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Alongside being the most diverse and widespread
of all tetrapod clades, birds show the most
remarkable range of colours in any group of ter-
restrial vertebrates (Baker and Parker 1979; Hill
and McGraw 2006a). From the cryptic browns
and greys of dunnocks and sparrows to the glori-
ous rich palette of colours in the birds of paradise,
parrots and hummingbirds, almost every colour
imaginable to the human observer appears to be
present in extant birds (Hill and McGraw
2006a, b). Thanks to features such as
tetrachromacy and ultraviolet (UV) vision, many
birds can also see colours invisible to di- or tri-
chromatic mammals (Vorobyev et al. 1998). Col-
our plays a key role in ecology. Be it for
camouflage from predators or prey, sexual dis-
play, species recognition, or as warning signalling
(aposematism), colour has doubtlessly been a key
driver in the evolution of bird plumage (Baker
and Parker 1979; Hill and McGraw 2006a;
Vinther 2015a). The range of colours exhibited
by birds can likely be explained, at least in part,
by the importance of visual cues in avian signal-
ling due to their excellent tetrachromatic visual
capabilities (Vorobyev et al. 1998; Koschowitz
et al. 2014). These are only rivalled in vertebrates
by the equally colourful teleost fishes (Cuthill
2006). Bird colouration has fascinated naturalists
and scientists for centuries and helped to

galvanise the theories of evolution by both natural
and sexual selection (Baker and Parker 1979;
Darwin 1859, 1871).

The dazzling array of colours seen in birds has
traditionally been attributed to two mechanisms
of colour production: the utilisation of pigments,
biopolymers that differentially absorb and reflect
specific wavelengths of light, and nanostructural
arrays within feathers (McGraw et al. 2005;
McGraw 2006a, b, c; Prum 2006). Structural
colours are produced in two primary ways in
bird plumage. Iridescence is angle-dependent
refraction, most often associated with pigment
layers and keratin interacting with incident light
to modulate it resulting in the reflection of spe-
cific wave lengths of light (McGraw 2006b; Prum
2006; Igic et al. 2016). Non-iridescent structural
colour is produced by a complex network of
quasi-ordered air bubbles inside the keratin
matrix (Babarović et al. 2019). This serves to
scatter certain light waves, while an underlying
melanin layer usually serves to absorb the
remaining unscattered light (Prum 2006).

The hues, saturation and brightness of pigmen-
tary colours are also controlled in part by their
arrangement within the keratin matrix. Thus, a
likely continuum in colour production involving
both structural and pigmentary mechanisms,
rather than a strictly dichotomous division of
pigmentary and structural production, exists
(McGraw et al. 2005; McGraw 2006b; Prum
2006; Galván and Solano 2016). Novel nuances
of bird colour production are still being
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recognised, and it is likely that we are far from
fully appreciating the variations that exist in how
certain hues are produced in extant bird plumages
(Igic et al. 2016).

Pigmentary colour production involves the use
of multiple different pigment types in birds.
These include melanins, carotenoids, porphyrins,
flavins, psittacofulvins, pterins and purines
among others (McGraw and Nogare 2004;
McGraw 2006a, b, c; Galván and Solano 2016).
The most ubiquitous and likely ancient of these
are the melanins (McGraw 2006b; Galván and
Solano 2016; D’Alba and Shawkey 2018).
Melanins are synthesised within the animal,
whereas numerous other pigment classes includ-
ing carotenoids, porphyrins and pterins are
obtained directly from the diet. These diet-
derived pigments may however be altered in
their molecular structure after ingestion (McGraw
2006a, c). These less common pigment classes
usually confer different hues to melanins, such
as the reds, oranges and yellows of carotenoids
and psittacofulvins. They are presumed to often
be honest indicators of quality due to the need to
obtain them through the diet (Olson and Owens
1998; McGraw 2006a; LaFountain et al. 2015).

Melanin is thought to be highly conserved
throughout vertebrates, which synthesise the pig-
ment within organelles called melanosomes
(McGraw 2006b; Vinther 2015a; Clements et al.
2016). Melanosomes are found in multiple tissue

types in vertebrates, including the eyes, internal
organs and integument (Vinther 2015a; Clements
et al. 2016; McNamara et al. 2018). It is those of
the integument that are involved in the key role of
colour production, although they serve multiple
other functions alongside this including thermo-
regulation, as antimicrobial barriers and protec-
tion against UV radiation (McGraw 2006b;
Margalida et al. 2008; Vinther 2015a; Galván
and Solano 2016). In birds, most melanin
involved in colour production is found in the
feathers, where it is deposited by keratinocytes
after being synthesised in melanocytes (McGraw
2006b; Galván and Solano 2016).

Two distinct types of melanin are known in
vertebrates, including birds (McGraw 2006b;
Galván and Solano 2016). Eumelanin, which is
the most common of the two, imparts black, dark
grey and dark brown hues (Fig. 11.1a–d)
(McGraw 2006b; Vinther 2015a). Phaeomelanin
produces lighter brown, yellow and reddish hues
(Fig. 11.1e, f) (McGraw 2006b; Vinther 2015a).
The two melanin types have distinct chemistries
and are synthesised through different pathways
(see below) (McGraw 2006b; Galván and Solano
2016). The physical structures of the two melano-
some types are also distinct. Eumelanosomes
exhibit a ‘sausage-shaped’ oblong morphology,
while phaeomelanosomes show a spherical to
ovoid morphology (Fig. 11.1; Vinther 2015a).
The evolutionary origins of melanin are also

Fig. 11.1 Example of melanised colours in birds and the
associated melanosome morphologies. (a) Black—
Buceros rhinoceros. (b) Ellipsoidal eumelanosomes
extracted from a black feather of B. rhinoceros. (c)
Grey—Semnornis ramphastinus. (d) Large ellipsoidal
eumelanosomes extracted from a grey feather of
S. ramphastinus. (e) Rufous—Alcedo atthis. (f) Spherical
phaeomelanosomes extracted from a rufous feather of

A. atthis. (g) Glossy iridescent—Collocalia isonota. (h)
Long, thin melanosomes extracted from C. isonota. (i)
Bright iridescent—Amazilia tobaci. (j) Flattened plate-
like melanosomes extracted from a green feather of
A. tobaci. Scale bars represent 1 μm. Modern bird images
from Pixabay, Flickr and Wikipedia: Perry Quan (a), Luis
Fernando Serna Agudelo (c), Obsidian Soul (g) and
Dominic Sherony (i)
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currently unclear. Due to its ubiquity throughout
vertebrates, the occurrence in fossils as far back
as at least the Carboniferous and the presence of
eumelanin in invertebrate clades as well as fungi,
the pigment and its synthesis pathway likely have
ancient origins (Glass et al. 2012; Clements et al.
2016; Galván and Solano 2016; D’Alba and
Shawkey 2018). Cambrian vertebrate fossils,
like Haikouichthys and Metaspriggina (Shu
et al. 2003, Morris and Caron 2014), preserve
their eyes and liver as an organic stain, which
has been shown to be due to preserved melanin
in younger occurrences. It has been suggested that
due to melanin’s ability to protect cells from UV
radiation, owing to its broadband absorbance
spectrum, it may have been essential for the evo-
lution of life on Earth (Galván and Solano 2016).
This may have been particularly the case when
microorganisms began to inhabit environments
exposed to the harmful effects of the sun. While
these concepts relate to the darker melanin form,
eumelanin, the origin and original functional role
of phaeomelanin is much less clear (Galván and
Solano 2016). Although the origins of
phaeomelanin are uncertain, its importance in
colouring the vertebrate integument and, in par-
ticular, that of birds and mammals is undoubted.

Much work has been performed in recent
decades to better characterise the way in which
melanosomes contribute to colour production in
bird feathers (McGraw et al. 2005; McGraw
2006b, 2008; Galván and Solano 2016; Igic
et al. 2016). A basic and longstanding assumption
in bird colouration and, in particular, in the por-
trayal of palaeocolour has been that melanin-
based colouration boils down to a dichotomy:
black melanised colours produced by eumelanin
and reddish to brown melanised colours produced
by phaeomelanin (McGraw et al. 2005; McGraw
2006b). To date, most studies that have looked in
detail at the melanin composition of extant bird
feathers have concluded that both melanin types
are present in almost every instance of melanised
colouration. It is likely that the relative
concentrations of each dictate the hue produced
(McGraw et al. 2005; McGraw 2006b; Galván
and Wakamatsu 2016).

Alongside work looking at the way melanins
colour bird feathers, the discovery that melanin
can preserve in the fossil record has helped
achieve what was once thought an impossible
endeavour: reconstructing colour in extinct
animals (Vinther 2015a). This new field, known
as palaeocolour, is helping us to uncover features
of ancient animals hitherto thought intractable. It
is also helping us understand new aspects of
ancient ecologies like how colours reflect evolu-
tionary changes in the dynamics between
predators and their prey as well as intraspecific
display (Vinther 2015a; Vinther et al. 2016;
Brown et al. 2017; Smithwick et al. 2017a). It is
obvious that the importance of colour in organis-
mal evolution was as important in the past as it is
in the present. This has likely been the case for as
long as vision has existed—extending back to the
Cambrian Explosion. This is particularly true for
birds and their theropodan ancestors. Birds are
important ecosystem engineers in most extant
terrestrial and indeed aquatic environments.
Dinosaurs would have been similarly important,
also filling several niches comparable to modern
terrestrial mammals. This invites several
questions about how comparable the dynamics
among predators and prey was in the Mesozoic
to extant analogues and also in what respects it
was different (Brown et al. 2017).

11.1 Overturning the Paradigm:
From Bacteria to Coloured
Dinosaurs

Soft tissues, that is, those that are not mineralised
in life, are generally rare in the fossil record
(Allison and Briggs 1993; Parry et al. 2017).
When found however, they can offer unique addi-
tional insights (Allison and Briggs 1993; Briggs
and Kear 1993; Wilby and Briggs 1997; Parry
et al. 2017). Integumentary preservation in
vertebrates is known from several exceptional
fossil localities and includes scales, skin, hair
and, importantly for the understanding of avian
evolution, feathers (Davis and Briggs 1995;
Vinther 2015a). The first fossil feather was
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found in the lithographic limestone of Solnhofen,
in around 1860 (von Meyer 1861a, b, 1862;
Griffiths 1996; Carney et al. 2012). This well-
preserved and very detailed feather is preserved
as a dark organic film in a buff coloured limestone
and was used to erect a new taxon: Archaeopteryx
lithographica (Carney et al. 2012; Fig. 11.2a).
The discovery of this single isolated feather was
followed just a year later by that of a remarkably
complete animal from which it was assumed the
isolated feather came (Fig. 11.2b) (von Meyer
1861a, b, 1862; Griffiths 1996). Archaeopteryx
displayed a mixture of bird-like and reptile-like
features. Importantly, this included a full covering
of pennaceous feathers that helped to spark the
now near universally accepted idea that birds are
directly descended from, and for all intents and
purposes are living representatives of, dinosaurs
(Ostrom 1974; Carney et al. 2012; Foth et al.
2014; Brusatte et al. 2015). The feathers of the

first complete Archaeopteryx specimen, the
London specimen, as well as the later Berlin
specimen (Fig. 11.2b) were preserved as inor-
ganic impressions just like all subsequent finds.

In the 160 years since the initial iconic discov-
ery of Archaeopteryx, numerous fossil localities
have been uncovered globally where feathers
have been found to preserve (Vinther 2015a).
Among the most important of these include the
Early Eocene formations of Messel (near
Darmstadt, Germany), Fur (Denmark) and Green
River (Wyoming, USA), exceptional Early Creta-
ceous deposits such as the Jehol Biota of
Liaoning Province (China) and the Santana For-
mation (Brazil) and the Mid-Cretaceous Burmese
amber deposits of Myanmar (Davis and Briggs
1995; Kellner 2002; Chang 2003; Vinther et al.
2008; Prado et al. 2016; Xing et al. 2016).

Despite fossil feathers being well known for
over 150 years, in-depth questioning of the nature

Fig. 11.2 The iconic Late Jurassic paravian theropod
Archaeopteryx from Solnhofen, Germany. (a) The first
fossil feather to be discovered in 1860—an organically
preserved isolated wing feather assigned to Archaeopteryx
and recently shown to contain abundant melanosomes

(Carney et al. 2012). (b) The ‘Berlin specimen’ (HMN
1880) showing the complete animal with feathered wings
and tail displayed. Scale bars represent 5 mm in (a) and
50 mm in (b). Reproduced and modified with permission
from Nature Publishing
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of their preservation did not start until electron
microscopic investigations became a common-
place in geology and palaeontology in the late
twentieth century (Wuttke 1983; Davis and
Briggs 1995; Vinther 2015a). The ultrastructure
of fossil feathers was first examined alongside
fossil hair and frog integument from the extraor-
dinary Messel Formation using electron micros-
copy in the early 1980s (Wuttke 1983; Vinther
2015a). All integumentary structures were shown
to be preserved due to the presence of abundant
tiny sausage-shaped microbodies, around a
micron each in length that were only found within
the dark patches of the integumentary structures.
In feathers, they were aligned together along the
axis of the barbs and barbules (shown in our
Fig. 11.3 of an undescribed isolated Messel
feather). It was argued that these microbodies
represented bacterial colonies and bacterial
glycocalyx, which were preserving an outline of
the features on which they grew (Wuttke 1983).
Several mechanisms through which feathers
could become preserved were subsequently

postulated by Davis and Briggs (1995). These
included preservation as carbonised mats, bacte-
rial autolithification and imprintation, all of which
showed similar microstructures attributed to pre-
served bacteria. This paradigm, that feathers (and
other integumentary structures) were preserved
due to the presence of the bacteria that were
involved in their decay, pervaded for another
decade until a novel realisation came about
through an investigation of exceptional preserva-
tion in an invertebrate.

Coleoid cephalopods have been known to pre-
serve soft tissue for around 170 years (Owen
1863). An unusual feature of their preservation
often observed is that the ink sacs are usually
three-dimensionally preserved due to preserva-
tion of the ink melanin pigment inside the
organ. The rest of the soft tissues (including the
muscular mantle) are most often preserved
two-dimensionally compressed (Fig. 11.4a)
(Vinther 2015a). It has long been recognised
that fossil coleoid ink reveals an infrared spec-
troscopy chemical signature consistent with

Fig. 11.3 The preservation and arrangement of
melanosomes (previously identified as lithified bacteria)
in an exceptional fossil feather from the Eocene Messel
Formation, Germany. White boxes indicate the next SEM
image in the series. (a) An isolated feather from an
unknown bird (SMF-ME 3937) showing exceptional pres-
ervation of barbs and barbules. (b) SEM image of a barb
showing preservation of individual barbules arranged as in
a modern pennaceous feather. White arrows show the
orientation of the barbules. (c) SEM image of the barbules

showing apparent cell-like structure with each cell mea-
suring around 10 μm in length. (d) Close-up SEM image
of four individual cell-like structures. (e) SEM image of
the melanosomes that explain the preservation of the barb
and barbule structures, with no other original feather
features (including keratin) present. The melanosomes
are in their original arrangement sitting on the matrix,
and it is clear that all keratin has degraded away. Scale
bars represent 5 mm in (a), 50 μm in (b), 10 μm in (c),
5 μm in (d) and 1 μm in (e)
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melanin (Beyermann and Hasenmaier 1973). In
the late 2000s, researchers examined the micro-
structure of Jurassic coleoid ink under an electron
microscope. The preserved ink was composed of
tightly packed spherical granules (Fig. 11.4c)
(Vinther 2015a) identical in size and shape to
modern cephalopod ink granules, which are com-
posed of pure eumelanin (Doguzhaeva et al.
2004). The fossil ink therefore appears to be little
changed over 196 million years (Fig. 11.4b)
(Vinther 2015a). That the fossilised cephalopod
ink sacs often showed three-dimensional preser-
vation, despite compression of the rest of the
animal, highlighted a key feature of melanin, its
high recalcitrancy and resistance to degradation
(Vinther 2015a, b). Subsequent work found that
the precise chemical nature of the fossil ink was
similar to that of modern melanin from the cuttle-
fish Sepia officinalis (Glass et al. 2012, 2013).

As modern bird feathers have been long
known to be predominantly coloured by melanin,
fossil feathers were an obvious next step in
looking for melanin in the geological record. In
2008, Vinther et al. analysed a fossil feather from
the Early Cretaceous Crato Formation of Brazil
which showed distinct dark and light transverse
bands (Fig. 11.5a). Within the dark bands of the
feather, they found abundant oblong structures
around 1–2 μm in length aligned along the barbs
and barbules, identical to those previously
identified as lithified bacteria in feathers from
Messel (Fig. 11.5b; Vinther et al. 2008). In con-
trast, the light bands showed no microstructures
other than the matrix itself (Fig. 11.5c). Vinther
et al. (2008) noted that the oblong structures were
identical to eumelanosomes found in modern bird
feathers (Fig. 11.1). Due to the newly appreciated
preservation potential of melanin together with

Fig. 11.4 Preserved melanin granules in fossil coleoid
cephalopod ink demonstrating the remarkable recalci-
trancy of the pigment. (a) A complete coleoid fossil of
the genus Geoteuthis from the Early Jurassic of Lyme
Regis, UK (YPM 19106), showing compressed soft tissue
preservation apart from the 3D black ink sac (white
arrow), uncompressed due to its constituent melanin. (b)

SEM image of modern coleoid cephalopod (Sepia) ink
showing the morphology of the melanin granules. (c)
SEM image of the preserved ink from YPM 19106
showing identical melanin granule morphology to the
extant Sepia ink. Scale bars represent 2 cm in (a) and
1 μm in (b, c)
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their unique arrangement and dimensions, it was
considered more parsimonious that these
micrometre-sized structures were in fact excep-
tionally preserved melanosomes rather than
lithified bacteria. Furthermore, they were still
arranged roughly as they would have been in the
feather in life, although all remnants of the keratin
matrix in which they sat had been lost. They
suggested therefore that the feather was showing
its original colour pattern of pigmented and
unpigmented banding, i.e. the presence and
absence of melanin. Based on their shape, it was
surmised that the feather would have been striped
black and white since it was known that spherical/
oblate melanosomes contain reddish-brown
phaeomelanin (Vinther et al. 2008). The bacterial
explanation for this preservation was harder to
justify, given that bacteria are associated with all
parts of an animal during decay and thus would be
highly unlikely to form distinct bands within

individual structures or precisely mirror the mor-
phology and arrangement of feather melanosomes
(Vinther 2015a). Energy-dispersive X-ray spec-
troscopy (EDX) of the dark bands backed this up,
showing high concentrations of carbon, whereas
no carbon was present in the light bands. Along-
side this isolated feather, a complete bird skull
from the Fur Formation was also analysed in the
study, which showed the same oblong-shaped
structures that were aligned along the barbs and
barbules in the preserved plumage forming a halo
around the skull (Vinther et al. 2008). Further-
more, a dark patch within the eye orbit of the bird
showed both oblong and subspherical
microstructures which resembled melanosomes
found within the retinas of modern birds (Vinther
et al. 2008; Vinther 2015b).

This study overturned the orthodoxy that
lithified bacteria were the chief explanation for
integumentary preservation in vertebrate fossils

Fig. 11.5 A striped fossil feather from the Early Creta-
ceous Crato Formation, Brazil, the first to be unequivo-
cally shown to preserve due to the presence of melanin
(Vinther et al. 2008). (a) The isolated feather (LEIUG
115562) showing distinct dark and light banding. (b)
SEM image of a sample taken from a dark band showing
abundant aligned melanosomes. (c) SEM image of a

sample taken from a light band showing no melanosomes,
only the rock matrix. This shows that the striping is due to
preservation of original colour patterning and the presence
and absence of melanin in the dark and light bands,
respectively. Scale bar represents 3 mm in (a), 2 μm in
(b) and 5 μm in (c)
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and proposed that, instead, exceptionally pre-
served melanosomes were a more likely scenario
(Vinther 2015a). The palaeocolour literature has
subsequently adopted the term melanosome for
their occurrence in fossils; however, some have
advocated the use of the term melanin granules
instead (Galván and Solano 2016). The term
melanosome refers to the living organelle within
a cell, while palaeocolour most often deals with
melanin deposited into inert keratin. However,
the morphology of the two is identical as the
melanin granules are formed through dense pack-
ing of melanin inside the organelle’s membrane,
which is then lost as they are transported to the
keratin. For consistency with the literature, we
refer to both the living organelle and the fossil
occurrences as melanosomes. More recently, the
bacterial hypothesis has been revisited, with
suggestions that bacteria fossilise easily and are
indistinguishable from melanosomes (Moyer
et al. 2014; Lindgren et al. 2015; Schweitzer
et al. 2015). However, these criticisms fall short
in their consideration of their relative preservation
potential, the actual dimensions that bacteria
exhibit and the unique fashion in which
melanosomes localise themselves in fossil tissues
(Vinther 2015a, b). Bacteria are certainly key to
inducing conditions that make soft tissue
fossilisation possible and promoting many of the
processes that lead to exceptional preservation
(Briggs and Kear 1993; Parry et al. 2017 and
references therein). As yet however, they have
not been conclusively demonstrated to be organi-
cally preserved in any fossil vertebrate. Further-
more, the bacterial model does not explain why
only tissues that are known to contain melanin
preserve as organic stains and not other tissues
that would be likely to host thriving microbiomes,
such as muscles and the intestinal tract.

11.2 Mechanism of Melanin
Preservation

The ubiquity and varied functions of modern
melanins have made them a focus of scientific
study since the nineteenth century (Wolfenden

1884; Chittenden and Albro 1899; Galván and
Solano 2016). Despite such a long history of
research, certain aspects of the structure and syn-
thesis of melanin are still incompletely under-
stood in living animals (Galván and Solano
2016). Melanins are complex biopolymers
thought to be formed through subtly different
pathways depending on the exact melanin type.
In modern birds, melanins are synthesised in
melanocytes through a process known as melano-
genesis (Galván and Solano 2016). The current
state of knowledge of the full process is described
in detail elsewhere (Galván and Solano 2016), but
in brief melanogenesis involves a number of
steps, which differ between eumelanin and
phaeomelanin. The initial step common to both
melanin types is the oxidation of L-tyrosine to L-
dopaquinone by oxygen, catalysed by the enzyme
tyrosinase (Galván and Solano 2016). After this
step, the chemical composition of the solution
appears to determine whether eumelanogenesis
or phaeomelanogenesis follows through different
polymerisation reactions resulting in the final
large and complexly cross-linked pigment
molecules (Galván and Solano 2016). The chem-
ical structures of eumelanin and phaeomelanin
differ in key aspects that have significant implica-
tion for fossil melanin. Eumelanin comprises
cross-linked 5,6 dihydroxyindole (DHI) and 5,6
dihydroxiindole-2-carboxylic acid (DHICA)
polymers. Phaeomelanin incorporates monomers
of benzothiazines and benzothiazoles rather than
DHI and DHICA. The presence of these distinc-
tive sulphur compounds distinguishes
phaeomelanin and also provides key signatures
that can be looked for in the fossil record (Glass
et al. 2012; Brown et al. 2017). The complex
cross-linking of melanin may help to explain its
remarkable recalcitrance and ability to survive
diagenetic processes.

Despite numerous studies into the preservation
of melanin in fossils, its precise taphonomy and
preservation are at present still to be fully under-
stood. This is in part due to the lack of complete
clarity on the molecular structure of modern mel-
anin, but also due to the relative novelty of the
field. Although a small number of references to
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melanin being inferred to be present in fossils
were made throughout the twentieth century
(e.g., Voigt 1936, 1988; Whitear 1956;
Beyermann and Hasenmaier 1973; Gottfried
1989; Mapes and Davis 1996), it has only been
the past decade that has seen any serious advances
made in unravelling the intricacies of the
pigment’s preservation in deep time (Vinther
2015a). Since the initial confirmation that mela-
nin survives in fossils, it has become apparent that
the pigment may be relatively common in the
fossil record where soft tissues are present
(Glass et al. 2012; Vinther 2015a, b; Clements
et al. 2016). While it is generally accepted that
melanin can survive taphonomic and diagenetic
processes, work to better elucidate the
mechanisms by which the pigment can become
preserved has thus far been comparatively lim-
ited, and the subject is still in its infancy. A small
number of important studies over the past decade
have however attempted to further our under-
standing of the nature of melanin preservation
and have provided key information.

Identifying chemical signatures for melanin
and its diagenetic products has been attempted
using a number of different techniques
(e.g. Vinther et al. 2009; Barden et al. 2011;
Wogelius et al. 2011; Glass et al. 2012, 2013;
Lindgren et al. 2012; Colleary et al. 2015; Pan
et al. 2016; Gren et al. 2017). Maturation
experiments have also been performed to investi-
gate how the effects of heat and pressure (both
key factors in diagenesis) affect the morphology
and chemical structure of melanin and
melanosomes (McNamara et al. 2013; Colleary
et al. 2015; Saitta et al. 2017).

While preliminary work in the 1970s studied
fossil melanin using infrared spectrometry in
order to understand melanin preservation
(Beyermann and Hasenmaier 1973), only more
recently after the discovery of widespread mela-
nin preservation have scientists attempted to
understand the chemical makeup of fossil
melanins. Some studies were able to identify che-
lating metals associated with melanin using syn-
chrotron X-ray fluorescence (XRF) (Wogelius
et al. 2011). These could be mapped across a
whole specimen. Similar elemental mapping con-
firmed the carbonaceous nature of melanosomes,

using scanning electron microscopy (SEM) and
EDX (Vinther et al. 2008). While melanin is
unique for its ability to chelate an assortment of
metals (Liu and Simon 2005), the use of these
techniques in identifying fossil melanins is lim-
ited because other organic fossils will bind metals
in life and after death (Vinther 2015a). Further-
more, the elemental mapping does not identify
areas in which melanosomes have dissolved due
to oxidation, but can be identified as impressions,
giving a false appearance of colour pattern
(Vinther 2015a).

Studies into the chemical nature of melanin in
fossils using techniques other than whole-
specimen elemental surface mapping have
provided more insight into the nature of its pres-
ervation. Barden et al. (2011) performed Fourier
transform infrared spectroscopy (FTIR), electron
paramagnetic resonance (EPR) and pyrolysis gas
chromatography mass spectrometry (py-GCMS)
alongside SEM and EDS on isolated fossil
feathers from the Early Cretaceous Xiagou For-
mation of China attributed to the amphibious bird
Gansus yumenensis. Imaging demonstrated the
presence of melanosomes, and the infrared spec-
tra and chromatograms of the organics were very
similar to a modern eumelanin standard. FTIR
allows for the identification and quantification of
functional groups, such as hydroxyls, ketones and
carboxyls. Hydroxyls and carboxyls tend to be
lost during maturation and hence allow for under-
standing the alterations of melanins. While the
py-GCMS did not serve to identify melanin
markers in this study, it importantly showed no
significant contribution of bacterial hopanoid
biomarkers, which helped rule out the possibility
of a bacterial origin of the microbodies.

In 2012, Glass et al. performed what is still one
of the most comprehensive chemical studies into
fossil melanin preservation to date. The study
focussed on one of the least controversial and
likely purest sources of eumelanin in the fossil
record: that of coleoid cephalopod ink sacs. Using
a suite of analytical techniques, including
py-GCMS, alkaline hydrogen peroxide oxidation,
FTIR and X-ray photoelectron spectroscopy
(XPS), Glass et al. determined that the fossil ink
of coleoids from the Middle Jurassic of Christian
Malford (Wiltshire, UK) and Early Jurassic of
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Lyme Regis (Dorset, UK) was unequivocally pre-
served as eumelanin and its breakdown products.
In fact, around 10–15% of the preserved ink was
still composed of intact eumelanin with carboxyl
and hydroxyl groups intact. This further
demonstrated the incredible recalcitrance of the
pigment and its ability to survive relatively
unchanged for over 190 million years. Numerous
melanin-derived products were found in the
Jurassic ink as well as multiple diagenetic
components using py-GCMS. Some had been
secondarily sulphurised, that is, they had reacted
with sulphur to form various thiophenes (Glass
et al. 2012; Vinther 2015a).

A follow-up study by Glass et al. (2013) exam-
ined ink from coleoids found at the late Early
Jurassic locality of Holzmaden (Germany).
Although these were of an age intermediate to
the two English coleoids studied previously, the
melanin content was found to be just 1% that of
those specimens and just 0.1% that of a modern
eumelanin extract. The only major difference
between the fossils was the burial and thus diage-
netic history of the formations. The Posidonia
Shale of Holzmaden was buried deeper than the
other two Jurassic localities. This meant it had
entered the oil window (the point at which insol-
uble organic matter, kerogen, thermally matures
into oil, which is dependent on burial depth-
controlled temperature). The level of organic mat-
uration was therefore significantly higher,
resulting in the alteration and enhanced break-
down of the original melanin. Despite this,
numerous pyrolysate compounds were found in
the Holzmaden specimens that were similar to the
other less-matured fossils. This showed that
py-GCMS is capable of detecting melanin-
derived breakdown products even in heavily
matured specimens (Glass et al. 2013; Vinther
2015a). Py-GCMS is a destructive technique
however (although modern GCMS machines can
analyse down to 50 μg), meaning that samples are
destroyed in the analysis. This destructive tech-
nique may therefore prove unsuitable for particu-
larly rare specimens, as is often the case with
exceptionally preserved fossils.

A recent development for exploring fossil
melanins is the relatively nondestructive time-

of-flight secondary ion mass spectrometry
(ToF-SIMS). This sensitive technique involves
firing a pulsed ion beam at small areas of the
surface of samples and determining the mass of
secondary ions removed from the outermost sur-
face (Vickerman and Briggs 2001). Both posi-
tively and negatively charged ions can be
detected but have to be collected separately in
successive runs. These secondary ions can give
information about the elemental and molecular
makeup of the sample surfaces (Vickerman and
Briggs 2001; Lindgren et al. 2012; Colleary et al.
2015). For melanins, the technique is best suited
to characterise low-molecular-weight secondary
ions—fragments of the larger and poorly under-
stood molecule. Spectra can be generated and
compared to those of other samples with known
compositions (Colleary et al. 2015). Importantly,
each individual peak, composed of a single or a
couple of secondary ions, is not diagnostic of
melanin, but the relative intensity creates a spec-
tral fingerprint that can be compared between
samples.

Lindgren et al. (2012) used ToF-SIMS to
probe the preserved eye of a fish from the early
Eocene Fur Formation and compared the
resulting spectra to the surrounding sediment,
other body regions and, importantly, a modern
melanin standard. The results from this showed
that the mass spectra derived from the eye were
very similar to that of the modern melanin stan-
dard and dissimilar to that of the surrounding
sediment (Lindgren et al. 2012). ToF-SIMS has
its limitations however, as it only provides
fragments of the molecular makeup from a sam-
ple surface. The fragmentation of the molecules
in situ leads to complex arrays of secondary ion
fragments that could be derived from several
sources in a heterogenous sample. Furthermore,
the mass of the secondary ions is obtained from
the time-of-flight from the sample to the detector,
which gives poor mass resolution, further conflat-
ing the ability to characterise distinct ions of
similar relative mass.

In spite of its limitations, ToF-SIMS has now
become something of a standard in analysing
melanin in the fossil record. It is currently consid-
ered to be one of the most suitable and easily
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applicable techniques to probe the molecular
makeup of fossil samples without excessive dam-
age to the specimen (Colleary et al. 2015;
Clements et al. 2016; Gabbott et al. 2016; Gren
et al. 2017). The use of multivariate statistics,
such as principal component analysis (PCA),
also allows more objective comparison of the
appearance of the ToF-SIMS spectra.
Incorporating PCA provides both the ability to
distinguish melanin from negative non-melanin
samples in an objective fashion (Fig. 11.6c) and
the possibility of identifying alterations to mela-
nin that occurred during maturation (Colleary
et al. 2015).

11.2.1 Maturation Experiments

It has become apparent that melanin, while recalci-
trant, does not survive molecularly intact. Instead,
it must undergo alterations similar to other fossil
organic materials (Eglinton and Logan 1991).
Hence, researchers have begun to experimentally
understand the nature of alterations to melanins
during fossilisation, driven by maturation under
elevated heat and pressure (McNamara et al.
2013; Colleary et al. 2015). Artificial maturation
experiments have been carried out on both feathers
and pure melanin samples under experimental
conditions to elucidate how the pigment may
alter during diagenesis (McNamara et al. 2013;
Colleary et al. 2015; Saitta et al. 2017). As the
geologic processes of organic alteration are contin-
gent on time and the levels of temperature and
pressure they have experienced, experimentalists
resort to using more elevated P/T conditions in a
shorter time window to speed the process up.

It has been observed that impressions of fossil
melanosomes are often larger than the actual pre-
served ones (Clarke et al. 2010; Carney et al.
2012). Maturation experiments have
demonstrated that this difference can be explained
by dehydrating alterations taking place during
maturation causing condensation reactions
(Eglinton and Logan 1991) and hence shrinkage
without affecting the preservation and overall
morphology of the melanosome organelle
(McNamara et al. 2013). Melanosome geometry

has been shown to change between 7.6 and 20%
depending on the conditions to which they were
exposed (lower temperature regimes result in less
shrinkage). Although the potential shrinkage of
melanosomes had been highlighted previously
(Clarke et al. 2010; Carney et al. 2012), this
study (McNamara et al. 2013) highlighted how
the effect of thermal maturation can induce the
phenomenon. As the temperature controlled the
degree of shrinkage, burial history and, in partic-
ular, the level of thermal maturation should there-
fore ideally be taken into account when
melanosomes are analysed for palaeocolour
reconstructions by their morphology. However,
as the shrinkage appears to be isometric (i.e. the
aspect ratio of melanosomes remains the same),
it is observed to have a negligible effect. This is
because it has been shown that aspect ratio is
one of the most important variables in statistical
comparisons for colour prediction by melano-
some morphology (see below). Shrinkage can
in theory be mitigated by scaling up fossil
melanosome measurements by 10–20% in statis-
tical analyses. Additionally, measuring both
mouldic impressions and actual 3D preserved
melanosomes (if present within a single sample)
could allow the potential degree of shrinkage to
be examined.

While melanosomes may shrink during dia-
genesis, the presence and absence of the pigment
should not change; therefore, original colour
patterns are likely to be visible even in highly
matured deposits provided that soft tissue preser-
vation occurs (Vinther et al. 2008; Vitek et al.
2013; Colleary et al. 2015; Vinther 2015a). This
is highlighted by deposits such as those of the
Jehol Biota, which are thought to have undergone
a deeper burial history than many other feather-
bearing sites, yet still show remarkable integu-
mentary structure preservation including original
colour patterning (Vinther 2015a, Vinther et al.
2016, Smithwick et al. 2017a, b). Younger
deposits that have undergone less harsh burial
conditions, such as Messel, can also preserve
colour patterns in exquisite detail, suggesting
minimal alteration (Fig. 11.7).

The most comprehensive maturation study
looked at the effects of elevated temperatures
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and pressures on melanins in conjunction with
ToF-SIMS (Colleary et al. 2015). In addition to
effects on the morphology of melanosomes,
Colleary et al. (2015) also investigated how the
chemical structure of melanin was altered. They
analysed a range of fossil taxa, including bird
feathers, mammal hair, fish eyes, amphibian skin
and coleoid cephalopod ink. This provided for a
broad sample straddling almost 300 million years
of the fossil record, bracketing bilaterian
metazoans and including melanosomes of vary-
ing morphology and hence likely different eu-
and phaeomelanin composition. Maturation
experiments were also run on extracts of pure
melanin from modern bird feathers. As with pre-
vious experiments, samples were subjected to
elevated temperatures and pressures (200 and
250 �C and 250 bar) for 24 h sealed in gold
tubes. To compare the more than 55 ToF-SIMS
spectra, PCA was used. Most significantly, the
ToF-SIMS spectra could show that fresh and fos-
sil melanins were distinct from negative samples
and that they in turn showed subtle differences
with matured melanins being intermediate in
spectral composition (reproduced in our
Fig. 11.6c). Furthermore, the spectra showed
differences correlating the morphology of fossil
melanosomes, suggesting that ToF-SIMS is also
able to characterise different compositions of eu-
and phaeomelanin. These results also show that
the fossil samples did not cluster according to
lithology, age or locality, showing that the frame-
work mainly allows for characterising differences
in original melanin chemistry. Some differences
in how melanin chemistry spread in extant and
fossil samples in PCA need further scrutiny and

are the focus of current research (Colleary
et al. 2015).

11.2.2 Melanin and Sulphurisation

In the comprehensive chemical characterisation
of cephalopod ink by Glass et al. (2012), it was
shown that the eumelanin had reacted with sul-
phur to form a host of thiophenes among the
pyrolysates in the py-GCMS spectrum.
Sulphurisation is a well-known phenomenon in
organic geochemistry (Sinninghe Damsté et al.
1989) and is noted to likely be an important path-
way for preserving both bone marrow and muscle
tissue in a particularly sulphuric Miocene fossil
deposit (McNamara et al. 2006, 2010). Since
phaeomelanin is composed of monomers of
benzothiazines and benzothiazoles, which contain
sulphur, concerns had been raised about whether
secondary sulphurisation could lead to unwanted
conflation between original pheomelanin and sec-
ondarily sulphurised eumelanin (McNamara et al.
2016a). However, thiophenes and thiazines/
thiazoles are molecularly distinct due to the pres-
ence of nitrogen in the latter. Hence, the secondary
ions chosen by Lindgren et al. (2014) to character-
ise pheomelanin in ToF-SIMS analyses (of which
many combine C, N and S) would be distinct from
the thiophenes (which would not contain N). It is
therefore observed that the sulphurised fossil
coleoid ink analysed by Colleary et al. (2015) is
not conflated with bothmodern and fossil melanins
that contain benzothiazoles (Brown et al. 2017) or
modern and fossil melanosomes that possess the
distinct small and ovoid morphology characteristic
of phaeomelanin-rich compositions (Colleary et al.
2015).

��

Fig. 11.6 (continued) out the barbules of the fossil
feather. (c) Time-of-flight secondary ion mass spectrome-
try (ToF-SIMS) principal component analysis (PCA) plot
showing the distribution of extant, matured and fossil
melanin samples based on the first two PC axes derived
from 54 mass peaks known to be associated with melanin
(adapted using data from Colleary et al. 2015). The
isolated fossil feather plots in the centre of the range
of other fossil melanin samples, separate from the
non-melanin controls, confirming a likely melanin affinity.

(d) Canonical discriminant analysis results showing
the relationship between melanosome morphology and
colours produced. Modern feather melanosomes with
known associated colours were categorised by colour and
used to predict the likely colour of the fossil feather, shown
here to fall within the range of black and ‘penguin’ feather
melanosomes. Data adapted from Li et al. (2012). Scale
bars represent 1 cm in (a) and 2 μm in (b)
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11.3 Preservation of Non-melanin
Feather Components

A feature that has been frequently noted in studies
on fossil feathers is the absence of any feather
ultrastructure apart from the preserved
melanosomes (Vinther et al. 2008, 2009; Carney
et al. 2012; Li et al. 2012; Field et al. 2013; Vitek
et al. 2013; Vinther 2015a). Most SEM analyses
of fossil feathers to date have shown that when
feathers are preserved, melanosomes mark out the
structure of the barbs and barbules, but lie freely
in the matrix with little morphological evidence
of the other key component of feathers, keratin,
present (highlighted in Fig. 11.3, also clear in
Figs. 11.5, 11.6 and 11.8) (Vinther et al. 2008,
2009; Carney et al. 2012; Li et al. 2012; Field
et al. 2013; Vitek et al. 2013; Vinther 2015a, b).
Maturation experiments have shown that keratin,
like other proteins, does not survive in diagenetic
environments and becomes fluid and water solu-
ble readily when temperatures and pressures are

elevated (Saitta et al. 2017), leaving only
melanosomes (Colleary et al. 2015). McNamara
et al. reported on experiments in which feather
keratin appeared to survive (McNamara et al.
2013), but it turned out that there was a mix up
in the presentation of their experimental protocol
and only experiments that had been performed
under brief intervals (1 h vs. 24 h) were reported
(McNamara et al. 2017, recent correction), which
is not a standard protocol.

Some have however claimed that keratin is
preserved organically in fossil feathers and that
molecular signatures remain (Schweitzer et al.
1999; Moyer et al. 2016; Pan et al. 2016). A
recent study of the Early Cretaceous bird
Eoconfuciusornis zhengi, from the Jehol Biota
of China, looked at the possibility of keratin
being preserved using immunohistochemistry
techniques alongside SEM imaging, transition
electron microscopy (TEM) and ChemiSTEM
techniques (Pan et al. 2016). Antibody antigen
binding suggested that original components of
the feather beta keratin were preserved and

Fig. 11.7 Examples of preserved original colour patterns
in fossil birds from the Eocene Messel Formation,
Germany. (a) A near-complete specimen of the genus
Hassiavis (SMF-ME 9047a) missing the head but showing
exceptional feather preservation including dark pigmented

wings and a finely banded tail. (b) A complete specimen of
the species Messelirrisor grandis (HLMD-Be 178)
showing a striking thickly banded tail. These colour
patterns are retained due to the presence of melanosomes.
Scale bars represent 10 mm

198 F. Smithwick and J. Vinther



melanosomes were present within a presumed
filamentous keratin matrix. Issues surrounding
the immunohistochemistry techniques have how-
ever been raised, including their propensity to
provide false positives (e.g. from consolidants
used to conserve fossils) and statistical artefacts
(Saitta et al. 2017, 2018). Other studies have
maintained the possibility of keratin protein

preservation using antibody experiments
(Lindgren et al. 2017). However, the observation
that these fossils preserve melanosomes liberated
from their keratin matrix and that unmelanised
keratinous tissues preserve no organic residues
(Vinther et al. 2008) in addition to previous
knowledge on protein stability (Eglinton and
Logan 1991; Demarchi et al. 2016; Saitta et al.

Fig. 11.8 Three-dimensional preservation in a fossil
feather from the Eocene Messel Formation, Germany,
shown to be originally iridescent (from Vitek et al.
2013). (a) Overview of the pennaceous portion of an
isolated feather (SMF Me 3850) from an unknown bird.
(b) Close-up of an individual barb showing preserved
barbules and a silver sheen. (c) SEM image of a cross
section of a barb and associated barbules cut using a
focused ion beam (FIB). The barb is outlined in red, and
the individual barbules are marked in blue. The structures

can be seen to be three-dimensionally preserved, thanks to
the presence of melanosomes. All keratin has degraded
away, but the melanosomes sit in their original arrange-
ment on the rock matrix and show distinct similarity in
their arrangement to modern iridescent feathers. The silver
sheen visible to the naked eye is caused by the three-
dimensional arrangement of melanosome layers and a
thin layer of sediment (inset diagram). Scale bars represent
5 mm in (a), 1 mm in (b) and 10 μm in (c)
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2017) goes against the claimed presence of these
highly unstable molecules in such ancient
samples. Additionally, the mass spectroscopic
methods employed fail to recover a protein signal.
Antibody experiments are therefore demonstrably
unsuitable for analysing fossil samples due to the
well-known problems with frequent unspecific
binding of antibodies (Saitta et al. 2017, 2018).

While organically preserved keratin is contro-
versial, some originally keratinous structures can
survive in the fossil record under certain
circumstances through authigenic mineralisation.
Claw sheaths, for example, are relatively com-
mon in deposits such as Jehol (e.g. Gong et al.
2012; Smithwick et al. 2017a, b) and Solnhofen
(e.g. Frey et al. 2003; Fig. 11.2b), and fossil
baleen has been shown to be prevalent in whales
from the Neogene Pisco Formation of Peru
(Esperante et al. 2008; Gioncada et al. 2016).
The preservation of these features is likely due
to the presence of hardening calcium phosphate
salts (apatite) (Saitta et al. 2017). Hard keratinous
tissues in living animals can contain up to 15%
calcium phosphate by dry weight (O’Connor
et al. 2015; Gioncada et al. 2016). Apatite is one
of the most important minerals in both hard and
soft part preservation in vertebrate fossils (Briggs
and Kear 1993; Briggs et al. 1993; Briggs and
Wilby 1996; Parry et al. 2017 and references
therein), and its presence in keratinous tissues
likely aids its mineralisation and preservation in
fossils. These mineralised keratinous tissues can
retain the structure’s original morphology but are
highly unlikely to preserve any organic traces of
the original decay-prone and labile proteins
(Saitta et al. 2017). The only part of feathers that
has been shown to be hardened in this manner is
the rachis (Blakey et al. 1963; Saitta et al. 2017),
but none have been found preserved in fossils
with intact keratinous ultrastructure. While it is
plausible that apatite is present in other parts of
feathers (Blakey et al. 1963), it seems that levels
are not sufficient to allow for authigenic
mineralisation of feather keratin in most
circumstances. An alternative proposed pathway
for mineralisation of organic features (mineral
preserved organics—MPO) such as keratin has
been proposed based on close association with
metals that could coat and/or invade the tissues,

promoting preservation (O’Connor et al. 2015).
As yet however, this has not been identified in
fossil feathers and is more relevant to much youn-
ger archaeological remains.

11.4 Bringing the Past to Life:
Palaeocolour Reconstructions
of Extinct Dinosaurs

Alongside research into how and why melanin
may preserve, much work has been carried out
since the initial studies of fossil melanosomes
(Vinther et al. 2008, 2009) to better understand
what the preservation of melanin and other
pigments can tell us about the colouration of
extinct animals, particularly birds and other
dinosaurs, and how we can use that information
to better inform understanding of past ecologies.

Once it had been established that
melanosomes could be found preserved with
high fidelity in fossil feathers, attention turned to
whether the original arrangement of the
melanosomes within a fossil feather could be
found and thus provide information about poten-
tial structural colouration in extinct taxa. In 2009,
Vinther et al. looked at isolated fossil feathers
from Messel, some of which showed a silvery
sheen in the barbules visible to the naked eye
(Fig. 11.8a, b). The aim was to determine whether
this was a preservational artefact or remnants of
original structural arrangements of melanosomes.
In one particular contour feather, which became
the focus of the study, the arrangement of the
melanosomes distinctly varied with a contrast
being apparent between the proximal and distal
portions. This variation matched the visible
differences in the feather. Proximally,
melanosomes were arranged in an aligned but
loosely packed configuration in the barbs and
barbules as well as the rachis. In the distal portion
however, the barbs formed an open and
pennaceous arrangement with the barbule
melanosomes forming solid, smooth and continu-
ous dense external layers. Underlying these
layers, further melanosomes were more loosely
packed and less densely arranged. This arrange-
ment is similar to the single thin-film
nanostructural array seen in many modern bird
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feathers exhibiting iridescence (Prum 2006;
Vinther et al. 2009; Vitek et al. 2013).

Subsequent work on the same originally iri-
descent feathers from Messel revealed that the
silvery sheen was related to the original structural
arrangement of melanosomes in the feather
(Fig. 11.8c). Focused ion beam scanning electron
microscopy (FIB-SEM), a technique that cuts a
micrometre-scale trench in a sample allowing
three-dimensional structures to be observed, was
used to examine this. Thin wedges of sediment
were found to be acting in place of the original
keratin as a material with a different refractive
index than the underlying melanosomes (Vitek
et al. 2013). Due to the variable thickness of the
wedge of sediment, all light waves were scattered,
like in a chirped mirror, hence creating the
observed silvery sheen. This showed that the
feather was most likely strongly iridescent in
life. The presence of structural colour in an
Eocene bird feather provided novel information
about the Messel ecosystem.

Messel has the richest avifauna of any known
fossil location, with a level of diversity and eco-
logical disparity rivalling modern forested
ecosystems (Mayr 2017). While skeletal remains
of these birds can inform us about their potential
habits, such as feeding strategies and perching
ability (Mayr 2017), being able to infer plumage
colouration has the potential to deepen our under-
standing of social and behavioural interactions of
this extinct ecosystem. In modern birds, irides-
cence is often associated with social signalling
(Cuthill et al. 1999; Prum 2006; Doucet and
Meadows 2009; Stavenga et al. 2010; Vukusic
2011). Due to the exceptional preservation of
original structural colours in Messel feathers, we
can infer that such interactions were likely occur-
ring in the Early Eocene bird assemblages (and
indeed earlier).

Most fossil feathers do not show evidence of
original structural colours. Instead, we must rely
on the morphology, density and chemistry of the
melanosomes to infer original colouration. Since
melanosome morphology provides the ability to
distinguish pigmentary colours in extant taxa
(Fig. 11.1), methods for predicting colour from
melanosome shape in fossils have been

investigated. In 2010, two research groups inde-
pendently analysed the integument of Mesozoic
feathered dinosaurs. Zhang et al. (2010) were able
to demonstrate the preservation of both elongate
and smaller ovoid melanosomes in theropods and
pygostylians from the Jehol Biota. Li et al. (2010)
described melanosomes from the Late Jurassic
paravian Anchiornis huxleyi from the Tiaojishan
Formation of China. SEM imaging of 29 samples
from feathers across the body of Anchiornis
revealed abundant impressions of oblong
structures again identical to modern melanosomes.
These melanosomes preserved the original align-
ment along feather structures in most places. Some
light-coloured feather impression samples were
barren of melanosomes and organic remains and
hence were considered unpigmented. From the
preserved melanosomes and impressions in the
rock matrix, measurements were taken of the
long and short axis of each structure and added
to a database of measurements from modern bird
feathers with known associated colours (10 black,
10 brown and 10 grey samples). A canonical dis-
criminant analysis was performed on this database
which predicted the likely colour of Anchiornis.
An example of how this method can be done is
presented for a Messel feather in Fig. 11.6.
Samples from different areas of Anchiornis were
predicted as black, brown and grey with different
but generally high P-values. This was used to
create a complete reconstruction of the plumage
of this dinosaur (Fig. 11.9a, b). The body of the
animal was predicted as a mixture of grey and
black with unpigmented white bands on the fore
and hind wings with spangled, black tips.
Melanosomes taken from the feathers on the distal
crown feathers were particularly small, clustering
with rufous-red feathers in the brown category in
the canonical analysis. This contrast to the body
melanosomes suggests a display function. This
method of statistically comparing fossil melano-
some morphologies to extant feather
melanosomes with known colours has become
the standard for many palaeocolour predictions
(Fig. 11.6).

Further studies of dinosaur integumentary
structures expanded the extant colour database
to include iridescence as a category. Generally,
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iridescent melanosomes are consistently longer
and more skinny than black melanosomes apart
from in certain clades such as hummingbirds
(Fig. 11.1h, j). These works have shown that
some dinosaurs likely exhibited iridescence in a
similar fashion to modern birds. In 2012, Li et al.
looked at the paravian Microraptor gui, an
unusual ‘four-winged’ dinosaur from the Jehol
Biota. The morphology of the melanosomes in
Microraptor, being relatively longer and thinner
and preserved as aligned impressions, predicted
them as iridescent. The limited evidence of the
original keratin nanostructure, and thus structural
colouration, but with the dense end-to-end

arrangement of the melanosomes in Microraptor
allowed for a conservative interpretation that it
would have most likely exhibited thin-film irides-
cence. This type of iridescence is common to
some extant birds such as members of the family
Corvidae (Li et al. 2012; Lee et al. 2016), which
only show weak iridescence (Fig. 11.9c, d). As
aforementioned, since the overlying keratin layer
which is integral in determining exact iridescent
hues does not fossilise, this cannot be inferred
from the fossils. From this reconstruction,
inferences were also made about the potential
ecology of Microraptor. Previous analysis of the
scleral ring morphology of the dinosaur indicated

Fig. 11.9 Palaeocolour reconstructions of paravian
dinosaurs. (a) Anchiornis from the Middle Jurassic of
Liaoning, China. (b) Palaeocolour reconstruction of
Anchiornis based on melanosome sampling showing a
black and grey body with mottled wings and a rufous
head crest. (c) Microraptor, a four-winged dinosaur from
the Early Cretaceous of Liaoning, China. (d) Palaeocolour

reconstruction of Microraptor showing subtle corvid-like
iridescence based on melanosome sampling.
Reconstructions courtesy of Robert Clark (a), Carl
Zimmer (Commissioner) and Carl Buell (Illustrator),
from ‘Evolution—making sense of life’ (Zimmer and
Emlen, Roberts and Co. Publishers) (b) and Mick Ellison
(c, d)
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a nocturnal lifestyle; however, dark glossy plum-
age is more common in diurnal modern birds
(Li et al. 2012). More recently, another paravian,
Caihong juji (Hu et al. 2018), was described with
solid platelet-shaped melanosomes, which is a
feature only known from brightly iridescent
extant birds such as hummingbirds and tree swifts
(Fig. 11.1j), thus extending this colour-producing
feature back into the Jurassic.

More recent studies utilising palaeocolour have
started to further explore the intricacies of behaviour
and ecology in dinosaurs outside of Maniraptora.
Integumentary structures suggested as potentially
homologous to feathers are present in certain ornith-
ischian taxa (Zheng et al. 2009; Godefroit et al.
2014) as well as the so-called protofeathers present
in basal theropods (Chen et al. 1998; Rauhut et al.
2012). These structures have also been contended as
possible decayed scales or collagen fibres rather than
feathers of feather antecedents (Lingham-Soliar et al.
2007). The presence of melanosomes preserved in
these features (Zhang et al. 2010; Godefroit et al.
2014) however makes it possible to characterise
them as genuine integumentary appendages rather
than dermal collagen (which does not contain
melanosomes). Further, significant issues
surrounding the identification of the structures as
dermal in origin have been highlighted (Smithwick
et al. 2017b). Along with likely feathers (or at least
feather homologues) in some early theropod
dinosaurs, certain cases of exceptional preservation
of genuine scales with original melanised colour
patterns have been described.

Fossil colour patterns in these ancient and
ground-dwelling dinosaurs are able to provide
important clues to the nature of the terrestrial
predator-prey landscape and how these adapted
to it. A well-preserved specimen of the small
ceratopsian Psittacosaurus sp. from the Jehol
Biota preserves visible colour patterns
(Lingham-Soliar and Plodowski 2010; Mayr
et al. 2016; Vinther et al. 2016). SEM imaging
of samples of dark patches on the externally
scaled integument of Psittacosaurus revealed
abundant melanosome impressions which resem-
bled phaeomelanosomes and were predicted as
being brown in quadratic discriminant analysis
(Vinther et al. 2016). The distribution of the
melanosome-containing organic material exhibits

distinct patterns that resemble those seen in extant
animals, such as stripes, spots and countershading
(Fig. 11.10a). Countershading is a common form
of camouflage in modern animals which acts to
reduce the three-dimensionality of an object by
optically flattening the appearance of the body by
reducing self-shadowing (Thayer 1896; Rowland
2009; Allen et al. 2012; Vinther et al. 2016). Self-
shadowing is an important visual cue (shape from
shading) in practically all vertebrate visual
systems (Allen et al. 2012). Unpigmented scales
are also discernible across the whole body of
Psittacosaurus by their modest relief, but they
preserve as films of calcium phosphate (see
above) that fluoresce in UV- and laser-stimulated
fluorescence (LSF) imaging (Vinther et al. 2016).
To understand the distribution of the observed
colour patterns, an anatomically accurate 3D
model was made of dinosaur which had the pig-
ment distribution carefully projected onto it
(Fig. 11.10b). This allowed further investigation
of the countershading pattern and in turn the
likely habitat that the animal live in.

Studies have shown that there is distinct rela-
tionship between extant animals living in closed
versus open habitats and the transition in counter-
shading, being sharper and higher on the body
when directly illuminated versus more gradual
and further down the body in closed habitats
(Allen et al. 2012). To understand the light envi-
ronment that the countershading gradient of
Psittacosaurus would have been best adapted
for, a further 3D model (painted grey) was imaged
under different lighting conditions found in open
and closed habitats. By comparing the shadows
produced under each lighting condition with the
actual preserved colour patterns, it was shown
that Psittacosaurus would have been best adapted
to living in a closed forested habitat.

The principals behind this study were extended
to a ground-dwelling feathered non-avian thero-
pod dinosaur from the same deposits by
Smithwick et al. (2017a). Sinosauropteryx
prima, one of the first dinosaurs to have its colour
deduced from melanosome imaging (Zhang et al.
2010), also shows a darker dorsum and lighter
(likely unpigmented) ventrum indicating a
countershaded pattern (Fig. 11.10c).
Reconstructions of the colour pattern across the
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Fig. 11.10 Palaeocolour reconstructions of non-
maniraptoran dinosaurs. (a) Psittacosaurus, a ceratopsian
from the Early Cretaceous of Liaoning, China. (b) 3D
palaeocolour model of Psittacosaurus based on melano-
some sampling and pigment distributions showing a low
countershaded pattern and dark brown hue. (c)
Sinosauropteryx, a non-maniraptoran theropod from the
Early Cretaceous of Liaoning, China. (d) Palaeocolour
reconstruction of Sinosauropteryx showing countershading,

a striped tail and a ‘bandit’ eye mask, based on the
distribution of pigmented feathers across the body. (e)
Borealopelta, a large armoured ankylosaur from the Early
Cretaceous of Alberta, Canada. (f) Palaeocolour reconstruc-
tion of Borealopelta showing a phaeomelanised
countershaded pattern, based on the distribution of pigment
across the body and the chemistry of the preserved melanin.
Reconstructions courtesy of Robert Nicholls
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dinosaur (Fig. 11.10d) were again compared to
predicted optimal countershading patterns based
on 3D models imaged under different conditions.
This time however, a countershading pattern more
closely matching that predicted for an animal
living in an open habitat was seen, despite the
fact that both Sinosauropteryx and Psittacosaurus
came from the same deposits. This suggests that
the Jehol Biota was made up of a range of differ-
ent habitat types with different animals adapted to
different conditions. Other important features of
the plumage of Sinosauropteryx were also
described in detail in this work. These included
a previously noted banded tail (Zhang et al. 2010),
which is a very common plumage pattern seen in
modern birds and is associated with both social
signalling and camouflage (Marques et al. 2016),
and an eye stipe across the face (Fig. 11.10c, d).
This feature is informative with regard to bird
evolution, as it is a common feature seen in
many modern bird taxa and is known to be
associated with both camouflage (hiding the pres-
ence of the eye) and as an anti-glare device to
protect the eye from the sun (Ficken and Wilmot
1968; Bortolotti et al. 2006).

Countershading has also recently been
observed in a large Cretaceous nodosaurid anky-
losaur Borealopelta markmitchelli (Brown et al.
2017). This provided an opportunity for under-
standing the non-actualistic nature of Mesozoic
predator-prey landscapes. The frequency of coun-
tershading occurring in living terrestrial mammals
drops with increasing body size and is lost above
1000 kg. This is due to the safe haven provided by
gigantism at this threshold. Showing that a
heavily armoured ornithischian dinosaur,
estimated to have weighed more than 1300 kg,
was countershaded (Fig. 11.10e, f) demonstrates
the difference in the nature of the predator-prey
balance in the Mesozoic to today. This was likely
due to the presence of large theropodan predators
that meant the safety of large body sizes was only
effective at even greater magnitudes than would
be necessary today, as exemplified by the giant
sauropods (Brown et al. 2017).

Fossil colour patterns therefore provide impor-
tant insights to extinct ecologies, which would be

limited from conventional lines of evidence, such
as osteology, trace fossils and stable isotopes. As
our ability to reconstruct colour in extinct taxa
improves, a more comprehensive picture of the
past landscape is becoming clearer.

11.5 Limitations

While a wealth of information on past animal
colour has been revealed since the discovery of
melanin preservation in birds and extinct
dinosaurs, there are currently limitations. These
include inferences of specific hues, detection of
other pigments and some taphonomic
considerations.

Although melanin is the most common pig-
ment utilised by vertebrates for colouration, the
myriad of less common pigments contributes a
significant extra gamut of possible colours
(McGraw 2006a, c). By contrast, melanised
colours are limited to black, browns, rufous reds
and greys (McGraw 2006b).

Carotenoids are the most widespread pigment
in extant avian clades after melanin. This pigment
is taken up through the diet and appears with little
phylogenetic constraint in different groups.
Passerines most commonly exhibit carotenoid-
based patches of plumage in about 40% of taxa
(Thomas et al. 2014b), while in non-passerines it
is much more restricted to only 13% (Thomas
et al. 2014b). It is likely that dinosaurs could
have exhibited carotenoid-based plumage and
integument. It is a common feature in other
diapsids. The pigment does have a preservation
potential (Damsté and Koopmans 1997; Sum-
mons 2014), but is not hosted inside organelles
with a preservation potential as the pigment does
not form polymerised macromolecules like mela-
nin does. Carotenoid preservation, or the vesicles
containing them, has been proposed in a Late
Miocene snake (McNamara et al. 2016b), but no
evidence of the pigment has been found in any
fossil feather (Thomas et al. 2014a; Vinther
2015a), which may be due to preservation and
its utmost rarity. A number of other non-melanin
pigments found in modern birds are clade specific
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(e.g. psittacofulvins in the Psittaciformes and
green turacoverdin in turacos) (McGraw 2006c)
and are therefore unlikely to have been present in
any birds outside of these groups. Whether any
extinct birds or other dinosaurs had their own
unique class of pigments is an open question,
but given the rarity in modern birds, it is unlikely.

In order to detect non-melanin pigments, mass
spectroscopic or other chemical methods would
have to be employed, and most of these are highly
destructive. Porphyrins have been characterised
compellingly with the otherwise less diagnostic
ToF-SIMS (Greenwalt et al. 2013). How much of
a concern is this when proposing broad colour
patterns from a non-avian dinosaur?

First, these pigments are very rare as previ-
ously mentioned. Hence, the likelihood of having
to entertain non-melanin pigments outside of
passerines, turacos, owls and parrots is small.
Second, co-occurring melanin pigments mask
the colour of these pigments (McGraw
2006a, b, c; Vinther 2015a). Hence, only feathers
lacking melanosomes are likely to have been
either white or patterned with alternative
pigments. It is possible that labile non-melanin
pigments could have been present in these pre-
sumed unpigmented areas and have since been
lost through diagenesis. However, the most parsi-
monious interpretation would be that these
regions could have been white, given its higher
abundance than these pigments. Alternatively,
one can entertain exploring for these pigments
in these particular regions of the body. However,
if the white region forms a dorsoventral gradient,
it is most likely that it represents countershading
transition as this is one of the commonest colour
patterns in modern animals (Rowland 2009).

While pigments other than melanin have been
found in certain fossils and sediments [e.g.
flavonoids in leaves (Rieseberg and Soltis 1987)
and geoporphyrins, derived from haem, in a mos-
quito (Greenwalt et al. 2013)], assigning them as
endogenous to a specific fossil is often problem-
atic due to the propensity of the pigments to
remobilise during decay and diagenesis (Vinther
2015a). While it may be possible to find other
pigments in fossil birds and dinosaurs, ruling out
contamination from remobilisation (e.g. from
decaying algae) would require careful

comparison of integumentary features to
surrounding sediments (Vinther 2015a).

Another limitation of palaeocolour
reconstructions is the preservation potential of
keratin. As keratin is lost early on in diagenesis
[e.g. within decades to millennia in archaeolog-
ical sites of otherwise promising preservation
potential (O’Connor et al. 2015)], original
non-iridescent structural colouration that is
formed via light-scattering air bubbles inside the
keratin is also lost (Saitta et al. 2017). As outlined
previously, iridescence, which is generated by
organised melanosomes, can be identified, how-
ever, through either the preserved arrangement of
the melanosomes (Vitek et al. 2013) or through
their characteristic shape (Li et al. 2012; Hu et al.
2018).

As it stands, palaeocolour can only provide
information on broad hues and iridescence.
Non-iridescent structural colour cannot be
identified through melanosome preservation
(Babarović et al. 2019), and detecting albeit rare
non-melanin pigments is complicated. However,
inferences about distinct colouration strategies
have been performed from fossils such as display
(Li et al. 2010, 2012) and camouflage (Vinther
et al. 2016; Brown et al. 2017; Smithwick et al.
2017a). In addition, broad-scale colour patterns
such as countershading, stripes and spots can be
highly informative as to an animal’s ecology and
behaviour irrespective of the precise hues.

11.6 Conclusions

Over the last decade, palaeocolour has evolved
significantly as a discipline. The preservation
potential of melanin and other pigments under
exceptional circumstances has allowed for infer-
ring aspects of dinosaurian appearance and ecol-
ogy that was thought to be impossible. While
palaeocolour is limited to a few fossils from few
localities, it has shown its potency for
contributing crucial input to evolutionary and
ecological studies of extinct ecosystems.

Palaeocolour has contributed significantly to
our understanding of the evolution and origin of
avian plumage, and its colour gamut and many
discoveries are still to be made. Colour
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reconstructions have helped to advance our
knowledge of the predator-prey landscape in the
Mesozoic, further highlighting major differences
to today, but also some important similarities.
Understanding which types of camouflage were
present and in which groups helps to elucidate
how Jurassic Park would have played out, if the
book were written today.

Acknowledgements We thank the editors for their
encouragement and patience with us in producing this
book chapter as well as Gerald Mayr and others at the
Senckenberg Museum, Frankfurt, for access of specimens.

References

Allen WL, Baddeley R, Cuthill IC, Scott-Samuel NE
(2012) A quantitative test of the predicted relationship
between countershading and lighting environment. Am
Nat 180:762–776

Allison PA, Briggs DE (1993) Exceptional fossil record:
distribution of soft-tissue preservation through the
Phanerozoic. Geology 21:527–530

Babarović F, Puttick MN, Zaher M, Learmonth E,
Gallimore E-J, Smithwick FM, Mayr G, Vinther J
(2019) Characterization of melanosomes involved in
the production of non-iridescent structural feather
colours and their detection in the fossil record. J R
Soc Interface 16(155):20180921

Baker RR, Parker G (1979) The evolution of bird colora-
tion. Philos Trans R Soc B 287:63–130

Barden HE, Wogelius RA, LI D, Manning PL, Edwards
NP, Van Dongen BE (2011) Morphological and geo-
chemical evidence of eumelanin preservation in the
feathers of the early cretaceous bird, Gansus
yumenensis. PLoS One 6:e25494

Beyermann K, Hasenmaier D (1973) Identifizierung
180 Millionen Jahre alten, wahrscheinlich unverändert
erhaltenen Melanins (identification of 180 million
years old, probably unchanged melanine). Fresenius’
Zeitschrift für analytische Chemie 266(3):202–205

Blakey PR, Earland C, Stell JGP (1963) Calcification of
keratin. Nature 198:481

Bortolotti GR, Hill G, Mcgraw K (2006) Natural selection
and coloration: protection, concealment, advertise-
ment, or deception. Bird Coloration 2:3–35

Briggs DE, Kear AJ (1993) Fossilization of soft tissue in
the laboratory. Science 259:1439–1442

Briggs DE, Wilby PR (1996) The role of the calcium
carbonate-calcium phosphate switch in the mineraliza-
tion of soft-bodied fossils. J Geol Soc 153:665–668

Briggs DEG, Kear AJ, Martill DM, Wilby PR (1993)
Phosphatization of soft-tissue in experiments and
fossils. J Geol Soc 150:1035–1038

Brown CM, Henderson DM, Vinther J, Fletcher I,
Sistiaga A, Herrera J, Summons RE (2017) An

exceptionally preserved three-dimensional Armored
dinosaur reveals insights into coloration and
cretaceous predator-prey dynamics. Curr Biol 27:
2514–2521

Brusatte SL, O’connor JK, Jarvis ED (2015) The
origin and diversification of birds. Curr Biol 25:
R888–R898

Carney RM, Vinther J, Shawkey MD, D’alba L,
Ackermann J (2012) New evidence on the colour and
nature of the isolated archaeopteryx feather. Nat
Commun 3:637

Chang M-M (2003) The Jehol biota: the emergence of
feathered dinosaurs, beaked birds and flowering plants.
Scientific & Technical Publ, Shanghai

Chen PJ, Dong ZM, Zhen SN (1998) An exceptionally
well-preserved theropod dinosaur from the Yixian for-
mation of China. Nature 391:147

Chittenden RH, Albro AH (1899) The formation of
melanins or melanin-like pigments from proteid
substances. Am J Physiol Legacy Cont 2:291–305

Clarke JA, Ksepka DT, Salas-Gismondi R, Altamirano AJ,
Shawkey MD, D’alba L, Vinther J, Devries TJ, Baby P
(2010) Fossil evidence for evolution of the shape and
color of penguin feathers. Science 330:954–957

Clements T, Dolocan A, Martin P, Purnell MA, Vinther J,
Gabbott SE (2016) The eyes of Tullimonstrum reveal a
vertebrate affinity. Nature 532:500–503

Colleary C, Dolocan A, Gardner J, Singh S, Wuttke M,
Rabenstein R, Habersetzer J, Schaal S, Feseha M,
Clemens M (2015) Chemical, experimental, and mor-
phological evidence for diagenetically altered melanin
in exceptionally preserved fossils. Proc Natl Acad Sci
112:12592–12597

Cuthill IC (2006) Color perception. Bird Coloration
1:3–40

Cuthill I, Bennett A, Partridge J, Maier E (1999) Plumage
reflectance and the objective assessment of avian sex-
ual dichromatism. Am Nat 153:183–200

D’alba L, Shawkey MD (2018) Melanosomes: biogenesis,
properties, and evolution of an ancient organelle.
Physiol Rev 99:1–19

Damsté JS, Koopmans MP (1997) The fate of carotenoids
in sediments: an overview. Pure Appl Chem
69:2067–2074

Darwin C (1859) The origin of species by means of natural
selection: or, the preservation of favored races in the
struggle for life

Darwin C (1871) The descent of man and selection in
relation to sex. Рипол Классик, Moscow

Davis PG, Briggs DE (1995) Fossilization of feathers.
Geology 23:783–786

Demarchi B, Hall S, Roncal-Herrero T, Freeman CL,
Woolley J, Crisp MK, Wilson J, Fotakis A,
Fischer R, Kessler BM, Jersie-Christensen RR (2016)
Protein sequences bound to mineral surfaces persist
into deep time. elife 5:e17092

Doguzhaeva L, Mapes R, Mutvei H (2004) Occurrence of
ink in Paleozoic and Mesozoic coleoids
(Cephalopoda). Mitteilungen aus dem Geologisch-
Paläontologischen Institut der Universität Hamburg
88:145–155

11 Palaeocolour: A History and State of the Art 207



Doucet SM, Meadows MG (2009) Iridescence: a func-
tional perspective. J R Soc Interface 6:S115–S132

Eglinton G, Logan GA (1991) Molecular preservation.
Phil Trans R Soc Lond B 333:315–328

Esperante R, Brand L, Nick KE, Poma O, Urbina M
(2008) Exceptional occurrence of fossil baleen in shal-
low marine sediments of the Neogene Pisco formation,
southern Peru. Palaeogeogr Palaeoclimatol Palaeoecol
257:344–360

Ficken RW, Wilmot LB (1968) Do facial eye-stripes func-
tion in avian vision? Am Midl Nat:522–523

Field DJ, D’alba L, Vinther J, Webb SM, Gearty W,
Shawkey MD (2013) Melanin concentration gradients
in modern and fossil feathers. PLoS One 8:e59451

Foth C, Tischlinger H, Rauhut OW (2014) New specimen
of archaeopteryx provides insights into the evolution of
pennaceous feathers. Nature 511:79–82

Frey E, Tischlinger H, Buchy MC, Martill DM (2003)
New specimens of Pterosauria (Reptilia) with soft
parts with implications for pterosaurian anatomy and
locomotion. Geol Soc Lond, Spec Publ 217:233–266

Gabbott SE, Donoghue PC, Sansom RS, Vinther J,
Dolocan A, Purnell MA (2016) Pigmented anatomy
in carboniferous cyclostomes and the evolution of the
vertebrate eye. Proc Biol Sci 283:1836

Galván I, Solano F (2016) Bird integumentary melanins:
biosynthesis, forms, function and evolution. Int J Mol
Sci 17:520

Galván I, Wakamatsu K (2016) Color measurement of the
animal integument predicts the content of specific mel-
anin forms. RSC Adv 6:79135–79142

Gioncada A, Collareta A, Gariboldi K, Lambert O, Di
Celma C, Bonaccorsi E, Urbina M, Bianucci G
(2016) Inside baleen: exceptional microstructure pres-
ervation in a late Miocene whale skeleton from Peru.
Geology 44:839–842

Glass K, Ito S, Wilby PR, Sota T, Nakamura A, Bowers
CR, Vinther J, Dutta S, Summons R, Briggs DE (2012)
Direct chemical evidence for eumelanin pigment from
the Jurassic period. Proc Natl Acad Sci
109:10218–10223

Glass K, Ito S, Wilby PR, Sota T, Nakamura A, Bowers
CR, Miller KE, Dutta S, Summons RE, Briggs DE
(2013) Impact of diagenesis and maturation on the
survival of eumelanin in the fossil record. Org
Geochem 64:29–37

Godefroit P, Sinitsa SM, Dhouailly D, Bolotsky YL, Sizov
AV, Mcnamara ME, Benton MJ, Spagna P (2014) A
Jurassic ornithischian dinosaur from Siberia with both
feathers and scales. Science 345:451–455

Gong EP, Martin LD, Burnham DA, Falk AR, Hou LH
(2012) A new species of microraptor from the Jehol
Biota of northeastern China. Palaeoworld 21:81–91

Gottfried MD (1989) Earliest fossil evidence for protective
pigmentation in an actinopterygian fish. Hist Biol
3:79–83

Greenwalt DE, Goreva YS, Siljeström SM, Rose T,
Harbach RE (2013) Hemoglobin-derived
porphyrins preserved in a middle Eocene blood-

engorged mosquito. Proc Natl Acad Sci 110(46):
18496–18500

Gren JA, Sjövall P, Eriksson ME, Sylvestersen RL,
Marone F, Sigfridsson Clauss KG, Taylor GJ,
Carlson S, Uvdal P, Lindgren J (2017) Molecular and
microstructural inventory of an isolated fossil bird
feather from the Eocene Fur formation of Denmark.
Palaeontology 60:73–90

Griffiths P (1996) The isolated archaeopteryx feather.
Archaeopteryx 14:1–26

Hill G, McGraw K (2006a) Function and evolution, vol
2. Harvard University Press, Cambridge, MA

Hill G, McGraw K (2006b) Mechanisms and
measurements, vol 1. Harvard University Press,
Cambridge, MA

Hu D, Clarke JA, Eliason CM, Qiu R, LI Q, Shawkey MD,
Zhao C, D’alba L, Jiang J, Xu X (2018) A bony-crested
Jurassic dinosaur with evidence of iridescent plumage
highlights complexity in early paravian evolution. Nat
Commun 9:217

Igic B, D’alba L, Shawkey MD (2016) Manakins can
produce iridescent and bright feather colours without
melanosomes. J Exp Biol 219:1851–1859

Kellner AW (2002) A review of avian Mesozoic fossil
feathers. In: Mesozoic Birds: above the heads of
Dinosaurs. University of California Press, Berkeley
CA, pp 389–404

Koschowitz MC, Fischer C, Sander M (2014) Beyond the
rainbow. Science 346:416–418

Lafountain AM, Prum RO, Frank HA (2015) Diversity,
physiology, and evolution of avian plumage
carotenoids and the role of carotenoid–protein
interactions in plumage color appearance. Arch
Biochem Biophys 572:201–212

Lee S-I, Kim M, Choe JC, Jablonski PG (2016) Evolution
of plumage coloration in the crow family (Corvidae)
with a focus on the color-producing microstructures in
the feathers: a comparison of eight species. Anim Cells
Syst 20:95–102

Li Q, Gao K-Q, Vinther J, Shawkey MD, Clarke JA,
D’alba L, Meng Q, Briggs DE, Prum RO (2010) Plum-
age color patterns of an extinct dinosaur. Science
327:1369–1372

Li Q, Gao K-Q, Meng Q, Clarke JA, Shawkey MD,
D’alba L, Pei R, Ellison M, Norell MA, Vinther J
(2012) Reconstruction of microraptor and the evolu-
tion of iridescent plumage. Science 335:1215–1219

Lindgren J, Uvdal P, Sjövall P, Nilsson DE, Engdahl A,
Schultz BP, Thiel V (2012) Molecular preservation of
the pigment melanin in fossil melanosomes. Nat
Commun 3:824

Lindgren J, Sjövall P, Carney RM, Uvdal P, Gren JA,
Dyke G, Schultz BP, Shawkey MD, Barnes KR,
Polcyn MJ (2014) Skin pigmentation provides evi-
dence of convergent melanism in extinct marine
reptiles. Nature 506(7489):484–488

Lindgren J, Moyer A, Schweitzer MH, Sjövall P, Uvdal P,
Nilsson DE, Heimdal J, Engdahl A, Gren JA, Schultz
BP (2015) Interpreting melanin-based coloration

208 F. Smithwick and J. Vinther



through deep time: a critical review. Proc R Soc B
282:1813

Lindgren J, Kuriyama T, Madsen H, Sjövall P, Zheng W,
Uvdal P, Engdahl A, Moyer AE, Gren JA,
Kamezaki N, Ueno S (2017) Biochemistry and adap-
tive colouration of an exceptionally preserved juvenile
fossil sea turtle. Sci Rep 7:13324

Lingham-Soliar T, Plodowski G (2010) The integument of
Psittacosaurus from Liaoning Province, China: taphon-
omy, epidermal patterns and color of a ceratopsian
dinosaur. Naturwissenschaften 97:479–486

Lingham-Soliar T, Feduccia A, Wang X (2007) A new
Chinese specimen indicates that ‘protofeathers’ in the
early cretaceous theropod dinosaur Sinosauropteryx
are degraded collagen fibres. Proc R Soc Lond B Biol
Sci 274:1823–1829

Liu Y, Simon JD (2005) Metal–ion interactions and the
structural organization of Sepia eumelanin. Pigment
Cell Melanoma Res 18:42–48

Mapes RH, Davis RA (1996) Color patterns in
ammonoids. Ammonoid paleobiology. Springer, Bos-
ton, MA

Margalida A, Negro JJ, Galván I (2008) Melanin-based
color variation in the bearded vulture suggests a ther-
moregulatory function. Comp Biochem Physiol A Mol
Integr Physiol 149:87–91

Marques CI, Batalha HR, Cardoso GC (2016) Signalling
with a cryptic trait: the regularity of barred plumage in
common waxbills. R Soc Open Sci 3:160195

Mayr G (2017) The early Eocene birds of the Messel fossil
site: a 48 million-year-old bird community adds a
temporal perspective to the evolution of tropical
avifaunas. Biol Rev Camb Philos Soc 92
(2):1174–1188

Mayr G, Pittman M, Saitta E, Kaye TG, Vinther J (2016)
Structure and homology of Psittacosaurus tail bristles.
Palaeontology 59:793–802

McGraw KJ (2006a) Mechanics of carotenoid-based col-
oration. Bird Coloration 1:177–242

McGraw KJ (2006b) Mechanics of melanin-based colora-
tion. In: Bird coloration, Mechanisms and
measurements, vol 1. Harvard University Press,
Cambridge MA

McGraw KJ (2006c) Mechanics of uncommon colors:
pterins, porphyrins, and psittacofulvins. Bird Colora-
tion 1:354–398

McGraw KJ (2008) An update on the honesty of melanin-
based color signals in birds. Pigment Cell Melanoma
Res 21:133–138

McGraw KJ, Nogare MC (2004) Carotenoid pigments and
the selectivity of psittacofulvin-based coloration
systems in parrots. Comp Biochem Physiol B:
Biochem Mol Biol 138:229–233

McGraw K, Safran R, Wakamatsu K (2005) How feather
colour reflects its melanin content. Funct Ecol
19:816–821

McNamara ME, Orr PJ, Kearns SL, Alcalá L, Anadón P,
Peñalver-Mollá E (2006) High-fidelity organic preser-
vation of bone marrow in ca. 10 ma amphibians. Geol-
ogy 34:641–644

McNamara M, Orr PJ, Kearns SL, Alcalá L, Anadón P,
Peñalver-Mollá E (2010) Organic preservation of fossil
musculature with ultracellular detail. Proc R Soc Lond
B Biol Sci 277:423–427

McNamara ME, Briggs DE, Orr PJ, Field DJ, Wang Z
(2013) Experimental maturation of feathers:
implications for reconstructions of fossil feather col-
our. Biol Lett 9:20130184

McNamara ME, Dongen BE, Lockyer NP, Bull ID, Orr PJ
(2016a) Fossilization of melanosomes via
sulfurization. Palaeontology 59:337–350

McNamara ME, Orr PJ, Kearns SL, Alcalá L, Anadón P,
Peñalver E (2016b) Reconstructing carotenoid-based
and structural coloration in fossil skin. Curr Biol
26:1075–1082

McNamara ME, Briggs DE, Orr PJ, Field DJ, Wang Z
(2017) Correction to ‘experimental maturation of
feathers: implications for reconstructions of fossil
feather colour’. Biol Lett 13:3

McNamara ME, Kaye JS, Benton MJ, Orr PJ, Rossi V,
Ito S, Wakamatsu K (2018) Non-integumentary
melanosomes can bias reconstructions of the colours
of fossil vertebrates. Nat Commun 9:2878

Morris SC, Caron JB (2014) A primitive fish from the
Cambrian of North America. Nature 512:419

Moyer AE, ZhengW, Johnson EA, Lamanna MC, LI D-Q,
Lacovara KJ, Schweitzer MH (2014) Melanosomes or
microbes: testing an alternative hypothesis for the ori-
gin of microbodies in fossil feathers. Sci Rep 4:4233

Moyer AE, Zheng W, Schweitzer MH (2016) Microscopic
and immunohistochemical analyses of the claw of the
nesting dinosaur, Citipati osmolskae. Proc R Soc B
283:20161997

O’Connor S, Solazzo C, Collins M (2015) Advances in
identifying archaeological traces of horn and other
keratinous hard tissues. Stud Conserv 60:393–417

Olson VA, Owens IP (1998) Costly sexual signals: are
carotenoids rare, risky or required? Trends Ecol Evol
13:510–514

Ostrom JH (1974) Archaeopteryx and the origin of flight.
Q Rev Biol 49:27–47

Owen P (1863) On the Archeopteryx of von Meyer, with a
description of the fossil remains of a long-tailed spe-
cies, from the lithographic stone of Solnhofen. Philos
Trans R Soc Lond 153:33–47

Pan Y, Zheng W, Moyer AE, O’connor JK, Wang M,
Zheng X, Wang X, Schroeter ER, ZHOU Z,
Schweitzer MH (2016) Molecular evidence of keratin
and melanosomes in feathers of the early cretaceous
bird Eoconfuciusornis. Proc Natl Acad Sci 113:
E7900–E7907

Parry L, Smithwick FM, Briggs DE, Vinther J (2017) Soft-
bodied fossils are not simply rotten carcasses—
towards a holistic understanding of exceptional fossil
preservation. BioEssays 40:1

Prado GM, Anelli LE, Petri S, Romero GR (2016) New
occurrences of fossilized feathers: systematics and
taphonomy of the Santana formation of the Araripe
Basin (cretaceous), NE, Brazil. PeerJ 4:e1916

11 Palaeocolour: A History and State of the Art 209



Prum RO (2006) Anatomy, physics, and evolution of
structural colors. Bird Coloration 1:295–353

Rauhut OW, Foth C, Tischlinger H, Norell MA (2012)
Exceptionally preserved juvenile megalosauroid thero-
pod dinosaur with filamentous integument from the
late Jurassic of Germany. Proc Natl Acad Sci
109:11746–11751

Rieseberg LH, Soltis DE (1987) Flavonoids of fossil Mio-
cene Platanus and its extant relatives. Biochem Syst
Ecol 15:109–112

Rowland HM (2009) From Abbott Thayer to the present
day: what have we learned about the function of coun-
tershading? Philos Trans R Soc Lond B Biol Sci
364:519–527

Saitta ET, Rogers C, Brooker RA, Abbott GD, Kumar S,
O’reilly SS, Donohoe P, Dutta S, Summons RE,
Vinther J (2017) Low fossilization potential of keratin
protein revealed by experimental taphonomy.
Palaeontology 60:547–556

Saitta ET, Fletcher I, Martin P, Pittman M, Kaye TG, True
LD, Norell MA, Abbott GD, Summons RE,
Penkman K, Vinther J (2018) Preservation of feather
fibers from the late cretaceous dinosaur Shuvuuia
deserti raises concern about immunohistochemical
analyses on fossils. Org Geochem 125:142–151

Schweitzer MH, Watt JA, Avci R, Forster CA, Krause
DW, Knapp L, Rogers RR, Beech I, Marshall M
(1999) Keratin immunoreactivity in the late cretaceous
bird Rahonavis ostromi. J Vertebr Paleontol
19:712–722

Schweitzer MH, Lindgren J, Moyer AE (2015)
Melanosomes and ancient coloration re-examined: a
response to Vinther 2015 (doi:10.1002/
bies.201500018). BioEssays 37:1174–1183

Shu DG, Morris SC, Han J, Zhang ZF, Yasui K, Janvier P,
Chen L, Zhang XL, Liu JN, Li Y, Liu HQ (2003) Head
and backbone of the early Cambrian vertebrate
Haikouichthys. Nature 421:526

Sinninghe Damsté JS, Rijpstra WIC, Kock-van Dalen AC,
De Leeuw JW, Schenck PA (1989) Quenching of
labile functionalised lipids by inorganic Sulphur spe-
cies: evidence for the formation of sedimentary organic
Sulphur compounds at the early stages of diagenesis.
Geochim Cosmochim Acta 53:1343–1355

Smithwick FM, Nicholls R, Cuthill I, Vinther J (2017a)
Countershading and stripes in the theropod dinosaur
Sinosauropteryx reveal heterogeneous habitats in the
early cretaceous Jehol biota. Curr Biol 27
(21):3337–3343.e2

Smithwick FM, Mayr G, Saitta ET, Benton MJ, Vinther J
(2017b) On the purported presence of fossilized colla-
gen fibres in an ichthyosaur and a theropod dinosaur.
Palaeontology 60:409–422

Stavenga DG, Leertouwer HL, Marshall NJ, Osorio D
(2010) Dramatic colour changes in a bird of paradise
caused by uniquely structured breast feather barbules.
Proc R Soc Lond B Biol Sci 278(1715). https://doi.org/
10.1098/rspb.2010.2293

Summons RE (2014) The exceptional preservation of
interesting and informative biomolecules. Paleontol
Soc Pap 20:217–236

Thayer AH (1896) The law which underlies protective
coloration. Auk 13:124–129

Thomas DB, Nascimbene PC, Dove CJ, Grimaldi DA,
James HF (2014a) Seeking carotenoid pigments in
amber-preserved fossil feathers. Sci Rep 4:5226

Thomas DB, McGraw KJ, Butler MW, Carrano MT,
Madden O, James HF (2014b) Ancient origins and
multiple appearances of carotenoid-pigmented feathers
in birds. Proc R Soc Lond B Biol Sci 281:20140806

Vickerman JC, Briggs D (2001) ToF-SIMS: surface anal-
ysis by mass spectrometry. IM, Chichester

Vinther J (2015a) A guide to the field of palaeo colour.
BioEssays 37:643–656

Vinther J (2015b) Fossil melanosomes or bacteria? A
wealth of findings favours melanosomes. BioEssays
38:220–225

Vinther J, Briggs DE, Prum RO, Saranathan V (2008) The
colour of fossil. Feathers. Biol Lett 4:522–525

Vinther J, Briggs DE, Clarke J, Mayr G, Prum RO (2009)
Structural coloration in a fossil feather. Biol Lett 6:1.
https://doi.org/10.1098/rsbl.2009.0524

Vinther J, Nicholls R, Lautenschlager S, Pittman M, Kaye
TG, Rayfield E, Mayr G, Cuthill IC (2016) 3D camou-
flage in an ornithischian dinosaur. Curr Biol
26:2456–2462

Vitek NS, Vinther J, Schiffbauer JD, Briggs DE, Prum RO
(2013) Exceptional three-dimensional preservation and
coloration of an originally iridescent fossil feather from
the middle Eocene messel oil shale. Paläontol Z
87:493–503

Voigt E (1936) Über das Haarkleid einiger Säugetiere aus
der mitteleozänen Braunkohle des Geiseltales. Nova
Acta Leopoldina 4:317–334

Voigt E (1988) Preservation of soft tissues in the Eocene
lignite of the Geiseltal near Halle/S. Cour
Forschungsinst Senck 107:325–343

von Meyer H (1861a) Archaeopteryx lithographica. Neues
Jahrbuch für Mineralogie, Geologie und Paläontologie
1861:678–679

von Meyer H (1861b) Archaeopteryx lithographica
(Vogel-Feder) und Pterodactylus von Solnhofen.
Neues Jahrbuch für Mineralogie, Geognosie, Geologie
und Petrefakten-Kunde 1861:678–679

von Meyer H (1862) Archaeopteryx lithographica aus dem
lithographischen Schiefer von Solenhofen. Palaeonto-
graphica (1846-1933) 10:53–56

Vorobyev M, Osorio D, Bennett AT, Marshall NJ, Cuthill
IC (1998) Tetrachromacy, oil droplets and bird plum-
age colours. J Comp Physiol A 183:621–633

Vukusic P (2011) Structural colour: elusive iridescence
strategies brought to light. Curr Biol 21:R187–R189

Whitear M (1956) XCVII.—on the colour of an ichthyo-
saur. J Nat Hist 9:742–744

Wilby PR, Briggs DE (1997) Taxonomic trends in the
resolution of detail preserved in fossil phosphatized
soft tissues. Geobios 30:493–502

210 F. Smithwick and J. Vinther

https://doi.org/10.1098/rspb.2010.2293
https://doi.org/10.1098/rspb.2010.2293
https://doi.org/10.1098/rsbl.2009.0524


Wogelius R, Manning P, Barden H, Edwards N, Webb S,
Sellers W, Taylor K, Larson P, Dodson P,
You H (2011) Trace metals as biomarkers for
eumelanin pigment in the fossil record. Science
333:1622–1626

Wolfenden RN (1884) On certain constituents of the eggs
of the common frog. J Physiol 5:91–97

Wuttke M (1983) Weichteil-Erhaltung’durch lithifizierte
Mikroorganismen bei mittel-eozänen Vertebraten aus
den Ölschiefern der ‘Grube Messel’bei Darmstadt.
Senckenb Lethaea 64:509–527

Xing L, Mckellar RC, Wang M, Bai M, O’connor
JK, Benton MJ, Zhang J, Wang Y, Tseng K, Lockley
MG, Li G (2016) Mummified precocial bird wings
in mid-cretaceous Burmese amber. Nat Commun
7:12089

Zhang F, Kearns SL, Orr PJ, Benton MJ, Zhou Z,
Johnson D, Xu X, Wang X (2010) Fossilized
melanosomes and the colour of cretaceous dinosaurs
and birds. Nature 463:1075–1078

Zheng X-T, You H-L, Xu X, Dong Z-M (2009) An early
cretaceous heterodontosaurid dinosaur with filamen-
tous integumentary structures. Nature 458:333–336

11 Palaeocolour: A History and State of the Art 211


	Chapter 11: Palaeocolour: A History and State of the Art
	11.1 Overturning the Paradigm: From Bacteria to Coloured Dinosaurs
	11.2 Mechanism of Melanin Preservation
	11.2.1 Maturation Experiments
	11.2.2 Melanin and Sulphurisation

	11.3 Preservation of Non-melanin Feather Components
	11.4 Bringing the Past to Life: Palaeocolour Reconstructions of Extinct Dinosaurs
	11.5 Limitations
	11.6 Conclusions
	References


