence (orange arrows). (f) Detail of the
association between skin (white arrows) and long
filaments (orange filaments) indicating possible follicles.
(g) Details of short filaments (yellow arrows) on the ven-
tral side under filtered UV light taken with digital camera
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interpretation of the feather morphology is more
difficult. Again, in some areas single filaments
seem to join each other, creating the impression
that they are fused into a calamus-like structure.
However, the problem of overlapping and com-
paction of single filaments in this portion is prob-
ably even more evident due to denser packing of
filaments at the base. Furthermore, most feathers
are not joined proximally, but still solitary before
reaching the border of the skin (Fig. 6.5d, f).
Thus, we conclude that the branched morphology
at the base is in fact artificial and that the actual
morphology of the feathers is monofilamentous
over their entire length. More proximal to the
feathers described, further parallel-orientated
filaments with greenish fluorescence (filtered
UV) are preserved, which seem to be shorter and
run horizontally with respect to the axis of the tail
(Fig. 6.5d, f). However, due to their parallel
arrangement, the stiff appearance and the colour,
we consider these filaments as short feathers,
which originate from the dorsolateral side of
the tail.

Further feathers are preserved on the ventral
side of the tail, which show their best preservation
around the large, ventral patch of skin (Fig. 6.5g).
In this region, the filaments are almost horizon-
tally orientated with respect to the axis of the tail
and are parallel to each other. The filaments are
fine and straight and show no sign of branching.
In the way they are preserved, the feathers are
short, measuring about 2–3 mm. In the border
region of the large ventral skin patch, some
feathers extend over the ventral border of the skin.

The dorsal trunk feathers are preserved along
the mid and posterior portion of the back
(Fig. 6.5a, b). As the original matrix in this area
was only several millimetres thin, it was not pos-
sible to prepare the complete plumage without
risking the destruction of the specimen (Raimund
Albersdörfer, pers. comm., 2011). Thus, only the
proximal part of the feathers is exposed, and
nothing can be said about their actual length.
The arrangement of these feathers is less regular
than in the tail region, showing a high degree of
overlapping and artificial contacts. Like in the tail
region, some filaments are closely attached to
each other, but no real fusion can be detected.

Thus, the dorsal trunk feathers seem to be
monofilamentous, too. Further small areas with
filaments are preserved on the lateral and
posteroventral side of the torso (Fig. 6.4e). The
preserved filaments are short (c. 4–5 mm) and
very thin and show no signs of branching.
Because first bone remains of the specimen were
originally found in the field from this area, and the
torso had to be carefully reconstructed (Raimund
Albersdörfer, pers. comm., 2011), large areas of
the torso region are infused with glue in order to
repair fissures within the matrix. Thus, it is not
clear if those filaments are entirely preserved or
only small fractions are visible.

Along the dorsal edge of the tail, the associa-
tion between skin and feathers can be studied best
(Fig. 6.5e). Like in other body regions, the skin
illuminates yellow under filtered UV light and is
preserved as a thin stripe, horizontally orientated
with respect to the tail axis. In contrast, the
filaments of this region show a greenish fluores-
cence under the same light conditions. As pre-
served, the skin seems to be vertically structured
in lateral view, while the proximal ends of the
vertically orientated feather filaments pierce in
between, probably indicating that the feathers
were deeply anchored within the skin (Fig. 6.5f),
i.e. that the feathers actually grew out of follicles
(see discussions).

Ventral to the skin remains of the dorsal edge of
the tail, a different kind of filament-like soft tissue
is preserved. In contrast to the feather filaments
from this region, these structures are short, thick
(notably thicker than the individual feather
filaments) and wrinkled and are obliquely
orientated with respect to the axis of the tail, with
a parallel arrangement. Furthermore, these
filaments show a yellow signal under UV light,
like the skin tissue (Fig. 6.5g). Therefore, we do
not interpret these structures as feather filaments.
Instead, it is possible that these structures are relicts
of subcutaneous muscle tissue or thick dermal
collagen bundles. Although both tissue types can
potentially fossilize (Kellner 1996; Chin et al.
2003; Lingham-Soliar and Wesley-Smith 2008;
Dal Sasso and Maganuco 2011), it is not possible
to identify the true nature of these structures on the
basis of the current methods and their preservation.
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6.5 Discussion

6.5.1 Identification of Tubercles
in the Tail Region
of Juravenator starki

The present examination of the soft tissue in the tail
region of Juravenator starki reveals that the origi-
nal interpretation of the tubercles as scales is ques-
tionable on the basis of several observations,
including the overall kind of preservation, the mor-
phology, the absence of autofluorescence signal
and the fact that the tubercles are partly covered
with phosphatized soft tissue. In consequence, the
tubercles are unlikely to represent a superficial
integumentary structure. Furthermore, it is not
clear why these very distinct and robust tubercles
are only preserved in a single, restricted area, while
phosphatized integumental tissue remains can be
found along the entire anterior half of the tail. As
an alternative explanation, we suggest that the
tubercles of J. starki could be the result of adipo-
cere formation. Adipocere (corpse or grave wax) is
a decomposition product of subepidermal adipose
body tissue containing predominantly saturated
fatty acids, which are produced due to the hydro-
lysis and hydrogenation of neutral fats, especially
during subaquatic decay (Forbes et al. 2005). Its
formation occurs predominantly under moist,
warm, anaerobic conditions, a pH range of approx-
imately 5–9 and the presence of putrefactive bac-
teria (Forbes et al. 2005; O’Brien and Kuehner
2007). Thus, the same environmental conditions
leading to apatite preservation of soft tissues (see
above) can also form adipocere. Finally, adipocere
precipitates into concretions of calcium carbonate
CaCO3 (Berner 1968). In this context, the forma-
tion of adipocere has previously been hypothesized
to play an important role in fossilization of
vertebrates from the limestones of the Solnhofen
Archipelago (de Buisonjé 1985; Reisdorf and
Wuttke 2012). Similar tubercle-like structures
have, for instance, also been preserved in the
head region of an undescribed ichthyosaur from
the Solnhofen limestones housed in the
Bürgermeister-Müller-Museum in Solnhofen
(Achim Reisdorf, pers. comm. 2015; see Maisch

2015). Because adipocere is generally soft and
crumbly, its morphology is very variable, which
includes tubercle-like, segmental, bundle-like or
even amorphous granular appearances (see
Wiman 1942; Reisdorf and Wuttke 2012). Thus,
the fibre-like structures found on the ventral side of
the tail of J. starki also fall in the morphological
spectrum of adipocere.

Following this interpretation, the regional
restriction of the tubercles can be explained by
the presence of a large fat body in the anterior tail
section, as known in extant crocodilians (Frey
1988; Huchzermeyer 2003) and turtles (Walter
Joyce, pers. comm. 2015). Thus, the current case
demonstrates that the discovery of tubercle-like
structures in sediments surrounding dinosaur
fossils or even on the bones themselves should
not be identified by default as skin remains, but
evaluated carefully for taphonomic alternatives.
In this context, the conspicuous tubercles found
in the mid-section of the tail of the French
Compsognathus corallestris (Peyer 2006) might
also be interpreted as remains of adipocere. To
test the hypothesized adiposal origin using geo-
chemical methods, the tubercles of Juravenator
and Compsognathus shall contain a high concen-
tration of CaCO3 with a very low 13C/12C ratio in
the carbonate, as adipocere and lipid carbon are
highly depleted in 13C relative to normal marine
calcium carbonate (Sondheimer et al. 1966;
Berner 1968).

6.5.2 The Skin Morphology
of Juravenator starki
and Sciurumimus albersdoerferi

If the tubercle- and fibre-like structures in
Juravenator starki represent adipocere, as pro-
posed, all integumentary structures are exclu-
sively preserved in the form of apatite, in which
the phosphatized skin remains found in the limb
and tail region of J. starki and Sciurumimus
albersdoerferi show no evidence for scales what-
soever. Scaly skin remains from the body region
are rarely described in theropod dinosaurs
(e.g. Bonaparte et al. 1990; Czerkas 1997; Ortega
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et al. 2010) as many theropod taxa possessed
extensive feather plumage, which covered the
whole body (Xu and Guo 2009; Xu et al. 2014).
Only in the distal foot region scale preservation is
more frequent (Gatesy 2001; Ji et al. 2001; Currie
et al. 2003; Kundrát 2004; Cuesta et al. 2015), as
this region was probably barely covered with
feathers, like in the majority of modern birds
(Lucas and Stettenheim 1972). Unfortunately,
no integumental structures are preserved in the
foot region of J. starki and S. albersdoerferi,
which would allow a comparison.

The absence of scales in J. starki and
S. albersdoerferi could be potentially taphonomic,
if (a) this kind of soft tissue mineralization does not
lead to scale preservation in general or (b) if the
scales of these early juvenile theropods were very
small or even not fully developed, prohibiting a
proper preservation. However, various embryolog-
ical studies of modern non-avian reptiles and birds
(i.e. foot region) indicate that scales are already
morphologically well developed and keratinized
during hatching (Hamburger and Hamilton 1951;
Dhouailly et al. 1980; Alibardi and Thompson
2000, 2001, 2002; Werneburg et al. 2009), a situa-
tion also found in fossil sauropod embryos (Coria
and Chiappe 2007). Furthermore, several fossils of
Rhynchocephalia and squamates from the
limestones of the Solnhofen archipelago with
phosphatized skin remains (e.g. Pleurosaurus
goldfussi) demonstrate that scale preservation was
not generally impossible in these deposits,
although in smaller species (Sapheosaurus
thiollierei/Piocormus laticeps) skin remains also
sometimes appear smooth (Tischlinger and Rauhut
2015). Furthermore, preservation of other kerati-
nous structures is not rare in vertebrates from the
Solnhofen Archipelago, and at least parts of the
keratinous sheaths of the manual and pedal
unguals are also preserved in both Juravenator
and Sciurumimus and are usually well visible
under UV light (e.g. Chiappe and Göhlich 2010:
Fig. 20; Rauhut et al. 2012: Fig. 1c). If we consider
the absence of scales in the phosphatized skin
remains of J. starki and S. albersdoerferi to not
be taphonomic, the skin would resemble that of
modern birds, where body parts covered with

feathers (except of the foot region) are scaleless
(Lucas and Stettenheim 1972; McNamara et al.
2018). As mentioned above, the skin remains of
both theropods are usually found in association
with feather filaments, except for the limb regions.
However, based on the current data, it is unclear if
scales were originally present and if skin morphol-
ogy may have changed through ontogeny in these
theropods.

6.5.3 The Feather Morphology
of Juravenator starki
and Sciurumimus albersdoerferi

The new examination reveals that in Juravenator
starki both the dorsal and ventral sides of the tail
were feathered, indicating full plumage coverage
of the tail as in other coelurosaurs. Unfortunately,
other body parts show no signs of feathers.
Because the limestones from the Schamhaupten
locality are strongly silicified and extremely hard
to prepare, it cannot be ruled out that other areas
with soft tissue preservation were accidentally
removed during preparation. In contrast, the exten-
sion of the plumage can be far better reconstructed
in Sciurumimus albersdoerferi, indicating that the
whole thorax and tail were covered with feathers.
The examination further reveals that the anterior
tail feathers along the dorsal edge were extremely
elongated, while the dorsolateral, lateral and ven-
tral feather filaments were significantly shorter.
Thus, the tail of S. albersdoerferi was not uni-
formly bushy, but formed an elongated, dorsal
filamentous crest. Similar filamentous crests have
been described in the ornithischian dinosaurs
Psittacosaurus sp. (Mayr et al. 2002, 2016) and
Tianyulong confuciusi (Zheng et al. 2009).
Ornithomimus sp. also shows elongated filaments
along the dorsal edge of the proximal tail portion
(van der Reest et al. 2016).

Skin remains without feather preservation
could indicate that tibial regions of both theropods
were probably naked, as in Ornithomimus sp. (van
der Reest et al. 2016), but in contrast to the
compsognathid Sinocalliopteryx gigas (Ji et al.
2007) and various eumaniraptorians (Zheng et al.
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2013; Foth et al. 2014). However, it cannot be
ruled out that the absence of feathers in this region
may simply be a preservational artefact given that
scales are generally expected in unfeathered thero-
pod hindlimbs (see Cuesta et al. 2015).

The feather morphology of J. starki and
S. albersdoerferi was found to be
monofilamentous over their entire length. Possible
branching patterns in S. albersdoerferi were
interpreted as taphonomic artefacts caused by the
overlap of feathers and the two-dimensional pres-
ervation of the fossils itself (see Foth 2012). Thus,
the feathers of both theropods represent feathers of
stage I according to Prum (1999), or morphotype I
and II according to Xu et al. (2010), which were
hypothesized to represent the ancestral feather
morphologies in both evolutionary scenarios
(Fig. 3.6). Similar monofilamentous feathers have
been described for the alvarezsaurid Shuvuuia
deserti (Schweitzer et al. 1999b), the therizino-
sauroids Beipiaosaurus inexpectus (Xu et al.
2009) and Jianchangosaurus yixianensis
(Pu et al. 2013), two undescribed large-bodied
basal coelurosaurs (Xu et al. 2010), and in the
manual region of a juvenile Ornithomimus
sp. (Zelenitsky et al. 2012). Furthermore,
monofilamentous filaments (or bristles) were also
present in some ornithischian dinosaurs (Mayr
et al. 2002, 2016; Zheng et al. 2009; Godefroit
et al. 2014), and even pterosaurs (e.g. Kellner
et al. 2010), although it is not entirely clear at the
moment if these filaments are homologous with
theropod feathers (see Barrett et al. 2015). How-
ever, in many basal coelurosaurs (see Currie and
Chen 2001; Xu et al. 2004, 2012; Ji et al. 2007),
the kind of plumage preservation makes the con-
clusion, if the filaments were still monofilamentous
or already branched, representing a more derived
feather type, very difficult (see Currie and Chen
2001; Xu and Guo 2009; Xu et al. 2010; Foth
2012; Saitta et al. 2018). Usually, the dense body
plumage consists of filaments, which are parallelly
oriented to each other over the entire length. Often,
single filaments group closely together, especially
close to the body. These groupings could be evi-
dence that these filaments were proximally
merged, forming a branched feather tuft of multi-
ple barbs emerging from the calamus [radially

symmetric branched feather without rhachis—
stage II after Prum (1999) and morphotype 3 after
Xu et al. (2010)] or joined into a short rhachis
[bilaterally symmetric branched feathers with
short rhachis—stage IIIa after Prum (1999) and
morphotype 5 after Xu et al. (2010)]. However,
no certain signs of fusion are identifiable (Fig. 3.5),
and the described morphology could alternatively
result from taphonomic compaction of overlapping
filaments (see Foth 2012). Only for Pennaraptora,
branched feather types could be identified without
doubt so far (e.g. Ji et al. 1998; Xu et al. 2001,
2015; Foth et al. 2014), although van der Reest
et al. (2016) report the presence of branched body
feathers containing a rhachis in a newly discovered
Ornithomimus sp. specimen. If this identification is
correct, the origin of bilaterally symmetric feathers
can be pushed back to the base of
Maniraptoriformes. However, as stated above,
this branching structure might also be a preserva-
tion artefact. Therefore, more discoveries and
closer investigations of plumage morphologies of
basal coelurosaurs are necessary to test ideas about
feather branching evolution, and autofluorescence
techniques could be a key to establish the data
needed for this discussion. Besides the UV and
cyan-red autofluorescence techniques, a further
illumination method has been recently established,
using laser-stimulated fluorescence (LSF), which
will help in studying soft tissues in fossils in more
detail (Kaye et al. 2015; Mayr et al. 2016; Wang
et al. 2017).

In the dorsal tail region of S. albersdoerferi,
skin and feathers were found in direct association
with each other, in which the skin remains appear
perpendicular to the long axis of the body, creat-
ing the impression that the feathers were anchored
deep within the skin. If this interpretation is cor-
rect, this morphology indicates that the feathers
grow out of follicles like modern feathers or
mammal hairs (Lucas and Stettenheim 1972;
Sengel 1976). However, due to the compaction
of the specimen and possible preparation artefacts
in this region, the described morphology is still
arguable. On the other hand, the outer edge of the
skin is the only region in a two-dimensional com-
pressed fossil, where such association could
potentially be preserved. Furthermore, the
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different fluorescence of skin and feathers in this
region supports the view that both structures are
distinct units and that the filaments pierce into the
skin and are not just simple superficial

outgrowths (Fig. 6.6e, f). Thus, S. albersdoerferi
might present evidence for the hypothesis that
follicles were associated with the origin of
feathers, as suggested by Prum (1999) and Prum

Fig. 6.6 Origin of monofilamentous and branched feather
types within theropods with two alternative phylogenetic
positions of Juravenator starki. (a) Traditional interpreta-
tion with J. starki as compsognathid. Filaments of Dilong
paradoxus, Sinosauropteryx prima, Ornithomimus sp. and
Beipiaosaurus inexpectus are interpreted as branched
filaments. In this view, branched feathers are an
apomorphic character of Coelurosauria, while several
taxa show a secondary simplification of their filaments.
(b) Alternative interpretation with J. starki as a basal
tetanuran. The branching patterns of filaments in

non-maniraptoriformes are interpreted as overlapping
artefacts, so that the feathers in these theropods are actu-
ally monofilamentous. In Ornithomimus sp. and
Beipiaosaurus inexpectus simple branched feathers might
be present, indicating a potential origin of this feather type
in Maniraptoriformes. However, if the assumed branched
feathers of these two theropods turn out to be artificial
(see above), monofilaments evolved quickly into
pennaceous feathers within Maniraptora. 1 Tetanurae,
2Coelurosauria, 3 Tyrannosauroidea, 4Compsognathidae,
5 Maniraptoriformes, 6 Maniraptora
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and Brush (2002). Furthermore, a very similar
situation has been also found in the ornithischian
dinosaur Psittacosaurus sp. (Mayr et al. 2002),
where several bristles penetrate the skin. If these
observations are not artificial (sensu Mayr et al.
2016), the presence of follicles could be a possi-
ble support for the homology of ornithischian
filaments with theropod feathers (see Brusatte
et al. 2010; Zheng et al. 2009; Rauhut et al.
2012; Godefroit et al. 2014; contra Barrett et al.
2015; Mayr et al. 2016).

Based on the early ontogenetic stage of both
J. starki and S. albersdoerferi, the feather remains
found represent a juvenile plumage. The presence
of filamentous feathers indicates that juvenile
theropods probably used their feathers for body
insulation. However, the presence of a conspicu-
ous dorsal filamentous crest in S. albersdoerferi
might further indicate a signal or camouflage
function. Because of the phylogenetic position
of S. albersdoerferi close to the base of tetanurans
and also the size of this early post-hatchling indi-
vidual in comparison with other basal tetanuran
hatchlings and embryos (e.g. Rauhut and Fechner
2005; Araújo et al. 2013), it has to be assumed
that adult representatives of this species were
medium- to large-bodied theropods (e.g. Britt
1991; Zhao and Currie 1993; Rauhut 2005;
Sadleir et al. 2008). As the increase of body size
impacts the need of body insulation for thermo-
regulation, it is possible that adult individuals lost
large parts of their body plumage and were sec-
ondarily partly or fully naked (see van der Reest
et al. 2016), as it is also the case in many large
mammals, such as rhinos or elephants. However,
the presence of probably fully feathered, medium-
to large-bodied theropods from the Lower Creta-
ceous of China (Xu et al. 2010, 2012) indicates
that plumage reduction in large-bodied theropods
during ontogeny is not obligatory.

6.5.4 The Phylogenetic Position
of Juravenator starki

Before the new observations on the integumen-
tary structures of Juravenator starki and
Sciurumimus albersdoerferi can be included into
an evolutionary framework, the phylogenetic

position of both theropods has to be discussed.
As mentioned above, Rauhut et al. (2012)
demonstrated that S. albersdoerferi is a basal
tetanuran and most probably a juvenile
megalosauroid, although the exact phylogenetic
position is difficult to establish, due to our still
very poor knowledge of ontogenetic changes in
basal tetanurans. In contrast, J. starki was origi-
nally described as basal coelurosaur (Göhlich and
Chiappe 2006; Chiappe and Göhlich 2010).
Indeed, J. starki possesses a number of characters
present in basal coelurosaurs, e.g. an elongate
anterior process of the maxillary body, which is
longer than high; a maxillary fenestra that is
situated posterior to rostral border of the
antorbital fossa; an enlarged, round orbit, maxil-
lary teeth without anterior serrations; axial
epipophyses that do not extend beyond the poste-
rior rim of the postzygapophyses; and long and
hair-like cervical ribs (Göhlich and Chiappe
2006; Chiappe and Göhlich 2010).

However, in light of its early juvenile stage,
Rauhut et al. (2012) already argued that the phy-
logenetic position of J. starki may be an artefact
(see also Tsuihiji et al. 2011). For instance,
enlarged, round orbits and maxillary teeth without
anterior serrations were found to be juvenile
characters of basal tetanurans, which probably
evolved in basal coelurosaurs by paedomorphosis
(Rauhut et al. 2012; Foth et al. 2016). An elon-
gated anterior process of the maxillary body is
present in some compsognathids (Currie and
Chen 2001; Hwang et al. 2004) but is also
known for megalosauroids (Britt 1991; Sereno
et al. 1998; Allain 2002; Rauhut et al. 2012) and
some other basal tetanurans (e.g. Zhao and Currie
1993). The slender morphology of the cervical
ribs in J. starki may be an allometric feature due
to its young age. Long cervical ribs are also
present in more basal theropods, e.g. in the
coelophysid Coelophysis bauri (Colbert 1989)
or the carcharodontosaurid Concavenator
corcovatus (Ortega et al. 2010). Due to their
gracility, cervical ribs are often incompletely pre-
served, making a phylogenetic evaluation of this
character difficult. Other characters presented by
Göhlich and Chiappe (2006) and Chiappe and
Göhlich (2010), like the missing mandibular
fenestra or the short and low neural spines of the
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cervical vertebrae, are probably artefacts of defor-
mation. In contrast, J. starki possesses several
characters that are more typically seen in more
basal theropods, like coelophysoids, ceratosaurs
or basal tetanurans (Rauhut and Foth 2014, in
prep.), such as a medially closed maxillary fenes-
tra (see Megalosauroidea), a short maxillary
antorbital fossa anterior to the antorbital fenestra
or a supra-acetabular crest that is confluent with
the lateral brevis shelf. Thus, an alternative phy-
logenetic position close to the base of Tetanurae
is also plausible. Unfortunately, most of the
analyses in which J. starki was included (see
above) focused on the interrelationships of
coelurosaurs and had only a poor sampling of
basal theropods. Thus, the actual phylogenetic
position of J. starki has to be tested in a future
approach with a more comprehensive sampling,
but this is beyond the scope of the current study.

6.5.5 Insights into Early Feather
Evolution in Theropods

The evolutionary implications that can be drawn
from the current data are impacted by two major
aspects: (1) the phylogenetic position of
Juravenator starki and (2) the actual morphology
of the filamentous feathers in basal coelurosaurs,
which has been discussed as monofilamentous or
proximally branched (see above). In previous
models, branched feathers were believed to be
present in basal coelurosaurs (e.g. Prum and
Brush 2002; Xu and Guo 2009; Xu et al. 2010,
2014), and J. starki was considered as a
compsognathid (see Xu and Guo 2009; Barrett
et al. 2015). Based on these assumptions
(Fig. 6.6a), Sciurumimus albersdoerferi would
be the phylogenetically most basal feathered the-
ropod, while its monofilamentous feathers would
represent the ancestral feather type. The possible
anchorage of the filaments within the skin would
further imply that follicles were primordial
structures for monofilamentous feathers, too.
Thus, the reconstructed ancestral stage is in agree-
ment with the hypothesized ancestral feather type
proposed by Prum (1999). In basal coelurosaurs,
feathers became more complex, evolving

proximal branching patterns due to the formation
of multiple barbs emerging from the calamus
(radially symmetric feathers—stage II after
Prum 1999 and morphotype 3 after Xu et al.
2010) or even a short rhachis formation caused
by barb fusion at the anterior side of the calamus
(bilaterally symmetric feathers—stage IIIa after
Prum 1999 and morphotype 5 after Xu et al.
2010). At this stage, the plumage was still fila-
mentous, but contained both monofilamentous
and simple-branched feathers (as hypothesized
for Beipiaosaurus inexpectus). Assuming that
the feather types found in the tail region are
representative for the entire plumage, J. starki
would only possess the ancestral feather type, as
no branching could be documented. Pennaceous
feathers covering the entire body (bilateral sym-
metric feather with long rhachis and barbs with
barbules—stage IV after Prum 1999 and
morphotype 8 after Xu et al. 2010) evolved in
the clade called Pennaraptora, which includes
Oviraptorosauria, Dromaeosauridae,
Troodontidae and Avialae (Foth et al. 2014).
This whole scenario is very much congruent
with the evolutionary model proposed by Prum
(1999), which is based on the morphological and
developmental hierarchy of feathers (see Lucas
and Stettenheim 1972; Prum and Dyck 2003).

However, the reconstructed character evolu-
tion might be different if J. starki is considered
as a basal tetanuran and with the assumption that
the filamentous plumages of basal coelurosaurs
consisted only of monofilamentous feathers
(Fig. 6.6b). In this case, J. starki and
S. albersdoerferi would represent the phylogen-
etically most basal records for feathered
theropods. As in the previous case,
monofilamentous feathers growing from a follicle
would represent the ancestral feather type, but in
contrast to the previous scenario, feather mor-
phology did not change until branched feather
types (both radially and bilaterally symmetric
feathers, including pennaceous feathers) evolved
in the clade Pennaraptora (Foth et al. 2014) or
perhaps Maniraptoriformes (van der Reest et al.
2016). This scenario, however, conflicts with the
model of Prum (1999), as the proposed transfor-
mation of monofilamentous feathers to bilaterally
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symmetric pennaceous feathers would have
skipped the proposed intermediate stage of radi-
ally symmetric feathers.

Although morphologically less complex, it has
been argued that at least in modern birds radially
symmetric feather is secondarily simplified due to
the reduction of developmental time (Schaub
1912; Becker 1959; Foth 2011). On the other
hand, developmental data of bilaterally symmet-
ric feathers of recent birds show that the rhachis is
the fusion product of barbs, merging successively
towards each other on the anterior side of the
feather anlage (Lucas and Stettenheim 1972;
Harris et al. 2002). In consequence, barb forma-
tion has to precede rhachis formation in both
ontogeny and evolution (Prum 1999; Prum and
Brush 2002; Harris et al. 2002). Thus, the only
way to solve this conflict without violating the
concept of hierarchical organization of feathers
would be to assume that both formation processes
evolved quasi-contemporaneously. However, two
newly discovered anurognathids from the
Middle–Late Jurassic Yanliao Group in China
(Yang et al. 2018) indicate that the filamentous
integuments of ornithodirans could evolve a vari-
ety of feather-like branching patterns without a
clear rhachis morphology so that more complex
branching scenarios need to be considered for the
early evolution of feathers.

6.6 Conclusions

The current study revised the integumentary
structures of the early juvenile theropod dinosaurs
Juravenator starki and Sciurumimus
albersdoerferi from the Upper Jurassic limestones
of Bavaria with the help of autofluorescence
methods using two different excitation
wavelengths (UVA and cyan). The preserved
integumentary structures were primarily pre-
served in the form of phosphate-rich apatite,
showing a strong signal of the autofluorescence
signal. By this it was possible to describe the
integumentary structures of both theropods in
much more detail and review possible tapho-
nomic artefacts related to soft tissue preservation.
Both theropods possessed monofilamentous

feathers and probably smooth skin without scales
or with only tiny scales that cannot be distin-
guished from each other as preserved. In
J. starki, short feathers could be only traced in
the tail region, but their preservation is rather poor
compared to S. albersdoerferi, which is probably
caused by the higher silicification of the limestone
matrix from the Schamhaupten area.
S. albersdoerferi, however, was probably entirely
covered with unbranched feathers growing out of
follicles. On the dorsal edge of the anterior tail, it
had a filamentous crest, which might extend onto
the thorax. The tubercle-like structures found in
the tail region of J. starki, previously described as
scales, show no autofluorescence signal and were
reinterpreted as remains of adipocere that formed
shortly after death and inhibited further decay of
specimen. The occurrence of adipocere in a small,
restricted area may indicate the former presence
of a fat body in the anterior tail region of J. starki,
as present in recent crocodilians and turtles. This
emphasizes the importance of taphonomic
considerations in the interpretation of integumen-
tary structures and soft tissues (see Vinther et al.
2008; Foth 2012) and the reconstruction of soft
tissue evolution on the basis of fossil organism
(Witmer 1995; Sansom et al. 2010; Foth 2014).
Furthermore, the current study gives new insights
into the early evolution of feathers, although
patterns of reconstructed character evolution are
sensitive to the phylogenetic position of J. starki
and the absence or presence of simple branched
feather types in basal coelurosaurs. However, cur-
rent data reveal that J. starki and S. albersdoerferi
might represent the phylogenetically most basal
record of feathered theropods. Furthermore, if
radially symmetric feathers described for some
basal coelurosaurs turn out to be taphonomic
artefacts, the transformation of monofilamentous
feathers to bilaterally symmetric branched
feathers (including pennaceous feathers) might
have happened relatively fast and skipped the
proposed intermediate proximally branched, radi-
ally symmetric stage (see Prum 1999). Due to
hierarchical organization of feathers in terms of
morphology and development, such transforma-
tion would be only possible if barb ridge and
rhachis formation evolved quasi
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contemporaneously. However, given the recent
discovery of complex feather-like branching
patterns in pterosaur filaments (Yang et al.
2018), it is also possible that the Prum (1999)
model may yet be true and that an outstanding
gap in the fossil record remains.
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