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SUMMARY

Countershading was one of the first proposed mecha-
nisms of camouflage [1, 2]. A dark dorsum and light
ventrum counteract the gradient created by illumina-
tion from above, obliterating cues to 3D shape [3-6].
Because the optimal countershading varies strongly
with light environment [7-9], pigmentation patterns
give clues to an animal’s habitat. Indeed, comparative
evidence from ungulates [9] shows that interspecific
variation in countershading matches predictions:
in open habitats, where direct overhead sunshine
dominates, a sharp dark-light color transition high up
the body is evident; in closed habitats (e.g., under for-
est canopy), diffuse illumination dominates and a
smoother dorsoventral gradation is found. We can
apply this approach to extinct animals in which the
preservation of fossil melanin allows reconstruction
of coloration [10-15]. Here we present a study of an
exceptionally well-preserved specimen of Psittaco-
saurus sp. from the Chinese Jehol biota [16, 17]. This
Psittacosaurus was countershaded [16] with a light
underbelly and tail, whereas the chest was more
pigmented. Other patterns resemble disruptive cam-
ouflage, whereas the chin and jugal bosses on the
face appear dark. We projected the color patterns
onto an anatomically accurate life-size model in order
to assess their function experimentally. The patterns
are compared to the predicted optimal counter-
shading from the measured radiance patterns gener-
ated on an identical uniform gray model in direct
versus diffuse illumination. These studies suggest
that Psittacosaurus sp. inhabited a closed habitat
such as a forest with a relatively dense canopy.

RESULTS

The past years have witnessed an increased interest in the color-
ation of fossil animals. Studies of fossil melanosomes in particular
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have allowed reconstruction of the plumage patterns of theropod
dinosaurs [12, 13, 15] and color in dinosaurs and other extinct
vertebrates [14, 18]. Most of these studies focused on the color-
ation of integumental appendages, such as feathers, whereas the
skin coloration of non-feathered dinosaurs remains little studied.

Here we study a ceratopsian ornithischian, Psittacosaurus sp.
(SMF R 4970), from the Early Cretaceous Jehol Biota, with tail
filaments and extremely well preserved skin preservation as a
compressed film outlining the body, superimposed on the skel-
eton [17] (Figure 1). The specimen has had a tumultuous history
[19, 20], but it has been on public display at the Senckenberg
Museum in Frankfurt for the last 12 years. Most of the integument
probably has been preserved as a calcium phosphate residue
from the mineral salts embedded within the scales [21] to harden
them. Calcium phosphate fluoresces strongly under laser illumi-
nation [22], allowing for detailed analysis of the scale-clad integ-
ument (Supplemental Experimental Procedures and Figures S2
and S3). The specimen preserves distinct color patterns sug-
gesting countershading, which has been noted earlier [16]. As
yet, however, no detailed description of the soft-tissue preserva-
tion of this exceptional fossil exists, nor has the proposed coun-
tershading been quantitatively examined and tested.

In the present study, the reconstructed color patterns were
based on the distribution of organic residues, which were
made discernible through crossed polarized light photography
and laser-stimulated fluorescence (LSF) imaging (Supplemental
Experimental Procedures). The color patterns visible in the fossil
are derived from preserved melanin on the specimen evident as
melanosome-shaped structures under the electron microscope
(Figure S4). These have been projected onto a 3D model created
using the best available volumetric evidence about its skeletal
posture and musculature (Supplemental Experimental Proced-
ures). This was performed blind to any data on the predicted
optimal countershading for different lighting conditions. Taken
together, exceptional fossil evidence of color patterns and the
link between countershading and habitat in extant taxa present
a novel opportunity to predict habitat occupation in extinct
taxa in which coloration patterns are preserved.

Integumental Taphonomy
Distinct scales are present on the specimen (Figures S3
and S4). The scales are generally of similar dimensions across
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the body but are larger over the distal end of the ischium, form-
ing a likely callosity, and over the ankle. Finer scales are seen
on the toe and finger pads. The inner thighs, legs, and lower
part of the face were scale free, whereas scales across the
abdomen and ventral tail are dense and generally rectangular
in shape (Figures S4G and S4H). The integument varies in the
presence of dark-colored organic material, which we interpret
as melanin residues from original skin pigmentation, as has
been noted earlier [16]. This assumption is also supported by
the presence of ovoid impressions similar in shape to phaeo-
melanosomes (Figure S5), which would suggest a brown color,
as suggested by canonical discriminant analysis [12] and
consistent with observations made in two other psittacosaur
specimens from the Jehol biota [23] (Figure S5). It is debated,
however, how melanosome shape correlates to melanin chem-
istry outside of mammals and birds [23] (but see [18, 24] for an
alternative stance).

Internal organs, such as the liver, may also contain melanin
[24, 25]. We observe organic residues from within the body in
SMF R 4970, but the spatial distribution clearly distinguishes
this from integumentary melanin (Figure S6; see the Supple-
mental Experimental Procedures). We reject the notion that
the dark, organic residues are derived from keratin due to their
local distribution, which does not correlate to scale thickness,
and wider spatial distribution (see the Supplemental Experi-
mental Procedures). We also do not find decay likely to be
responsible for the observed patterns across SMF R 4970,
which are bilaterally symmetrical across different elements of
the body in a proximodistal direction, and the patterns are
furthermore largely embedded within the keratinous scales,

Figure 1. Psittacosaurus sp. SMF R 4970,
Whole Specimen

(A) Specimen photographed under crossed
polarized light.

(B) Interpretative drawing, showing the distribution
of pigment patterns, skin, and bones. Green in-
dicates forelimb bones, blue indicates hindlimb
bones, purple indicates sacral elements, red in-
dicates cranial elements, and buff yellow indicates
vertebral column.

which are intact in their outline (Figures
S3 and S4). There is also a clear dorso-
ventral variation in darkness. This con-
forms to expected distributions of color
patterns, as have been observed in
other fossils [13, 24, 26]. Exact hues
will be difficult to determine [24], but
we focus here on the relative differences
in brightness and their likely adaptive
function. Obviously, caution should be
exercised when reconstructing verte-
brate color patterns—particularly in rep-
tiles, where colors can be varied dynam-
ically using chromatophores rather than
pigments locked into feathers or hair

[24]. These dermal organs also may
contain other pigments in addition to
melanin, as well as protein conformations that produce
structural colors (iridophores). Considering that the pres-
ence of chromatophores is a plesiomorphy of amniotes and
amphibians [18] but was secondarily lost in birds and mam-
mals [18] (birds still have chromatophores in their eyes [27]),
these organs may well have been present in unfeathered
dinosaurs. The loss of chromatophores is most likely due
to the evolution of dense integumentary appendages, which
rendered the chromatophores redundant in areas covered by
hair or feathers [24]. Since it is unknown whether dinosaurs
were primitively feathered [28], it is possible that unfeathered
ornithischians could have retained chromatophores. However,
most of the observed patterns in SMF R 4970 are clearly
embedded within scales (Figures S3 and S4), which is
incompatible with the pigments being incorporated into
chromatophores [24].

Pigment Patterns

There is a clear difference in pigmentation between the ventral
surface on the lower belly and tail relative to the dorsum, which
is more heavily pigmented (Figures 1 and 2; described in more
detail in the Supplemental Experimental Procedures). The tran-
sition in dorsoventral pigmentation is well documented along
the belly and the tail (Figure 2C). The chest is relatively more
pigmented than the lower abdomen. Anastomosing pigmenta-
tion is present on the posterior section of the outward-facing
integument of the hind leg and horizontal stripes on the
anterior inward-facing surface; both resemble outline-breaking
disruptive coloration [29, 30] (Figures 2E and S7). The
more dorsal pigmentation varies from a dense (85%), dark
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Figure 2. Details of Psittacosaurus sp. SMF R 4970, Photographed under Crossed Polarized Light

Overview (A); tail region, showing countershading gradient (B); belly with lighter pigmentation (lower-left corner) and a dorsoventral pigmentation
gradient (C); left forelimb with raised clusters of pigmented scales (D); left hindlimb preserving external disruptive patterns and striping on internal leg
(E); head with patches of intensely pigmented integument (F); pigmented ischial callosity and cloacal region (G); integument associated with the right leg
(H); detail of pigment patterns associated with the proximal tail region, dorsolateral surface (l); pigment patterns associated with the lateral torso (J);
and pigment patterns associated with the distal tail region (K). Jb, jugal boss; Pfb, prefrontal boss. Scale bars represent 50 mm (B-G), 20 mm (H),
and 10 mm (I-K).

pigmentation with dendritic, light-colored regions (Figures 2I
and 2J) to a fine, spotted, lighter-colored pattern (60%-70%
pattern density) on the distal tail (Figure 2K). The neck and
head are more evenly pigmented, but the ventral surface ex-
hibits lighter pigmentation, except for the face (Figures 2F
and S8), where a black-pigmented region covers the area
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anterior to the orbitals, parts of the lower jaw, the jugal bosses,
and prefrontal bosses (Figures 2F and S8). Certain exposed
regions are more pigmented compared to adjacent regions,
such as the ischial callosity (pubic sitting pad) (Figure S9),
the ankles (Figure S8), and the scales covering the putative
shoulder osteoderms (Figure S4), as well as the region around



the cloaca (see the Supplemental Experimental Procedures;
Figures 2G, S7A, and S9).

The distribution of the pigmentation patterns in SMF R 4970
suggests color patterns congruent with camouflage through
background matching and countershading, in addition to some
putative disruptive coloration on the legs, coupled with strong
facial pigmentation suggestive of a signaling function and
some protective/strengthening melanization.

Reconstruction

In order to interpret and further test the function of the
observed color patterns, we produced a life-size model
of Psittacosaurus SMF R 4970, carefully considering the
volume and thickness of the body based on myoanatomical
reconstructions and the preserved body outline (see the
Supplemental Experimental Procedures and Figure S10). We
produced two casts from this. Onto one model, we projected
the observed color patterns. The similarity in color patterns
between certain regions flanking the poorly exposed dorsal
side allowed for extrapolation between these to produce a full
body color reconstruction (Figure 3; see also Data S1 and
S2). The second cast was painted uniform gray, to investigate
the shadow that is cast in different lighting conditions [9]. By
taking calibrated photographs under both diffuse and direct
illumination in the field, we could calculate the surface reflec-
tance that would nullify the gradients in reflected radiance [9]
(Figures 4 and S17).

Predicting Lighting Environment

The animal’s reconstructed patterns more closely match the pre-
dicted optimal countershading for diffuse illumination, as would
be experienced in a “closed” light environment such as under a
forest canopy [31]. The gradation from dark to light occurs rela-
tively far down the body, unlike that which would be expected to
optimize camouflage through countershading in the open, under
direct sun [7, 9].

Figure 3. Model of Psittacosaurus Based
on Skin and Pigmentation Patterns on
SMF R 4970

Left lateral view (A), posterior view (B), right lateral
view (C), and anterior view (D). See also Data S1
and S2.

DISCUSSION

By comparing the observed distribution
to that predicted for obliterating shape-
from-shading cues under diffuse illumina-
tion, we infer that this small ceratopsian
lived in a closed light environment such
as under a forest canopy. Paleobotanical
studies indicate that the lakes of the Jehol
biota were surrounded by predominantly
coniferous forest, with only a minor contri-
bution from deciduous plants [32-35].
The evidence for adjacent forests, such
as petrified tree trunks in many of the
lacustrine deposits yielding exceptional
vertebrate fossils in the Jehol biota [36], and the dominance of
evergreen canopy support our observations of adaptations for
closed habitat illumination in this Psittacosaurus. It is, of course,
possible that there was variation in color across the species’
range, and we would predict that this would mirror differences
in the light environment.

Bristles on the tail [17] would have cast shadows that we did
not model, but these shadows would not have provided cues
to the 3D shape of the animal and, being vertical and somewhat
flexible, could not have been nulled by countershading. Other
patterns are of potential significance: the strongly colored face
(Figure S8) resembles masks seen in different mammals. The
functions of these are still debated, including aposematism,
anti-glare, dazzle, conspecific signaling, and thermoregulation
[37]. It is worth noting that the jugal bosses in ceratopsians
have been suggested to have had a signaling function [38]. We
note that the heavy pigmentation in the face is not locked into
scales and could thus have been involved in a more colorful
display through chromatophores also. We interpret the pigmen-
tation of the scales on the ankles and ischial callosity as strength-
ening melanization [39]. It is also observed that melanin serves in
putative antimicrobial defense for organs, including the anus and
urogenital system of tetrapods; this would explain the cloacal
pigmentation [40]. The disruptive anastomosing patterns and
striping on the hindlimbs is known in some modern forms. In
addition to zebras, the African donkey and the more distant
okapi exhibit striping on their limbs. These patterns have
received the most attention in zebras, in which stripes were
attributed to predator and/or parasitic fly avoidance and groom-
ing behavior [41-44].

It has been shown that countershading also correlates with
positional behavior, as is observed in many species of caterpillar
that live upside down and exhibit reverse countershading [45,
46]. In primates too there is a strong correlation between coun-
tershading and positional behavior. The observation that the
chest in SMF R 4970 is relatively more pigmented than the belly
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Figure 4. Testing Psittacosaurus Countershading in Natural Conditions
(A-F) Gray colored cast without bristles attached, imaged under “closed habitat” conditions (A-C) and direct illumination (D-F). The model is shown as imaged in

natural environment (A and D), masked (B and E), and in inverse color (C and F).

(G and H) Predicted boundaries of rapid transition from dark to light skin for countershading in the diffuse illumination of closed habitats (blue) and of direct lighting
in a sunny open habitat (orange). Stippled lines indicate 95% confidence intervals.

and tail support osteological evidence for bipedalism in adult
psittacosaurs [47], but correlation of pigmentation to bipedalism
needs more scrutiny.

More speculatively, we suggest that the predators of this
species most likely used shape-from-shading cues in detecting
prey, given that optimized countershading obliterates this infor-
mation [7]. The likely predators were probably the larger
theropod dinosaurs of the Jehol Biota. Modern birds have a
well-developed optic lobe, which sees its origin in maniraptoran
dinosaurs along with an expansion of the cerebrum, which has
been correlated to the evolution of flight [48] and the need for
more accurate depth perception. Binocular vision becomes
more prevalent in coelurosaurian dinosaurs [49], again related
to depth perception. It is not well known how widely shape-
from-shading is utilized in the animal kingdom outside of hu-
mans. Evidence from pigeons [50] and cuttlefish [51] amounts
to their use of the same visual cues and the convergent evolution
of these. However, the strong adaptive evolution of counter-
shading in both aquatic and terrestrial realms speaks toward
its broad utilization in vertebrate predators. Fossil counter-
shading is known from fossil fish from a variety of sites, ranging
back to at least the Permian or Carboniferous [24], whereas this
psittacosaur was the first terrestrial fossil to have been shown to
be countershaded [16]. Therefore, the opportunity that such
exceptionally well preserved specimens creates for reconstruct-
ing coloration may illuminate our understanding of not only the
habitat, but also the visual cognition of the animals within it.
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EXPERIMENTAL PROCEDURES

Dinosaur Color Pattern Analysis

The well-preserved specimen of Psittacosaurus sp. held at the Senckenberg
Museum, SMF R 4970, was studied in the public exhibit (see the Supplemental
Experimental Procedures for information on its taxonomic status). The spec-
imen was photographed with the protective glass removed using a 800 W
tungsten light source with a crossed polarized light configuration. In addition,
LSF imaging was used to reveal colored scale patterns in the darker zones of
the specimen (for more information, see the Supplemental Experimental
Procedures). Small samples of the integument were taken from a few places
for electron microscopy analysis (for more information, see the Supplemental
Experimental Procedures).

Reconstruction

The preserved skeleton was measured and used to produce a 1:1 anatomical
model of SMF R 4970. Cranial details were obtained from a 3D printed skull of a
different specimen. Volume was added to the skeleton based on knowledge of
major muscle groups and the preservation of integument outlines of the
specimen. Decay has not lead to distortion of the integument relative to the
skeleton, which suggests rapid burial after deposition and little prior rot to
the animal before it sank to the bottom of the lake. Exposed scale patterns
were projected onto the model and extrapolated between unexposed regions.
Exposed color patterns were similarly carefully projected onto the model and
extrapolated across unexposed parts based on similar patterns, assuming
bilateral symmetry between left and right patterns as confirmed in certain parts
(for more information, see the Supplemental Experimental Procedures).

Predicting Lighting Environment
In order to predict the environment in which the observed countershading was
optimal, we took a model, painted uniformly gray, and photographed it under



different lighting conditions; we chose a sunny and a cloudy day and photo-
graphed the specimen in an open and a closed habitat. The model was
cropped and the image inverted in order to produce the optimal counter-
shading patterns under each circumstance in order to compare with the
observed patterns in the fossil (for more information, see the Supplemental
Experimental Procedures).

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,
and 17 figures, 2 data files and can be found with this article online at http://
dx.doi.org/10.1016/j.cub.2016.06.065.

A video abstract is available at http://dx.doi.org/10.1016/j.cub.2016.06.
065#mmc5.
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Description of specimen

Preparation.
The specimen of SMF R 4970 arrived at Senckenberg partially prepared (Figure
S1). The remainder of the soft tissues was further exposed, using pneumatic

tools and finally sandblasting with dolomitized chalk. To protect the bones and

soft tissues, the surface was varnished.

Figure S1. Psittacosaurus sp. SMF R 4970 prior to preparation. (A) whole
specimen, (B) detail of left hind and forelimb as well the ischial region. Photos,

courtesy of Olaf Vogel.

Taxonomy

According to Sereno ( Fig. 2.1) [1] there are four species of Psittacosaurus known
from the Jehol Biota of Liaoning Province: P. meileyingensis, P. lujiatunensis, P.
major and P. mongoliensis. None of the autapomorphies he proposed for them -

except for one for P. mongoliensis - can be verified in SMF R 4970, mostly



because they are cranial features that are not visible in the ventral view that the
skull is preserved in. SMF R 4970 is not P. mongoliensis as it lacks a transverse
expansion of the distal end of the ischial blade that is twice its mid-shaft width
(Sereno 2010: autapomorphy 2). SMF R 4970 does have a hypertrophied dentary
flange - proposed as an autapomorphy of P. major (Sereno 2010: autapomorphy
5) - but this feature is also known from the holotype and paratype of P.
lujiatunensis [2]. Hedrick & Dodson [2] proposed that P. meileyingensis and P.
major are both junior synonyms of P. lujiatunensis using 3D geometric
morphometrics. They suggested that the hypertrophied dentary flange is instead
an ontogenetically-related feature of P. lujiatunensis [2]. Thus, in the absence of
observable autapomorphies of P. meileyingensis, the absence of a P. mongoliensis
autapomorphy and the taxonomic status of P. lujiatunensis, we refer SMF R 4970

to Psittacosaurus sp. in this study.

Imaging techniques

Soft tissue visual enhancement through crossed polarised photography

Due to the varnish and in order to avoid glare off of the surface when
documenting the pigment density across SMF R4970, the specimen was
illuminated using a 800 W tungsten light source (Lowell totalight) with a linear
polarising gel mounted in front of it. The specimen was then photographed,
using a Nikon D800 on a tripod, with a 60mm macro lens and a polarising filter
attached. White balance was set 3200 K, image quality to ISO 100 and
photographed in TIFF (5520 x 3680 pixels). The polarising lens filter was rotated
to exclude the subjective maximum (polarised) glare from the surface [3].

Images are shown in Figures 1, 2, S2, S4, S5, S6, S7.

Laser-stimulated fluorescence (LSF) imaging

Laser-stimulated fluorescence (LSF) imaging is a versatile observational
technique that has a multitude of paleontological applications [4]. SMF R 4970
was scanned with a custom device (KayeT Scanner 3.0) that has been developed

significantly since originally presented [4] (see Figures S2). Here a 405



nanometer, 500 milliwatt violet laser was interfaced with a Powel line lens that
projected an even vertical line vertically across the specimen. The line was
scanned horizontally by a motor assembly across the specimen. Scanning was
performed in a dark room while a time exposure was taken through a tripod
mounted Nikon D810 camera. A 425 nm long pass filter was employed in front of
the camera lens to block the laser light. Images were post processed to equalize
colour representation using Photoshop, MaximDL and Image Lab. Proper

precautions using laser-blocking protective glasses and manufacturer’s safety

protocol were followed.

VR : e G Gl > . AR s

Figure S2. Psittacosaurus sp. SMF R 4970 imaged with laser stimulated

fluorescence. Scale bar 50 mm.

Taphonomy

The specimen, SMF R4970, is compressed with the ventral surface exposed in an
oblique lateral view. Integument is preserved across the whole body as a two-
dimensional film and superimposed on bones. Some integument has been
prepared away from bones or has worn off. Organic material within the
abdomen is clearly visible under crossed polarised light and interrupts the
trajectory of the ventral integument across this region. LSF imaging, however,
demonstrate that the ventral integument continues across the abdomen (Figure

S3G, S6). Fluorescence of the lightly pigmented scales is visible under laser light



overlying the pigmented internal organs (Figure S3G, S6) (see section:
Integumentary melanin vs. internal organ melanin below). The integument
preserves as a carbonaceous/calcium phosphate film, which varies from a
buff/greenish yellow to black/brown in colour under crossed polarised light.
Scales of varying density and shapes are clearly visible across the body, also

evident with LSF imaging (Figure S3).

Keratin taphonomy. LSF imaging show clear fluorescence of scales across the
body of the specimen. It is well documented that keratinous structures are often
enforced with calcium phosphate salts [5], which is the likely source of
fluorescence observed across the specimen as is commonly observed in
preserved claw sheaths and feather rachises [6, 7]. The trace amount of calcium

phosphate would provide the modest relief that enables the ability to discern

scales, even when unpigmented.

fluorescence. (A) Whole specimen with indications of details in following



panels. (B) Abdomen and hind limbs. (C) Left lower arm and wrist. (D) Left
shoulder. (E) Left hindlimb with details of conflated external and internal
integument. (F) Left forelimb and hind limb. (G) Detail of integument
superimposed over gastroliths in abdominal section. (H) Ventral tail integument
with countershading gradient shown. (I) Ischial callosity and cloacal region.

Scale bars 50 mm, except for H, which is 10 mm.

Melanin taphonomy. Studies have shown that melanin preserves commonly in
exceptional fossil localities [8, 9], including the Jehol Biota [10-12]. The observed
differences in brightness are here surmised to be related to differences in
original melanin density. Other important integumental molecules, that have
been thought to preserve, are keratin [13, 14] and collagen [15, 16]; both are
protein molecules. Convincing evidence of organic residues derived from
proteins are known from mollusc shell matrices [17], which shows that
incorporation into a mineralized matrix provide a stable environment for long
term stability [18], but proteins do not survive in the presence of fluids, thermal
diagenesis, nor bacterial activity. This can be ascribed to the varied thermal
stability of amino acids, weakness of the peptide bonds and bacterial
consumption prior to encapsulation. Indeed, no evidence of keratin has been
observed in the many studies of fossil feathers [8, 19-21].

It is observed in SMF R 4970 that the scales are delimited by outline and some
topography, but the darkness of the imprint is not correlated with these, which
suggests that this is embedded pigment within the scales rather than the keratin
(Figure S4). The degree of fluorescence of the keratin phosphate salts provide a
rough guideline for the original outline and thickness of the scales. While
collagenous material has been reported from animal integuments [15], these
studies are not based on chemical evidence, but from structural comparisons,
which are hard to confirm. Some of these structures are melanin-bearing proto
feathers [12, 22]. Alternative compounds potentially responsible for the
observed impressions are residual lipids, which are known to fossilise well [23].
The presence of clear fluorescence in the preserved scales are likely to be
responsible for the slight colour change in relation to the matrix and the

unpigmented scales rather than any organic residues.



Figure S4. Psittacosaurus sp. SMF R 4970. (A) Left forelimb, (B) detail of the
shoulder/chest and raised, enlarged pigmented scales covered by smaller scales,
(C) scale covering the finger pad, showing discrete pigmentation within scales.

Crossed polarised light. Scale bar in (A) 50 mm, (B), (C), 10 mm

Studies have shown that colour patterns preserved in fossil feathers are due to
the original distribution of melanosomes, preserved in the fossils and which is
the only carbonaceous residue in the fossil leaving a colourised imprint [8, 24].
Relative colour intensities in fossil feathers are also correlated with melanosome
densities, as in modern birds [24]. While few studies have investigated the effect
of melanin to observed colours in animal skin, the clear colour patterns and
evidence for embedding within keratinised scales suggest that the organic
imprints are a reliable proxy for the original relative colour patterns across the
body, and that chromatophore complexes [25] were not present in any major
part of the body.

Melanosome microbodies

Due to the varnish cover on the specimen, sampling was complicated. However,

powder sized chips were taken using a scalpel from four regions of the body with



different degrees of organic material content. These were mounted to an SEM
stub with carbon tape.

Similar to other specimens from Jehol [10], melanosomes are preserved as either
microbodies or impressions in the matrix. Quartz crystals, in particular, preserve
aggregates of melanosome-like microbodies (Figure S5A,B). These microbodies
are ovoid in shape, about 400 nm in length and about 250 nm in width (n=15),
which suggest a phaeomelanin rich melanosome [10, 11]. Quadratic
Discriminant analysis predict a brown colour (p=0.9982), clustering with
modern reddish brown feathers among brown samples. This is similar to
observations from two other psittacosaur specimens [26]. Together with the
clear macroscopic colour patterns, which show bilateral symmetry and a clear
dorsoventral gradient, this provides evidence for melanin based colouration.
Recent papers have advocated that bacteria could produce the same structures
and are an equally parsimonious interpretation [27]. However, bacteria are
much more varied in morphology. Naturally occurring bacteria are not shown to
concentrate in melanin-bearing tissues to the exclusions of others and to exhibit
such limited morphologies as is seen in melanosomes [9]. A recent study has
tested the melanosome versus bacteria hypothesis by chemical analysis using
time-of-flight secondary ion mass spectroscopy (TOF SIMS) of fossil organic soft
bodied tissues ranging in age from Carboniferous to Miocene and included
tissues, such as eyes, hair, feathers, skin and ink sacs from organisms, spanning
cyclostome fish, amphibians, birds, mammals and cephalopods. All fossil taxa
yielded signatures consistent with diagenetically altered melanin. A similar study

has found melanin in the slightly older Anchiornis huxleyi from China [28].



Figure S5. Psittacosaurus sp. SMF R 4970 organic residues, preserving

melanosome microbodies and comparisons with two other psittacosaur
specimens. (A) Quartz grain with dense and regularly shaped oblong
microbodies interpreted as original melanosomes due to their shape conforming
to phaeomelanosomes and similar microbodies in two other psittacosaur
integuments [26]. (B) Another quartz grain preserving less dense melanosome
microbodies as threedimensional bodies and as impressions. (C) A quartz crystal
lacking melanosome impressions from outside of the preserved integument. (D)
Melanosomes from P. lujiatunensis (Peking University V1050) and (E) P.
lujiatunensis (PKUP V1051). (D, E) image courtesy of Li Quanguo and Matthew

Shawkey. Scale bars indicated in figure.

Thus, evidence for these structures being melanin-bearing melanosomes are
supported by the preservation of visible colour patterns, localisation of
melanosome-like microbodies within tissues that are known to contain melanin
and chemical analyses of similar microbodies in other taxa. Bacteria, on the other
hand, exhibit a greater morphological range and are present in all tissues during
decay. Furthermore, geobiological studies show that bacteria need more
exceptional circumstances to be preserved, through encapsulation within, for
example, synsedimentary chert. The observed quartz crystals in the

Psittacosaurus specimen are clearly late diagenetic, present as euhedral forms,



scattered in the rock. Quartz crystals outside of the integument do not preserve

microbodies, for example (Figure S5C).

Integumentary melanin vs. internal organ melanin.

Melanin-bearing melanosomes are present not only in the integument and
integumentary appendages, but also eyes, certain nervous tissues and many
internal organs - especially the liver. As an example, the holotype of
Sinosauropteryx NIGPAS 127586 [29] preserves a well delineated liver as well as
the retinal melanin of the eye. It is therefore pertinent to discriminate between
these when evaluating original external pigment patterns. We observe that SMF
R 4970 preserves gastroliths and a darker and thicker layer of organic material
is associated with it, particularly in the anterior section of the abdomen. Under
crossed polarised light (Figure S6A,B) this organic stain is seen to be
superimposed on some left ribs as well as vertebrae, which negates it being
dorsal integument exposed. Ventral integument is clearly delineated and can
under LSF be seen to extend across the gastroliths due to the fluorescence of the
scales covering the region, which are otherwise indistinct due to the darkness of
the underlying organic material (Figure S6C,D, S3G). Similarly, there is distinct
scaly integument superimposed on the humerus, coracoid and scapula, which is
clearly ventral integument and less melanised. We thus treat the dark abdominal
patch (Figure S4) as non-integumentary melanin, and potentially plant-based

food contents that has to be ignored for external integumentary reconstruction.
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Figure S6. Psittacosaurus sp. SMF R 4970. (A) Abdominal region imaged with
crossed polarised light, (B) same region as in (A), but with organic material
derived from internal organs demarcated. (C) Same region as in (A)
photographed using LSF showing fluorescing keratinous ventral integument
overlying stomach. Abbreviations, ventral integument (vi), visceral/abdominal

melanin: “stomach melanin” (sm), gastroliths (gl). Scale bar 50 mm.

Compression and distortion. It has been shown that compression fossils do not
exhibit any lateral distortion or widening during the process of flattening [30]
and thus that a fossil can be more or less interpreted as a 2D compression of a 3D
view. This pertains also to SMF R 4970. However, decay prior to burial and
compaction can lead to distortion of the body. The skeleton remains in perfect
articulation, and there is no obvious distortion to the integument, which both
suggest rapid burial and encapsulation. However, while the body appears in an
oblique ventral view, the tail vertebrae seems to be displaced laterally, as is
evident by the proximal displacement of the tail vertebrae, which appear to be in

a lateral view. The integument appears to be in an oblique ventral view as the



dorsal quill filaments on the tail extend below the exposed dorsal margin about 4
cm. The ventral midline is delineated by the preserved cloaca and ischial

callosity.

Pigment patterns across body

Countershading. A visible difference in brightness is present on the ventral
surface relative to the dorsum. On the tail, a transition goes from an
unpigmented ventral surface to a surface that is pigmented on the lower lateral
side in a transition close to the narrow band of unpigmented ventral surface.
Thus the transition would have been situated on a ventrally facing flank of the

tail (Figure 2b).

The belly is similarly lightly pigmented, grading gradually (Figure 2C) to a more
pigmented surface, which appears similar to the dorsalmost exposed surface in
pigmentation around the lower lateral side of the belly. The chest is relatively
more pigmented and is covered by more prominent scales (i.e. on the coracoid

and humerus) than the belly (Figure 2D).

Dorsal pigment patterns. The dorsal surface is not well exposed, but dorsal and
lateral surfaces are seen along the body in several places, through the postero-
orbitals, laterally on the torso, and the dorsal tail (Figure 2K). The dorsal
pigment patterns seen through the postorbitals of the skull consist of a fine
pattern of homogenous pigmentation with a subtle variation in brown patterns
on a millimeter scale.

On both sides of the torso, dense pigmentation is seen (Figure 2]), which consists
of black patches (~85% coverage, assessed using a Rite-in-the-Rain geology
chart of grain density) with interdigitating unpigmented and dendritic or
irregular anastomosing patches. This pattern continues across the torso and is
also visible on the dorsal tail (Figure 2I). The distal tail possesses a less dense

pigment pattern with digitate circular patches (60-70% coverage) (Figure 2K).

Hindlimb. The left hindlimb is well exposed on the tibia-fibula and the pes

(Figure S7A). The observed patterns behind the tibia-fibula are a combination of



internal and external integument. Superimposed on the tibia is an integument
devoid of scales, which shows horizontal pigmented stripes, becoming denser
and thinner proximally. The stripes can be traced posteriorly, where they are
superimposed on the external integument, which is scale clad. The external
integument is densely pigmented, confined to distinct scales proximally and
anteriorly, but is becoming less dense posteriorly with only about 5% density of
spots at the posterior-most margin, while the posterior patterns closer to the
ankle joint consist of an anastomosing/reticulate pattern of dark pigmentation,
which appear to be unconfined to scales. Large scales cover the ankle and the
upper metatarsals, while finer scales cover the lower metatarsals and phalanges.
These are all pigmented. The right hindlimb is compressed vertically (Figure
S7B). Some integument of the external surface of the leg exhibits pigmented
scales with an anterior-posterior gradient in pigment density. Integument from
the anterior surface of the thigh is seen as a compressed layer of imbricated folds
of integument. The thigh possesses a denser pigmentation than the leg with

about 70-80% density of pigmentation.



Figure S7. Psittacosaurus sp. SMF R 4970 hindlimbs. (A) Left hindlimb, (B)
right hindlimb. Crossed polarised light. Scale bar in (A) 50 mm, (B) 10 mm.



Forelimb. The integument on the chest and shoulders (on top of the coracoid and
proximal humerus) is covered by relatively large pigmented scales, covering
~50% of the integument. The integument anterior to the humerus preserved in
the specimen shows clear circular patches consisting of a number of pigmented
scales, which exhibit some relief. These structures could indicate underlying
osteoderms overlain by multiple scales, although no bone appear associated with
them and they could as well be a raised association of larger pigmented scales
without an underlying osteoderm. The adjacent integument exhibits sparser
scales, which are more lightly pigmented. The pigmentation density is highest
laterally in the integument superimposed on the humerus and ulna/radius
(~80%), while the anterior and posterior integument is lighter pigmented,
decreasing to <10% pigmentation density. The only well-preserved fingerpad is
covered by minute scales in which discrete depositions of pigments are observed
(Figure S4C). The shape of the pigment spots within each scale varies from a line

to a rounded spot and can be situated centrally to marginally.

Face and neck. Much of the integument has been prepared, or has been
weathered away on the skull bones (Figure S8A). However, distinct patches of
pigmentation can be characterized between different areas. A very thick layer of
pigmentation with a black appearance is seen across the right and left dentary
(Figure S8B). The heavy pigmentation continues ventrally and is superimposed
also on the splenial. Dorsally, it transcends across the dentary and maxillary
dentition to the jugal horn and up to the prefrontal horns (Figure S8C, F). Lighter
pigmentation is seen anteriorly, on the predentary. The pigmentation on the
predentary appears to form a lighter layer, while the rostral appears to have
been prepared to a level in which potential pigmentation is lost. Dorsal
pigmentation is seen through the inferior temporal fenestrum on both sides of
the skull and consists of a lighter, but relatively dense layer with small scales
(Figure S8E). Neck pigmentation is seen on the left side of the skull
superimposed on the neck vertebrae and draping over the quadrate. The skin
comprises here regularly sized scales with variable pigmentation, forming
oblique stripes. Dorsal skin is observed on the right side of the neck where the

specimen has been prepared to a lower level in the rock. A distinct break of slope



between the shoulder and this integument is seen (Figure S8D). The integument
here is similar to the ventral neck observed on the left side in terms of scale

morphology and size, but is more densely pigmented.
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dentary and mandibular region in ventral view, (C), right jugal in ventral view,

(D) shoulder region in ventral view, (E) quadrate and temporal region in ventral

view, (F) left jugal horn in ventral view. Scale bar in (A) 50 mm, (B) - (F) 10 mm.

Structural/protective pigmentation. Melanised keratinous integument has been
shown to be more resistant to abrasion [31]. [t is seen that melanised feathers
are present in the distal primaries of the otherwise white seagull and that bird
bills are harder and more abrasion resistant when melanised [32]. Several
tissues are also melanised for antimicrobial reasons, such as the anus, scrotum as
well as internal organs [33], such as the liver [34]. The integument over the
distal ischium exhibits larger scales than those on the adjacent ventral
integument, which are also heavily pigmented. This region is likely to have
formed a resting pad, or ischial callosity, when crouching. These areas would
have needed additional protection. The cloaca, which is inferably posterior to the

pubic bone, is also heavily pigmented, forming a large patch, whose outline is



obscured by rock breakage (Figure S7). This is likely to have been present for

antimicrobial protection.

Figure S9. Psittacosaurus sp. SMF R 4970 Detail of cloacal region and ischial
callosity. The cream-coloured mass exposed underneath the cloacal pigmented

region might be a coprolite.

Reconstruction of Psittacosaurus, SMF R 4970

In order produce an anatomically accurate 3D reconstruction of SMF R
4970 the anatomy was sketched in a lateral and dorsal view as a reference for
the sculpting process. Firstly, all exposed bones, keratinous appendages, and
soft tissue profile of SMF R 4970 were measured on location at the
Naturmuseum Senckenberg, Frankfurt. These measurements were used to
render detailed drawings of the skeleton in dorsal and lateral views (Figure S10).

Muscle groups were added later.
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Figure S10. Skeletal reconstruction and body outline of SMF R 4970. Grey

shaded areas indicate inferred patagia.

The preliminary drawings revealed a variety of important features that
would greatly affect the appearance of the eventual sculpture. Notable skeletal
characteristics include robust limbs and ossified tendons supporting the dorsal
vertebrae, which implies that the torso was not highly flexible and so adapted for
bipedal locomotion, and a proportionally large skull [35-39]. To assist with
reconstructing the flattened skull in three dimensions, additional reference was
supplied by a 3D print of a skull from Psittacosaurus lujiatunensis, and lower jaw
(BSPG 2007 1 63), which was CT-scanned, and subsequently retrodeformed and

mirrored sagittally to remove preservational artefacts.

Keratinous sheaths

The well preserved presumably keratinous horn on the specimen’s left
cheek is 4.9 cm long but incomplete. By following the preserved curvature of the
horn’s margins an approximate total length of 6 cm was calculated, increasing
the lateral width of the skull considerably. The bristles on the tail[40],

approximately 100 in total, vary in length and taper to points at their distal ends,



but all have a similar (2 mm) diameter where they are overlaid by tail skin. The
bristles grow from the tail to create a brush with clear anterior and posterior
edges, but the latter is a little obscured by the posterior and ventrally curved
bristles. No keratin residues (e.g. melanin, or calcium phosphate salts embedded
in the sheath) can be observed on the pes or manus, so the extent of the claw
sheaths was made approximately 20% longer than the well-preserved unguals,

although this could have been different.

Volume rendering

Soft tissues were added to the preliminary drawings to reveal the external form
of the dinosaur in life. Much of the respiratory and digestive systems are
contained within the ribcage but considerable volume was added to the
abdomen to accommodate a herbivorous stomach and intestines. Volume was
also added to the neck to accommodate the oesophagus and trachea. A bulge of
tissue was also added to the cloacae, posterior to the ischium (indicated by the
dense patch of pigment); its anatomy was modelled on extant birds [41].
Information regarding the nervous and circulatory systems is not preserved and,
because these soft tissues have little influence on the external form of extant
animals, they were amalgamated into the musculature. The degree of adipose
tissue deposits are difficult to infer, based on osteology and have thus been
assumed to be minimal (See below for some volume inference based on the
fossil). However, the sensory organs - ears, eyes and nostrils - would later be
made conspicuous during the sculpting process.

Some information regarding the volume around the skeleton is preserved in SMF
R 4970. Measurements from the fossil were adhered to when adding the major
muscle groups into the preliminary drawing (Figure S9). Notable muscular
characteristics include robust hind and forelimbs, a barrel-like torso, and the
base of the tail is broad and powerful, again suggesting the capability to walk
bipedally. A particularly unique soft tissue feature of SMF R 4970 is a patagium
along the back of each hind limb, running from ankle to the tail. The full extent of
the patagium is somewhat obscured by matrix and the overlay of abdominal soft
tissue. However, by following the curvature of the exposed posterior margin, it

was estimated that the patagium would connect to the tail approximately 10cm



behind the illium along the contour where the M. caudofemoralis extends to the

greater trochanter.
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Figure S11. Reconstructed muscle groups on SMF R 4970.

External surface

Integumentary features preserved are scales of varying sizes, resting pads, skin
folds, and colour patterns. These were projected onto the model. Unique to this
specimen are rounded clusters of highly pigmented scales on the shoulders. Also
noteworthy are the well preserved resting pads, some with enlarged scales and
some with very small scales. The pads located at the distal end of the ischium
(ischial callosity), the knee, ankle, and elbow have large scales. Conversely, the
pads on the underside of the pes and manus are small, and the presence of a pad
on the dinosaur’s left manus suggest Psittacosaurus spent at least some of its
time walking or standing quadrupedally. However, the alternative option of a
bipedal posture was chosen for this active reconstruction, based on the
osteological evidence in SMF R 4970, previous studies [42] and the relatively
more pigmented chest. Finally, the folds of skin on either side of the neck and on

the anterior side of the ankle were recorded in preparation for sculpting.

Modelling process



The completed preliminary drawings were printed on paper at life-size and used
as reference when sculpting the 3D reconstruction. All life-size sculptures begin
with a supportive armature, and in the case of Psittacosaurus it was a welded
steel frame connected to the plinth below the right pes and where the left pes
would touch the ground (Figure S12). Blocks of polystyrene were cut and fixed
to the armature, using expanding foam, and then sculpted into a form 20 mm to
50 mm smaller than that depicted by the preliminary drawings, as if the
Psittacosaurus had been deflated. Flexible wire was inserted into the
polystyrene to create an armature of the forelimbs before wire mesh was tightly

wrapped round the whole structure (Figure S13).

Fig S12. The welded steel frame that formed the basic armature of the

model.
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Figure S13. Added polystyrene and wire mesh provide the bulk onto which

clay is sculpted.

The clay was added to the structure in 20 mm to 50 mm thicknesses, then
adjusted until the proportions precisely matched the dimensions specified by the
preliminary drawings. Next, the sensory organs were added. The orbit of
Psittacosaurus sp. is extremely large but with the inclusion of soft tissue -
muscles and eyelids - reduced the eyeball to approximately 28 mm in diameter.
The eyeball was sculpted in the centre of the orbit. However, the nostrils were
located at the anterior edge of the external naris [43]. The bird-like external ear
drum was positioned below the otic notch, between the back of the

quadratojugal and the M. depressor (Figure S11, S14).
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Figure S14. The partially completed head, sculpted in clay.

Based on the integumental information extracted from SMF R 4970 the scales,
skin folds, and resting pads were added to the clay surface. Compression
wrinkles not present in the fossil were added to the right side of the torso, where
the skin is compressed between the limbs during a stride, and to the dorsal side
of the neck. Little soft tissue information has been preserved around the mouth
of SMF R 4970, but there is some evidence of cheeks due to the presence of
highly pigmented integument extending across the lower jaw across to the
lateral face (Figure S14). A subtle margin between the hypaxial and epaxial
muscle groups was also added to the centre portion of the tail. The completed

sculpture was then moulded using silicone rubber and acrylic resin (Figure S15).
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Figure S15. Making the silicone and resin mould from the clay model.

Two fibreglass and resin casts were taken from the mould and repaired
where necessary (the section of armature supporting the right pes was
removed). One was painted with matt grey paint and did not have bristles
attached. This served as the model for analysis of countershading and
illumination environment (see below). The second, into which glass eyes were
inserted, was used for the colour reconstruction. Choosing pupil shape
necessitated considerations of the likely ecology and habitat of P. lujiatunensis
[44]. A bird-like eye with a round pupil was chosen because a vertical or
horizontal slit eye would be suggestive of a predatory and/or nocturnal animal.
A horizontal rectangular pupil was also rejected because the Lower Cretaceous
environment in northeastern China was not open grassland equivalent. The
colour patterns were meticulously applied to the cast using a combination of
sponges, brushes, and airbrush, to achieve the required effects. Every square
centimetre of the sculpture’s surface was carefully considered and the patterns
preserved in SMF R 4970 were applied to the precise corresponding locations;
subsequently many scales had to be individually half or quarter painted with
dark pigment. Finally, the replica bristles were fixed into the tail and bent into
curves and positions that mimic those preserved in the SMF R 4970 fossil (Figure

$16).



Figure S16. The painted model with tail quills and glass eyes added.

Digital model

In order to provide a digital model of the physical reconstruction in 3D PDF
format, a photogrammetry approach was applied. The digitisation was based on
48 photographs from different angles taken with a Nikon D800 digital SLR
camera with a 60 mm Nikkor macro lens (Nikon Corporation, Tokyo, Japan).

Creation of the digital model was performed in Agisoft Photoscan Standard

(www.agisoft.ru). The final digital model consists of 720,000 elements and was
exported as an .OB] file (including texture information). The model was
subsequently converted into .U3D format using Adobe 3D Reviewer (Adobe
Systems Inc.) to assemble the final 3D PDF files (see supplementary information

file Document S1, S2)

Predicting countershading

Following Allen et al. [45], the uniform grey model was photographed under
different natural lighting conditions in order to determine the pattern of

illumination and cast shadows. The photographs were taken at the University of



Bristol Botanic Gardens (latitude 51.47711 longitude -2.62599) in an area devoted
to relict plants typical of the early Cretaceous, including monkey puzzle
(Araucarites), horsetails (Equisetites) and cycads. Photographs were taken near
midday (* 2 h), variously in the open and under vegetation, on sunny (<10%
cloud cover) and overcast (complete cloud cover) days. In terms of the cast
shadows, these variants reduce to two illumination conditions, direct vs diffuse,
according to whether the majority of the light is coming directly from the sun’s
disk or from the sky [45-48]. In all cases the model was oriented with the head
and long axis of the body pointing towards the sun. In diffuse illumination
orientation has little effect on the optimal countershading but, under direct sun,
only facing towards or away from the sun favours symmetrical coloration with
respect to an animal’s mid-line [48]. As we know of no vertebrates with

asymmetric countershading, we felt the orientation constraint reasonable [45].

Diffuse lighting Direct lighting

Figure S17. Model photographed in natural light conditions. The images are
greyscales, masked and then colours are inverted. Bristles not attached to this

model.

Photographs were taken with a Nikon D7100 digital SLR camera with a 28-250
mm Nikkor lens (Nikon Corporation, Tokyo, Japan), set at a focal length of 35
mm (i.e. approximately 1:1 reproduction) on aperture priority at f8 and ISO 200,
using automatic focus and metering on the middle of the model’s flank. Images
were saved in RAW format (Nikon NEF) and subsequently converted to 8-bit
TIFF using DCRAW v.9.06 [49]. A colour standard (X-Rite Color Passport; X-Rite

Inc. Grand Rapids, MI, USA) was placed next to, and in the same plane as, the



model in all photographs. The 24 colour squares were used to linearize the pixel-
value-intensity relationship [50, 51] and, using a quadratic polynomial, map the
pixel values to apparent reflectance. By the latter we mean that the reflectance of
the brightest part of the model’s body was anchored to its real value based on
the linearization, then all other intensities (generated by differential
illumination) expressed as a proportion of that. Having reconstructed the pattern
of illumination, the negative was taken as a predictor of the optimal
countershading for self-shadow concealment [47, 48, 52]: the pattern of
integument shading that would exactly counterbalance the pattern of
illumination. All image manipulation was carried out in Matlab R2013 (The

Mathworks Inc., Natick MA, USA)
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