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Abstract 
 

Fossil feathers harbour key information for understanding the evolution of feathers 

through deep time. The ability of fossil feathers to inform on the biochemical evolution of 

feathers is, however, restricted due to an incomplete understanding of feather 

taphonomy. Accurate interpretation of data from fossil feathers requires a comprehensive 

understanding of the fate of key feather components – melanosomes, melanins and 

feather corneous beta proteins (CBPs) – during fossilization, but this is not fully 

characterized. Further, whether the preservation of different feather components is inter-

dependent, and whether certain components impact preservation of others, is unknown. 

Unsurprisingly, reports of preserved feather chemistry in fossils are controversial. This 

thesis addresses these issues using taphonomic experiments incorporating decay, 

sulfurisation, oxidation, thermal maturation and high temperature-high pressure 

maturation on black, white and orange feathers from extant birds. The results resolve the 

controls on the preservation of melanosomes and melanins (in decreasing order of 

importance: oxidation, maturation and decay) and the proteinaceous component of 

feathers (in decreasing order of importance: maturation, oxidation and decay). The 

experimental results also support new fossil evidence for the preservation of disulfides and 

amides, which are indicative of feather CBPs, in Mesozoic fossil feathers and the 

preservation of phaeomelanin molecular residues in Miocene fossil frogs. Collectively, the 

results form the basis for a new integrated model for feather preservation that is firmly 

grounded in quantitative empirical data and encompasses all major feather components. 

This model explains variations in the preservation of fossil feathers and represents a major 

advance in our understanding of the preservation of feathers and of structural proteins. 

Critically, the model highlights the power of combining systematic and quantitative 

taphonomic experiments with a holistic, whole-tissue approach, to resolve long-standing 

issues relating to the preservation of soft tissues in the fossil record. 
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Outline 
 

This thesis comprises eight chapters. Chapter 1 provides an overview of the components 

and evolution of feathers in addition to a summary of fossil feathers and the role of 

experimental taphonomy in elucidating fossil soft-tissue preservation. Chapter 2 details the 

material and methods used to perform the research presented in this thesis. Chapters 3–6 

present four studies investigating the taphonomy of feathers. These four chapters follow 

the formatting requirements of specific journals for publication. Chapter 3 presents a 

paper that has been published in the journal Palaeontology. Chapter 4 presents a study 

that is prepared for re-submission to Nature Communications. Chapter 5 presents a study 

that is prepared for submission to Nature. Chapter 6 presents a study that is prepared for 

submission to Current Biology. Each chapter is presented as a complete study, with 

references and supplementary information following the main text in each case. Chapter 7 

provides a brief overview of the findings of this project and discusses each finding in 

relation to relevant literature. Chapter 8 concludes the thesis and highlights important 

avenues for future research. UK English is used throughout the thesis. 

 

References cited in Chapters 1, 2 and 7 are provided following Chapter 8. 

 

Appendix I provides the following publication: 

McNamara, M. E., Rossi, V., Slater, T., Rogers, C., Ducrest, A.-L., Dubey, S., & Roulin, A. 

(2021). Decoding the evolution of melanin in vertebrates. Trends in Ecology & Evolution, 

36(5), 430–443. https://doi.org/10.1016/j.tree.2020.12.012 

 

Candidate contribution to the study. TSS contributed to the writing of the paper. 

 

Appendix II provides the links to supplementary datasets for Chapters 3 and 4. 
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Project aims 
 
The aims of the thesis are to test the following hypotheses: 

1. Oxidation promotes melanosomes degradation 

2. Proteinaceous feather tissue can survive maturation under conditions that simulate 

diagenesis 

3. Feather corneous beta proteins can survive maturation under conditions that 

simulate diagenesis 

4. Chemical evidence of feather CBPs can be detected in fossil feathers using FTIR and 

S-XANES 

5. The degradation of eumelanin and phaeomelanin monomers follows predictable 

pathways during thermal maturation 

6. Chemical evidence of phaeomelanin monomers can survive in fossils 

The research in this thesis demonstrates that hypotheses 1–6 are true. 
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1. Introduction 

 

This chapter contains eight sections. Section 1.1 considers the development, structure and 

evolution of feathers andis followed by three sections describing the primary components 

of feathers – melanosomes (section 1.2), melanins (section 1.3) and feather proteins 

(section 1.4). Section 1.5 reviews the preservation of fossil soft tissues and section 1.6 

reviews the organic preservation of fossil soft tissues. Collectively, these sections provide 

the foundation for a review of the fossil record of feathers in section 1.7. Finally, section 

1.8 provides an overview of experimental taphonomy and its essential role in 

palaeontology. 

 

1.1 Feather function and development 

 

Feathers are highly complex and evolutionarily novel integumentary structures that 

comprise predominantly feather corneous beta proteins (CBPs) and pigments. Feather 

CBPs (previously termed β-keratins [Alibardi, 2016b]) are fibrous structural proteins 

containing abundant disulfide bonds (Wang et al., 2016; see Chapter 1.4). Pigments are 

organic molecules that produce colour via the selective absorption of different 

wavelengths of light. The most common feather pigments are melanins (McGraw et al., 

2005; see Chapters 1.2 and 1.3) but feathers can also contain carotenoids (Brush, 1978; 

McGraw, 2006), psittacofulvins (as in parrots [McGraw, 2006]) porphyrins (as in turacos 

[McGraw, 2006]), and spheniscins (as in penguins [Thomas et al., 2013]). 
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Fig. 1.1 Illustration showing the anatomy of a pennaceous feather (modified from the 

Cornell Bird Academy [Thompson, 2014]). 

 

Feathers possess a hierarchical branching structure with a calamus, rachis, barbs and 

barbules (Fig. 1.1; Lucas & Stettenheim, 1972). At the proximal end of a feather stalk is a 

calamus held by the feather follicle (i.e., an invagination of living epithelial cells into the 

dermis) in the skin; the rest is called the rachis. Barbs proximally fuse to the rachis and 

barbules fuse to the barbs to form the feather vane. Variations on this structure create 

diverse feather morphologies that serve many functions (Fig. 1.2; Prum, 1999). Down 

feathers exhibit a short calamus and rachis with long barbs and barbules. Semiplume 

feathers possess a longer calamus and rachis than down feathers. The barbs in down and 

semiplume feathers do not interlink via barbules, generating plumulaceous feathers with 

either no vane (as in down feathers) or a soft open vane (as in semiplumes); such 

plumulaceous feathers function in thermoregulation. Contour feathers, remiges (wing 

feathers) and rectrices (tail feathers) are pennaceous feathers that contain stiffer and 

more abundant barbs than plumulaceous feathers. Pennaceous feathers can exhibit open 

or closed feather vanes. In the latter case, barbules possess pennulae with ventral hooks 

interlock with proximal barbules (Lucas & Stettenheim, 1972). Unlike other pennaceous 

feathers, contour feathers have plumulaceous barbs in the proximal feather region to 

create an open vane structure; hooked pennulae on barbules in the distal region create a 

closed feather vane structure. This structure supports functions in both thermoregulation 

and display (Prum, 1999). Remiges can be either primary or secondary flight feathers. 

Primary flight feathers tend to be longer and thinner than secondaries and are on the 

distal portion of a wing. Secondary flight feathers have a more proximal position on the 

wing than primary feathers. Remiges and rectrices possess an elongated rachis with stiff 
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barbs and barbules. Pennulae with ventral hooks are present on all barbules in remiges 

and rectrices to form a closed feather vane that provides strength for flight; remiges and 

rectrices, however, also function in display (Prum, 1999). Remiges and rectrices can be 

either symmetrical or asymmetrical depending on the position of the rachis. The outer 

vane of an asymmetrical feather is toward the leading edge of the wing. Primary remiges 

and proximal rectrices are asymmetrical and exhibit a thinner outer vane than the inner 

vane to improve flight capability. In crown birds, the outer vane exhibits barbs with a 

smaller angle to the rachis than the barbs of the inner vane. Bristles have a long and stiff 

rachis with few short, stiff barbules whereas filoplumes have a short, flexible rachis with 

few barbs on their distal ends. Bristles and filoplumes primarily serve a sensory function. 

 

 

Fig. 1.2 Illustrations of the common feather morphologies observed in extant birds (from 

the Cornell Bird Academy [Thompson, 2014]). 

 

Feathers form in pterylae, or feather tracts, and in a distal to proximal fashion (i.e., the 

distal end of a feather forms before the proximal end) through the generation of 

keratinocytes [Prum, 1999]; Fig. 1.3). Birds shed feathers through ecdysis whereas endysis 

is the process of feather generation (Lucas & Stettenheim, 1972). Feather regeneration 

serves many physiological purposes, such as colour rejuvenation (Chuong et al., 2012) and 

eliminating heavy metals from the organism (Burger, 1995). 

 

The development of natal down feathers, i.e., the first generation of feathers formed 

during development, occurs before that of mature feathers. During the initial development 

of natal down feathers, the Wnt/β-catenin signalling pathway leads to a local thickening of 

the dermis, termed a placode, that gives rise to a feather (Prum, 1999; Prum & Brush, 

2002; Lucas & Stettenheim, 1972; Fig. 1.4a). The genes Shh, myc and myb determine the 
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proximal-distal axis of the placode (Chen et al., 2015) and outgrowth of the placode 

generates a papilla, which can also be referred to as a feather bud (Fig. 1.4b). The papilla 

possesses an epidermal collar at the base of the follicle (Fig. 1.4c). The innermost 

epidermal layer of the collar creates the tubular epidermis of the papilla, which 

differentiates into various layers: the pulp, outer epidermal layer, inner epidermal layer 

and the intermediate epidermal layer (Foth, 2020; Prum & Dyck, 2003). Dermal cells in the 

proximal end of the follicle comprise the dermal pulp and the dermal cells in the distal end 

comprise the pulp (Inaba & Chuong, 2020; Fig. 1.4c). The intermediate epidermal layer 

generates barb ridges in a distal to proximal fashion (Prum & Dyck, 2003; Fig. 1.4d). The 

generation of barb ridges is followed quickly by the epidermal invagination of part of the 

follicle into the dermis (Prum & Brush, 2002; Fig. 1.4d). Genes essential to the formation of 

feathers include fibroblast growth factors (FGFs), sonic hedgehog (Shh), wingless 

integrated proteins (Wnt; e.g., Wnt-2 and Wnt-6), bone morphogenic proteins (BMPs; e.g., 

BMP4), noggin and neural-cell adhesion molecules (N-CAM; Chu et al., 2014; Dhouailly, 

2009; Lin et al., 2013; Yu et al., 2002). 

 

 

Fig. 1.3 A schematic illustration of a pennaceous feather in the early phase of its 

development. The distal end of the feather develops before the proximal end (from Prum 

and Brush, 2002).  
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Fig. 1.4 Schematic illustration showing the development of a feather papilla and follicle 

(modified from Chen et al. [2015]). The dashed line in part d indicates the position of the 

plane of the transverse sections in e–h. 

 

Blood vessels in the dermal pulp supply the developing feather with nutrients. The outer 

epidermal layer forms a sheath to protect the germinating feather whereas the inner 

epidermal layer plays a critical role in the production of barb ridges (Prum & Dyck, 2003; 

Fig. 1.4e). In conjunction with the dermal pulp, the inner epidermal layer produces 

cornified pulp caps (Prum & Dyck, 2003). Folding of the inner epidermal layer creates 

marginal plates and a central axial plate (Fig. 1.4f). Barb ridges are generated from the 

intermediate epidermal layer and differentiate into the proliferation and ramogenic zones. 

The ramogenic zone generates the ramogenic column, which forms the ramus of the barb 

and two lateral barbule plates (Lin et al., 2013; Prum & Brush, 2002; Fig. 1.4f). Lateral 

barbule plates are separated by the central axial plate and form plumulaceous barbules 

that proximally fuse with the ramogenic columns (Prum & Brush, 2002). Several barbs join 

in the rachidial ridge region to form the rachis and the calamus forms from the sheath and 

the pulp epithelium of the collar (Alibardi, 2017; Prum, 1999; Fig. 1.4g). The axial plates 

separating the barbule plates degenerate once the rachis, rami and barbule cells are 

cornified (Prum, 1999; Fig. 1.4h). 
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Fig. 1.5 Schematic illustration showing an adult feather follicle in the initiation, growth and 

rest phases of feather generation, collectively termed endysis (modified from Chen et al. 

[2015]). 

 

In general, the generation of mature feathers occurs as described for the generation of 

natal down feathers, except that stem cells within the proliferation zone first thicken the 

collar surrounding the dermal pulp (Alibardi, 2017; Prum & Dyck, 2003; Fig. 1.5). The 

genetic signalling involved in feather regeneration is not fully understood (Alibardi, 2017) 

but sprouty RTK signalling antagonist 4 (Spry4) and the Wnt inhibitors Dkk2 and Frzb (Chu 

et al., 2014) play a crucial role in addition to the genes acting in natal down formation (Lin 

et al., 2020). 

 

The feather follicles that generate down feathers can also form other feather 

morphologies (except filoplumes; Prum & Dyck, 2003). If the position of the barb 

generative zone, which gives rise to barb ridges, is directly opposite the rachidial ridge, a 

symmetric feather develops (Prum, 1999). When the barb generative zone is not directly 

opposite the rachidial ridge, an asymmetric feather develops (Prum, 1999). The position of 

the barb generative zone ultimately controls the extent of asymmetry in asymmetric 

pennaceous feathers (Prum, 1999). Further, Wnt-3a controls the tilt of the stem cell ring, 

which is associated with feather morphology (Lin et al., 2020; Yue et al., 2006). Tilting of 

the stem cell ring angles the barb ridges toward the anterior side of the papilla to form a 

rachis and also determines the angle of the barbs on either side of the rachis (Yue et al., 

2006). The production of asymmetric feathers also requires differential barb growth on 

either side of the rachis (Feo & Prum, 2014), which occurs via the local expression of 

CRABP1 and the enzyme CYP26B1 in the pulp (Li et al., 2017). 
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The dermal pulp of a papilla is essential to endysis as it supplies the developing feather 

with nutrients (Chu et al., 2014) and acts as the source of feather pigments (Prum, 1999; 

Prum & Dyck, 2003), of which melanins dominate (see Chapters 1.2 and 1.3). The germinal 

epithelium in the collar produces keratinocytes – cells that generate the structural 

proteins, namely feather CBPs, that form feather tissue (see Chapter 1.4). 

 

1.2 Melanosomes 

 

Melanosomes are organelles that synthesise melanin pigments and derive from 

melanocytes. Melanocytes arise from melanoblasts, which in turn derive from neural crest 

cells (NCCs; Inaba & Chuong, 2020). In birds, melanoblasts are present in the lower collar 

bulge at the base of the feather follicle (Fig. 1.5); following their migration into barb ridges, 

melanoblasts differentiate into melanocytes that synthesise melanosomes (Lin et al., 2013; 

Fig. 1.5). Melanocytes express enzymes that are essential for melanogenesis (i.e., melanin 

synthesis): tyrosinase (TYR) and tyrosinase-related proteins (TYRPs; Inaba & Chuong, 2020). 

Melanocytes then transfer pigmented melanosomes to keratinocytes (Prum & Williamson, 

2002; Lucas & Stettenheim, 1972) but how this occurs is unclear (Galván & Solano, 2016). 

Eumelanosomes (ca. 1–2 µm long) are often ellipsoidal to rod-shaped and are rich in the 

pigment eumelanin that imparts black, brown and grey colouration to tissues. 

Phaeomelanosomes (ca. 0.5–0.8 µm diameter) are generally (sub-)spherical and are rich in 

the pigment phaeomelanin that produces orange, rufous and grey colouration. 

Melanosomes, however, do not exist in binary states and usually contain both eumelanin 

and phaeomelanin (Ito et al., 2018; Wakamatsu & Ito, 2002). Nevertheless, the terms 

eumelanosomes and phaeomelanosomes are used here as current understanding indicates 

that melanosome morphology and chemistry are linked in feathers (D’Alba & Shawkey, 

2019). Melanosomes can also impart structural colouration, especially those that are 

elongate (Babarović et al., 2019), hollow (Greenewalt et al., 1960; Shawkey et al., 2015) 

and that exhibit dense and geometric packing (Xiao et al., 2020) and/or layering (Shawkey 

et al., 2006). Layers of melanosomes generate iridescence via the different refractive 

indices of air, melanin and structural proteins.  

 

Eumelanogenesis is a four-step process (Fig. 1.6). In stage I, a membrane-bound vesicle 

develops fibrils comprising the protein PMEL17 (D’Alba & Shawkey, 2019). Eumelanosome 
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fibrils possess a β-sheet organisation and form within multivesicular bodies (MVBs; 

Hurbain et al., 2008). Fibrils are fully developed during stage II when the melanosome 

becomes ellipsoidal. Stages III and IV include the synthesis of eumelanin molecules and 

their deposition (and storage) on the fibrils (D’Alba & Shawkey, 2019). 

 

 

Fig. 1.6 Stages I–IV of melanogenesis for eumelanosomes and phaeomelanosomes (from 

D’Alba and Shawkey [2019]).  

 

Phaeomelanogenesis can also be characterised as a four-stage process, but PMEL17 

proteins do not organise into fibrils (D’Alba & Shawkey, 2019). The lack of fibrillar 

organisation of PMEL17 is likely due to the weaker expression of PMEL17 in melanocytes 

that produce phaeomelanosomes than in melanocytes that produce eumelanosomes 

(Furumura et al., 1998; Kobayashi et al., 1994). The presence of organised fibrils may be 

responsible for the ellipsoidal shape of eumelanosomes in birds and mammals (D’Alba & 

Shawkey, 2019; Kushimoto et al., 2001). 

 

1.3 Melanins 

 

Melanin pigments are biopolymers that impart colour and strength to tissues and act in 

metal sequestration, homeostasis, UV protection and as antioxidants (Bush & Simon, 2007; 

Dubey & Roulin, 2014; Hong & Simon, 2007; Solano, 2020).  
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Melanogenesis is regulated primarily by the melanocortin 1 receptor (MC1R) gene and the 

melanocortin pathway. MC1R regulates the expression of TYRP1 and TYRP2 within the 

melanocyte and PMEL within the melanosome (see Chapter 1.2; Galván & Solano, 2016). 

The melanocortin pathway involves hormones secreted by the pituitary gland, such as 

adrenocorticotropin hormone (ACTH) and melanocyte-stimulating hormones (MSH); these 

hormones bind to MC1R in the melanocyte (Galván & Solano, 2016; Inaba & Chuong, 

2020). Cellular cyclic adenosine monophosphate (cAMP) increases when α-MSH binds to 

MC1R, resulting in eumelanogenesis (Inaba & Chuong, 2020). Phaeomelanogenesis arises 

from the inhibition of MC1R by agouti signalling protein (ASIP; Inaba & Chuong, 2020). 

Eumelanogenesis and phaeomelanogenesis begin with the same reactions. L-dopaquinone 

forms from the oxidation of L-tyrosine by tyrosinase (tyrosine hydroxylase) and L-dopa by 

tyrosinase (dopa oxidase; Galván & Solano, 2016; Wakamatsu & Ito, 2002; 1 in Fig. 1.7). 

 

 

Fig. 1.7 Chemical pathways for the synthesis of eumelanin and phaeomelanin (modified 

from Galván and Solano [2016]).  

 

Eumelanogenesis continues with the oxidation of dopaquinone to create L-

leukodopachrome (Galván & Solano, 2016; 2 in Fig. 1.7). An acidic environment inhibits 
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this pH-dependent process within the melanosome (Ancans et al., 2001). L-

leukodopachrome can quickly reduce to L-dopa and L-dopachrome (Galván & Solano, 

2016); L-dopachrome generates the indolic orthodiphenols (o-diphenols) DHI and DHICA 

(Galván & Solano, 2016; Wakamatsu & Ito, 2002; 3 in Fig. 1.7). Tyrosinase-related protein 2 

(Tyrp2) catalyses the isomerisation of L-dopachrome to DHICA (Ito & Wakamatsu, 2008; 

Wakamatsu & Ito, 2002). The generation of the DHI and DHICA o-diphenols, and the 

resulting DHI:DHICA ratio present in a melanosome, depends on the activity of TYRP2, 

melanosomal pH and the presence of metal ions (Galván & Solano, 2016). DHI and DHICA 

undergo further oxidation to the orthoquinones (o-quinones) 5,6-indolequinone (IQ) and 

indole-2-carboxylic acid-5,6-quinone (IQCA), respectively (Galván & Solano, 2015; part 4 in 

Fig. 1.7). Hair eumelanin containing predominantly DHI+IQ appears black whereas the 

dominance of DHICA+IQCA results in grey colouration (Urabe et al., 1994). DHI, DHICA, IQ 

and IQCA combine to generate a heterogeneous eumelanin polymer, with DHI and DHICA 

crosslinked via IQ (Kishida et al., 2021), but the spatial architecture of the cross-linked 

macromolecular structure is not resolved (Galván & Solano, 2015; Ito et al., 2011; 

Wakamatsu & Ito, 2002). Eumelanogenesis generates reactive oxygen species (ROS) that 

are likely toxic to melanocytes, especially during the decarboxylative generation of DHI and 

IQ (Galván & Solano, 2015); further, cells containing more DHI+IQ melanin than 

DHICA+IQCA melanin have lower rates of survival (Galván & Solano, 2015; Urabe et al., 

1994). DHI+IQ eumelanin and DHICA+IQCA eumelanin have different UV and visible light 

absorption properties due to their different molecular branching structures; DHI+IQ 

eumelanin is more branched and able to absorb a larger range of wavelengths than 

DHICA+IQCA eumelanin (Galván & Solano, 2015; Panzella et al., 2013). DHI+IQ eumelanin 

consequently offers superior UV protection to tissues but at a greater cost due to the 

increased ROS production of its respective monomers (Galván & Solano, 2015; Urabe et al., 

1994). 

 

The presence of glutathione and L-cysteine favours phaeomelanogenesis over 

eumelanogenesis. Before L-dopaquinone can generate L-leukodopachrome, L-

dopaquinone reacts very quickly with glutathione and L-cysteine to form 5-

glutathionyldopa and cysteinyldopas (Galván & Solano, 2016; Ito & Wakamatsu, 2008) – 

the first step in phaeomelanogenesis (part 5 in Fig. 1.7). L-cysteine and L-dopaquinone 

bond in various ways to form cysteinyldopas; one of these, 5-S-cysteinyldopa (5-S-CD), 
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accounts for >75% of the cysteinyldopas created (2-S-CD accounts for 15%; Galván & 

Solano, 2016; part 5 in Fig. 1.7). The bonding of L-dopaquinone to glutathione produces 5-

S-glutathionyl-dopa, which converts to 5-S-CD (Galván & Solano, 2016). Oxidation of 

cysteinyldopa produces benzothiazine (BT) units (Napolitano et al., 1999); decarboxylation 

of BT units forms benzothiazole (BZ) units (Galván & Solano, 2016; part 6 in Fig. 1.7). 

Tissues with higher BT/BZ ratios appear pale orange whereas a lower BT/BZ ratio results in 

darker orange-red colouration (Galván & Solano, 2015; Wakamatsu et al., 2009). The BT 

monomers in phaeomelanin generate more ROS than BZ monomers in response to ionising 

radiation (Galván & Solano, 2015; Wakamatsu et al., 2009). Birds exposed to high amounts 

of radiation possess a low BT/BZ ratio (Galván et al., 2014). Unlike eumelanogenesis, 

however, the process of phaeomelanogenesis does not generate ROS (Galván & Solano, 

2015; Wakamatsu et al., 2009) and is beneficial to organisms as it depletes toxic cysteine 

levels (Galvan et al., 2012). 

 

Reports suggest two additional types of phaeomelanin pigments: trichochromes and 

erythromelanins (Galván & Solano, 2016; Hudon, 2005). Trichochromes form via the 

binding of two BZ monomers (Rorsman, 1979) but erythromelanins have not been 

characterised (Galván & Solano, 2016). Trichochromes and erythromelanins, however, 

have not been identified independently of these reports (Hudon, 2005; Rorsman, 1979). 

 

Environmental factors can influence melanin synthesis. For example, diet can alter metal 

ion concentrations and oxidative stress can deplete glutathione (Galvan & Alonso-Alvarez, 

2009; Galvan & Solano, 2009). Hormones can also alter the melanocortin pathway and 

influence melanogenesis (Inaba & Chuong, 2020). 

 

Molecular control of melanin synthesis can produce complex colour patterning across 

different body regions and even within a single feather (Galván et al., 2017; Inaba & 

Chuong, 2020). ASIP plays a key role in various feather patterns that include pairwise 

combinations of black, white and rufous colours (Haupaix & Manceau, 2020; Inaba & 

Chuong, 2020; Lin et al., 2013). For example, spatiotemporal heterogeneity of ASIP 

expression in the dermal pulp of feather follicles produces black and white patterning 

within a single feather, whereby the inhibition of melanocyte differentiation produces 

white regions (Lin et al., 2013). White regions in black and white Barred Plymouth Rock 
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chicken feathers result from the premature differentiation of melanoblasts due to 

mutations in the gene CDKN2A/B (Hellström et al., 2010; Lin et al., 2013). Notably, most 

tissues – including feathers – contain melanin copolymers and a mixture of eumelanin and 

phaeomelanin (Ito et al., 2018; Wakamatsu & Ito, 2002). 

 

1.4 Feather proteins 

 

Feathers – in addition to scales, claws and beaks – are composed predominantly of the 

protein keratin, which is rich in the amino acid cysteine (Wang et al., 2016). In particular, 

feathers comprise mostly proteins that are traditionally referred to as “β-keratins”; 

feathers contain minor amounts of other proteins traditionally termed “α-keratins” 

(Alibardi, 2016b). Despite the nomenclature, β-keratins and α-keratins are phylogenetically 

unrelated; there is also inconsistent application of the terms in the literature, as α-keratins 

with a β-sheet conformation are occasionally referred to as β-keratins (Alibardi, 2016b). 

This thesis uses the terminology of Alibardi (2016b), who recommends the use of the term 

“corneous β-proteins” (CBPs) for β-keratins and “intermediate filament-keratins” (IF-

keratins) for α-keratins.  

 

1.4.1 Corneous beta proteins 

 

CBPs are small proteins (8–30kDa) encoded by genes located in the epidermal 

differentiation complex (EDC) that, in the chicken, is on chromosome 25 (Alibardi, 2017; 

Holthaus et al., 2018). The EDC contains many genes that encode for proteins acting in the 

differentiation and cornification of keratinocytes, the predominant cells of the epidermis 

(Alibardi, 2017; Holthaus et al., 2018; Mischke et al., 1996).  

 

All CBPs derive from the EDC (Greenwold & Sawyer, 2010) and each sequence of a CBP 

contains a pre-core box epitope, a core box region and a β-universal motif within the core 

box region (Holthaus et al., 2018). The β-universal motif of proline-glycine-proline is a 

major feature of the 34-amino acid pleated β-sheet in the CBP polypeptide chain (Alibardi, 

2016b; Calvaresi et al., 2016; Fraser & Parry, 2011; Fig. 1.8a). Proline-glycine-proline forms 

the β-turns in β-sheets due to the cyclic structure of proline and the steric flexibility of 

glycine since it has the smallest side chain of all amino acids. Avian CBPs can be divided 
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into the phylogenetically distinct subfamilies of keratinocyte-, claw-, scale- and feather 

CBPs. Feather CBPs differ from scale-, claw- and keratinocyte CBPs in the near- or 

complete absence of glycine-rich regions that usually follow the core box region within the 

molecular sequence of other CBPs (Alibardi, 2017; Gregg & Rogers, 1986). 

 

The chicken genome contains 149 CBP genes (Ng et al., 2014), with 65 located in the EDC 

(Holthaus et al., 2018). Several reports hypothesise that avian CBP genes located on 

chromosomes 1, 2, 5, 6, 7, 9, 10 and 27 (Ng et al., 2014) translocated from the EDC (Gregg 

& Rogers, 1986; Holthaus et al., 2018; Ng et al., 2014). This translocation of avian CBP 

genes may have facilitated the evolution of feathers capable of supporting flight (Alibardi, 

2017; Greenwold & Sawyer, 2011; Holthaus et al., 2018). 

 

Hypotheses on the origin of feather CBPs. There are two competing hypotheses for the 

origin of feather CBPs and both are based primarily on molecular data. One hypothesis 

proposes that feather CBPs arose after the origin of feathers. Phylogenies of crocodile, 

lizard, turtle and bird CBPs reveal a resemblance between reptilian CBPs and avian scale 

CBPs (Greenwold & Sawyer, 2011). Greenwold and Sawyer (2011) interpret this similarity 

between reptilian and avian scale CBPs to suggest that avian scale CBPs arose from 

reptilian scale/claw CBPs, presumably on the basis that reptiles evolved before birds. 

Further, phylogenies of the avian CBP subfamilies show that avian scale CBPs are ancestral 

to feather CBPs (Greenwold & Sawyer, 2010, 2013; Ng et al., 2014), with an estimated 

divergence time of ca. 125 Ma for feather CBPs (Greenwold & Sawyer, 2011). These data 

collectively give rise to the hypothesis that feather CBPs arose from avian scale CBPs after 

the origin of feathers, suggesting that basal avemetatarsalian feathers were composed of 

ancient, undifferentiated CBPs (Greenwold & Sawyer, 2011). 

 

The alternative hypothesis is that feather CBPs arose from reptilian scale CBPs before the 

origin of feathers (Dalla Valle et al., 2009; Dhouailly, 2009). Developmental studies show 

that embryonic epidermal tissues in archosaurs possess a protein epitope characteristic of 

feathers (Alibardi, 2017). The presence of a feather epitope in an archosaur embryo 

suggests that the organism can synthesise feather CBPs and that feather CBPs arose in 

early archosaurs ca. 250 Ma (Dalla Valle et al., 2009; Dhouailly, 2009). The alternative 

hypothesis also proposes that avian scale CBPs originate from feather CBPs. Molecular 
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data show that avian scale CBPs are dissimilar to reptilian scale CBPs but similar to feather 

CBPs (Dhouailly, 2009). Developmental data showing that the inhibition of feather 

morphogenesis generates avian scales support this proposal and an independent origin of 

squamate scales and feathers (Dalla Valle et al., 2009; Dhouailly, 2009; Lucas & 

Stettenheim, 1972). Developmental data also show that lepidosaur and crocodile scales 

lack a placode and pulp during development; this contrasts with avian scales and feathers 

(Dhouailly, 2009) and further supports the “feather first” hypothesis.  

 

In sum, the origin of feather CBPs is still unresolved and it is uncertain whether the first 

feathers were composed primarily of feather CBPs, as in modern feathers, or 

undifferentiated CBPs. 

 

 

Fig. 1.8 Schematic illustration of feather corneous beta proteins (CBPs). The 45° angle 

between each polypeptide chain in a dimer and β-filaments is omitted in order to highlight 

the disulfide bonds (in red in b–d). 

 

Assembly of feather corneous β-bundles. The β-sheets of two feather CBPs can combine via 

disulfide bonds to form a dimer (Alibardi, 2017; Fig. 1.8b). Dimers then polymerise linearly 

via disulfide bonds to form twisted helical filaments (3–4 nm wide; Fig. 1.8c), with each 

dimer at a 45° angle to the last and four dimers producing a 180° turn (Alibardi, 2017; 

Calvaresi et al., 2016; Fraser & Parry, 2011). The absence of glycine-rich loops in feather 

CBPs facilitates the linear formation of β-filaments, potentially allowing more direct 
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interaction between monomers (Alibardi, 2017). The N-regions in one β-filament form 

disulfide bonds with the adjacent C-regions of another β-filament (Bragulla & Homberger, 

2009). Several β-filaments join to produce a β-bundle that in feathers is highly regular in 

structure (Alibardi, 2017; Fig. 1.8d). In contrast, the β-bundles of scale-, claw- and 

keratinocyte CBPs possess an irregular structure that potentially results from the glycine-

rich regions (Alibardi, 2017; Gregg & Rogers, 1986; see Chapter 1.4.1). N- and C-terminal 

regions form the interfilamentous matrix in β-bundles of feather CBPs (Fraser & Parry, 

2008; Fig. 1.8d). The N- and C-terminals of feather CBPs differ from other CBPs in their high 

cysteine content; disulfide bonds link two adjacent cysteine amino acids (to form cystine), 

which imparts structural stability to the protein (Alibardi, 2016a; Alibardi et al., 2009; 

Fraser et al., 1972). Non-CBP proteins, such as corneous-associated proteins, are also 

present in the barbs and barbules of feathers (Alibardi, 2016b; Gregg & Rogers, 1986). 

Differential expression of non-CBPs and CBPs may partly be responsible for the variation in 

strength among feather structures (Alibardi, 2016b). Further, variation in CBP expression 

during feather development may contribute to the morphological diversity of feathers 

(Holthaus et al., 2018; Kowata et al., 2014). 

 

1.4.2 Intermediate filament-keratins 

 

Feathers contain IF-keratins in addition to feather CBPs (Alibardi, 2016b). In contrast to 

CBPs, IF-keratins arise from a protein cluster outside the EDC (Alibardi, 2016b). IF-keratins 

are larger (40–70kDa) than CBPs and possess an α-helix conformation (Galván & Solano, 

2016; Fig. 1.9a). However, IF-keratins can transform from an α-helix to a β-sheet 

conformation in certain conditions, e.g., where the strain level exceeds ca. 20–25% 

(Kreplak et al., 2004). In contrast to CBPs, most IF-keratins are cysteine-poor, with high 

concentrations of cysteine occurring only in trichocyte IF-keratins (present in hair, wool, 

hoof, horn, claw and baleen; Eckhart & Ehrlich, 2018; Holthaus et al., 2018). IF-keratins are 

abundant during the early stages of feather development but are rapidly replaced by CBPs 

(Alibardi, 2017; Alibardi & Toni, 2008). The small amount of residual IF-keratins in a mature 

feather are located primarily in the feather sheath and rachis (Ng et al., 2012; Wu et al., 

2015), with very few in barbs and barbules (Alibardi, 2016b). It is uncertain how much 

residual IF-keratin remains in a mature feather but the number of genes encoding IF-
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keratins in the avian genome are less than 40 and only a few encode for IF-keratins in 

feathers (Alibardi, 2016b). 

 

 

Fig. 1.9 Schematic illustration of intermediate filament-keratin (IF-keratin). (a)polypeptide 

chain, (b) dimer and (c) protofilament. 

 

Assemblies of IF-keratins with an α-helix conformation form the primary component of 

several epidermal tissues. Two IF-keratin polypeptide chains bond to form a dimer (Fig. 

1.9b), which join to produce a protofilament (Alibardi, 2017; Fig. 1.9c). Several 

protofilaments join to form IFs (8–12 nm wide); tonofilaments are formed by multiple IFs 

(Calvaresi et al., 2016; Holthaus et al., 2018).  

 

Soft and hard epidermal tissues form via different processes. The accumulation of keratin 

proteins produces soft IF-keratin-dominated tissues via the process of keratinisation 

(Alibardi, 2016b). Hard epidermal tissues (e.g., hair, nails, feathers) form via the process of 

cornification (Alibardi, 2016b), which requires the addition of keratin-associated proteins 

(KAPs) to IF-keratin filaments. KAPs are a separate family of proteins to IF-keratins and 

CBPs that form the interfilamentous matrix between the IF-keratin filaments in mammalian 

epidermal tissues (Alibardi, 2006; Fraser & Parry, 2014). Interestingly, certain sequence 

regions of CBPs closely resemble KAPs (Alibardi, 2006; Fraser & Parry, 2014). Cornification 

of hard epidermal tissues can also require the addition of non-beta corneous proteins 

(CPs), such as involucrin and filaggrin, to IF-keratin filaments (Alibardi, 2006, 2016b; Kalinin 
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et al., 2002). Feathers cornify via the accumulation of CBPs and the association of corneous 

proteins (CPs) to the (low amount of) IF-keratin filaments present (Alibardi, 2016b).  

 

1.5 Soft tissue preservation 

 

Konservat-Lagerstätten are fossil deposits characterised by an unusually high fidelity of 

preservation, frequently preserving near-complete skeletons and/or evidence of soft 

tissues (i.e., non-biomineralised parts of an organism; Muscente et al., 2017; Seilacher, 

1970). These deposits paint a more accurate picture of past biodiversity (such as the 

Cambrian explosion [Butterfield, 2003]) and inform on the origin of vertebrates, the 

evolutionary history of soft-bodied organisms (e.g., Burgess Shale [Conway Morris, 2008] 

and Chengjiang [Shu et al., 1999] biotas) and the origins of enigmatic taxa (Clements et al., 

2017; Rogers et al., 2019). In particular, Konservat-Lagerstätten that bear fossil feathers 

(e.g., Jehol biota; Benton et al., 2008) have led to major advances in understanding 

macroevolutionary events such as the transition of non-avialan dinosaurs to birds. The 

mode(s) of preservation of fossil soft tissues can vary among and within Konservat-

Lagerstätten. Different modes of preservation reflect variation in the biochemistry of the 

soft tissues, the surrounding environment and the impact of taphonomic processes on soft 

tissues. Accurately interpreting evidence of fossil soft tissues thus requires an 

understanding of how taphonomic processes can influence soft-tissue preservation. 

 

Taphonomy is the branch of palaeontology that focuses on the processes an organism 

experiences during and after death and post-fossil collection. The primary taphonomic 

processes are disarticulation, transport, decay, mineralisation, mechanical alteration, 

alteration by diagenetic fluids and maturation. These processes do not necessarily occur in 

succession and can interact to produce variation in the quality of fossil preservation. 

Taphonomic processes generally result in a biased fossil record toward recalcitrant, 

biomineralised tissues such as bones, meaning that fossils retaining evidence of labile, soft 

tissues are rare (Gabbott et al., 2021). 

 

The taphonomy of an organism is affected by factors that are intrinsic (i.e., factors that 

result from the biochemical composition of the organism) and extrinsic (i.e., factors that 

result from the external environment of an organism) to the organism. The biochemical 
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composition of an organism can be influenced by age, diet, anatomy and mode of life of an 

animal. The biochemical composition of an organism is a strong control on whether its soft 

tissues preserve organically (McNamara et al., 2010, 2012) or preserved via their 

replication in authigenic minerals (Wilby & Briggs, 1997; see Chapter 1.8.1). Extrinsic 

factors that can influence taphonomic processes can be biological in nature (e.g., the 

ecosystem structure, predation, scavenging by larger organisms, microbial decay and 

bioturbation), physical (e.g., the depth, current and stratification of water, fair weather 

and storm wave base and pressure due to burial depth), or chemical (e.g., ion and O2 

concentrations, sediment chemistry and temperature). Extrinsic factors can determine 

whether soft tissues are deposited in an anoxic, oxic or euxinic environment or entombed 

(e.g., in amber [McCoy et al., 2019, 2016]). 

 

Taphonomic processes can be constructive and destructive, depending on the time and 

rate that they occur. For example, when thermal maturation occurs prior to extensive 

decay it can stabilise biomolecules and facilitate the organic preservation of soft tissues 

(Barden et al., 2011; Glass et al., 2013; Gupta et al., 2006, 2009; McNamara et al., 2006; 

Stankiewicz et al., 2000; see Chapter 1.8.2); thermal maturation, however, results in the 

loss of volatiles. Similarly, authigenic mineralisation is constructive to soft tissue 

preservation yet it requires degradation. Authigenic mineralisation of soft tissues requires 

the generation of steep geochemical gradients via intense and early decay of soft tissues 

(Briggs, 2003). 

 

1.6 Organic preservation 

 

Organically preserved fossils are those that preserve soft tissues as carbonaceous remains. 

The preservation potential of a tissue or character is its likelihood of preserving in the fossil 

record. In general, the preservation potential of soft tissues can be ranked in decreasing 

order from integumentary and connective tissues, skeletal muscle, neural tissue, organ 

tissue to blood and bone marrow; this ranking reflects the rate at which these tissues 

decay (Gill-King, 1997). Various scenarios may favour the preservation of fossil soft tissue: 

deposition in an anoxic environment (Allison, 1988; Seilacher, 1970), adsorption of clay 

minerals (McMahon et al., 2016) and heavy metal ions (Petrovich, 2001), and rapid 
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entombment in microbes (Varejão et al., 2019) or resin (McCoy et al., 2016), but these 

processes are not requirements of soft-tissue preservation.  

 

Organically preserved soft tissues can potentially yield molecular information about 

ancient organisms. Different molecules degrade via enzymatic hydrolysis and oxidation at 

different rates depending on their structure and composition; preservation potential 

decreases progressively from lipids, polysaccharides and proteins to nucleic acids (Eglinton 

& Logan, 1991). Lipids can survive for billions of years (Cappellini et al., 2018) primarily due 

to their polymerisation during maturation, forming long-chain polymers that are highly 

resistant to chemical degradation (Briggs, 1999; Glass et al., 2013; Gupta et al., 2006, 

2009; McNamara et al., 2006; Stankiewicz et al., 2000; see Chapter 1.8.2). Polymerisation 

during maturation can also incorporate sulfur from sulfides and polysulfides into tissues, a 

process termed sulfurisation. Sulfurisation promotes molecular crosslinking that increases 

resistance to chemical degradation (De Graaf et al., 1992; Kok et al., 2000; McNamara et 

al., 2016b; Schouten et al., 1994; Sinninghe Damsté et al., 2007; van Dongen et al., 2003, 

2006). Remnants of the polysaccharide chitin are preserved in the cuticle of a 310 Ma 

scorpion and 417 Ma eurypterid, likely due to their interaction with fatty acids (Cody et al., 

2011). Protein remnants can survive for millions of years; for instance, a ~3.5 Ma camel 

yields up to 80% of the protein sequence of collagen (Buckley et al., 2019). The oldest 

genomic data reported are from a ca. 1 Ma mammoth tooth (van der Valk et al., 2021) but 

most reports of ancient DNA come from specimens that are only tens of thousands of 

years old (Bada et al., 1999; Poinar et al., 1996).  

 

Broadly speaking, the preservation potential of biomolecules in the geological record is 

inversely proportional to the amount of biochemically relevant information that they can 

provide but this is untrue when studying macroevolution. Compared to nucleic acids, 

proteins evolve more slowly and provide useful information on evolutionary processes 

occurring above the species level. For example, sequencing of ancient collagen from the 

extinct ‘Malagasy aardvark’ (Late Quaternary, Madagascar) led to its reclassification from 

the order Bibymalagasia, which is phylogenetically close to aardvarks, to Tenrecoidea – an 

order containing tenrecs (Buckley, 2013). Although proteins seldom survive for more than 

a few million years, protein remnants can survive in Mesozoic fossils via their interaction 

with stabilising substances such as certain minerals (Demarchi et al., 2016). Investigation 
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into the survival of proteins in deep time is thus critical to future palaeontological 

discoveries regarding the biochemical underpinnings of macroevolutionary events 

(Cappellini et al., 2018). 

 

1.7 Fossil feathers 

 

Our knowledge of the fossil feather record commenced with the discovery of 

Archaeopteryx (Late Jurassic, Solnhofen limestone; Meyer, 1861), which possesses feathers 

with similar morphology to those of modern birds (e.g., curved rachis, barbs, differentiated 

barbules and vane asymmetry; Wellnhofer, 2009). Archaeopteryx feathers do not, 

therefore, fill any knowledge gap in the evolution of feathers or reveal new feather 

morphologies and are thus limited in their ability to inform on feather evolution. A much 

better understanding of feather origins has emerged from studies of dinosaurs and early 

birds associated with organically preserved feathers of various morphologies (Chen et al., 

1998; Hou et al., 1995; Ji et al., 2001; Norell et al., 2002; Qiang et al., 1998; Xu & Zhang, 

2005; Xu et al., 1999, 2000, 2001, 2009, 2010). The interpretation of integumentary 

structures in a pterosaur as feathers suggests that feathers evolved ca. 250 Ma (Benton et 

al., 2019; Yang et al., 2019). The identification of pterosaur feathers is consistent with 

comparative genomic estimates that feather regulatory elements and nonkeratin feather 

genes were present in the genome before the origin of dinosaurs (Lowe et al., 2015). 
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Fig. 1.10 Evolutionary developmental model of feathers (from Prum [1999]). 

 

Fossil discoveries to date are consistent with the general sequence of feather evolution 

proposed by Prum (1999). Stage I of the model involves the development of the feather 

follicle (Prum, 1999; Fig. 1.10); this results in an unbranched and hollow tube resembling 

structures in Sinosauropteryx (Early Cretaceous, Jehol Biota; Chen et al., 1998) and 

Beipiaosaurus (Early Cretaceous, Jehol Biota; Chen et al., 2015; Xu et al., 1999). In stage II 

the collar differentiates into barb ridges to generate barbs, generating a tuft of barbs that 

fuse to a calamus. Stage II represents the basally branched feathers in Dilong (Early 

Cretaceous, Jehol Biota; Xu et al., 2004) and Sinornithosaurus (Early Cretaceous, Jehol 

Biota; Xu et al., 2001). At Stage III it is uncertain whether a rachis or barbules develops 

first; these options are presented as stage IIIa and -IIIb. Stage IIIa involves the development 

of helical separation of barb ridges with regular spacing to form a feather with a rachis and 

barbs, such as the serially branched feathers in Sinornithosaurus (Xu et al., 2001). In stage 

IIIb the barbule plates differentiate, forming a tuft of barbs and barbules. Stage IIIa+b 

features an open pennaceous feather with a rachis, barbs and barbules. Stage IV involves 
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the differentiation of barbules to form both distal and proximal barbule plates to create a 

pennaceous feather with a closed vane; the feathers of Caudipteryx and 

Protoarchaeopteryx (Early Cretaceous, Jehol Biota; Qiang et al., 1998) represent this stage. 

Stage V features a feather with an asymmetrical vane, such as the feathers in Microraptor 

(Early Cretaceous, Jehol Biota; Dyke et al., 2013), Confuciusornis (Late Jurassic/Early 

Cretaceous, Jehol Biota; Hou et al., 1999) and Archaeopteryx (Wellnhofer, 2009). 

 

The fossil record reveals the existence of several feather morphologies that are not 

present in extant taxa or the developmental model proposed by Prum (1999). For example, 

Similicaudipteryx (Early Cretaceous, Jehol Biota; Xu et al., 2010) and Kulindadromeus 

(Middle/Late Jurassic, southeastern Siberia; Godefroit et al., 2014) possess ribbon-like 

feathers. Kulindadromeus also possesses feathers that comprise several filaments 

associated with a basal plate (Godefroit et al., 2014). Further, a dinosaur tail preserved in 

amber (middle Cretaceous, Myanmar) exhibits feathers with barbs that alternate in 

position along a rachis (i.e., are not directly across from each other; Xing et al., 2016). 

Notably, the developmental model does not account for the development of an 

asymmetric feather vane without different barb-rachis angles for the inner and outer vane 

(see Chapter 1.1). Asymmetric feathers in Confuciusornis, Sapeornis (Early Cretaceous, 

Jehol Biota) and Archaeopteryx and of the hindlimbs of Microraptor exhibit the same barb-

rachis angle on both the inner and outer vane (Feo et al., 2015). 

 

There is debate on whether feathers first evolved for signalling, thermoinsulation or flight. 

The presence of asymmetric pennaceous feathers in Microraptor demonstrates that highly 

complex feathers evolved prior to powered flight (Dyke et al., 2013). Further, the 

occurrence of monofilaments and feathers in pterosaurs suggests that feathers originally 

evolved for thermoinsulation in the common avemetatarsalian ancestor of Dinosauria and 

Pterosauria (Benton et al., 2019) and only later were co-opted for signalling and flight. 

 

1.7.1 Fossil melanosomes or bacteria? 

 

Fossil microbodies are often found in fossil soft tissues. Microbodies in a fossil feather 

(Middle Eocene, Germany) were originally identified as bacteria due to their similarity in 

shape and size to modern decay bacteria (Wuttke, 1983). Vinther et al. (2008) later 
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reinterpreted microbodies associated with a fossil feather (Early Cretaceous, Brazil) and 

the eyespot of a fossil bird as preserved melanosomes due to their morphological similarity 

to melanosomes in extant birds. The range of geometries of extant bacteria and 

melanosomes in feathers of extant taxa overlaps (Moyer et al., 2014), rendering the 

misinterpretation of fossil melanosomes as fossil bacteria based on morphological data 

possible. Principal components analysis of melanosome and bacteria geometry, however, 

reveals that the overlap is minor (Roy et al., 2020).  

 

Many researchers agree that geochemical data on fossil soft tissues and the surrounding 

sediment should support interpretations of fossil microbodies (Lindgren, Moyer, et al., 

2015a; Marshall et al., 2011; Moyer et al., 2014; Vinther, 2016). Early reports of fossil 

melanosomes did not provide chemical data (Vinther et al., 2008; Zhang et al., 2010). 

Many reports of organically preserved bacteria did not provide chemical evidence of 

carbonaceous matter within the microbodies (De Gregorio et al., 2011; Pacton et al., 2006; 

Schopf et al., 1965; Westall et al., 2001). Nevertheless, permineralised bacteria can retain 

organic residues (Alleon et al., 2018; Preston et al., 2011; Preston & Genge, 2010; Ye et al., 

2020), suggesting that organic remains of bacteria may survive in the fossil record. 

Taphonomic experiments (see Chapter 1.8) demonstrate that organic remains of 

melanosomes can survive under various conditions (Colleary et al., 2015; Jarenmark et al., 

2021; McNamara et al., 2013, 2018) but whether organic remains of bacteria can survive is 

unknown. 

 

The primary chemical techniques used to identify evidence of melanin, or residues thereof, 

in fossils are time-of-flight secondary ion mass spectrometry (ToF-SIMS), Fourier-transform 

infrared (FTIR) and Raman spectroscopy and, especially, alkaline hydrogen peroxide 

oxidation-high-performance liquid chromatography (AHPO-HPLC; Galván & Jorge, 2015; 

Glass et al., 2012; Jarenmark et al., 2021; McNamara et al., 2016b; Wakamatsu & Ito, 

2002). Each of these techniques can detect molecular signatures indicative of melanin or 

its degraded and altered remains. Notably, chemical spectra for fossil melanosomes and 

bacteria are similar when studied using FTIR (Preston & Genge, 2010; Preston et al., 2011) 

and Raman (Alleon et al., 2018). In contrast, Tof-SIMS and especially AHPO-HPLC spectra 

are more diagnostic of melanin (Jarenmark et al., 2021; Wakamatsu & Ito, 2002) and 

reveal widespread evidence of melanin in carbonaceous fossils (Barden et al., 2015, 2011; 
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Colleary et al., 2015; Gabbott et al., 2016; Glass et al., 2012; Gren et al., 2017; Lindgren et 

al., 2012, 2014, 2018, 2019; McNamara et al., 2016b, 2018; Pinheiro et al., 2019; Rossi et 

al., 2019). Synchrotron-based analyses, such as synchrotron-rapid scanning X-ray 

fluorescence (SRS-XRF), X-ray absorption near-edge structure (XANES) and extended X-ray 

absorption fine structure (EXAFS), can also support evidence of fossil melanin via the 

detection of metals that are typically associated with eumelanin and phaeomelanin 

(Edwards et al., 2016; Manning et al., 2019; Wogelius et al., 2011; see Chapter 1.7.2). 

 

1.7.2 Fossil melanosomes and melanins 

 

The survival of melanins in the fossil record has been attributed to their inherent 

recalcitrance (Glass et al., 2012). Borovanský and Riley (2011) suggest that the chemical 

properties of melanin are conferred to melanosomes. Melanin biopolymers are resistant to 

enzymatic digestion (Ohtaki & Seiji, 1971) and acid hydrolysis (Borovanský et al., 1977) and 

are insoluble under most pH conditions. Analysis of melanosomes preserved in 3D in fossil 

frogs from the Libros Biota (Late Miocene) using pyrolysis-gas chromatography-mass 

spectrometry (py-GC-MS) reveals the presence of alkylated thiophenes – i.e., long aliphatic 

chains with sulfur-containing heterocyclic compounds (McNamara et al., 2016b). Alkylated 

thiophenes result from the incorporation of environmentally derived sulfides and 

polysulfides into organic material. The presence of alkylated thiophenes in fossil frog 

melanosomes confirms that sulfurisation can contribute to the preservation of 

melanosomes (McNamara et al., 2016b). The preservation of fossil melanosomes thus may 

not result exclusively from the inherent recalcitrance of melanin. 

 

Heavy metals can associate with and even confer stability to organic matter. The 

association of Cu and Pb with hair has enabled keratin fibrils to survive in archaeological 

settings that would ordinarily lead to their degradation (Bertrand et al., 2014). It is possible 

that heavy metals may also confer stability to melanin and melanosomes and promote 

their preservation in fossils (Wogelius et al., 2011). In contrast to 3D fossil melanosomes, 

melanosomes can also preserve as external moulds, termed mouldic melanosomes (Gren 

et al., 2017; Li et al., 2010; Zhang et al., 2010). Importantly, this indicates that soft tissues 

can preserve under taphonomic scenarios that are not conducive to 3D melanosome 
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preservation. Fossil feathers can possess heavy metals that are associated with eumelanin 

molecules even where no 3D melanosomes are preserved (Wogelius et al., 2011). 

 

The discovery of fossil melanosomes, both 3D and mouldic, has facilitated reconstructions 

of the original melanin-based colouration of many extinct animals. Reconstructions of the 

original colouration of early birds (Li et al., 2018; Zhang et al., 2010), non-avialan feathered 

dinosaurs (Hu et al., 2018; Li et al., 2012, 2010; Zhang et al., 2010) and a mouse (Manning 

et al., 2019) have helped elucidate ancient animal behaviour. In extant animals, colour 

patterns and visually striking colours aid in camouflage and visual communication, such as 

sexual signalling (Gluckman & Cardoso, 2010; Stuart-Fox et al., 2021). The tail of 

Sinosauropteryx features dark and light regions that produce stripes, with dark regions 

containing spheroidal melanosomes that Zhang et al. (2010) interpret as 

phaeomelanosomes. Li et al. (2010) similarly interpret the spheroidal melanosomes in the 

headcrest of Anchiornis huxleyi (Jurassic, Jehol Biota) as phaeomelanosomes. Evidence of 

fossil phaeomelanosomes in feathers of Sinosauropteryx and the headcrest feathers of 

Anchiornis supports interpretations that the feathers in these regions were rufous in 

colour and functioned in visual communication (Li et al., 2010; Zhang et al., 2010). 

Eumelanosomes in the feathers of Microraptor (Li et al., 2012) and Caihong juji (Late 

Jurassic, Daohugou Biota; Hu et al., 2018) are very long and thin and are densely packed; Li 

et al. (2012) and Hu et al. (2018) interpret this as evidence of iridescent structural colour 

that may have served in signalling. Babarović et al. (2019) report non-iridescent structural 

blue colouration in the bird Eocoracias brachyptera (Eocene, Messel shale). Body regions 

possessing very long and wide eumelanosomes (ca. 1200 x 400 nm) and that are blue in 

ancestral state reconstructions were interpreted to have original blue colouration 

(Babarović et al., 2019).  

 

Although fossil pigments can provide information about ancient organisms, there are many 

limitations to reconstructing original fossil colour. Critically, there is no correlation 

between melanosome shape and chemistry in non-avian taxa (Pinheiro et al., 2019). The 

link between melanosome geometry and chemistry in avian taxa (Babarović et al., 2019; 

Carney et al., 2012; Li et al., 2012, 2014), however, has not been adequately characterised 

to determine if the relationship can be extrapolated to extinct avian taxa. Importantly, 

Babarović et al. (2019) show that feather colour predictions are only 61.9% accurate when 
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based on melanosome morphology. Further, the melanosome geometries that produce 

grey and non-iridescent structural blue colouration are indistinguishable (Babarović et al., 

2019). Another key limitation is that most original colour reconstructions of extinct animals 

use data from small regions of fossil soft tissue. Small samples from disparate parts of the 

body, even if numerous, are unlikely to form an accurate picture of the integumentary 

colour for an entire organism (Edwards et al., 2014).  

 

An additional caveat concerning the accuracy of most original colour reconstructions is 

that they have a bias toward eumelanin pigments. Most reconstructions exclude non-

melanin pigments, which rarely preserve in fossil soft tissues (but see McNamara et al., 

2016a). Moreover, chemical evidence of phaeomelanin has been reported only in the 3 Ma 

fossil mouse Apodemus (Manning et al., 2019). The paucity of evidence for fossil 

phaeomelanin reported to date indicates that melanin-based reconstructions may be 

biased towards eumelanin since most tissues in extant vertebrates contain at least both 

eumelanin and phaeomelanin (see Chapter 1.3). 

 

Colour reconstructions of extinct animals may inform on palaeobiology regardless of 

whether they include non-melanin pigments or not. Dark and light regions in the fossil soft 

tissues of Psittacosaurus (Early Cretaceous, Jehol Biota; Vinther et al., 2016), 

Sinosauropteryx (Smithwick et al., 2017) and Borealopelta markmitchelli (Early Cretaceous, 

Alberta; Brown et al., 2017) indicate dorso-ventral patterning. A quantitative study on 

dorso-ventral patterning in extant taxa, as in deer, suggests that dorso-ventral patterning 

in fossils can inform on palaeoecology (Allen et al., 2012). In general, strong 

countershading in animals is associated with the occupation of open and well-lit 

environments (Allen et al., 2012). Countershading in the dinosaur Psittacosaurus suggests 

that it occupied a forested habitat (Vinther et al., 2016), whereas the countershading in 

Sinosauropteryx indicates occupation of an open and well-lit habitat (Smithwick et al., 

2017). Brown et al. (2017) interpret the countershading in Borealopelta as evidence of 

predation pressure on the dinosaur but do not propose a particular habitat. Fossil 

melanosomes and chemical evidence of eumelanin in the cyclostome Mayomyzon 

pieckoensis (Late Carboniferous, Mazon Creek Lagerstatte) indicate vertical striping and 

countershading, suggesting that Mayomyzon inhabited clear waters (Gabbott et al., 2016). 

Melanophores and chemical residues of eumelanin are present in the ichthyosaur 
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Stenopterygius (Early Jurassic, Holzmaden; Lindgren et al., 2018) and the turtle Tasbacka 

danica (Eocene, Fur Formation; Lindgren et al., 2017). The pigmentation patterns in 

Stenopterygius and Tasbacka indicate countershading that was likely used for camouflage 

in pelagic waters (Lindgren et al., 2017, 2018). Conversely, melanosomes and chemical 

evidence of eumelanin indicate a uniform dark colouration for an unidentified ichthyosaur 

(Early Jurassic, Yorkshire) that may have provided camouflage during deep-diving (Lindgren 

et al., 2014). Interpreting selection pressures, such as camouflage, from dorso-ventral 

patterning is contentious. The functions of melanin are not necessarily mutually exclusive. 

Further, dorso-ventral patterning can protect tissues from UV radiation while minimising 

the costly production of melanosomes in areas that UV protection is not needed (Negro et 

al., 2018). Dorso-ventral patterning is therefore not always suggestive of a particular 

habitat (Negro et al., 2018). 

 

Nevertheless, evidence of dark- and light-coloured regions in ancient animals provides 

valuable information on the functional evolution of melanin (McNamara et al., 2021). The 

preservation of patterning in the fossil record informs on the evolution of specific genes 

such as ASIP, which is involved in dorso-ventral patterning (Haupaix & Manceau, 2020; 

Inaba & Chuong, 2020; Manceau et al., 2011; McNamara et al., 2021). Other important 

evolutionary findings include the convergent evolution of melanin in secondarily aquatic 

reptiles (Lindgren et al., 2014) and the use of melanin to strengthen the tips of feathers 

mechanically, as evidenced by darker feather tips in Archaeopterx (Manning et al., 2013). 

 

Fossil melanins can also support hypotheses on feather evolution. Melanins outside of 

melanosomes are sometimes present in the dermis below the collagen layers (Prum & 

Torres, 2003). The presence of melanin and melanosomes in fossil integumentary 

structures consequently supports the interpretation of structures as feathers (Yang et al., 

2019; Zhang et al., 2010), as opposed to degraded collagen (Feduccia et al., 2005; 

Lingham-Soliar, 2003a, b, 2007) or actinofibrils (Unwin & Martill, 2020). Critically, detecting 

melanins in fossil integumentary structures that span the hypothesised timeframe of 

feather origins may support the identification of feather-like structures as primitive 

feathers. 
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The increasing application of analytical chemical techniques to fossil soft tissues has 

provided more opportunities for fossil melanin to inform on melanin evolution (McNamara 

et al., 2021). Trace metals can potentially support interpretations of integumentary 

colouration. SRS-XRF analysis of feathers from extant birds has revealed the presence of Cu 

in black regions and Zn in orange regions (Edwards et al., 2016). SRS-XRF of the 3 Ma fossil 

mouse Apodemus (Pliocene, Germany) revealed the presence of Zn in preserved hair that 

also contains evidence of phaeomelanin (Manning et al., 2019). Interestingly, EXAFS data 

of Cu-rich feathers in Confuciusornis suggests that the Cu may be bound to eumelanin 

(Wogelius et al., 2011).  

 

Trace metals can also help infer the anatomy of ancient organisms. Extant amphibians, 

reptiles, mammals and birds show tissue-specific melanin-metal associations (Rossi et al., 

2019, 2020). Data on tissue-specific melanin-metal associations support the interpretation 

of the internal anatomy of a fossil tadpole and suggest an important role for melanins in 

metal homeostasis early in vertebrate evolution (Rossi et al., 2019, 2020). However, 

melanin-metal associations can alter depending on the surrounding chemical environment 

(Hong & Simon, 2007). Maturation of melanin extracts (from tissues of extant animals) in 

Cu- or Zn- rich solutions alters the original trace metal signature of melanin extracts 

(Rogers et al., 2021; Rossi et al., 2021). This alteration during maturation indicates that 

diagenetic processes can overprint the original trace metal chemistries of fossil melanins 

(Rogers et al., 2021; Rossi et al., 2021). Melanin-metal associations may alter during 

diagenesis but tissue-specific signals can still preserve in the fossil record (Rossi et al., 

2019).  

 

The functional evolution of phaeomelanin is debated as the pigment produces toxic ROS in 

response to ionising radiation (see Chapter 1.3). Phaeomelanin may be ancestral to 

eumelanin based on current knowledge of its phylogenetic distribution and the model for 

melanin biosynthesis (Hoekstra, 2006; McNamara et al., 2021). Chemical detection of 

phaeomelanin in Mesozoic fossils is thus critical to elucidating its role in the integument as 

it is phototoxic to organisms. 
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1.7.3 Fossil feather proteins 

 

Fossil feathers usually preserve as carbonaceous compressions (Benton et al., 2008; 

Godefroit et al., 2014; Gren et al., 2017; Hu et al., 2018; Li et al., 2010; Lindgren et al., 

2015b; Vinther et al., 2008; Zhang et al., 2010). Despite extensive study (McNamara, 2013; 

McNamara et al., 2013; Moyer et al., 2016; Saitta et al., 2017a, b, 2018; Zhao et al., 2020), 

there is no consensus on the interpretation of ultrastructural and chemical data of fossil 

feathers and the chemistry of fossil feathers has not been fully characterised. 

 

The matrix in which mouldic eumelanosomes and phaeomelanosomes occur (Gren et al., 

2017; Li et al., 2010; Lindgren et al., 2015b; Zhang et al., 2010) has been interpreted as the 

remains of degraded keratin (Gren et al., 2017; Li et al., 2010; Zhang et al., 2010), raising 

questions concerning its chemical composition. Indeed, there are reports of CBPs in fossil 

feathers from Shuvuuia deserti (Schweitzer et al., 1999) and Eoconfuciusornis (Early 

Cretaceous, Jehol Biota; Pan et al., 2016). Pan et al. (2019) report CBPs in addition to IF-

keratins in feathers of Anchiornis. Evidence of fossil feather proteins, however, is 

controversial (Saitta et al., 2017a, b, 2018) as (1) laboratory experiments have not 

confirmed that feather proteins, or remnants thereof, can survive maturation (see Chapter 

1.8) (2) reports of remnant feather CBPs in fossils (Pan et al., 2016, 2019; Schweitzer et al., 

1999) do not provide a taphonomic model for their survival (3) the purported remnants of 

feather CBPs in fossil feathers are hundreds of millions of years older than proteins are 

expected to survive (Eglinton & Logan, 1991; see Chapter 1.6) and (4) it has not been 

demonstrated that the methodology used (immunohistochemistry) to report ancient 

feather proteins is appropriate for use on fossil soft tissues.  

 

Definitive evidence of ancient feather proteins requires, among many things, a taphonomic 

model for their preservation. Relative to many other proteins, feather CBPs are particularly 

robust. Feather CBPs are fibrous proteins with extensive cross-linking via cystine disulfide 

bonds (see Chapter 1.4; Wang et al., 2016). The highly cross-linked nature of feather CBPs 

renders the degradation of feathers from poultry waste difficult (Pahua-Ramos et al., 

2017). The inherent biochemistry of feather CBPs may facilitate the preservation of 

remnant feather CBPs in deep time.  
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Despite industrial difficulties with degrading feathers (Pahua-Ramos et al., 2017), various 

recent reports suggest that proteinaceous components of feathers do not preserve in 

fossils (Saitta et al., 2018; Smithwick et al., 2017; Vinther et al., 2008). Moreover, Saitta et 

al. (2017b, 2019) hypothesise that melanosomes are the main feather component to 

survive fossilisation. Additional reports suggest that pigmented feathers are less decay-

prone than white feathers (Goldstein et al., 2004; Gunderson et al., 2008), potentially due 

to melanin-keratin interactions (Lindgren, et al., 2015; Zhao et al., 2020). A separate 

report, however, shows that white feathers are less decay-prone than pigmented feathers 

(Saitta et al., 2017a). Whether melanin content can influence the preservation of feather 

CBPs remains unclear and requires comprehensive study. Also unclear is the potential of 

other taphonomic processes to contribute to the preservation of feather CBPs remnants. 

Barden et al. (2011) hypothesise that the aliphatic component of feathers from the bird 

Gansus yumenensis (Early Cretaceous, Xiagou Formation) reflects in situ polymerisation. 

Nevertheless, experiments on feathers to date have not focused on processes such as in 

situ polymerisation and sulfurisation. 

 

Identifying fossil feather CBPs, or remnants thereof, requires the use of appropriate 

techniques. Evidence for the survival of feather CBP remnants in fossil feathers stems 

largely from positive results using immunohistochemistry that show fluorescence of the 

fossil feather tissue (Benton et al., 2019; Pan et al., 2016, 2019; Saitta & Vinther, 2019; 

Schweitzer et al., 1999). The use of immunohistochemistry on fossils, however, remains 

controversial as it requires rigorous testing on experimentally degraded feathers, which 

has not yet been done (Smithwick, 2017). Pan et al. (2019) support their interpretation of 

keratin preservation in Anchiornis with elemental maps showing co-localisation of sulfur 

with fossil feather tissue; bulk elemental chemistry, however, can be altered during 

diagenesis, e.g., via sulfurisation (McNamara, et al., 2016; Rogers et al., 2021; Rossi et al., 

2020, 2021). 

 

Remnants of ancient feather CBPs in the fossil record could yield insights into the 

biomolecular evolution of feathers and flight. The origin of feather CBPs is still uncertain as 

there are two competing hypotheses for the evolution of feather CBPs (Dhouailly, 2009; 

Greenwold & Sawyer, 2011, 2013; see Chapter 1.4). Notably, the hypothesis of a deeper 
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origin for CBPs is consistent with the identification of feathers in pterosaurs (Yang et al., 

2019). 

 

Controlled taphonomic experiments assessing the preservation potential of feather CBPs 

and IF-keratins can determine whether they are likely to preserve in fossils. Further, the 

study of experimentally degraded and fossil samples should use alternative techniques to 

immunohistochemistry (such as sulfur-XANES spectroscopy; Benton et al., 2019). 

 

1.8 Experimental taphonomy 

 

Taphonomic research aims to accurately interpret fossils through the applied knowledge of 

taphonomic processes (see Chapter 1.5). Taphonomic processes can promote either the 

retention or loss of structural and biochemical information (see Chapter 1.5). Further, 

taphonomic processes can interact to produce variation in the quality of fossil preservation 

within and among fossil deposits. The generation of taphonomic artefacts during 

diagenesis may result in fossil characteristics that do not inform on the palaeobiology of 

the organism. Therefore, the accurate interpretation of fossils requires consideration of 

the taphonomic history of a fossil. 

 

Controlled laboratory experiments can facilitate investigations on the impact of intrinsic 

and extrinsic factors on the preservation of organic remains (Briggs, 1995, 2003; Briggs & 

McMahon, 2016; Sansom, 2014). The control of intrinsic and extrinsic factors in controlled 

laboratory experiments and study of taphonomic processes in isolation and, potentially, in 

combination can yield a framework for interpreting fossil data. 

 

1.8.1 Decay 

 

Decay experiments on organelles (Carlisle et al., 2021) and many taxa of invertebrates 

(Briggs & Kear, 1993; Butler et al., 2015; McNamara, 2013; Odin et al., 2018; Sansom et al., 

2010, 2011, 2013) and vertebrates (Davis & Briggs, 1998; Gäb et al., 2020) have provided 

critical insights into the inorganic and organic preservation of fossils.  
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Decay experiments have revealed several major controls on the inorganic preservation of 

fossil soft tissues. Importantly, decay promotes the authigenic mineralisation of decay-

prone soft tissues (Briggs & Kear, 1994; Briggs & Wilby, 1996; Gabbott et al., 2021). The 

authigenic mineralisation of soft tissues depends, in part, on the relative concentrations of 

specific mineral ions (Briggs & Wilby, 1996). Decomposition of an organism can generate 

anoxia and low pH (due to the release of CO2 and volatile fatty acids) and, if the pH drops 

below 6.38, can promote the precipitation of calcium phosphate (Briggs & Kear, 1994). The 

replication of soft tissues in calcium carbonate proceeds when the pH increases above 6.38 

(Briggs & Wilby, 1996). Authigenic mineralisation is also contingent on the decay 

microenvironment in an organism. For example, experimental decay of cephalopods shows 

that taxa using ammonia to regulate buoyancy are unlikely to preserve soft tissues via 

phosphatisation due to the alkaline environment generated by ammonia during decay 

(Clements et al., 2017; Voight et al., 1995).  

 

Decay experiments on chordates and basal vertebrates provide insights into the 

interpretations of organically preserved soft-bodied fossils (Sansom et al., 2010, 2011, 

2013). Notably, synapomorphic characters degrade before plesiomorphic characters in 

lancelets (Sansom et al., 2010). This decay pattern can potentially result in misinterpreting 

an early diverging vertebrate taxon as phylogenetically more basal than it is, termed 

‘stemward slippage’ (Sansom et al., 2010). 

 

Previous experiments on isolated feathers elucidate the role of decay in fossil feather 

preservation to varying degrees (Moyer et al., 2016; Saitta et al., 2017a, b, 2018). Decay 

experiments in Saitta et al. (2017a) use a cultured microbial broth to accelerate the decay 

process. Interestingly, Saitta et al. (2017a) report extensive degradation of tissue 

macrostructure in decayed black feathers, in which barbs and barbules are only partially 

fused. The loss of tissue macrostructure in decayed black feathers (Saitta et al., 2017a), 

which are likely eumelanin-rich, may indicate that eumelanin-rich fossil feathers bearing 

original tissue macrostructure did not experience extensive decay. The decay of feathers as 

per Saitta et al. (2017a) may thus not be appropriate for the study of most fossil feathers. 

In contrast to the results from black feathers, the macrostructure of decayed white 

feathers resembles that of untreated white feathers (Saitta et al., 2017a). This result for 

decayed white feathers contrasts with previous interpretations that white feathers are 
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more decay-prone than pigmented feathers (Goldstein et al., 2004; Gunderson et al., 

2008; see Chapter 1.7.3). Moyer et al. (2016) degraded feathers over ten years under 

various conditions and in natural settings; it is difficult, however, to assess the impact of 

decay in these experiments for various reasons. The experiments introduce variables (such 

as burial, ‘periodic’ watering and the storage of samples under different conditions and for 

different lengths of time) in combination without analysing the impact of each variable in 

isolation. Further, uncontrolled experiments (such as the burial of a bird near a stream 

[Moyer et al., 2016]) prevent an exact replication of the experiment. The decay 

experiments in Moyer et al. are therefore limited in their potential to inform on the impact 

of decay on feather tissue. 

 

Sulfurisation can occur during decay as well as during maturation (see Chapter 1.6). 

Sulfurisation involves the incorporation of environmentally derived sulfides and 

polysulfides into biomolecules, forming disulfide bridges that can link aliphatic chains (see 

Chapter 1.7.2). Sulfurisation can also result in the replacement of a C atom within a 

heterocyclic ring with a S atom to form alkylated thiophenes, which are diagnostic of 

sulfurisation (Kok et al., 2000; McNamara et al., 2016b; van Dongen et al., 2003, 2006; see 

Chapters 1.6 and 1.7.2). Evidence of sulfurisation in the fossil record stems from the 

presence of organosulfur compounds (OSCs), including alkylated thiophenes, in fossil 

melanosomes (McNamara et al., 2016b). Further, the presence of OSCs in 10 Ma bone 

marrow and the soft tissues of a mosasaur (Late Cretaceous) indicate that sulfurisation 

promoted the preservation of organics (Lindgren et al., 2014; McNamara et al., 2006). 

 

There are currently no reports of the sulfurisation of feather tissue but previous 

experiments can inform on the conditions favourable to their sulfurisation. The decay of 

carbohydrates with elemental S and sulfides at 50°C transforms carbohydrates into 

thermally stable OSCs (van Dongen et al., 2003). The use of conditions favourable to 

sulfurisation in decay experiments may shed light on the potential role of sulfurisation in 

the preservation of fossil feathers. 

  



48 

 

1.8.2 Maturation 

 

Analysing the impact of diagenesis on soft-tissue preservation in laboratory timescales 

requires the use of elevated temperatures, alone or in combination with elevated 

pressures. Elevated temperatures are known to accelerate the morphological and chemical 

changes that occur at much lower temperatures over longer geological timescales (Briggs 

& McMahon, 2016). 

 

Previous taphonomic experiments serve as a guide on how to define experimental 

conditions that are appropriate for simulating diagenetic burial on a certain tissue (Cody et 

al., 2011; Gupta et al., 2006; Stankiewicz et al., 1997, 2000). For example, the in situ 

polymerisation of lipids and free fatty acids in arthropod cuticles is known to occur at 

temperatures of 250°C–360°C combined with pressures of up to 700 bars for durations of 

24 hours; critically, these conditions generate aliphatic macromolecules that resemble the 

type I/II kerogen composition of Palaeozoic arthropod cuticles (Gupta et al., 2006; 

Stankiewicz et al., 1997, 2000). Maturation conditions that are appropriate for arthropod 

cuticles, however, are not suitable for all tissues. 

 

Most fossil feathers are readily identifiable as feathers due to the preservation of their 

hierarchical branching structure. Experimentally matured feathers that retain feather 

macrostructure are useful analogues for fossil feathers. Feathers matured at 150°C–250°C 

and 250 bar for 1–24 hours retain tissue macrostructure (McNamara et al., 2013; Zhao et 

al., 2020). These conditions also result in a melanin chemical composition similar to several 

Mesozoic fossil feathers (Colleary et al., 2015) from deposits with low maximum burial 

temperatures (i.e., <60°C; McNamara, 2013; McNamara et al., 2013). Experiments using 

similar maturation conditions have informed on specific aspects of fossil feather 

taphonomy. For example, the preservation of mouldic melanosomes that are larger than 

closely juxtaposed 3D fossil melanosomes indicates diagenetic shrinkage of melanosomes 

(McNamara et al., 2013; Colleary et al., 2015). Maturation experiments reveal that this 

phenomenon is due to diagenetic shrinkage. Experimental maturation of feathers shows 

that melanosomes shrink up to 20% after 1 hour at the relatively mild conditions of 200°C, 

250 bar and 250°C, 250 bar (McNamara et al., 2013).  
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Temperature is the key factor in the physical and chemical preservation of melanin. 

Temperature impacts on the structure of melanosomes more than pressure as 

melanosomes exhibit more shrinkage under conditions of 250°C, 250 bar than 200°C, 250 

bar (McNamara et al., 2013). Further, temperature impacts on melanin chemistry more 

than age (Glass et al., 2013). Fossil ink sacs from the Posidonia Shale preserve fewer 

chemical markers for melanin than ink sacs from the Oxford Clay or Blue Lias formations, 

which have lower thermal maximum temperatures than the Posidonia Shale (Glass et al., 

2013). Data from taphonomic experiments and fossils demonstrate the greater importance 

of temperature than pressure when performing maturation experiments. 

 

Data from previous maturation experiments suggest that feather proteins can survive 

extensive degradation (Moyer et al., 2016; Schweitzer et al., 2018), supporting evidence of 

CBPs and IF-keratins in Mesozoic fossil feathers (Pan et al., 2016, 2019; Schweitzer et al., 

1999). The maturation experiment in Moyer et al. (2016) however, uses the extreme 

temperature of 350°C for ten years. These temperatures and durations are inconsistent 

with the conditions known to produce feather samples comparable to fossil feathers in 

terms of feather macrostructure (Colleary et al., 2015; McNamara et al., 2013; Zhao et al., 

2020). Further, the maturation experiments in Moyer et al. (2016) did not incorporate 

elevated pressure. Although pressure has little impact on feather degradation (McNamara 

et al., 2013), all fossil feathers have experienced pressures above atmospheric pressure 

during burial so where possible, pressure should be considered in the design of maturation 

experiments involving feathers. 

 

Additional maturation experiments on feathers (Saitta et al., 2017a, b, 2018) cast doubt on 

reports of feather CBPs and IF-keratins in the fossil record (Pan et al., 2016, 2019; 

Schweitzer et al., 1999). Saitta et al. (2017a, b) report that the maturation of feathers at 

250°C, 250 bar for 24 hours generates a thick water-soluble fluid. Electron microscopy and 

py-GC-MS data of the fluid show evidence for melanin pigments only (Saitta et al., 2017a, 

b). Maturation conditions that eliminate feather hierarchical structure, however, cannot 

inform on the taphonomy of fossil feathers that preserve gross feather structure. In 

contrast, moderate maturation (100°C, 250 bars for 24 hours) of feathers results in the 

preservation of tissue macrostructure (Saitta et al., 2017a). Nevertheless, the lack of 

evidence for feather CBPs in py-GC-MS data of highly matured (250°C, 250 bars for 24 
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hours) feathers and fossil feathers from thermally immature deposits (Messel Shale and 

Fur Formation) was used to support the argument that feather CBPs cannot survive in 

deep time (Saitta et al., 2017b). Py-GC-MS, however, does not produce diagnostic 

signatures for both feather CBPs and melanins (Zhao et al., 2020). Therefore, the absence 

of evidence for feather CBPs in the fossil feathers studied (Saitta et al., 2017b) is not 

necessarily evidence of their absence in the fossils studied or, especially, in other fossils 

with different diagenetic histories. 

 

Maturation can also induce chemical alterations to soft tissues. Melanin-metal associations 

can alter during maturation due to interactions with metal ions (Rogers et al., 2021; Rossi 

et al., 2021; see Chapter 1.7.2). Previous reports suggest that fossil mouldic melanosomes 

may result from the interaction of melanosomes with reactive pore fluids during 

maturation (McNamara, 2013; Vinther, 2016). The full impact of different fluid chemistries 

on feather components remains unclear. 

 

This thesis uses taphonomic experiments that incorporate as temperatures, high-pressures 

and oxidising fluids to investigate the impact of these extrinsic variables on the 

preservation potential of feather structural proteins, melanosomes and melanin. The use 

of different coloured feathers in several experiments allows for an assessment of the 

impact of melanin chemistry on the morphological and chemical degradation of feather 

structural proteins and melanins. Fossil analyses examine the extent to which fossils can 

retain morphological and chemical evidence of feather proteins, melanosomes and 

melanin. The data from taphonomic experiments form a foundation for the interpretation 

of fossil data.  
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2. Material and methods 

 

This chapter describes the material and methods used in this project. Each section 

considers the basic principles of each method and explains any key benefits and 

limitations.  

 

2.1 Material 

 

The material chosen for study includes extant taxa and fossils. Feathers from extant taxa 

were studied in their native state, i.e., untreated, and after experimental degradation. 

Degradation experiments in this study simulate different fossilisation processes and 

untreated feathers serve as controls . Fossil data were compared to data from untreated- 

and experimentally degraded feathers. This three-fold approach to understanding fossil 

feather taphonomy grounds the interpretation of fossils. 

 

2.1.1 Extant material 

 

Feathers from extant Gallus gallus domesticus (common chicken) were kindly supplied by 

Liam Hayes. Feathers from Egretta garzetta (little egret) were obtained from a bird found 

less than 24 hours after its death near the School of Biological, Earth and Environmental 

Sciences at University College Cork. The zebra finch (Taeniopygia guttata ) was sourced 

from a local pet shop for a previous unrelated study and was euthanised with approval 

from the Health Products Regulatory Authority of Ireland via authorisation AE19130-IO87. 

Feathers were dissected from each specimen and stored at -80°C.  

 

The morphological degradation of melanosomes was assessed using black feathers from 

the zebra finch only (see Chapter 3). Black zebra finch feathers were chosen as they 

contain solid melanosomes; hollow melanosomes or melanosomes with large internal 

vacuoles (as in Gallus) might be difficult to distinguish from degraded melanosomes. 

 

Black and orange feathers from the common chicken and white feathers from the little 

egret were used to characterise the chemical degradation of eumelanin, phaeomelanin 
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and feather proteins (see Chapters 4, 5 and 6). All feather types contain both eu- and 

phaeomelanin (see Chapter 1.3) but ratios of the two are linked to feather colour (McGraw 

et al., 2005). Black and orange feathers from the common chicken were used as they are 

readily obtainable and represent eumelanin- and phaeomelanin-dominated systems, 

respectively (Table 2.1). White feathers from the little egret have minimal melanin content 

and were used to analyse the degradation of feather components in what is effectively a 

zero-melanin system. 

 

Table 2.1 Mean A650 : A500 values in black and orange (Gallus gallus domesticus) feathers 

after soluene-350 solubilisation. A650 and A500 values are from the spectrophotometric 

absorption of the soluene-350 solution at 650 nm and 500 nm, respectively (Ozeki et al., 

1996). A higher A650 : A500 ratio indicates greater eumelanin content. Black and orange 

feathers: n = 3. 

Feather colour A650 : A500 

Black 0.3 ± 0 

Orange 0.1 ± 0 

 

2.1.2 Fossil material 

 

Access limitations and sampling restrictions influenced the selection of fossils. Most fossils 

chosen for study were sourced previously for unrelated studies and readily accessible in 

the laboratory. A single specimen (YPM VP 58657) was loaned for this study and sampling 

of organic soft tissue over 1 mm2 in size was not permitted. The most appropriate 

specimens for study contain the phenomena of interest, e.g., fossil melanosomes and a 

filamentous matrix that comprises proteins in extant animals. Fossils from the Jurassic (ca. 

125 Ma) to the Miocene (ca. 10 Ma) were chosen for study and capture variation in burial 

history (McNamara et al., 2013; Table 2.2). Fossil melanosomes and filamentous matrices 

have been reported in fossil feathers from the Jehol Biota (Gren et al., 2017; Li et al., 2010; 

Lindgren et al., 2015b; Zhang et al., 2010). Fossil feathers from Jehol were thus chosen to 

test for chemical evidence of fossil melanins and residues of structural proteins in 

Mesozoic fossils. A fossil feather from the Green River biota (Middle Eocene, USA) was also 

studied as an example of a younger deposit that is more thermally mature than Jehol 

(Table 2.2) and known to preserve melanosomes in fossil feathers (Ksepka et al., 2013). 

Frog fossils from the Libros Biota were chosen for study as the biota is relatively young in 
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geological terms and thermally immature; further, fossils from the deposit show chemical 

evidence of melanin (McNamara et al., 2016b; Rossi et al., 2019). 

 

Fossil specimens were loaned from the following institutions: Institute of Vertebrate 

Paleontology and Paleoanthropology (IVPP), Yale Peabody Museum of Natural History 

(YPM) and Museo Nacional de Ciencias Naturales de Madrid (MNCN). 

 

Table 2.2 Fossil specimens studied in this thesis. Burial history information as reported by 

McNamara et al. (2013).  

 

2.1.3 Analytical standards 

 

The sulfur chemistries of fossil feathers and untreated and experimentally degraded 

feathers were compared to the sulfur chemistries of select S-containing compounds. 

Commercially available standards representing different sulfur species (Sigma Aldrich; 

≥98% purity) were mixed with BN to obtain a sulfur concentration of ca. 5 wt%, ground 

with a pestle and mortar and pressed into a pellet. 

 

2.2 Taphonomic experiments 

 

Taphonomic experiments (see Chapter 1.8) form the core of this thesis and were designed 

to produce phenomena observed in the fossil feathers of interest. Fossil feathers often 

exhibit gross feather structure (i.e., distinct rachis, barbs and barbules) and preserved 

melanosomes. Experiments incorporated one or more of the following taphonomic 

processes: decay, sulfurisation, oxidation and maturation (Fig. 2.1).  

 

Taxon Accession number Age Locality Burial history 

Sinornithosaurus IVPP V 12811 Lower Cretaceous Yixian Formation, China 649–3706 m, 60–

185°C, 200–

12200 bar 

Confuciusornis IVPP V 13171 Lower Cretaceous Yixian Formation, China 

Confuciusornis CKGM F 6433 Lower Cretaceous Yixian Formation, China 

Pelophylax pueyoi MNCN 63773 Upper Miocene Libros, Spain 

100 m, <40°C, 33 

bar 

Pelophylax pueyoi MNCN 63678 Upper Miocene Libros, Spain 

Pelophylax pueyoi MNCN 63694 Upper Miocene Libros, Spain 

Pelophylax pueyoi CKGM F 6434 Upper Miocene Libros, Spain 

Unidentified 
isolated feather 

YPM VP 58657 Middle Eocene 
Green River  

Formation, USA 

1200–6700 m, 

65–180°C, 400–

2200 bar 
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Fig. 2.1 Schematic diagram showing design of taphonomic experiments using black and 

orange (Gallus gallus) and white (Egretta garzetta) feathers. 

 

Decay experiments were performed for 1 or 12 months at 30 ± 1°C with no added 

inoculum. Feathers were experimentally sulfurised in vials with N-flushed DD water, NaHS 

and elemental S for 1 month at 45 ± 1°C under a N atmosphere (van Dongen et al., 2003). 

Feathers were oxidised in a 1.5% H2O2 solution for 20 h at room temperature as in previous 

studies (Ito et al., 2011; Wakamatsu & Ito, 2002). Maturation experiments were performed 

with or without pressure using temperatures that are known to retain gross feather 

structure and melanosomes (Colleary et al., 2015; McNamara et al., 2013), as in the fossils 

of interest. For maturation without pressure, feather pieces (2 cm2) were placed in Al foil 

(sterilised with 70% ethanol) folded into a packet and matured in a Memmert convection 

oven at either 200 ± 1°C or 250 ± 1°C for 1 h. Feathers matured with pressure used Au 

capsules. Au tubing (2 mm diameter) was cut into 10 mm lengths and one end welded 

using a Lambert PUK U4 microscope. Feather pieces (2 x 4 mm) were inserted into the Au 

capsules with sterile tweezers and the capsules welded shut. Capsules were inspected 

using a Leica EZ4W microscope and any poorly welded capsules likely to rupture under 

pressure were not used and replacement capsules welded. Au capsules were weighed and 

placed in an Inconel reaction chamber (8 mm internal diameter) in a custom-built cold-seal 

high-pressure rig (StrataTech Ltd. (UK)). Oxygen was removed from 1 l DD water by 

flushing with N for 15 min. The water was then pumped through the rig and, using 

compressed air, placed under 135 bar of pressure. The furnace was set to maintain a 
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temperature of either 150°C or 200°C in the reaction chamber. The experiment was 

terminated after 1 h and the rig left to cool before the Au capsules were removed from the 

reactor. Capsules were weighed again to assess for any damage incurred during the 

experiment. Capsules were opened using a sterile scalpel and, if wet inside, were left 

unused. 

 

Table 2.3 List of material from extant birds and the techniques used on each sample. a, 

untreated; b, decayed; c, oxidised; d, sulfurised; e, thermally matured; f, matured with high 

pressure. 1, scanning electron microscopy; 2, transmission electron microscopy; 3, alkaline 

hydrogen peroxide oxidation-high performance liquid chromatography (AHPO-HPLC); 4, 

hydroiodic acid hydrolysis-HPLC; 5, HCl-AHPO-HPLC; 6, X-ray absorption near edge structure 

spectroscopy; 7, Fourier-transform infrared spectroscopy; 8, pyrolysis-gas chromatography-

mass spectrometry. *, not all samples from taphonomic experiments were analysed using 

each technique listed. 

Sample 
Feather 

colour 

Feather 

type 

Body 

region 

Common 

name 

Taphonomic 

experiments 

Replicates per 

treatment 
Technique* Chapter 

Taeniopygia 
gutatta 

Black Contour Uropygial 
Zebra 
finch 

a,b,c,e,f 3 1,2,3 3 

Gallus gallus 
domesticus 

Black Contour Torso 
Common 
chicken 

a,e 5 3,4,5 4 

Gallus gallus 
domesticus 

Orange Contour Torso 
Common 
chicken 

a,e 5 3,4,5 4 

Egretta 
garzetta 

White Primary Wing 
Little 
egret 

a,e 4 3,4,5 4 

Gallus gallus 
domesticus 

Black Contour Torso 
Common 
chicken 

a,b,c,d,e,f 3 6,7,8 5,6 

Gallus gallus 
domesticus 

Orange Contour Torso 
Common 
chicken 

a,b,c,d,e,f 3 6,7,8 5,6 

Egretta 
garzetta 

White Primary Wing 
Little 
egret 

a,b,c,d,e,f 3 6,7,8 5,6 

 

  



56 

 

Table 2.4 List of fossil material and the techniques used on each sample. 1, HCl-AHPO-

HPLC; 2, X-ray absorption near edge structure spectroscopy; 3, Fourier-transform infrared 

spectroscopy; 8, pyrolysis-gas chromatography-mass spectrometry. 

Sample Accession number Technique Chapter 

Sinornithosaurus IVPP V 12811 1,2,3 4,5 

Sediment IVPP V 12811 1,2,3 4,5 

Confuciusornis IVPP V 13171 1,2,3 4,5 

Sediment IVPP V 13171 2,3 5 

Confuciusornis CKGM F 6433 1 4 

Sediment CKGM F 6433 1 4 

Pelophylax pueyoi MNCN 63773 1 4 

Pelophylax pueyoi MNCN 63678 1 4 

Pelophylax pueyoi MNCN 63694 1 4 

Pelophylax pueyoi CKGM F 6434 1 4 

Sediment CKGM F 6434 1 4 

Pelophylax pueyoi 
(tadpole) 

? 1 4 

Sediment ? 1 4 

Unidentified 
isolated feather 

YPM VP 58657 2,3 5 

Sediment YPM VP 58657 2,3 5 

 

Samples of all untreated and experimentally degraded feathers were obtained using a 

sterile scalpel and used in one or several of the following ways: 1) embedded in LR White 

resin for ultramicrotomy, 2) analysed using scanning electron microscopy (SEM), 3) 

analysed using transmission electron microscopy (TEM), 4) placed directly in glass vials and 

analysed using AHPO-HPLC, HCl-AHPO-HPLC and hydroiodic acid hydrolysis-HPLC (HI-

HPLC), 5) placed on low-sulfur tape for S-XANES spectroscopy, 6) placed in glass vials for 

py-GC-MS and 7) analysed using FTIR spectroscopy without further treatment (Tables 2.3 

and 2.4). Host sediment from fossil slabs were also analysed using HCl-AHPO-HPLC, XANES 

and FTIR to test whether chemical signatures in fossil feather tissues are autochthonous. 

 

2.3 Resin embedding and ultramicrotomy 

 

The dissection of feather barbs and barbules from extant birds using a scalpel can 

artificially generate melanosome moulds (i.e., some melanosomes remain in the part and 

others in the counterpart), making the morphological assessment of melanosome 

degradation via SEM difficult. To resolve this problem, samples of barbs (2–3 mm2) were 

dehydrated and embedded in LR White resin (medium grade hardness); the resin blocks 

were then cut using a Leica EM UC7 ultramicrotome with a 45° diamond knife to produce 

80 nm transverse sections of the feather tissue and a smooth sample/resin block surface. 



57 

 

Resin blocks were analysed using SEM and ultrathin sections of the samples were analysed 

using TEM.  

 

2.4.1 Protocol 

 

The following resin embedding protocol was used: 

1. Place feather tissues in separate sterile glass vials and fix with 2.5% glutaraldehyde. 

Agitate using a shaker for 1 h at room temperature (RT). 

2. Wash in 0.1 M PB for 1 h (x3). 

3. Wash in DD water for 20 min (x3). 

4. Dehydrate in 30% ETOH on a shaker for 30 min. 

5. Dehydrate in 50% ETOH on a shaker for 30 min. 

6. Dehydrate in 70% ETOH on a shaker for 30 min. 

7. Place tissue in 2:1 mixture of LR White:70% ETOH. Agitate using a shaker for 1 h at 

RT. 

8. Place tissue in 100% LR White and cover glass vials with Al foil. Agitate using a shaker 

overnight at RT. 

9. Place tissue in 100% LR White and cover glass vials with Al foil. Agitate using a shaker 

for 30 min. 

10. Place tissue in 100% LR White and cover glass vials with Al foil. Agitate using a shaker 

for 30 min. 

11. Place tissue in new sterile glass vials with 100% LR White and cover with Al foil. 

Agitate using a shaker for 30 min. 

12. Place tissue in coffin moulds and cover coffin moulds with LDPE, ensuring no oxygen 

is present under the LDPE.  

13. Place covered coffin moulds in an oven at 60°C under a low vacuum for 48–72 h. 

 

2.4 Scanning electron microscopy (SEM) 

 

SEM is frequently used in palaeontology for the imaging of melanosomes in extant and 

fossil tissues (Lindgren et al., 2014, 2017; McNamara, 2013; McNamara et al., 2016b; Rossi 

et al., 2019; Vinther et al., 2008). 
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Scanning electron microscopes contain either an electron gun with a cathode or a field 

emission gun as sources of (primary) electrons. A series of magnets, apertures and 

condenser lenses focus the electron beam at different voltages. Inelastic interactions of 

the incident beam with the upper few nanometres of the sample surface generate 

secondary electrons; these secondary electrons have low energy and provide detailed 

information on surface topography. A detector located at an angle to the sample stage 

maximises the detection of secondary electrons and produces a shadow effect to 

emphasise surface topography. The secondary electron signal produces an image with a 

resolution of up to 1–20 nm. Back-scattered electrons (BSE) are higher energy than 

secondary electrons and penetrate deeper into the sample. Unlike secondary electrons, 

BSE are not sensitive to the topography of a sample as the BSE detector sits directly above 

the sample. BSE imaging is most helpful in providing information about the elemental 

composition of a sample. BSE imaging was not used here as it cannot provide information 

regarding the oxidation state of an element. 

 

Most scanning electron microscopes can accommodate samples of ca. 5 cm2 in the sample 

chamber, permitting the analysis of many fossils without destructive sampling. The imaging 

of a small fossil, however, can be restricted to areas within the boundaries of the sample 

stage, limiting the areas that can be analysed without sampling.  

 

Organic materials are not conductive and can exhibit charging during SEM analyses. High-

quality SEM images of organic materials are most easily achieved by sputter coating the 

sample with a conductive metal (e.g., Au). Sputter coating of samples can be problematic if 

other analyses are planned to follow SEM as the coating may obstruct features in the 

sample or mask a chemical signal. 

 

SEM was used to image melanosomes and fibrous tissues in untreated and experimentally 

degraded feathers in this project. SEM images facilitated the examination of the extent to 

which melanosomes and fibrous tissues were preserved during each treatment. 
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2.5 Transmission electron microscopy (TEM) 

 

TEM is regularly used in palaeontology to image fossil melanosomes (Lindgren et al., 2012; 

McNamara et al., 2016b; Tanaka et al., 2014), fossil feather ultrastructure (Lindgren et al., 

2015b; Pan et al., 2016, 2019) and photonic structures in fossil insects (McNamara et al., 

2011, 2014).  

 

The basic principles of TEM are similar to those of SEM but the electrons transmit through 

the sample. The electron source at the top of the instrument transmits electrons through 

the sample chamber; a detector near the bottom of the instrument uses the electrons 

transmitted through the sample to generate an image. 

 

TEM allows the imaging of nanometre-scale details of the internal structure of a sample. As 

with SEM, organic material can be unstable under the electron beam. TEM permits analysis 

of the internal chemical composition of a sample using energy-dispersive X-ray 

spectroscopy or high-angle annular dark-field imaging but these techniques were not used 

in this study. Samples for TEM should be ultrathin, i.e., 80–100 nm thick, for electrons to 

transmit through the sample. The preparation of ultrathin sections is time-consuming and 

destructive as samples are embedded in resin and sectioned using an ultramicrotome. 

Sample preparation of fossil soft tissues for TEM can be challenging as fossil material is 

often friable and prone to lifting out of the resin sections. Sample preparation and use of 

the TEM microscope require extensive training. 

 

In this project, ultrathin sections of resin-embedded untreated and experimentally 

degraded feathers were imaged using TEM.  

 

2.6 Alkaline hydrogen peroxide oxidation-high-performance liquid 

chromatography (AHPO-HPLC) 

 

AHPO-HPLC is used increasingly for the detection of fossil melanin as it can detect 

degradation products that are unique to melanin and provide support for the identification 

of fossil melanosomes or melanin granules (Glass et al., 2012; Lindgren et al., 2018, 2019; 

McNamara et al., 2018; Rossi et al., 2019) as opposed to bacteria (see Chapter 1.7.1). 
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AHPO-HPLC analysis identifies melanin pigments via the chemical detection of the 

degradation products of the eumelanin units DHI and DHICA and the phaeomelanin unit BZ 

(Ito et al., 2011, 2013). Application of an alkaline hydrogen peroxide solution to samples 

that contain melanosomes ruptures melanosome membranes and oxidises melanin. HPLC 

analysis of a homogenised sample solution produces a chromatogram with peaks that 

correspond to the degradation products of melanin. DHI and DHICA (see Chapter 1.3) are 

oxidised to produce pyrrole-2,3,5-tricarboxylic acid (PTCA), pyrrole-2,3,4,5-tetracarboxylic 

acid (PTeCA) and pyrrole-2,3-dicarboxylic acid (PDCA) markers (Ito et al., 2011, 2013) (Fig. 

2.2). PTCA is a degradation product of the DHICA monomer whereas DHI generates PTeCA 

and PDCA. The PTCA/PTeCA ratio informs on the degree to which DHI and DHICA are 

crosslinked (Glass et al., 2012, 2013; Ito et al., 2013). Similarly, oxidation of the 

phaeomelanin unit BZ (benzothiazole) generates the degradation products thiazole-2,4,5-

tricarboxylic acid (TTCA) and thiazole-4,5-dicarboxylic acid (TDCA; Ito et al., 2011, 2013). IQ 

and IQCA absorb light at specific ultraviolet A wavelengths (Ito et al., 2016) but UVA 

irradiation was not used here.  
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Fig. 2.2 Degradation products of eumelanin and phaeomelanin (modified from Ito et al. 

[2011]. Oxidation of eumelanin using alkaline hydrogen peroxide oxidation (AHPO) 

generates pyrrole-2,3,5-tricarboxylic acid (PTCA), pyrrole-2,3,4,5-tetracarboxylic acid 

(PTeCA) and pyrrole-2,3-dicarboxylic acid (PDCA) markers. AHPO treatment of 

phaeomelanin produces thiazole-2,4,5-tricarboxylic acid (TTCA) and thiazole-4,5-

dicarboxylic acid (TDCA). Hydroiodic acid hydrolysis (HI) treatment of phaeomelanin 

produces 4-amino-3-hydroxylphenylalanine (4-AHP), 3-amino-4-hydroxyphenylalanine (3-

AHP) and benzothiazole-amino acid (BZ-AA). 

 

Following AHPO-HPLC, HI treatment of the sample aliquots yields additional phaeomelanin 

degradation products that can be detected using HPLC. The degradation of BZ generates 

the marker benzothiazole-amino acid (BZ-AA) whereas degradation of 5-S-cysteinyldopa 

and 2-S-cysteinyldopa in benzothiazine (BT) generate 4-amino-3-hydroxylphenylalanine (4-

AHP) and 3-amino-4-hydroxyphenylalanine (3-AHP), respectively (Wakamatsu et al., 2002, 

2009). 

 

The demineralisation of samples before AHPO-HPLC analysis uses HCl treatment (Ito et al., 

2018). Demineralisation is routine for fossil samples as they are likely to include 

mineralised components from the soft tissues and/or host sediment. HCl pre-treatment 
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can also be used on samples from extant taxa as it prevents the generation of peaks in the 

HPLC chromatogram from materials such as proteins that interfere with the melanin signal.  

 

AHPO-HPLC is considered the only method to yield diagnostic markers that can identify 

and quantify melanin (Ito et al., 2011; Jarenmark et al., 2021; Wakamatsu & Ito, 2002). 

Oxidative degradation can, however, extensively alter melanin monomers to produce 

molecules dissimilar to melanin markers (Jarenmark et al., 2021). Moreover, AHPO-HPLC is 

a destructive technique that requires ca. 4 mg of sample. Fossil soft tissues are often only 

several microns thick. To acquire a sample of ca. 4 mg a substantial portion of the carbon 

film, up to 10 mm2, may have to be removed. AHPO-HPLC is thus not possible when there 

is no permission to sample fossils or the collection of ca. 4 mg is not possible due to the 

size of the fossil. A disadvantage of HCl-AHPO-HPLC is that the phaeomelanin markers BZ-

AA, 3-AHP and 4-AHP cannot be analysed after demineralisation via HCl treatment. HCl-

AHPO-HPLC cannot detect the BT unit via its direct degradation products of 3-AHP and 4-

AHP; any BT present can only contribute to the melanin signal if it converts to BZ via ring 

contraction. Ultimately, AHPO-HPLC analysis of HCl-treated fossils can only detect TTCA 

and TDCA that are primarily indicative of phaeomelanin BZ. 

 

This thesis investigates the AHPO degradation products of melanin in untreated and 

experimentally degraded feathers. Samples (3–5 mg) of untreated and experimentally 

treated feathers from extant birds and freeze-dried aliquots (100 µl) of oxidising solutions 

were shipped to Fujita Health University (Japan) for chemical analyses performed by Prof. 

S. Ito and Prof. K. Wakamatsu. AHPO-HPLC analysis was performed as described by Ito et 

al. (2011, 2013). In brief, samples were homogenised with a Ten-Broeck glass homogeniser 

at a 5 mg/ml concentration. Aliquots (100 µl) from each homogenate were placed in 

screw-capped conical test tubes to which 375 µl 1 M K2CO3 and 25 µl 30% H2O2 were 

added, creating a 1.5% H2O2 solution in each tube. Tubes were agitated on a test-tube 

mixer at 25°C for 20 h. The experiment terminated with the addition of 50 µl 10% Na2SO3 

and 140 µl 6 M HCl to each tube and the tubes were centrifuged at 4000 g for 1 min. An 

aliquot (80 µl) from each tube was directly injected into an HPLC system to detect H2O2 

oxidation products.  
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HI-HPLC was performed on samples of untreated and experimentally matured feathers 

following AHPO-HPLC to detect additional phaeomelanin markers. Aliquots (100 µL) from 

each homogenate were placed in screw-capped conical test tubes to which 30 µl 30% 

H3PO2 and 500 µl 57% HI was added and the tubes were heated at 130°C for 20 h. The 

mixture was cooled and 100 µl was transferred to a test tube, dried and dissolved in 200 µl 

0.1 M HCl. An aliquot (10–20 µl) from each tube was directly injected into an HPLC system. 

 

Untreated and experimentally degraded feathers from extant birds, fossil soft-tissue and 

host sediments were analysed using HCl-AHPO-HPLC in addition to AHPO-HPLC and HI-

HPLC. For HCl-AHPO-HPLC analysis samples were placed in screw-capped test tubes to 

which 4 ml 6 M HCl was added and the tubes heated at 110°C for 16 h. Data was handled 

and interpreted by T. S. Slater.  

 

2.7 X-ray absorption near-edge structure spectroscopy (XANES) 

 

Analytical chemical techniques, such as synchrotron-based XANES, are increasingly relied 

upon for the study of organically preserved fossils (Alleon et al., 2018; Gueriau et al., 2015; 

Muscente et al., 2017; Strullu‐Derrien et al., 2019). XANES analysis has been used to 

support the identification of phaeomelanin in the 3 Ma fossil mouse Apodemus (Pliocene, 

Germany; Manning et al., 2019) and to show that the melanosome chemistry of the 

enigmatic fossil Tullimonstrum from the Mazon Creek biota (Upper Carboniferous, Illinois) 

is more consistent with that of extant cephalopods than vertebrates (Rogers et al., 2019). 

 

Synchrotron facilities and their beamline stations vary in their layouts. In general, 

accelerated photons in a storage ring supply a radiation source to each experimental 

station. The following description is of beamline 14-3 at the Stanford Synchrotron 

Radiation Lightsource (SSRL; Fig. 2.3). The electron radiation source interacts with a 

monochromator that uses one or multiple silicon crystals to diffract and isolate a selected 

wavelength of an element. Through a process termed mirror pitch feedback (MPF), two 

blades (top and bottom) downstream of the monochromator focus the electrons as the 

beam oscillates. Soller slits further downstream can move horizontally or vertically to focus 

the beam into the first ion chamber, termed I0. Ion chambers are purged with gas and 

measure the intensity of the incident beam. The number of photons present in the beam is 
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termed the flux. The order of magnitude of the flux, termed the gain, is controlled in I0 to 

provide MPF to the blades. Following I0 is another set of slits and I1 to register any 

attenuation of the beam. A standard or filter can follow I1; I2 measures any signal from the 

standard or filter. An Rh-coated Kirkpatrick-Baez pair of mirrors then focuses the beam to a 

spot size of either 5 µm or 25 µm. Photons aim toward a sample holder at a 45° angle to 

the incident beam; the detector is at a 60° angle from the sample. Beamline 14-3 uses a 

multi-element silicon drift detector to detect fluorescent X-rays. The four-element silicon 

drift detector collects data in four single-channel analysers (SCAs) according to a quantum 

detector processor. Synchrotron analyses of the elemental chemistry in a sample rely on 

the principle that elements possess different energies at which an electron in their 

innermost shell, i.e., the K-shell, is excited by X-rays. In general, the X-ray energy required 

to excite a K-shell electron is greater for heavy elements relative to light elements. The 

SCAs produce a spectrum from the data by measuring the pulse amplitudes within user-

defined windows that correspond to the excitation energies of an element. 

 

 

Fig. 2.3 Setup of experimental beamline station 14-3 at the Stanford Synchrotron Radiation 

Lightsource facility (Menlo Park, CA, USA). 

 

Synchrotron-based XANES is a spectroscopic technique that provides information on the 

oxidation state, also termed species, of multivalent elements. All atoms of a particular 

element within a micron-sized sample region may not possess the same oxidation state. A 

XANES absorption spectrum represents an average of all the oxidation states in the sample 

region analysed and can offer detection limits of parts per million (Cutler et al., 2001). 

XANES data incorporate sub-surface information. The following characteristics influence 

the extent to which the beam penetrates: 1) beam energy, 2) beam angle, 3) the chemical 

heterogeneity in the sample, 4) sample thickness and 5) molecular density of the sample. 

The molecular density of the sample influences the penetration depth as elements in high 

concentrations absorb X-rays more quickly, resulting in a lower penetration depth. 

Penetration depth can be calculated easily for inorganic and homogeneous samples for 
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which the general molecular composition is known. The penetration depth for the organic 

and heterogeneous samples studied here is unknown but the signal may contain sub-

surface information. The intensity of a peak within a XANES spectrum indicates the relative 

abundance of the oxidation state to which the peak corresponds. The presence of multiple 

oxidation states in the sample region analysed generates a spectrum with multiple peaks. 

In general, less energy is required to eject a K-shell electron from a reduced atom than a 

more oxidised atom; peaks for reduced species are therefore present in the spectrum at 

lower energies whereas peaks for more oxidised species are present at higher energies.  

 

A XANES spectrum comprises three regions: 1) the pre-edge region where the incident 

energy of the beam is lower than the binding energy of the core electrons, 2) the main 

edge at which the energy is greater or equal to the binding energy of a core electron and 

3) the near edge region (Fig. 2.4). The region beyond the XANES spectrum is termed the 

extended X-ray absorption fine structure (EXAFS) region. This thesis focuses on spectral 

features within XANES spectra as the pre-edge, main edge and near edge regions can be 

used to identify the atomic oxidation state(s) present for a particular atom. 

 

 

Fig. 2.4 X-ray absorption spectrum showing the primary features in a XANES spectrum and 

associated EXAFS region (modified from Wang et al. [2019]).  

 
To generate a XANES spectrum the monochromator generates a beam of incident 

electrons that is user-defined and known to excite a K-shell electron in the atom of interest 

(Calvin, 2013). The excited K-shell electron is ejected, creating a core hole (i.e., an 

innermost electron shell missing an electron). An electron from another shell fills the core 
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hole and the silicon drift detector records the resulting fluorescent photon. Alternatively, 

an excited K-shell electron can transmit its energy to an electron in the outer shell of the 

atom. The silicon drift detector records the ejection of the outer electron, which is termed 

an Auger electron once ejected. To excite all species of an element the monochromator 

progressively increases the energy of the beam; the silicon drift detector simultaneously 

records all fluorescent photons and Auger electrons ejected.  

 

Sulfur XANES (S-XANES) targets organic and inorganic sulfur oxidation states, ranging 

between -2 and +6. S-XANES has been used to characterise the sulfur chemistry in feathers 

from extant birds (Edwards et al., 2016): feathers contain a high content of S-containing 

cysteine amino acids (Wang et al., 2016; see Chapter 1.4) and can contain S-rich 

phaeomelanin. Sulfur in fossil feathers may derive from this original biological sulfur or 

from the incorporation of sulfides and/or polysulfides (derived from the environment) into 

organic molecules (Kok et al., 2000; van Dongen et al., 2003).  

 

The sample size needed for XANES analysis is minimal (ca. 2 mm2 or ca. 2 mg). Further, 

beamline 6-2 at the Stanford Synchrotron Radiation Lightsource (SSRL) can accommodate 

fossils that are up to 600 x 300 mm in size. Although S-XANES can analyse fossil soft tissue 

in situ, the ionising radiation generated during analysis can alter the biochemistry of 

samples; sulfur species in particular are prone to oxidation during analysis. Ionising 

radiation can also change the chemistry of a sample via the loss of electrons, which alters 

chemistry at the atomic level, and the loss of hydrogen or gain of oxygen, which alters 

molecular structure (Gueriau et al., 2016). Another limitation of S-XANES is that it cannot 

target feather CBPs exclusively and thus other S-bearing feather components, such as 

phaeomelanin, inevitably contribute to the S-XANES signal if present. 

 

Samples of analytical standards, fossil feathers and untreated and experimentally 

degraded feathers from extant birds were analysed using S-XANES to test for the presence 

of reduced sulfur species. Samples on low-sulfur tape and fossil feathers were mounted on 

a stage in a He chamber for analysis. Data were collected with a spot size of 0.15 x 0.4 mm2 

and using different energy step sizes across the scan range (2450–2470 eV: 0.2 eV, 0.1 s; 

2470–2480 eV: 0.1 eV, 0.2 s; 2480–2490 eV: 0.5 eV, 0.1 s; as in Edwards et al. [2016]) to 

prevent beam damage but also to ensure adequate resolution of the sulfur K-edge. Data 
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collected during separate beam runs were aligned using the calibration spectrum and 

normalisation was performed by defining the pre- and post-edges and with E0 set to the 

energy of the first peak in the first derivative of µ(E). 

 

2.8 Fourier-transform infrared spectroscopy (FTIR) 

 

FTIR is commonly used to analyse the organic and inorganic chemistry of biological and 

geological samples, including cultural heritage materials such as paintings and fossils. 

Palaeontologists most often use mid-IR spectroscopy for the analysis of organic molecules, 

with many reports on the chemistry and taxonomy of fossil palynomorphs (Dutta et al., 

2013; Fraser et al., 2014; Jardine et al., 2021). FTIR has also been used to support the 

presence of eumelanin in fossil frogs (McNamara et al., 2016b) and residues of collagen in 

a 195 Ma dinosaur and keratins in a 50 Ma reptile (Edwards et al., 2011). 

 

The collection of FTIR data can use transmission, reflection and attenuated total 

reflectance (ATR). Transmission FTIR generates a spectrum via the conduction of IR 

through the sample to the detector whereas, in reflection, the detector registers the light 

reflected from the sample. ATR-FTIR was chosen to analyse all samples as it collects data in 

reflectance mode but requires no sample preparation and can analyse samples ≥2 mm2 in 

size or that weigh ≥2 mg. A further benefit of analysing samples in reflectance mode is that 

it removes any potential absorption effects induced by the thickness of the sample. FTIR 

instruments that attach to a microscope possess the additional advantage of being non-

destructive and can accommodate small to medium-sized fossils (up to ca. 300 x 400 

mm2). The quantification of chemical bonds in a sample, however, requires destructive 

grinding of a sample to a fine powder to mix the sample with a known quantity of a 

chemical “spike” in powder form. The choice of spike for quantifying chemical bonds in a 

sample should ensure no peak overlap with the peaks for the sample. 

 

FTIR analysis can inform on the molecular composition of inorganic and organic samples. 

Molecules absorb IR light if the IR frequency is greater or equal to the energy required to 

produce a vibrational mode in a molecule. The primary vibration modes are stretching, 

bending, wagging, rocking and twisting of chemical bonds. Bonds in functional groups (i.e., 

groups such as carboxylic acids, amides and amines that impart specific properties to 
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compounds) absorb IR light at characteristic frequencies (Smith, 2011). IR spectroscopy 

records the absorbance of infrared light by a sample in an interferogram and the 

interferogram is then converted into a spectrum using a Fourier-transform (Smith, 2011). 

In general, lighter atoms absorb lR at higher frequencies (i.e., peaks occur at higher 

wavenumbers) than heavier atoms. The 4000–1200 cm-1 region in a mid-IR spectrum 

contains peaks corresponding to the primary functional groups in a sample whereas 1200–

400 cm-1 is the fingerprint region, containing many peaks unique to a given compound (Fig. 

2.5).  

 

 

Fig. 2.5 Unprocessed FTIR spectrum of a feather sample showing the two primary spectral 

regions. 

 

The intensity of an FTIR peak reflects the concentration (per unit volume) of the functional 

group that corresponds to the molecular bond(s). For example, a stronger peak reflects a 

higher concentration of the functional group assigned to the frequency of the peak. The 

frequency at which bonds in proteins vibrate during FTIR analysis reflects their secondary 

structure. For example, the frequency of the amide I and II peaks can vary depending on 

whether the protein is comprised predominantly of α-helices or β-sheets. Further, 

prominent peaks can be generated by the summation of several smaller peaks that can 

carry information on secondary structure. Smaller peaks and their size can be estimated by 

deconvoluting the spectral data across the range of interest. In this thesis, the secondary 

structures that correspond to deconvolution peak positions are characterised primarily for 

amide I and, to a lesser extent, amide II bands. 
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Fossil feathers and untreated and experimentally degraded feathers were analysed using 

FTIR to test for the presence of amides. Samples (4 mm2) of untreated and experimentally 

degraded feathers were placed on a sterile diamond/KRS-5 crystal in a universal ATR 

accessory fitted to a PerkinElmer Frontier FTIR spectrometer. Pressure was applied to the 

sample using the pressure arm until the live reading of the spectrum was stable. Fossil 

material was fixed to the stage of a Spotlight 400 microscope fitted to a PerkinElmer 

Frontier FTIR spectrometer. The resulting spectra were used to investigate the protein 

secondary structures present in the samples. 

 

2.9 Pyrolysis-gas chromatography-mass spectrometry (py-GC-MS) 

 

Py-GC-MS involves the analysis of samples through a series of steps. First, the GC gradually 

heats the sample to 600–1000°C in an anaerobic environment. During thermal maturation, 

molecules within the sample decompose into smaller fragments. A gas chromatography 

column possesses an inert gas as the mobile phase and a bound liquid as the stationary 

phase to separate the smaller molecular fragments. Molecular fragments vary in the 

amount of time spent interacting with the stationary phase in the column, resulting in 

different retention times. A mass spectrometer detects the molecular fragments and 

produces a chromatogram with peaks on the x-axis based on the retention time of 

molecules. The mass spectrum of the chromatogram shows the mass to charge ratio 

corresponding to each peak, which aids in the characterisation of macromolecules and 

helps determine their molecular structure. If many degradation products are present, py-

GC-MS can yield complex chromatograms that can be difficult to interpret. Further, the 

retention time of volatiles, which influences peak identification, can depend on various 

factors such as the temperature of pyrolysis and ramp rate of the temperature. 

 

In this thesis, samples (30–50 mg or ca. 15–25 mm2) of feathers degraded in sulfurization 

experiments were shipped to Manchester University (UK) for py-GC-MS analysis by Prof. B. 

van Dongen. Py-GC-MS was used to test for the presence of OSCs indicative of sulfurisation 

such as alkylated thiophenes (McNamara et al., 2016b; van Dongen et al., 2003).  
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3. Taphonomic experiments resolve controls on the preservation of 
melanosomes and keratinous tissues in feathers 

 

This chapter comprises a paper that is published in the journal Palaeontology (Slater et al., 

2019: https://onlinelibrary.wiley.com/doi/full/10.1111/pala.12445). This chapter is 

organised as follows: introduction, materials and methods, results, discussion, references 

and supplementary information. 

 

The term ‘keratin’ is used in Chapter 3 to refer to proteinaceous feather tissue composed 

of β- and α-keratins. This study was published prior to the widespread adoption of the 

term feather CBPs for feather β-keratins and IF-keratins for α-keratins (Alibardi, 2016b; 

Holthaus et al., 2018). 

 

Candidate contribution to the study. TSS contributed to the design of the study and 

performed all experiments and the following sample preparation and analyses: resin 

embedding, scanning electron microscopy and, with assistance, transmission electron 

microscopy. TSS co-wrote the paper with input from all other authors. 

 

Abstract. Fossils are a key source of data on the evolution of feather structure and function 

through deep time, but their ability to resolve macroevolutionary questions is 

compromised by an incomplete understanding of their taphonomy. Critically, the relative 

preservation potential of two key feather components, melanosomes and keratinous 

tissue, is not fully resolved. Recent studies suggesting that melanosomes are preferentially 

preserved conflict with observations that melanosomes preserve in fossil feathers as 

external moulds in an organic matrix. To date, there is no model to explain the latter mode 

of melanosome preservation. We addressed these issues by degrading feathers in 

systematic taphonomic experiments incorporating decay, maturation and oxidation in 

isolation and combination. Our results reveal that the production of mouldic melanosomes 

requires interactions with an oxidant and is most likely to occur prior to strong maturation. 

This constrains the taphonomic conditions under which melanosomes are likely to be 

fossilized. Critically, our experiments also confirm that keratinous feather structures have a 

higher preservation potential than melanosomes under a range of diagenetic conditions, 

https://onlinelibrary.wiley.com/doi/full/10.1111/pala.12445
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supporting hitherto controversial hypotheses that fossil feathers can retain degraded 

keratinous structures. 

 

3.1 Introduction 

 

Fossil feathers play a pivotal role in our understanding of the evolutionary processes 

underlying the transition from non-avian dinosaurs to birds. Feathers comprise primarily 

melanosomes embedded in a keratinous matrix, both of which have been the subject of 

extensive research (Schweitzer et al. 1999a; Vinther et al. 2008; McNamara et al. 2013; 

Moyer et al. 2016; Pan et al. 2016, 2019) in both modern and palaeontological contexts in 

order to understand better the underlying drivers in the evolution of feathers and flight. 

Keratin is a fibrous protein rich in cysteine, which promotes extensive cross-linking (and 

thus confers chemical stability) via disulfide bonds (Wang et al. 2016). Keratinous tissues 

can be preserved in fossils by replacement in authigenic minerals (Benton et al. 2008; 

Briggs et al. 1997; Manning et al. 2009; McNamara et al. 2018a). Reports of organically 

preserved keratinous tissues (Schweitzer et al. 1999a; Moyer et al. 2016; Pan et al. 2016, 

2019), however, are disputed (Saitta et al. 2017a, b). The other key component of many 

(but not all) feathers are melanosomes, micron-sized organelles rich in melanin pigments 

that occur in two primary forms: eumelanin, a heterogenous polymer derived from 

oxidation of the amino acid tyrosine (Solano 2014) and phaeomelanin, derived from 

tyrosine and sulfur-rich L-cysteine (Ito and Wakamatsu 2008). Melanosomes and chemical 

evidence for melanin have been reported from soft tissues associated with many 

exceptionally preserved fossils (Vinther et al. 2008; Wogelius et al. 2011; Barden et al. 

2015; Lindgren et al. 2015). Such discoveries have stimulated attempts to reconstruct the 

original coloration of fossil birds, reptiles and avian and non-avian dinosaurs (Li et al. 2010; 

Zhang et al. 2010; Lindgren et al. 2014; McNamara et al. 2016a; Vinther et al. 2016; 

Lindgren et al. 2017; Hu et al. 2018) and have provided insights into palaeoecology (Brown et 

al. 2017; Smithwick et al. 2017) and the evolution of communication strategies (McNamara et 

al. 2016a; Lindgren et al. 2017).  

 

Despite such extensive research, the taphonomy of melanin and melanosomes is 

incompletely understood. Chemical evidence for preservation of the melanin molecule has 

been reported from fossil fish eyes (Lindgren et al. 2012), reptile skin (Lindgren et al. 
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2014), frog internal tissues (McNamara et al. 2018b) and cephalopod ink sacs (Glass et al. 

2012). This, plus the preservation of melanosomes, has been attributed to the inherent 

resistance of melanin to alteration (Glass et al. 2012) by enzymatic digestion (Ohtaki and 

Seiji 1971) and acid hydrolysis (Borovanský et al. 1977). Recent work, however, 

demonstrates that diagenetic processes can impact the chemistry of melanosomes, e.g., 

the incorporation of sulfur (sulfurization) can promote preservation (McNamara et al. 

2016b); conversely, certain processes, especially oxidation, can degrade melanin 

(Korytowski and Sarna 1990). 

 

Little is known about the physical taphonomy of melanosomes. Experiments have 

demonstrated that maturation of melanosomes results in diagenetic shrinkage (McNamara 

et al. 2013). Paradoxically, despite the inherent recalcitrance of melanosomes, many fossil 

feathers display extensive regions where melanosomes are preserved as external moulds; 

the melanosomes themselves are degraded (Li et al. 2010, figs 1c–g, 2a–b, e–f; Zhang et al. 

2010, figs 1b–c, 2b–e, 3b, 4b–d; Lindgren et al. 2015, supplementary figs 2a–h, 3a–e). The 

physical and chemical conditions under which this occurs are unknown, and hypotheses 

relating to the nature of the diagenetic processes responsible (Vinther 2015, 2016) remain 

untested. The chemistry of the mould-bearing matrix is particularly controversial. Previous 

studies have speculated that mouldic melanosomes are embedded in the degraded 

remains of the originally keratinous matrix (Zhang et al. 2010), but this hypothesis is not 

universally accepted (Saitta et al. 2017a, b); rather, the matrix surrounding some fossil 

melanosomes has been interpreted as sediment infill following keratin decay (Saitta et al. 

2017b). Moulds in fossil feathers have been interpreted as sites formerly occupied by 

decay bacteria (Moyer et al. 2014), but the taphonomic mechanism responsible is 

unknown.  

 

Here, we address these issues by experimentally degrading feathers from extant birds in 

controlled laboratory experiments. We analyzed feather microstructure using SEM and 

TEM and feather chemistry using alkaline hydrogen peroxide oxidation (AHPO) followed by 

high-performance liquid chromatography (HPLC). Our results reveal the taphonomic 

pathways that favour preservation of melanosomes and keratinous feather components 

and the conditions under which melanosome degradation can produce moulds in a 

keratinous matrix. 
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3.2 Materials and methods 

 

3.2.1 Justification for experimental design 

 

Decay and maturation were integrated in our experiments as both processes impact 

preservation (Briggs 2003). For experiments using temperature only, samples were placed 

in Al foil packets; samples for experiments combining temperature and pressure were 

placed within Au capsules. It has been proposed that maturation of tissues in Al foil 

packets may result in the potential loss of labile and recalcitrant materials (Saitta et al. 

2019). While loss of volatiles (gases and water) may occur in this scenario, previous 

experiments demonstrate that more recalcitrant materials – including melanosomes and 

the surrounding keratinous matrix – can survive maturation (McNamara et al. 2013). One 

criticism of maturation in sealed Au capsules is that these may prevent loss of labile 

materials (Saitta et al. 2019). In natural systems, however, confining sediment may prevent 

at least localized loss of labile materials from tissues.  

 

The optimum experimental conditions are those that are geologically realistic and that 

generate the phenomena or processes being investigated. Our goal was to investigate the 

controls on melanosome degradation in feathers that retain recognizable branching 

structure after experimentation, as in the fossils of interest. We therefore used similar 

experimental conditions to those of McNamara et al. (2013), which are known to retain 

gross feather structure and melanosomes. Conditions using higher temperature and 

pressure (such as those used in Saitta et al. 2017a, b) do not preserve recognizable feather 

structure. 

 

3.2.2 Simulated taphonomic pathways 

 

Taphonomic experiments simulated a suite of pathways (1–16; Table 3.1) under oxic 

conditions using the following variables: decay, pH, oxidation, temperature and pressure 

(Fig. 3.1 and Supplementary Fig. 3.1). Untreated feathers were used as a control. Pathways 

1–7 test individual variables. Pathways 8–11 test various combinations of decay (at pH 6), 

oxidation and maturation, where oxidation precedes maturation (where used). These 
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collectively comprise taphonomic sequence 1 (Table 3.1 and Supplementary Fig. 3.1). 

Taphonomic sequence 2 is based on maturation prior to, or simultaneous with, oxidation 

and incorporates pathways 12– 16 (Table 3.1 and Supplementary Fig. 3.1). 
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Fig. 3.1 Experimental sequences. Schematic showing potential natural scenarios 

incorporating experimental pathways 8–16. Sequence 1 is based on oxidation prior to 

maturation (where used); Sequence 2 is based on oxidation following maturation. 

Experiments included some, or all, of decay, maturation and oxidation (with various 

parameters used for decay and maturation; for details see Table 3.1 and Supplementary 

Fig. 3.1). 

 

3.2.3 Material 

 

Black contour feathers from the uropygial region of the zebra finch, Taeniopygia gutatta (n 

= 3) were stored at -80°C prior to treatment via pathways 1–16. Black primary feathers 

from Gallus gallus (common chicken, n = 3) were used for AHPO analysis due to the large 

sample size required (individual specimens of T. guttata yielded insufficient black regions 

from tail feathers); feather samples from this taxon were treated to pathways 5, 8, 12 and 

13. For all experiments, three replicate feather samples (one from each of three 

specimens) of similar colour (as assessed visually) were used. Replicate G. gallus samples 

for individual pathways were combined for AHPO analyses. 

 

3.2.4 Decay experiments 

 

Feathers were placed in sterile glass vials containing 5 ml distilled deionized water with no 

added inoculum. Decay experiments in pathways 1, 6–9, 12 and 14 used a starting pH of 

6.0. Decay experiments in pathway 2 used a starting pH of 12.2; pH was adjusted via the 

addition of K2CO3. Pathway 2 tested in isolation the impact of the elevated pH used in the 

oxidation experiment. Vials were sealed loosely with aluminium foil, covered by parafilm 
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and placed in a Memmert constant temperature incubator for one month at 30°C +/- 1°C. 

Decayed feathers were stored in 70% ethanol prior to analysis.  

 

3.2.5 Maturation experiments 

 

Feathers were experimentally matured using one of two approaches: (i) high temperature 

and (ii) high temperature combined with high pressure. (i) Feathers were placed in Al foil 

and matured in a standard laboratory convection oven at 200°C +/- 1°C for 1 h. (ii) 

Feathers were placed in Au tubes and matured in a customized StrataTech water-

pressurized cold-seal autoclave at 200°C, 135 bar for 1 h. 

 

3.2.6 Oxidation experiments 

 

Degradation of melanosomes in a laboratory context is difficult. Lysosomal digestion 

(Ohtaki and Seiji 1971) removes melanosomal proteins but does not alter the melanin 

molecule; acid hydrolysis decarboxylates melanin (Ito et al. 2018) but does not alter 

melanosome geometry (Borovanský et al. 1977). The only treatment known to degrade 

melanosomes in a laboratory context is oxidation in a highly alkaline solution, which 

ruptures the melanosomal membrane and solubilizes melanin (Smith et al. 2017). Feather 

samples were oxidized using a modified version of the AHPO protocol described in Ito et al. 

(2011). Samples (0.5–1 mg) were placed in an Eppendorf tube to which 100 µl DD water, 

375 µl 1 M K2CO3 and 25 µl 30% H2O2 were added to produce a final concentration of 1.5% 

H2O2 at a pH of 12.2. The tubes were agitated at 175 rpm for 20 h, and the experiment 

stopped by adding 50 µl 10% Na2SO3 and 140 µl of 6 M HCl. The tubes were centrifuged for 

1 min at 5500 rpm and samples placed in an ultrasonic bath with DD water for 15–30 s to 

remove precipitates. Experiments for pathway 16 (synchronous oxidation and high 

temperature maturation) were carried out at 150°C until the solution fully evaporated (30 

min) without addition of Na2SO3 and HCl as in other experiments using oxidation.  

 

3.2.7 AHPO 

 

AHPO is a chemical assay that allows identification and quantification of melanin via 

diagnostic chemical markers that are derived from the 5,6-dihydroxyindole (DHI) parent 
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subunits of the melanin molecule. The markers for eumelanin are pyrrole-2,3,5-

tricarboxylic acid (PTCA), pyrrole-2,3-dicarboxylic acid (PDCA) and pyrrole-2,3,4,5-

tetracarboxylic acid (PTeCA); PTCA is a marker for the 5,6-dihydroxyindole-2-carboxylic 

acid (DHICA) unit with a carboxyl group attached at the 2-position of DHI (Ito et al., 2011) 

and PTeCA is a marker for thermally altered (cross-linked) DHI units and is thus used as a 

marker for eumelanin in fossils (Glass et al. 2012; McNamara et al. 2018b). Feather 

samples (4 mg) treated as per experimental pathways 5, 8, 12 and 13, and aliquots (100 µl) 

of the oxidizing solution were analyzed via HPLC as follows. Feather tissue (4 mg) from 

each pathway was homogenized in distilled water with a Ten-Broeck glass homogenizer at 

a concentration of 10 mg/ml. Aliquots (100 µl) of this and the oxidizing solution were then 

subjected to AHPO (Ito et al. 2011).  

 

3.2.8 SEM 

 

Small (2–3 mm2) fragments of barbs were dissected using sterile tools, dehydrated and 

embedded in LR White resin using standard protocols (Pan et al. 2016). Resin blocks were 

cut using a Leica EM UC7 ultramicrotome with a 45° diamond knife and mounted on Al 

stubs with carbon tape. Blocks were then sputter coated with Au/Pd and analyzed using an 

FEI Inspect SEM at an accelerating voltage of 10 kV and working distance of 8 mm. Where 

melanosomes could not be readily observed (e.g. on the surface of the resin block), barbs 

were fractured and mounted on carbon conductive tape on Al stubs. 

 

3.2.9 TEM 

 

Ultrathin (80 nm) sections were placed on Cu grids. Sections were stained with 3% uranyl 

acetate (5 min) and 0.3% lead citrate (2 min) using standard protocols (Lewis and Knight 

1977) and examined using a JEOL 2000FXII transmission electron microscope at 80 kV.  

 

3.2.10 Statistical analysis 

 

Quantitative data on the abundance of mouldic melanosomes was collected from 

transverse sections through barbules as follows. The number of moulds was calculated per 

unit area for untreated samples and for samples that were treated with oxidation 
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(pathways 8–15). Differences in the number of moulds between samples were assessed 

using an unpaired t-test. 

 

3.3 Results 

 
3.3.1 Generation of mouldic melanosomes  

 

Three-dimensional micron-sized moulds are apparent in many of the experimentally 

treated feathers (Figs 3.2E, 3.3, 3.4C, 3.5C). Similar features reported previously in decay 

experiments were interpreted as moulds of decay bacteria by Moyer et al. (2014). The 

moulds generated in our experiments are not of decay bacteria as they (1) are visible in 

feathers that were not decayed, (2) occur only internally within the feather cortex, and (3) 

no bacteria were observed on decayed feather surfaces. Further, the geometry of the 

moulds produced in our experiments is consistent with that of melanosomes in transverse 

sections of feathers (Supplementary Table 3.1). The structures we observed are thus 

clearly mouldic melanosomes; this is supported by our chemical data, which confirm the 

presence of melanin markers in the experimental media (see below).  

 

SEM images show that the feather barb cortex contains densely packed melanosomes. In 

all of our experiments moulds are less abundant per unit area than are the melanosomes, 

suggesting not all melanosomes were degraded. The relative abundance of moulds, 

however, varies among experimental treatments: these variations are discussed below. 
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Fig. 3.2 SEM images of feather barbules. A, pathway 1. B, pathway 2. C, pathway 3. D, 

pathway 4. E, pathway 5. F, untreated. G, pathway 6. H, pathway 7. A, C, F–H, transverse 

fractured surfaces. B, D, E, transverse microtomed surfaces. a, decay at pH 12.2; d, decay at 

pH 6; o, oxidized; p, matured with pressure; t, matured without pressure; u, untreated. 

Black arrowheads, 3D melanosomes. All scale bars represent 1 µm. 
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Fig. 3.3 SEM images of feather barbules. D, G, H, transverse fractured surfaces. A–C, E–F, 

transverse microtomed surfaces. A, pathway 8. B, pathway 9. C, pathway 10. D, pathway 

11. E, pathway 12. F, pathway 13. G, pathway 14. H, pathway 15. d, decay at pH 6; o, 

oxidized; p, matured with pressure; t, matured without pressure. Black arrowheads, 3D 

melanosomes. White arrowheads, mouldic melanosomes. All scale bars represent 1 µm. 
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Fig. 3.4 TEM images of feather barbules. A, untreated. B, pathway 2. C, pathway 8. D, 

pathway 12. Melanosomes appear black; moulds appear as light-toned ovoids. a, decay in 

alkaline conditions (pH 12.2); d, decay at pH 6; o, oxidized; u, untreated. All scale bars 

represent 500 nm. 

 

3.3.2 Pathways 1–7 

 

Moulds are absent in all samples prepared from untreated feathers and pathways 1–4, 6 

and 7 (Table 3.1, Figs 3.2A–D, F–H, 3.4A–B, 3.5A–B). The presence of moulds in feathers 

from pathway 5 is thus not an artefact of preparation (Fig. 3.2E). It is also consistent with 

the variation seen in the experimental data (see below). Some distortion of the shape of 

the moulds is difficult to prevent when sectioning such material for TEM (as opposed to 

imaging SEM samples; see Fig. 3.4C). 

 

3.3.3 Taphonomic sequence 1 

 

Abundant moulds were generated via pathways 8–11 (0.55 moulds / µm2, 1.23 moulds / 

µm2, 1.53 moulds / µm2 and 1.03 moulds / µm2, respectively; Figs 3.3A–D, 3.4C, 3.5C). In 

TEM images, feathers from pathway 8 exhibit moulds and few intact melanosomes (Fig. 

3.4C; feathers from pathways 9–11 were not analyzed using TEM). Maturation did not 

destroy moulds generated during a previous oxidation step (pathways 9, 10 and 11; Fig. 

3.3B–D). 
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3.3.4 Taphonomic sequence 2 

 

Mouldic melanosomes are absent or rare in feathers degraded via pathways 12–15 (0.05 

moulds / µm2, 0.52 moulds / µm2, 0.31 moulds / µm2 and 0.01 moulds / µm2, respectively; 

Figs 3.3E–H, 3.4D). Three-dimensional melanosomes, however, are abundant (Figs 3.3G–H, 

3.4D). Feathers treated via pathway 16 were degraded to a translucent residue that lacked 

obvious barbs and barbules (Fig. 3.5D); melanosomes and moulds could not be identified.  

 

 

Fig. 3.5 Additional features of experimentally treated feathers. A–B, SEM images of 

transverse microtomed surfaces in untreated feathers (A) and feathers from pathway 3 (B). 

C, TEM image of feather barbule from pathway 8 (see Fig. 3.4C for additional examples of 

compressed voids at higher resolution). D, light micrograph of feather barbs following 

experimental treatment in pathway 16. Black arrowheads, blade marks showing direction 

of cutting during microtomy. White arrow, compressed moulds. White arrowheads, 

translucent barbs. d, decayed; o, oxidized; t, matured; u, untreated. All scale bars represent 

1 µm except D (1 mm). 

 

3.3.5 Abundance of mouldic melanosomes and melanin concentrations 

 

Fewer moulds were produced in taphonomic sequence 2 (0.22 ± 0.24 moulds/μm2) than 

sequence 1 (1.09 ± 0.41 moulds/μm2; these differences are statistically significant (t-test 

result: t(6) = 3.62, p = 0.01). We analyzed feather samples and experimental media from 

pathways 5, 8, 12 and 13 using AHPO. All feathers analyzed contain lower concentrations 

of the eumelanin markers PTCA (244.4 ± 91.8 ng/mg) and PTeCA (106.4 ± 27.6 ng/mg) than 

the corresponding experimental media (1313.2 ± 420 ng/mg and 349.9 ± 169 ng/mg, 
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respectively; Fig. 3.6); these differences are statistically significant (t(14) = 3.08, p = 0.008). 

Higher quantities of eumelanin markers are present in the experimental media from 

treatments lacking maturation (pathways 5 and 8) relative to treatments including a 

maturation step (pathways 12 and 13). Feathers treated to decay and oxidation only 

(pathway 8), and their experimental media, contain higher concentrations of eumelanin 

markers than in any other experimental treatment; further, media from these and other 

decayed samples (i.e., pathway 12) show higher PTeCA/PTCA ratios than non-decayed 

feathers (pathways 5 and 13; Supplementary Table 3.3). The significant differences in the 

abundance of both melanin and melanosomes between feathers treated via sequences 1 

and 2 strongly suggest that our data reflect real experimentally-induced differences and 

not original variations in melanin content (McGraw et al. 2005) among the individual 

feathers analyzed. 

 

 

Fig. 3.6 AHPO analysis of Gallus gallus feathers and their experimental media. PTCA and 

PTeCA are eumelanin markers (PTeCA is a marker for diagenetically altered melanin). 

 

3.4 Discussion 

 

Sample preparation was consistent for each treatment and so relative differences in the 

abundance of moulds among samples are almost certainly real and not artefacts. 

Compressed moulds in ultrathin sections from pathway 8 (Fig. 3.4C) are an artefact of 

microtomy and may reflect enhanced susceptibility of the feather to mechanical damage 

during sectioning due to experimental treatment (Fig. 3.5C). 
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3.4.1 Controls on melanosome preservation 

 

The restriction of moulds to oxidized feathers (Figs 3.2–3.4) strongly suggests that 

interaction with an oxidant is prerequisite to the formation of mouldic melanosomes in 

fossils. Decay does not result in the production of mouldic melanosomes, even under 

alkaline conditions (which are known to enhance melanin solubility; Figs 3.2, 3.4; 

Wakamatsu et al. 2012). The lower concentrations of eumelanin markers in feathers 

relative to experimental media (Fig. 3.6) demonstrate that all treatments analyzed using 

AHPO resulted in loss of melanin from feathers. Nevertheless, the presence of melanin 

markers in all experimentally treated feathers analyzed provides robust experimental 

evidence that fossil feathers with diverse taphonomic histories have the potential to retain 

melanin and/or its diagnostic alteration products. This supports the hypothesis that the 

melanin identified in fossil feathers derives from melanosomes and not decay bacteria 

(contra Moyer et al. 2014).  

 

The preservation of abundant moulds following maturation (including maturation at high 

pressure) in pathways 9–11 confirms that moulds that form early during the diagenetic 

process can survive subsequent thermal alteration and elevated pressures. Preservation of 

mouldic melanosomes does not, therefore, imply little or no maturation during burial. 

 

Published images of fossil feathers typically show broad regions where adjacent 

melanosomes are preserved predominantly either as moulds or as intact microbodies (Li et 

al. 2010, figs 1c–g, 2a–b, e–f; Zhang et al. 2010, figs 1b–c, 2b–e, 3b, 4b–d; Lindgren et al. 

2015, supplementary figs 2a–h, 3a–e). This contrasts with our results from pathways 12–

15, which show that oxidation after maturation with pressure results in a heterogeneous 

distribution (at a micron-scale) of intact and mouldic melanosomes and overall fewer 

moulds than where oxidation precedes maturation. Instead, patterns in melanosome 

preservation in fossils are more consistent with our results from sequence 1 and strongly 

suggest the presence of a taphonomic switch from a system favouring preservation of 

melanosomes as 3D bodies to one favouring preservation as moulds that is controlled by 

the timing of oxidant availability relative to maturation. 
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To date, mouldic melanosomes have been reported from Konservat-Lagerstätten that are 

hosted in sediments interpreted to have been deposited within oxic (Zhou et al. 2016) or 

dysoxic/anoxic bottom waters (Pedersen 1981). Various chemical species, however, can 

act as oxidants. Manganese-based oxidants are strongest in alkaline (Messaoudi et al. 

2001; Dash et al. 2009) and oxic (Antoniou et al. 2014) environments and also at oxic-

anoxic interfaces (Jones et al. 2018). Nitrates are strong oxidants under both acidic and 

alkaline conditions (Quin et al. 2015), while halogens, e.g., chlorine and fluorine, can 

maintain a high oxidation potential under various pH conditions when present in high 

quantities (Steininger and Pareja 1996). Copper is an oxidant under acidic and alkaline 

conditions (Celante and Freitas 2010) and is known to accelerate the oxidation of melanin 

via Fenton-like reactions (Korytowski and Sarna 1990). 

 

The AHPO results provide further insights into the preservation of melanosomal melanin. 

The higher quantity of PTeCA in the experimental medium from pathway 8 relative to that 

from pathway 5 suggests that decay enhances melanosome degradation. In addition, the 

higher PTeCA:PTCA values for pathway 12 relative to pathway 13 indicate that 

melanosome oxidation may be enhanced when feathers have undergone some decay. 

Despite this, the lower concentrations of eumelanin markers in treatments including both 

decay and maturation relative to treatments involving decay but not maturation suggest 

that maturation is a more important control on melanin preservation than decay (Glass et 

al. 2013). The preservational mechanism for the remnant melanosomes presumably 

reflects, at least in part, in situ polymerization processes, which are responsible for the 

organic preservation of various fossil tissues (McNamara et al. 2016b). Collectively, our 

experimental results suggest that feathers exposed to (an) oxidizing agent(s) prior to 

strong maturation will likely possess more mouldic melanosomes than feathers that 

experienced maturation prior to oxidation (Fig. 3.7). This does not exclude the possibility 

that some moulds may form following maturation; further, if feathers experience decay 

following exposure to strong oxidising agents, it is possible that moulds may be occluded 

by collapse of the feather. Our experiments show that the primary controls on 

melanosome and melanin preservation are (in decreasing order of importance): exposure 

to an oxidant, the extent of maturation, and decay. 
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Fig. 3.7 The impact of various taphonomic conditions on melanosome preservation. Grey 

ovoid denotes transverse section of feather barbule. Arrows indicate time. Brackets indicate 

that a particular taphonomic process is not always present. 

 

3.4.2 Keratin preservation 

 

The survival of feather residues in the fossil record (Zhang et al. 2010; Pan et al. 2016, 

2019) is controversial (Saitta et al. 2017a, b). Chemical evidence of keratin has been 

reported from various Mesozoic and Cenozoic fossils (Edwards et al. 2011; Schweitzer et 

al. 1999a, b; Pan et al. 2016, 2019) and organic matrices surrounding fossil feather 

melanosomes have been interpreted as degraded residues of originally keratinous feather 

tissue (Gren et al. 2017; Li et al. 2010; Zhang et al. 2010) or diagenetic replacements 

thereof (Lindgren et al. 2015). These findings have been disputed on the basis of recent 

taphonomic experiments on feathers (Saitta et al. 2017a, b, 2019). Maturation 

experiments on black feathers in Au cells for 24 h at 100°C, 250 bar resulted in the 

transformation of the tissue to a black pellet (Saitta et al. 2017b); at 250°C, 250 bar, 

feather structure transformed to a fluid (Saitta et al. 2017a). Further, Saitta et al. (2019) 

report loss of keratinous tissues in feather barbs experimentally matured in sediment. The 

pellets and barb imprints were not tested for chemical evidence of keratin or its residues 

(Saitta et al. 2017b, 2019). Pyrolysis-GC-MS analyses of the fluid failed to provide 

unequivocal evidence for keratin (Saitta et al. 2017a); this, however, is not unexpected as 

(1) keratin and melanin produce similar pyrolysates and (2) it is unlikely that keratinous 
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components would survive the elevated temperatures used in such analyses. The 

microstructure of fossil feathers has also been the basis of hypotheses relating to the 

preservation of keratinous residues. Exposure of melanosomes in fossils has been 

interpreted as evidence that keratin components should rarely be preserved (Saitta et al. 

2017a). While examples of fossil feathers preserving only melanosomes certainly exist (e.g. 

fig. 5c in Hu et al. (2018), our experiments confirm that three-dimensional melanosomes 

and keratinous components of feathers can both persist under various taphonomic 

conditions. Critically, our experiments also identify a suite of taphonomic conditions where 

keratinous components of feathers can survive, yet melanosomes do not. These results 

support previous interpretations that organic matrices surrounding fossil melanosomes 

represent degraded residues of originally keratinous feather tissue (Li et al. 2010; Zhang et 

al. 2010; McNamara et al. 2013; Pan et al. 2016). 

 

Our findings suggest that organic residues preserved in some fossil feathers are ideal 

targets for chemical and immunohistochemical analyses for remnants of keratin. Such 

residues have been reported in Cretaceous fossils with primitive feather types (Li et al. 

2010; Zhang et al. 2010; Lindgren et al. 2015); analysis of these, and older, fossils has the 

potential to yield important insights into feather chemistry at key stages of feather 

evolution. Our investigation into the differential preservation of feather components 

provides a robust framework for future experiments as it allows the impact of different 

taphonomic factors (and their relative timing) on feather preservation to be assessed. 

Combination of this rigorous experimental approach with chemical analyses will provide 

critical empirical data to test fossil-based models for the survival of keratin and melanin in 

the fossil record. 
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3.6 Supplementary information 

 

3.6.1 Supplementary figures 

 

 
Fig. S3.1 Experimental setup. A, schematic showing experimental pathways used. B, 

detailed schematic showing potential natural scenarios corresponding to each experimental 

pathway (indicated by numerals). DDW, distilled-deionized water.  
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Fig. S3.2 SEM images of feather barbules showing the paucity of obvious decay bacteria in 

feathers decayed in pH 6 and 12.2. A–B, pathway 1. C–D, pathway 2. A, decay at pH 12.2; 

D, decay at pH 6. Scale bars in A, C = 10 µm, B, D = 5 µm.  
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4. Taphonomic experiments reveal authentic molecular signals for 
fossil melanins and verify preservation of 10 million year old 
phaeomelanin in fossils 

 

This chapter comprises a paper that is prepared for re-submission to the journal Nature 

Communications. This chapter is organised as follows: introduction, results and discussion, 

materials and methods, references and supplementary information. 

 

As in Chapter 3, the term ‘keratin’ is used in Chapter 4 to refer to proteinaceous feather 

tissue composed of β- and α-keratins as opposed to the term feather CBPs for β-keratins 

and IF-keratins for α-keratins. 

 

Candidate contribution to the study. TSS contributed to the design of the study and 

performed all experiments and interpreted AHPO-HPLC and HCl-AHPO-HPLC data. TSS co-

wrote the paper with input from all other authors. 

 

Abstract. Melanin pigments play a critical role in physiological processes and shaping 

animal behaviour. Fossil melanin is therefore a unique resource for understanding the 

functional evolution of melanin. Accurate evolutionary models require robust fossil 

evidence, but the impact of fossilisation on molecular signatures for eumelanin and, 

especially, phaeomelanin is not fully understood. Here we present a new model for the 

chemical taphonomy of fossil eumelanin and phaeomelanin based on thermal maturation 

experiments using feathers from extant birds. Our results reveal which molecular 

signatures are honest signals for thermally matured eumelanin and phaeomelanin, which 

signatures are artefacts derived from the maturation of non-melanin proteins, and how 

these chemical data are impacted by sample preparation. Our model correctly predicts the 

molecular composition of melanins in diverse vertebrate fossils from the Miocene and 

Cretaceous and, critically, identifies direct molecular evidence for phaeomelanin in these 

fossils. This new taphonomic framework is an essential addition to the geochemical 

toolbox that underpins reconstructions of melanin evolution and of melanin-based 

coloration in fossil vertebrates. 
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4.1 Introduction 

 

Melanin pigments are heterogenous polymers that have critical functions in animal 

homeostasis1,2 and behaviour3 and are implicated in key transitions in vertebrate 

evolution4. Integumentary melanins sequester metals and shield tissues from photo-

oxidation and mechanical abrasion while providing visual signals that thwart predators 

and/or attract mates4,5. Diverse melanin-based integumentary colours are achieved using 

eumelanin, which generates black and brown hues, and/or phaeomelanin, which 

generates rufous and grey colours6,7. These pigments are stored in melanosomes – 

organelles that, in feathers, can have relatively elongate (eumelanosomes) to spherical 

(phaeomelanosomes) shapes. Evidence of melanosomes and of melanins in the fossil 

record has fuelled interpretations of the original colours of diverse ancient animals8-12, 

yielding potential insights into behavioural ecology13-19 and the functional evolution of 

melanin4,20,21. 

 

Reconstructions of melanin-based animal colour and of melanin macroevolution are 

accurate only where eumelanin and/or phaeomelanin – or their degraded remains – can 

be identified with confidence in fossils22,23. Ideally, chemical evidence of ancient melanin 

should be supported by morphological evidence of melanosome preservation23. Evidence 

of eumelanin has been recovered from various fossils using time-of-flight secondary ion 

mass spectrometry (ToF-SIMS), which yields characteristic ion fragmentation patterns for 

eumelanin13,15,24-29 and can map spatial distributions of specific melanin-associated ions 

onto fossil melanosomes15,25. Evidence of eumelanin in fossils can also be inferred from 

associations between preserved melanosomes and specific metal species, e.g. Cu2+, and/or 

metal coordination complexes30. Neither of these methods, however, can confirm the 

preservation of eumelanin molecular units in fossils.  

 

Chemical evidence of fossil phaeomelanin is even more elusive. The ornithischian dinosaur 

Borealopelta preserves evidence for the phaeomelanin subunit benzothiazole (BZ) in ToF-

SIMS spectra but lacks preserved melanosomes16; whether the BZ signal is original, or a 

diagenetic or anthropogenic contaminant, has not been conclusively demonstrated. 

Evidence of BZ has also been reported in hair of the 3 Ma fossil mouse Apodemus based on 

synchrotron-S-XANES spectra and Zn-organosulfur associations12. Melanosomes are 
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preserved, but molecular data from the fossil were not reported. Elevated concentrations 

of S and/or organosulfur compounds in fossil melanosomes have also been interpreted as 

evidence of phaeomelanin26, but this could reflect chemical alteration of eumelanin during 

fossilisation, e.g., via sulfurisation28. A phaeomelanin-dominated composition has been 

inferred for putative melanosomes from two bats from the 47 Ma Messel biota based on 

their small and subrounded geometries26. The chemistry of the structures, however (i.e., 

the plotted position of the fossils in the principal components chemospace), is not 

consistent with enrichment in sulfur-bearing molecular fragments26.  

 

Identifying honest signals for fossil melanins, and discriminating these from the effects of 

fossilisation, is therefore essential to understanding the fossil record of melanin. The 

pathways by which fossilisation can impact chemical evidence of melanin, however, are 

not fully understood. Taphonomic experiments on melanosomes have yielded insights into 

how fossilisation processes can alter melanosome morphology and geochemistry26,31,32. 

Recent experiments on synthetic melanins24 suggested that different eumelanin subunits 

converge in chemistry during thermal maturation. It is unclear, however, whether the 

latter changes also apply to natural melanins, especially in the complex chemical 

environment represented by intact melanosomes and tissues. 

 

The most diagnostic chemical assay for eumelanin is alkaline hydrogen peroxide oxidation 

treatment followed by high-performance liquid chromatography (AHPO-HPLC)33. This assay 

quantifies derivatives of discrete eumelanin monomers (Fig. 4.1)34,35 and has revealed 

molecular preservation of eumelanin in fossil squid33,36, insects37, an ichthyosaur38 and a 

frog20. Phaeomelanin monomers can be identified using both AHPO-HPLC and HPLC 

following HI hydrolysis of samples39, but these approaches have not been applied to the 

detection of phaeomelanin in fossils. 

 



100 

 

 

Fig. 4.1 Eumelanin and phaeomelanin molecules and their respective constituent 

monomers. Key eumelanin monomer units are DHI and DHICA; phaeomelanin monomer 

units are benzothiazine (BT) and benzothiazole (BZ). Chemical degradation of these units by 

alkaline hydrogen peroxide oxidation (AHPO) generates PDCA, PTCA, PTeCA, TTCA and 

TDCA markers. Hydroiodic acid (HI) hydrolysis generates 4-AHP (and 3-AHP, not shown 

here) and BZ-AA33-35,39,40. 

 

Here we use taphonomic experiments on feathers from extant birds and AHPO-HPLC 

analysis to examine the impact of thermal maturation on eumelanin and phaeomelanin, 

including their respective monomers, in a whole-tissue context. Our results reveal which 
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molecular signatures generated by AHPO-HPLC are authentic signals for thermally matured 

melanin. Our empirical model is tested using new data from the non-avian dinosaur 

Sinornithosaurus, the fossil bird Confuciusornis and specimens of the fossil frog Pelophylax 

pueyoi (Supplementary Fig. 4.1). Critically, our experimental data support evidence for the 

preservation of phaeomelanin in all fossils analyzed. Our predictive model of eumelanin 

and phaeomelanin degradation in whole tissues thus provides a unique taphonomic 

framework for the identification of eumelanin and phaeomelanin monomers in fossils that 

will underpin future investigations of the evolution of melanin and its functions through 

deep time. 

 

4.2 Results and discussion 

 

4.2.1 Melanin chemistry of untreated feathers 

 

Eumelanin comprises 5,6-dihydroxyindole (DHI) and 5,6-dihydroxyindole-2-carboxylic acid 

(DHICA) units34,35 (Fig. 4.1). AHPO-HPLC of DHI yields primarily pyrrole-2,3-dicarboxylic acid 

(PDCA) and pyrrole-2,3,4,5-tetracarboxylic acid (PTeCA) cross-linked at the C2 and C3 

positions24,35; minor pyrrole-2,3,5-tricarboxylic acid (PTCA) reflects cross-linking at the C2 

position34,35. AHPO-HPLC of DHICA yields primarily PTCA34,35 and PTeCA cross-linked at the 

C3 position24,35. Phaeomelanin comprises benzothiazine (BT) and BZ units (Fig. 4.1), the 

latter generating thiazole-2,4,5-tricarboxylic acid (TTCA) and, if decarboxylated, thiazole-

4,5-dicarboxylic acid (TDCA)34. Hydroiodic acid (HI) hydrolysis of PM allows direct 

identification of the BZ monomer 6-(2-amino-2carboxyethyl)-4-hydroxybenzothiazole (BZ-

amino acid, BZ-AA) and the degradation products of BT, 4-amino-3-hydroxyphenylalanine 

(4-AHP) and 3-amino-4-hydroxyphenylalanine (3-AHP)39,40. 3-AHP is a minor degradation 

product of phaeomelanin but is not diagnostic39; data for this monomer are thus discussed 

in the supplementary material (see also Supplementary Fig. 4.2).  

 

As expected, our AHPO-HPLC data reveal that black and orange feathers are dominated by 

eumelanin and phaeomelanin markers, respectively (Fig. 4.2, Table 4.1 and Supplementary 

Fig. 4.3). Phaeomelanin markers also occur in black feathers, and eumelanin markers in 

orange feathers, albeit as minor components in each case. ToF-SIMS spectra from the 

feathers are dominated by peaks for proteins and lipids with no distinct signatures for 
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melanins; and are not discussed further here (Supplementary Fig. 4.4; see Supplementary 

text). 

 

 

Fig. 4.2 AHPO-HPLC data for black, orange and white feathers from extant birds with 

and without thermal treatment. Bar charts show melanin marker concentrations in black 

and orange (Gallus gallus) and white (Egretta garzetta) feathers; data are shown for 

untreated feathers and feathers thermally matured at 200°C and 250°C. Melanin markers 

are generated during alkaline hydrogen peroxide oxidation (AHPO) and hydroiodic (HI) acid 

hydrolysis. Filled bars indicate the mean values per treatment; floating bars indicate 

standard deviation per treatment.  
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Table 4.1 AHPO-HPLC data for total melanin marker concentrations in black, orange and 

white feathers. Mean and standard deviation data (in ng/mg) for concentrations of total 

melanin, total eumelanin (PTCA + PDCA + PTeCA) and total phaeomelanin markers (TTCA + 

TDCA + 4-AHP + BZ-AA) obtained using alkaline hydrogen peroxide oxidation (AHPO) and 

hydroiodic (HI) acid hydrolysis. Untreated and experimentally matured black and orange 

feathers, Gallus gallus; white feathers, Egretta garzetta. 

 

 

Untreated black feathers contain 2377 ng/mg total melanin markers, which are 

predominantly eumelanin markers (91%: 2173 ng/mg; Table 4.1), in turn dominated by 

PTCA (1531 ng/mg), with minor PTeCA (505 ng/mg) and PDCA (138 ng/mg; Fig. 4.2, Table 

4.2 and Supplementary Fig. 4.3). The PDCA : PTCA ratio is 0.09, indicating that eumelanin in 

the black feather comprises ca. 66% DHI and 34% DHICA41. The PTeCA : PTCA ratio is 0.33. 
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The accessory phaeomelanin signal in the black feathers is dominated by TTCA and TDCA 

with minor 4-AHP and BZ-AA (Fig. 4.2, Table 4.2 and Supplementary Fig. 4.3). 

 

Total melanin markers are more abundant in untreated orange feathers (7984 ng/mg) than 

in black feathers (Table 4.1). Most markers (96%) are derived from phaeomelanin markers 

(7676 ng/mg), predominantly 4-AHP (3907 ng/mg), BZ-AA (2598 ng/mg) and TTCA (1032 

ng/mg), with minor TDCA (139 ng/mg; Fig. 4.2, Table 2 and Supplementary Fig. 4.3). This 

composition indicates that phaeomelanin in the orange feathers comprises approximately 

equal quantities of BT and BZ units (the conversion factors of 34 for TTCA and 9 for 4-AHP 

yield estimated quantities of 35163 ng/mg BT and 35088 ng/mg BZ, respectively34,40). The 

accessory eumelanin signal is dominated by PTCA with minor PDCA and PTeCA (Fig. 4.2, 

Table 2 and Supplementary Fig. 4.3). 

 

Untreated white feathers show total melanin concentrations of only 43 ng/mg, close to 

detection limits (Table 4.1). The dominant markers are TTCA (10 ng/mg) and PTeCA (10 

ng/mg); all other markers are present in negligible quantities that approach detection 

limits (Fig. 4.2, Table 4.2 and Supplementary Fig. 4.3). 
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Table 4.2 AHPO-HPLC data for individual melanin marker concentrations in black, orange 

and white feathers. Mean and standard deviation data for individual melanin markers in 

untreated and experimentally matured black and orange (Gallus gallus) and white (Egretta 

garzetta) feathers following alkaline hydrogen peroxide oxidation (AHPO) and hydroiodic 

(HI) acid hydrolysis. Percentage data denote the mean change in concentrations of specific 

markers between untreated feathers and those matured at 200°C and 250°C. 

 

 

4.2.2 Maturation of black feathers 

 

Following maturation at 200°C for 1 h (herein termed “moderate” maturation), 

concentrations of total melanin markers and eumelanin markers are almost identical to 

untreated feathers (total melanin: 2408 ng/mg, +1% (relative to untreated); eumelanin: 

2146 ng/mg, -1%; Table 4.1). As with untreated samples, eumelanin markers are 

dominated by PTCA (1427 ng/mg, -7%; Fig. 4.2, Table 4.2 and Supplementary Fig. 4.3). 

PTeCA (521 ng/mg, +3%) and PDCA (198 ng/mg, +44%) are minor components and the 

associated PTeCA : PTCA ratio is 0.36. The minor decrease in PTCA and increase in PDCA 
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likely reflect limited decarboxylation of DHICA, giving rise to DHI (that, in turn, yields 

primarily PDCA during AHPO-HPLC analysis; Fig. 4.1)24,35. The accessory phaeomelanin 

signal is dominated by TDCA (Fig. 4.2, Table 4.2 and Supplementary Fig. 4.3). 

 

In contrast, maturation at 250°C for 1 h (i.e., “strong” maturation) results in a dramatic loss 

of markers for total melanin and for eumelanin (total melanin: 1144 ng/mg, -52%; 

eumelanin: 819 ng/mg, -62%; Table 4.1). Further, the various eumelanin markers differ in 

their response to treatment: PTCA and PTeCA decrease (PTCA: 367 ng/mg, -76%; PTeCA: 

226 ng/mg, -55%), whereas PDCA increases (226 ng/mg, +64%; Fig. 4.2, Table 4.2 and 

Supplementary Fig. 4.3). The changes in PDCA and PTCA (Fig. 4.1) likely reflect extensive 

decarboxylation of DHICA (resulting in the loss of PTCA and increase in PDCA), yielding 

abundant non-crosslinked DHI35. The decrease in concentration of PTeCA is less than that 

for PTCA and reflects less extensive thermal degradation of cross-linked DHI and/or DHICA 

units; the associated increase of the PTeCA : PTCA ratio (to 0.61) indicates selective 

preservation of cross-linked DHI units33,35,36. 

 

Following strong maturation, the accessory phaeomelanin signal in black feathers is 

dominated by BZ-AA and TDCA. TTCA and 4-AHP are minor components (Fig. 4.2, Table 4.2 

and Supplementary Fig. 4.3). 

 

4.2.3 Maturation of orange feathers 

 

After moderate maturation, concentrations of total melanin and phaeomelanin markers 

decrease markedly (total melanin: 5178 ng/mg, -35%; phaeomelanin: 4920 ng/mg, -36%; 

Table 4.1). Phaeomelanin markers are dominated by BZ-AA (1613 ng/mg, -38%) and 4-AHP 

(1603 ng/mg, -59%); TTCA (1149 ng/mg, +11%) and TDCA (555 ng/mg, +299%) are present 

in minor amounts (Fig. 4.2, Table 4.2 and Supplementary Fig. 4.3). The increase in TDCA 

during maturation likely reflects progressive decarboxylation of BZ (Fig. 4.1). The loss of 4-

AHP is probably due to the conversion of BT to BZ via ring contraction40; decarboxylation of 

BZ is likely to further contribute to the increase in TDCA. As in untreated feathers, the 

accessory eumelanin signal is dominated by PTCA (Fig. 4.2, Table 4.2 and Supplementary 

Fig. 4.3). 
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Following strong maturation, concentrations of total melanin and phaeomelanin markers 

decrease further (total melanin: 2412 ng/mg, -69%; phaeomelanin: 2177 ng/mg, -72%; 

Table 4.1; Fig. 4.2, Table 4.2 and Supplementary Fig. 4.3). Markers are dominated by TTCA 

(673 ng/mg, -35%) and TDCA (647 ng/mg, +365%). BZ-AA (384 ng/mg, -85%) and 4-AHP 

(185 ng/mg, -95%) are present in minor quantities. As with moderately matured samples, 

the increase in concentrations of TDCA (and decrease in BZ) likely reflect decarboxylation 

of BZ; the continued loss of 4-AHP probably reflects the conversion of BT to BZ39. 

 

Following strong maturation, the accessory eumelanin signal in orange feathers is 

dominated by PDCA. PTCA and PTeCA are present in minor amounts and exhibit a marked 

decrease (PTCA) and increase (PTeCA) compared to untreated feathers (Fig. 4.2, Table 4.2 

and Supplementary Fig. 4.3). 

 

4.2.4 Maturation of white feathers 

 

Moderately matured white feathers show a minor increase in concentrations of total 

melanin (51 ng/mg, +18%), eumelanin (22 ng/mg, +12%) and phaeomelanin (29 ng/mg, 

+22%) markers (Table 4.1); except for TTCA (14 ng/mg), all markers show concentrations < 

9 ng/mg (Fig. 4.2, Table 4.2 and Supplementary Fig. 4.3). In contrast, strongly matured 

white feathers show substantial increases in total melanin (226 ng/mg, +420%), eumelanin 

(85 ng/mg, +333%) and especially phaeomelanin (141 ng/mg, +491%) markers (Table 4.1). 

The most abundant marker following maturation at 250°C is BZ-AA (81 ng/mg, +914%), 

with minor PDCA (42 ng/mg, +1595%), PTCA (24 ng/mg, +251%), TTCA (23 ng/mg, +125%), 

TDCA (22 ng/mg, +575%), PTeCA (19 ng/mg, +85%) and 4-AHP (16 ng/mg, +501%; Fig. 4.2, 

Table 4.2 and Supplementary Fig. 4.3). 

 

The white feathers represent a melanin-poor, protein-rich system. The dramatic increase 

in concentration of most melanin markers in these samples with progressive maturation is 

inconsistent with our experimental results for degradation of eumelanin in eumelanin-

dominated systems and of phaeomelanin in phaeomelanin-dominated systems. The 

chemical changes thus cannot be explained by degradation of specific melanin monomers. 

Instead, the white feather data strongly suggest that limited quantities of melanin markers 

are generated from non-melanin feather components, most likely proteins42, during 
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thermal maturation. This process is enhanced at relatively elevated temperatures, but total 

marker concentrations remain very low relative to those of black and orange feathers. 

 

4.2.5 Comparative changes in melanin marker abundance among feather types 

 

Overall, eumelanin and phaeomelanin degrade at broadly similar rates during maturation, 

albeit with a slight bias towards survival of eumelanin (during strong maturation, 

concentrations of total markers decrease by 62% for eumelanin and by 72% for 

phaeomelanin; Table 4.1). These data indicate that phaeomelanin markers should be 

detectable (in at least certain fossils) using AHPO-HPLC. 

 

Individual melanin markers lack a consistent response to maturation in black and orange 

feathers. PTCA (and thus DHICA) dominates the composition of all black feathers analysed 

(regardless of experimental treatment) and is the most abundant eumelanin marker in 

untreated and moderately matured orange feathers (Fig. 4.2 and Table 4.2). In contrast, 

concentrations of PTCA decrease steadily with progressive maturation in orange feathers 

(200°C: -30%; 250°C: -62%) but decrease markedly in black feathers only upon maturation 

at 250°C (200°C: -7%; 250°C: -76%).  

 

The eumelanin marker PDCA is present in low quantities in all feathers analysed, but is the 

only eumelanin marker to increase substantially in concentration with progressive 

maturation in black feathers and is the most abundant eumelanin marker in strongly 

matured orange and white feathers (Fig. 4.2 and Table 4.2). Unexpectedly, PDCA 

concentrations increase during moderate maturation in black feathers and decrease in 

orange feathers (+44% and -46%, respectively), but increase in both feather types during 

strong maturation (orange: +29%; black: +64%). The enhanced loss of both PDCA and PTCA 

in moderately matured orange feathers (relative to black feathers) cannot be explained 

readily using the eumelanin-rich feather data (and well-established chemical mechanisms 

for degradation of eumelanin monomers24,33-36) as a model. Instead, these data indicate a 

heterogeneous response of DHI and DHICA units to thermal maturation in feathers of 

different colour. This could reflect differences in the extent to which DHI and DHICA units 

are stabilised by cross-linking, both within the monomers themselves and with other 
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moieties in the local chemical environment, e.g., melanoproteins, keratin proteins and/or 

metals, in feathers of different colour. 

 

PTeCA concentrations decrease with strong maturation in black feathers but increase with 

both moderate and strong maturation in orange feathers (Fig. 4.2 and Table 4.2). The 

associated increase in PTeCA : PTCA in orange feathers (200°C: +94%; 250°C: +855%) far 

exceeds that in black feathers (200°C: +10%; 250°C: +99%). This could reflect more 

crosslinking of eumelanin in orange relative to black feathers33,35,36 or generation of PTeCA 

via thermal degradation of melanoproteins or other proteins specific to phaeomelanin-

dominated systems. 

 

Phaeomelanin markers also exhibit different trends during maturation in orange and black 

feathers. In orange feathers, TTCA decreases in concentration after strong maturation but 

is the most abundant phaeomelanin marker. TDCA is the only phaeomelanin marker to 

increase in concentration with progressive maturation (Fig. 4.2 and Table 4.2). In contrast, 

similar trends are not observed for TDCA and TTCA in black feathers with progressive 

maturation (TTCA: -32% at 200°C and -50% at 250°C; TDCA: +105% at 200°C and +45% at 

250°C). These changes in phaeomelanin marker concentrations in black feathers cannot 

readily be explained using the phaeomelanin-rich feather data as a model. As with the 

eumelanin markers discussed above, the heterogeneous response of phaeomelanin 

markers to maturation may reflect differences in local chemical environment between 

eumelanin- and phaeomelanin-dominated systems. 

 

4-AHP and BZ-AA are the most abundant phaeomelanin markers in untreated and 

moderately matured orange feathers (Fig. 4.2, Table 4.2 and Supplementary Fig. 4.3). 

During maturation, concentrations of 4-AHP progressively decrease in orange feathers 

(200°C: -59%; 250°C: -95%) but increase in black feathers (200°C: +41%; 250°C: +28%). BZ-

AA concentrations decrease progressively with maturation in orange feathers (200°C: -

38%; 250°C: -85%). Black feathers show a similar increase in this monomer following 

moderate maturation (+34%) but a dramatic increase during strong maturation (+1620%). 

This may reflect, in part, natural variation in a minor component of the feather melanin 

chemistry. As with TTCA and TDCA, these differences in the response of 4-AHP and BZ-AA 

in black and orange feathers are difficult to explain using the well-established chemical 
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mechanisms outlined above39 for degradation of phaeomelanin. Instead, the increase in 4-

AHP and BZ-AA in black feathers likely reflects minor generation of these moieties from 

non-melanin feather components, i.e., melanoproteins or keratin proteins. 

 

Melanin markers in white feathers are present in sufficiently high concentrations to 

facilitate comparisons with other feather types only for strongly matured samples (Fig. 4.2 

and Table 4.2). The dominant trend in the data are for substantial increases in the 

concentrations of all markers. Given the low abundance of melanin markers in untreated 

white feathers, the only plausible explanation is that the increase in eumelanin and 

phaeomelanin markers reflects generation from non-melanin proteinaceous moieties in 

the feathers during thermal degradation. 

 

The progressive decrease in PTCA with increasing maturation observed in black feathers 

here is supported by recent maturation experiments using synthetic melanin24. There are 

some differences between the results of the latter experiments and our study, e.g. 

maturation of synthetic melanins did not yield a progressive increase in PDCA24. Here, the 

increase in PDCA is attributed to DHICA degradation (generating DHI and, upon AHPO-

HPLC analysis, PDCA; Fig. 4.1)35. Overall, our data on matured black feathers more closely 

resemble previously reported data for experimentally matured Sepia melanin than those 

for isolated synthetic melanin units and mixtures thereof24. The ratio of phaeomelanin in 

black feathers increases with strong maturation (untreated: 9%; 250°C: 28%), due primarily 

to the dramatic increase in BZ-AA (which likely reflects degradation of non-melanin 

proteins). Collectively, our data indicate that both eumelanin and phaeomelanin follow 

distinct chemical pathways during thermal maturation, at least when hosted within tissues. 

 

4.2.6 HCl-AHPO-HPLC data 

 

In fossils, melanins and/or melanosomes may potentially be incorporated or encapsulated 

into diagenetic minerals. HCl treatment prior to AHPO-HPLC is therefore commonly applied 

to fossil tissue samples to improve the detection of melanin; the treatment has also been 

applied to biological samples to remove potentially interfering compounds such as 

proteins42. The potential impact of acid treatment on AHPO-HPLC data from fossils is, 
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however, unknown. We therefore applied this method to a duplicate set of experimental 

samples.  

 

Following HCl treatment, unmatured black feathers contain 1059 ng/mg total melanin 

markers (Table 4.1). Eumelanin markers dominate (988 ng/mg) with abundant PTCA (463 

ng/mg) and PTeCA (443 ng/mg) and minor PDCA (83 ng/mg; Tables 4.1, 4.2, Fig. 4.3 and 

Supplementary Fig. 4.5). The PTeCA : PTCA ratio is 1.01 and the accessory phaeomelanin 

signal is dominated by TDCA (Fig. 4.3, Table 4.2 and Supplementary Fig. 4.5). HCl-treated, 

unmatured orange feathers contain fewer melanin markers (583 ng/mg) than black 

feathers. Phaeomelanin markers dominate (499 ng/mg), especially TTCA (356 ng/mg); 

TDCA is a minor component (143 ng/mg). Untreated white feathers possess very few 

melanin markers (total 21 ng/mg), which are dominated by TTCA (8 ng/mg) and TDCA (5 

ng/mg). 
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Fig. 4.3 HCl-AHPO-HPLC data for black, orange and white feathers from extant birds with 

and without thermal treatment. Bar charts show melanin marker concentrations for 

untreated feathers and feathers thermally matured at 200°C and 250°C. Melanin markers 

are generated during HCl-alkaline hydrogen peroxide oxidation (AHPO). Filled bars indicate 

the mean values per treatment; floating bars indicate standard deviation per treatment. 

Black and orange feathers are from the domestic chicken (Gallus gallus) and white feathers 

are from the little egret (Egretta garzetta). 

 

Following moderate maturation, HCl-treated feathers show broadly similar total, and 

relative, concentrations of melanin markers to untreated feathers (Fig. 4.3, Table 4.2 and 

Supplementary Fig. 4.5). Following strong maturation, HCl-treated black feathers contain 

markedly fewer melanin and eumelanin markers relative to HCl-treated unmatured 

samples (total melanin: 786 ng/mg, -26%; eumelanin: 702 ng/mg, -28%; Table 4.1). 

Eumelanin markers are dominated by PTeCA (305 ng/mg, -31%) and PTCA (289 ng/mg, -

37%) with minor PDCA (108 ng/mg, +31%; Fig. 4.3, Table 4.2 and Supplementary Fig. 4.5). 
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TDCA dominates the accessory phaeomelanin signal (Fig. 4.3, Table 4.2 and Supplementary 

Fig. 4.5).  

 

Strongly matured, HCl-treated orange feathers contain more melanin markers than black 

feathers (total melanin: 1263 ng/mg, +116%; phaeomelanin: 1068 ng/mg, +114%; Table 

4.1). Unlike black feathers, phaeomelanin markers show higher concentrations of TTCA 

(612 ng/mg, +72%) than TDCA (456 ng/mg, +219%). The accessory eumelanin signal is 

dominated by PTCA with minor PTeCA and PDCA (Fig. 4.3, Table 4.2 and Supplementary 

Fig. 4.5). 

 

Strongly matured, HCl-treated white feathers contain substantially more total melanin and, 

especially, eumelanin markers (total melanin: 173 ng/mg, +712%; eumelanin: 152 ng/mg, 

+1807%); PTCA (73 ng/mg, +2328%), PTeCA (43 ng/mg, +1250%) and PDCA (36 ng/mg, 

+1934%) concentrations are particularly high (Fig. 4.3, Table 4.2 and Supplementary Fig. 

4.5). Concentrations of all other markers are relatively unchanged. 

 

These experimental data reveal important differences in the response of melanins to 

thermal maturation following, and without, acid treatment. Firstly, fewer melanin markers 

are recovered following acid treatment (-31%, -48% and -23% for strongly matured black, 

orange and white feathers, respectively). This may reflect degradation of melanin markers. 

Secondly, the relative proportions of the various markers differ markedly between acid-

treated and non-acid treated samples. HCl-treated, strongly matured black feathers retain 

more PTeCA than samples lacking acid treatment. HCl-treated orange feathers contain less 

TTCA and especially TDCA than samples lacking acid treatment. HCl-treated and strongly 

matured white feathers contain more PTeCA and especially PTCA relative to samples 

lacking acid treatment, but total melanin concentrations remain low. This probably reflects 

the generation of minor amounts of melanin monomers from non-melanin components. 

 

4.2.7 Melanin chemistry in fossils 

 

HCl-AHPO-HPLC analysis of fossil melanosomes (Fig. 4.4 reveals that melanin markers are 

most abundant in the internal melanosomes from the Miocene frogs. Eumelanin marker 

concentrations are typically 21.8 – 60.8 ng/mg but are particularly high in CKGM F 6434 
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(354.1 ng/mg); high concentrations have been reported in other fossils33. Marker 

concentrations are much lower in the sedimentary matrix (Table 4.4), indicating that the 

markers in the fossil soft tissues are autochthonous and do not derive from the sediment. 

In the other frog samples, PTCA (7–26 ng/mg, mean 18 ng/mg) and PTeCA (12–31 ng/mg, 

mean 21 ng/mg) are similar and PDCA is a minor component (2–5 ng/mg, mean 4 ng/mg). 

Concentrations of eumelanin markers are lower in the fossil feathers relative to the frogs 

and show consistently higher concentrations of PTeCA relative to PTCA and especially 

PDCA (PTeCA: 2.6–12.8 ng/mg, mean 6.7 ng/mg; PTCA: 1.5–7.3 ng/mg, mean 2 ng/mg; 

PDCA: 4 ng/mg). In general, the PTeCA : PTCA ratio is higher for markers from the fossil 

feathers (mean 1.66) than frogs (mean 1.21), which suggests a greater degree of 

polymerisation33. 
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Fig. 4.4 HCl-AHPO-HPLC data for fossil melanins. Eumelanin (A) and phaeomelanin (B) 

marker concentrations in samples of melanosomes. Fossil feathers are from the early bird 

Confuciusornis and the feathered dinosaur Sinornithosaurus from the Jehol biota. Fossil 

frog samples are of internal melanosomes from Pelophylax pueyoi from the Libros biota. 
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Table 4.3 HCl-AHPO-HPLC data for individual melanin marker concentrations in fossil soft 

tissues and host sediments. 

 

 

The phaeomelanin markers TTCA and TDCA are detected in low quantities in both fossil 

feathers and frogs (Fig. 4.4). The markers are below detection limits for two feather 

samples; in the remaining three feather samples, TTCA is consistently more abundant than 

TDCA (TDCA: 0.25–1.5 ng/mg, mean 0.95 ng/mg; TTCA: 0.7–4.6 ng/mg, mean 2.82 ng/mg). 

In contrast, in the fossil frog samples, TDCA is consistently more abundant than TTCA 

(TDCA: 2.8–5.9 ng/mg, mean 4 ng/mg; TTCA: below detection limit–1.6 ng/mg) except in 

CKGM F 6434, where TTCA ≈ TDCA. 

 

4.2.8 Predictive model for fossil melanin chemistry 

 

Our data form the basis of a predictive model for authentic signals for eumelanin and 

phaeomelanin in fossil tissues (Fig. 4.5 and Table 4.4). We first present the model for 

strongly matured samples analysed with AHPO-HPLC, and then show how the model 

predictions are modified by acid treatment. In our model, the key markers for eumelanin 

are PTCA and PTeCA (as the relationship between the two is an indicator of the extent of 

maturation35); those for phaeomelanin are TTCA and TDCA (as BZ-AA and 4-AHP have yet 

to be analysed using HI hydrolysis-HPLC). 
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Fig. 4.5 Authentic chemical signals for fossil melanins. Schematic showing chemical 

degradation of eumelanin and phaeomelanin during fossilisation based on AHPO-HPLC 

analysis of experimentally matured black and orange (Gallus gallus) and white (Egretta 

garzetta) feathers. Dashed line separates data with and without HCl treatment. The long 

horizontal arrows illustrate the relative concentrations of melanin markers before 

treatment and after maturation at 250°C without HCl treatment. The short horizontal 

arrows (on the right) depict the relative concentrations of markers following maturation at 

250°C with HCl treatment. Concentration values (in ng/mg) indicate absolute 

concentrations of melanin markers. 
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Table 4.4 Predictions of authentic signals for fossil melanins in eumelanin- and 

phaeomelanin-dominated systems. Predictions are based on AHPO-HPLC and HCl-AHPO-

HPLC data from untreated and experimentally matured black and orange (Gallus gallus) 

and white (Egretta garzetta) feathers. These feathers represent eumelanin-dominated and 

phaeomelanin-dominated systems, respectively. Data for non-melanin systems indicate 

signals for diagenetic artefacts produced by thermal maturation of melanin-poor, protein-

rich systems. Predictions for moderate maturation are derived from the data from the 

200°C experiment; predictions for strong maturation are derived from trends extrapolated 

from the 250°C experiment.  

 

 

The chemistry of fossil melanins can be predicted by examining changes in the relative 

proportions of the different melanin markers during experimental maturation 

(Supplementary Text and Supplementary Figs. 2, 5). Where samples have not been acid 

treated, our experimental data indicate that an authentic signal for strongly matured 

eumelanin should show PTCA > PDCA ≥ PTeCA. This is supported by an accessory 

phaeomelanin signal dominated by BZ-AA and TDCA, with minor TTCA and especially 4-

AHP (i.e., BZ-AA > TDCA > > TTCA > 4-AHP and the key signal TDCA > TTCA). 

 

Authentic signals for strongly matured phaeomelanin should exhibit abundant TTCA and 

TDCA, with BZ-AA and 4-AHP as minor components, i.e., TTCA ≥ TDCA > BZ-AA > 4-AHP. 

This is supported by an accessory eumelanin signal dominated by PDCA with minor PTCA 

and PTeCA, i.e., PDCA > PTCA > PTeCA. 

 

Data from matured white feathers show that most melanin markers increase in 

concentration when matured at 250°C, with eumelanin markers dominant. The relative 
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proportion of PDCA and, to a lesser extent, PTCA also increases. These changes are not 

consistent with thermal degradation of melanin, but rather suggest minor generation of 

melanin monomers from non-melanin compounds. An “artificial” melanin signal in fossils 

will thus be dominated by eumelanin markers, with PDCA > PTCA > PTeCA. Accessory 

phaeomelanin markers will be dominated by BZ-AA, with minor amounts of all other 

markers, i.e. yielding BZ-AA >> TTCA ≈ TDCA > 4-AHP (i.e. TDCA ≈ TTCA). 

 

The predictive model requires modifications for HCl-treated samples (Fig. 4.3 and 

Supplementary Fig. 4.5). In eumelanin-dominated systems, strongly matured HCl-treated 

samples generate a signal dominated by eumelanin markers, especially PTeCA and PTCA (in 

similar proportions) with minor PDCA. An authentic signal for strongly matured eumelanin 

after HCl treatment of samples should therefore show PTeCA ≈ PTCA >> PDCA, with 

accessory TDCA >> TTCA.  

 

HCl-treated and strongly matured samples from phaeomelanin-dominated systems should 

be dominated by phaeomelanin markers and should contain more TTCA than TDCA, i.e. 

TTCA > TDCA, with an accessory eumelanin signal showing PTCA > PTeCA > PDCA.  

 

An artificial melanin signal will be dominated by eumelanin markers, with PTCA > PTeCA >> 

PDCA; phaeomelanin markers will be minor components (with TTCA ≈ TDCA). 

 

4.2.9 Testing the model: fossil melanin chemistry 

 

The fossil frog melanosomes analysed are ovoid (0.75–1.2 μm long) to spherical (0.40–0.55 

μm long)43. Preserved melanosome morphology, however, is unlikely to inform on original 

melanin chemistry in these specimens: melanosomes in extant amphibians lack 

differentiation into substantially elongate and spherical forms, which is likely a feature 

ancestral to the group4,20. The HCl-treated fossil frog melanosomes are dominated by 

eumelanin markers, especially PTeCA and PTCA, with PTeCA ≈ PTCA; except in CKGM F 

6434 (where TDCA ≈ TTCA), phaeomelanin markers are consistently dominated by TDCA 

(Fig. 4.4; Table 4.4). The HCl-AHPO-HPLC signal in the fossil data is therefore not consistent 

with artificially generated eumelanin (where the model predicts PTCA > PTeCA >> PDCA) 

nor with an original composition dominated by phaeomelanin (where the model predicts 
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dominant phaeomelanin markers and accessory PTCA > PTeCA > PDCA). Instead, the 

eumelanin marker data are consistent with an original eumelanic composition (where 

PTeCA ≈ PTCA is predicted). This is supported by the eumelanin-dominated composition of 

melanosomes in extant amphibians20. The dominant phaeomelanin signal in the fossil frogs 

(TTCA < TDCA) is not consistent with artificial generation from non-melanin components, 

for which the model predicts TTCA ≈ TDCA in HCl-treated fossil samples. Instead, the fossil 

phaeomelanin signal is consistent with an original accessory phaeomelanin component, for 

which the model predicts TTCA < TDCA. This is supported by the presence of minor 

quantities of phaeomelanin in melanosomes of extant amphibians20 and by the presence 

of elevated concentrations of Zn in melanosomes from the Libros frogs21, which is 

indicative of phaeomelanin12.  

 

The fossil feather melanosomes are dominated by eumelanin markers, with PTeCA > PTCA 

>> PDCA, and an accessory phaeomelanin signal with TTCA > TDCA. Melanin markers are 

also present in the host sediment, albeit at much lower levels than in the soft tissues of the 

corresponding specimen (Table 4.4), indicating that the markers in the fossil soft tissues do 

not derive from the sediment. The bulk AHPO signal is not consistent with a phaeomelanin-

dominated system; further, the eumelanin signal is not consistent with artificial generation 

of melanin (where the model predicts PTCA > PTeCA > PDCA in HCl-treated samples). 

Instead, the fossil feather signal is most consistent with an original eumelanin-rich system. 

The higher PTeCA : PTCA ratio in the fossil feathers relative to the model (which predicts 

PTeCA ≈ PTCA, with a slight dominance of PTeCA over PTCA) probably reflects more 

extensive crosslinking of DHI units during fossilisation over long geological timescales. This 

suggests that DHI is more robust than DHICA during thermochemolysis33,35,36. 

 

An original eumelanin component in the fossil feathers is supported by the presence of 

rod-shaped melanosomes – presumably eumelanosomes – at least locally in 

Confuciusornis9,44. Given reports of abundant melanosomes with ovoid to spheroid 

geometries (Supplementary Fig. 4.6) – presumably phaeomelanosomes9,44 – in 

Confuciusornis, it is somewhat surprising that phaeomelanin markers are very low in 

concentration (although the relative proportions of presumed eumelanosomes to 

phaeomelanosomes in Confuciusornis has not been estimated). This is consistent with our 

experimental data that demonstrate enhanced degradation of phaeomelanin relative to 
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eumelanin during thermal maturation and is supported by the diagenetic history of the 

host sediment: fossils from the Jehol biota experienced relatively high burial 

temperatures31. Other potential contributing factors include oxidation during diagenesis45, 

which may preferentially degrade phaeomelanin31; our experimental data presented here 

also suggest a further bias against recovery of phaeomelanin markers from HCl-treated 

samples. Given these biases, it is plausible that the Confuciusornis feathers analysed 

originally had a higher proportion of phaeomelanin than the eumelanin-dominated 

feathers matured in our experiments. This could also reconcile the TTCA > TDCA signal in 

the fossil feathers with our model, which is consistent with a phaeomelanin-dominated 

composition (it is also consistent with artificial marker generation, but the dominance of 

PTeCA over PTCA in the fossil feathers renders this unlikely).   

 

4.2.10 Broader implications 

 

Our study provides the first empirical and comparative models for the degradation of 

eumelanin and phaeomelanin during thermal maturation and, in doing so, identifies 

authentic molecular signals for these forms of melanin in fossils. Analysis of fossil 

melanosomes, combined with a holistic consideration of preserved melanosome 

morphology and the chemistry of melanosomes in extant analogues, confirms the validity 

of our model. Our experiments demonstrate that phaeomelanin monomers can survive 

strong maturation and can be detected in thermally matured tissues using (HCl-)AHPO-

HPLC. Critically, our study provides strong empirical support for the survival of 

phaeomelanin in Miocene fossils (for which chemical data are fully consistent with our 

model). Our data also support the preservation of phaeomelanin Mesozoic fossils that 

have survived extensive thermal degradation and/or oxidation, but further work is 

required to characterise the confounding effects of diagenesis over long intervals and/or 

high temperatures, oxidation and HCl treatment on feathers with different proportions of 

melanin markers. 

 

Differences in the response of eumelanin and phaeomelanin markers to thermal 

maturation in eumelanin- and phaeomelanin-rich feathers, respectively, highlight the 

importance of the local chemical environment on the degradation of melanin. 

Interpretations of melanin chemistry in fossils should therefore apply a holistic approach to 
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data interpretation that combines molecular data with data on the morphology of 

associated fossil melanosomes and on melanosome morphology and melanin chemistry in 

extant relatives. 

 

The increase in 4-AHP and BZ-AA in black feathers, and of all melanin markers in white 

feathers during strong maturation, probably reflects artificial formation due to degradation 

of keratin and/or other non-melanin components. Concentrations of these artificial 

melanin markers are especially high where samples are treated with HCl. The formation of 

markers from non-melanin components is unlikely to make a major contribution to data 

from fossil eumelanin as concentrations of artificially generated eumelanin markers are 

predicted to be much lower than for originally eumelanin-rich fossils, even after HCl 

treatment. Particular caution is required, however, when interpreting data on 

phaeomelanin markers in fossils, as our data suggest that such markers can be readily 

generated during HCl treatment of melanin-poor tissue samples. Interpretations of 

authentic fossil phaeomelanin are, however, supported by preservation of melanosomes, 

especially those with spheroidal shapes in feathers, and by consideration of melanin 

chemistry in relevant tissues in extant analogues. Future studies on fossil melanins should 

clearly incorporate an understanding of the potential impact of diagenetic artefacts on 

molecular data.  

 

Emerging data on taxonomic and tissue-specific trends in the distribution of melanin in 

vertebrates suggest important shifts in the functions of melanin in immunity, homeostasis 

and visual communication over geological time4. It is therefore critical that studies of the 

macroevolutionary history of melanin and its functions are not undermined by controversy 

regarding the validity of the fossil evidence23,46. Our results provide an essential framework 

for the interpretation of fossil melanosome chemistry, thus constraining future hypotheses 

on melanin evolution through deep time. 
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4.3 Materials and methods 

 

4.3.1 Maturation experiments 

 

Black (n = 5) and orange (n = 5) contour feathers from the domestic chicken, Gallus gallus 

domesticus, and white (n = 4) primary feathers from the little egret, Egretta garzetta, were 

stored at -80°C prior to experimental treatment. Feathers were selected based on their 

high content of eumelanin or phaeomelanin (black and orange feathers, respectively), or 

near-lack of melanin (white feathers)6. Feather pieces (ca. 45 x 25 mm) were wrapped in Al 

foil and thermally matured in a standard laboratory convection oven for 1 h at 100°C, 

200°C or 250°C (each +/- 1°C). 

 

4.3.2 Experimental justification 

 

For any taphonomic experiment, the optimum conditions are those that generate the 

phenomena of interest in fossils45. The purpose of our experiments was to investigate the 

impact of thermal maturation on the chemistry of feather melanin. The ultimate aim is to 

apply the experimental results to the interpretation of melanin chemistry in fossil feathers 

that retain gross feather structure (e.g. rachis and barbs) and melanosomes. The most 

appropriate conditions for our experiments are therefore those that ensure the survival of 

melanosomes and the surrounding keratinous tissue (or at least residues thereof) at the 

end of the experiment31,45 yet involve sufficiently high temperatures and/or pressures to 

ensure geochemical alteration of melanin. In other words, the experiments should achieve 

a taphonomic “sweet spot” between too much, and too little, degradation. 

 

Experimental maturation and feather structure. Previous maturation experiments on 

feathers have used various combinations of pressure and temperature, with feathers 

enclosed in foil or Au capsules. Substantial deterioration of feather macrostructure 

(including thinning, convolution and loss of barbules, and merging of barbs) occurs after 1 

h in foil at 200°C 200 bar (following a 1 h-long ramp-up of temperature to 200°C47,48) and 1 

h in foil at 200°C 250 bar31. Fluidization of feather tissue occurs after 1 h in foil at 250°C 

250 bar (following a 1 h-long ramp-up of temperature to 250°C47,48; also reported in 

separate experiments in Au capsules for 24 h at 250°C 250 bar49). Retention of 
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melanosomes but loss of the keratinous feather cortex occurred during experiments for 

12–24 h at 210–250°C 225–300 bar49. All of these conditions are clearly too extreme for 

the purposes of our experiments. In contrast, feather macrostructure survives maturation 

in Au capsules for 24 h at 100°C 250 bar50; also reported in separate experiments using 

these conditions (but in foil) for 1 hr47,48 with little or no appreciable damage; some 

contortion of barbules is evident after 1 h at 150°C 250 bar47. Use of lower pressures, even 

when coupled with higher temperatures, promotes retention of intact feather structures, 

as in our previous experiments for 1 h at 200°C, 135 bar45. Collectively these data suggest 

that retention of feather macrostructure is best achieved in experiments at relatively low 

pressures, i.e. at 135 bar or less.  

 

Maturation experiments and melanin chemistry. Previous experiments have not 

systematically analyzed melanin monomer chemistry (but see ref. 45). Conditions 

promoting geochemical alteration of melanosomes can, however, be inferred from 

published data. Previous experiments at 100°C 250 bar for 24 h did not result in major 

differences between the chemistry of matured and untreated feathers, as evidenced by 

gas chromatography-mass spectrometry analyses50. These experimental temperatures are 

clearly too low to induce substantial chemical alteration of melanosomes, especially since 

elevated pressures enhance degradation of tissue ultrastructures51. Experiments at 200°C 

250 bar and 250°C 250 bar induced shrinkage of melanosomes31, which presumably is 

associated with altered melanosome chemistry. Such elevated temperatures are therefore 

optimal for our experiments, albeit not in conjunction with elevated pressures as this 

combination induces substantial feather degradation (see above). We tested this using a 

set of pilot experiments on orange feathers at 100°C for 1 h (Supplementary Figs. 7, 8). As 

predicted, after maturation, the TTCA : TDCA ratio is unchanged in HCl-treated samples 

(0.71 for both untreated and matured samples) and very similar in samples lacking acid 

treatment (0.93 (untreated) and 0.88 (matured)); the 4-AHP : BZ : AA ratio is similar in 

untreated (0.5) and matured (0.6) samples lacking acid treatment. Our experiments 

therefore used relatively elevated temperatures of 200°C and 250°C and atmospheric 

pressure. Although our experiments were conducted in air and can thus be classed as 

broadly oxidising, they did not incorporate reaction with a strong oxidant as our previous 

experiments have shown that this destroys melanosomes45. 
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Chemical analysis of such thermally matured melanosomes can inform on the 

geochemistry of preserved melanosomes associated with eumelanin- and phaeomelanin-

rich fossil feathers. White feathers were used to test whether markers generated by AHPO 

and HI hydrolysis are unique to melanin. Experiments were performed under oxic 

conditions to enhance thermal degradation (relative to anoxic conditions51). No additional 

experimental media were used as the focus of the experiments is the analysis of feather 

residues resulting from autochthonous in situ chemical changes, not changes induced by 

extrinsic fluids. 

 

4.3.3 Fossil material 

 

This study used several specimens from the Jehol (Early Cretaceous, NE China) and Libros 

(Late Miocene, NE Spain) biotas. Fossils analyzed from the Jehol Biota are two specimens 

(CKGM F 6433 and IVPP V 13171) of Confuciusornis and one specimen of Sinornithosaurus 

(IVPP V 12811). Fossils from Libros are four specimens of Pelophylax pueyoi (CKGM F 6434, 

MNCN 63678, MNCN 63694 and MNCN 63773). Institutional abbreviations: CKGM, Cork 

Geological Museum; IVPP, Institute of Vertebrate Paleontology and Paleoanthropology, 

Beijing, China; MNCN, Museu Nacional de Ciencias Naturales, Madrid, Spain. 

 

4.3.4 SEM 

 

Samples of preserved soft tissue were dissected from fossil specimens using sterile tools, 

mounted on Al stubs with carbon tape, sputter coated with C or Au and analysed using a 

Hitachi S-3500N scanning electron microscope at accelerating voltages of 15–25 kV. 

 

4.3.5 HPLC analyses 

 

Feather samples (each 3–5 mg) were homogenised in distilled water with a Ten-Broeck 

glass homogeniser at a concentration of 5 mg/mL. Separate aliquots (100 µL) of this 

homogenate were subjected to AHPO or HI hydrolysis. AHPO tests for the presence of the 

eumelanin markers PTCA, PDCA and PTeCA and the phaeomelanin markers TTCA and 

TDCA34,35; HI hydrolysis tests for the phaeomelanin markers 3-AHP, 4-AHP39 and BZ-AA40. 

3-AHP is a minor component of phaeomelanin degradation products39 and can be derived 
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from proteins (i.e., it is not melanin-specific)52; 3-AHP data are thus not of major focus 

here and are provided in the supplementary material instead. Fossil samples (4–8 mg each) 

were ground to a powder and analysed using HCl-AHPO42. HCl-AHPO was developed42 in 

order to demineralize samples and purify analytical results by removing interfering 

materials such as proteins. Products from AHPO and HCl-AHPO were analysed by a 

modified HPLC protocol using an ion pair reagent53. BZ-AA and 4-AHP cannot be analysed 

following acid treatment. A different HPLC column was used to analyse feathers matured 

at 100°C than untreated and feathers matured at 200°C and 250°C due to regular 

replacement of the column as per standard protocols. 

 

Values cited herein for percentage change in monomer concentrations (ng/mg) for 

experimentally matured feathers of a particular colour are relative to mean concentrations 

of that monomer in untreated feathers of the same colour. 

 

4.3.6 ToF-SIMS analyses 

 

Samples were mounted on ToF-SIMS sample holders without prior treatment, ToF-SIMS 

analyses were conducted in the static SIMS mode on a TOFSIMS IV instrument 

(IONTOF GmbH) using 25 keV Bi3+ primary ions and low energy electron flooding for 

charge compensation. Positive and negative ion data were acquired with instrument 

optimization for high mass-resolution (m/Δm ~5,000, spatial resolution ~3–4 μm). The 

pulsed primary ion current was set at 0.10 pA. 

 

4.3.7 Enzymatic melanin extraction 

 

Melanin was extracted from untreated and strongly matured feathers (lacking acid 

treatment) using the protocol in ref. 20. In brief, samples were treated with nine cycles of 

solutions using 1,4-DTT (DTT), proteinase-K, and papain while incubated at 37.5°C at 200 

rpm for 9 d. 
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4.5 Supplementary information 

 

4.5.1 Supplementary text 

 

ToF-SIMS analyses. ToF-SIMS analyses were conducted on untreated and strongly matured 

feathers and on melanin extracts from these samples. The resulting spectra do not show 

distinct fragment ion patterns for melanin: instead, spectra are dominated by typical 

fragment ions for protein (probably derived from feather keratins) and lipids (probably 

derived from feather waxes). This likely reflects the dispersed distribution of melanosomes 

in the feathers, rendering it impossible to isolate a region bearing only melanosomes for 

analysis. ToF-SIMS spectra of the melanin extracts are also dominated by fragment ions for 

proteins and lipids, with additional peaks for phosphate. In these samples, the protein 

fragments likely derive from the melanosome membrane and/or protein residues that are 

adhering to the melanosome surfaces. In turn, these protein residues probably derive from 

the enzymatic extraction process. The phosphate peaks derive from the phosphate buffer 

used during the extractions. Collectively, these data suggest that ToF-SIMS is not the most 

appropriate technique to use for chemical analysis of these biological tissues: the spectral 

data are effectively swamped by other fragment ions. It is important to note that ToF-SIMS 

has been applied successfully to analysis of pure synthetic standards of selected eumelanin 

monomers and their degradation products generated during maturation experiments1; the 

resulting ToF-SIMS data are entirely consistent with AHPO-HPLC data on the samples, 

confirming the accuracy and validity of AHPO-HPLC for investigation of chemical alteration 

of melanins. 

  

Melanin chemistry of orange feathers matured at 100°C. Analysis of orange feathers 

matured at 100°C (n = 3) shows an increase in all melanin markers except TDCA (104 

ng/mg, -25%) using AHPO-HPLC (PTCA: 249 ng/mg, +19%; PDCA: 142 ng/mg, +66%; PTeCA: 

23 ng/mg, +71%; TTCA: 1395 ng/mg, +35%) compared to untreated feathers. HI-HPLC data 

show a decrease in both 4-AHP (3320 ng/mg, -15%) and BZ-AA (2121 ng/mg, -18%). HCl-

AHPO shows an increase in all melanin markers (PTCA: 65 ng/mg, +11%; PDCA: 29 ng/mg, 

+79%; PTeCA: 15 ng/mg, +74%; TTCA: 608 ng/mg, +71%; TDCA: 244 ng/mg, +70%). This 

increase probably reflects natural variation in phaeomelanin content among the samples 

rather than the use of different HPLC columns for untreated and matured samples. These 
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data are thus interpreted as evidence of little decrease in phaeomelanin marker 

concentrations during maturation at 100°C. Given that our data support a higher 

preservation potential of eumelanin markers, it is expected that black feathers matured at 

100°C would show little to no decrease in eumelanin marker concentrations. 

 

3-AHP. HI-HPLC data show small quantities of 3-AHP in untreated black (13 ng/mg) and 

white (4 ng/mg) feathers and large quantities in orange feathers (1341 ng/mg). 3-AHP 

increases with progressive maturation in black (200°C: 22 ng/mg; 250°C: 39 ng/mg) and 

white (200°C: 11 ng/mg; 250°C: 70 ng/mg) feathers but decreases in orange feathers 

(200°C: 587 ng/mg; 250°C: 152 ng/mg). The progressive increase in black and white 

feathers likely reflects minor generation of this moiety from non-melanin feather 

components. 

 

Development of the predictive model. The predictive model is based on data for (a) mean 

concentrations of individual melanin markers per treatment; (b) standard deviation data 

for individual markers per treatment (with particular attention to overlap of the range of 

the data for different treatments); (c) trends in the data for relative concentrations of 

individual markers (i.e. when expressed as a percentage of the total markers recovered for 

eumelanin and phaeomelanin, respectively, in a sample). To illustrate, take the case of 

data from strongly matured eumelanin-dominated systems analysed using HCl pre-

treatment. PTCA concentrations are predicted to exceed those for PDCA based on the 

higher quantities of PTCA remaining following treatment relative to PDCA. With 

progressive maturation beyond the extent modelled in our experiments, PTeCA may 

ultimately dominate the melanin signal in fossils given the increase in the PTeCA : PTCA 

ratio during maturation which is both observed in our AHPO-HPLC data and has been 

reported previously2. 

 

  



134 

 

4.5.2 Supplementary figures and tables 

 

 

Fig. S4.1 Photographs of fossil specimens used in this study. a, b Confuciusornis. a IVPP V 

13171. b CKGM F 6433. c, d Sinornithosaurus (IVPP V 12811). e–g Pelophylax pueyoi. e 

MNCN 63778. f MNCN 63773. g MNCN 63694. Scale bars: a 100 mm b 20 mm c, d 100 mm 

e–g 20 mm. a, c, d from McNamara et al.3. e, g from McNamara et al.4. 
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Fig. S4.2 HI-HPLC data for the phaeomelanin marker 3-AHP for black, orange and white 

feathers from extant birds with and without thermal treatment. Black and orange 

feathers are from the domestic chicken (Gallus gallus) and white feathers are from the little 

egret (Egretta garzetta). 
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Fig. S4.3 AHPO- and HI-HPLC data for black, orange and white feathers from extant 

birds with and without thermal treatment. Eumelanin markers and the phaeomelanin 

markers TTCA and TDCA are derived during chemical degradation via AHPO. BZ-AA and 4-

AHP are derived during HI hydrolysis. Black and orange feathers are from the domestic 

chicken (Gallus gallus) and white feathers are from the little egret (Egretta garzetta). 
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Fig. S4.4 (part 1) Negative ion ToF-SIMS spectra for untreated black, orange and white 

feathers from extant birds. Black and orange feathers are from the domestic chicken 

(Gallus gallus) and white feathers are from the little egret (Egretta garzetta). 
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Fig. S4.4 (part 2) Negative ion ToF-SIMS spectra for black, orange and white feathers from 

extant birds matured at 250°C for 1 h. Black and orange feathers are from the domestic 

chicken (Gallus gallus) and white feathers are from the little egret (Egretta garzetta). 
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Fig. S4.4 (part 3) Positive ion ToF-SIMS spectra for untreated black, orange and white 

feathers from extant birds. Black and orange feathers are from the domestic chicken 

(Gallus gallus) and white feathers are from the little egret (Egretta garzetta). 
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Fig. S4.4 (part 4) Positive ion ToF-SIMS spectra for black, orange and white feathers from 

extant birds matured at 250°C for 1 h. Black and orange feathers are from the domestic 

chicken (Gallus gallus) and white feathers are from the little egret (Egretta garzetta). 



141 

 

 

Fig. S4.4 (part 5) Negative ion ToF-SIMS spectra from melanin extracts of untreated and 

strongly matured white feathers from Egretta garzetta. Matured feathers treated at 

250°C for 1 h.  
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Fig. S4.4 (part 6) Positive ion ToF-SIMS spectra from melanin extracts of untreated and 

strongly matured white feathers from Egretta garzetta. Matured feathers treated at 

250°C for 1 h.  
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Fig. S4.4 (part 7) Negative ion ToF-SIMS spectra from melanin extracts of untreated and 

strongly matured black feathers from Gallus gallus. Matured feathers treated at 250°C 

for 1 h.  
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Fig. S4.4 (part 8) Positive ion ToF-SIMS spectra from melanin extracts of untreated and 

strongly matured black feathers from Gallus gallus. Matured feathers treated at 250°C 

for 1 h.  
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Fig. S4.4 (part 9) Negative ion ToF-SIMS spectra from melanin extracts of untreated and 

strongly matured orange feathers from Gallus gallus. Matured feathers treated at 250°C 

for 1 h.  
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Fig. S4.4 (part 10) Positive ion ToF-SIMS spectra from melanin extracts of untreated and 

strongly matured orange feathers from Gallus gallus. Matured feathers treated at 250°C 

for 1 h.   
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Fig. S4.5 HCl-AHPO-HPLC data for black, orange and white feathers from extant birds 

with and without thermal treatment. Melanin markers are derived during chemical 

degradation via HCl-AHPO. Black and orange feathers are from the domestic chicken 

(Gallus gallus) and white feathers are from the little egret (Egretta garzetta). BZ and 4-AHP 

cannot be analysed following acid treatment. 
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Fig. S4.6 Scanning electron micrographs of fossil melanosomes in fossil specimens. a 

Confuciusornis (IVPP V 13171). b Sinornithosaurus (IVPP V 12811). c Pelophylax pueyoi 

(MNCN 63805), modified from McNamara et al.5. Scale bars, 5 μm. 
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Fig. S4.7 AHPO- and HI-HPLC data for orange feathers from the common chicken (Gallus 

gallus) matured at 100°C. Eumelanin markers and the phaeomelanin markers TTCA and 

TDCA are derived during chemical degradation via AHPO. BZ-AA, 3-AHP and 4-AHP are 

derived during HI hydrolysis. 

 

 

Fig. S4.8 HCl-AHPO-HPLC data for orange feathers from the common chicken (Gallus 

gallus) matured at 100°C. Melanin markers are derived during chemical degradation via 

HCl-AHPO. BZ and 4-AHP cannot be analysed following acid treatment.  

 

Table S4.1 HPLC-AHPO data for supplementary maturation experiments using orange 

Gallus gallus feathers (n = 3 for experiments with, and without, HCl treatment). 

  

 

Feather 

type
Treatment HCl PTCA PDCA TTCA TDCA PTeCA 4-AHP 3-AHP BZ-AA

orange 100°C 1 h N
249.33 

± 66.91

142.33 ± 

29.28

1394.67 ±  

257.47

103.8 ± 

16.63

23.33 ± 

15.4

3319.67 ± 

937.05

1392.67 

± 306.78

3352.33 ±  

1056.81

orange 100°C 1 h Y
65.23 ± 

19.08

29.27 ± 

6.87

607.67 ± 

95.21

243.67 ± 

28.11

15.47 ± 

4.43
n/a n/a n/a

(ng/mg)
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5. Preservation of corneous beta proteins in Mesozoic feathers 

 

This chapter comprises a paper that is prepared for submission to the journal Nature. This 

chapter is organised as follows: introduction, results and discussion, materials and 

methods, references and supplementary information. 

 

Candidate contribution to the study. TSS contributed to the design of the study and 

performed all the experiments. TSS collected and interpreted all S-XANES and FTIR data 

with assistance. TSS and MNM co-wrote the paper with input from all other authors. 

 

Abstract. Fossil proteins are increasingly valuable tools in evolutionary biology as they can 

inform on taxonomy1-3, the innovation of novel tissues4 and major evolutionary transitions 

in organismal physiology and ecology5. Despite evidence that proteinaceous biomolecules 

such as collagen can survive for several million years6, preservation of fossil proteins – or 

their degraded remnants – on longer timescales is controversial7. Fossil keratins (formerly 

α-keratins) and corneous beta proteins (CBPs; formerly β-keratins) have the potential to 

yield critical insights into the biomolecular basis of key innovations in the evolution of the 

vertebrate integument4, 8. Reports of CBPs in Mesozoic fossils4, 9-11, however, conflict with 

experimental evidence for CBP degradation during fossilization12-13. Further, the recent 

model for molecular modification of feather chemistry during the dinosaur-bird transition 

does not consider the relative preservation potential of different feather proteins. Here, 

we use taphonomic experiments to show that feather CBPs can survive thermal 

maturation. The predominantly β-sheet structure of CBPs, however, is progressively 

altered to α-helices, suggesting that (α-)keratins and α-helices in fossil feathers are likely 

artefacts of fossilization. Analysis of fossil feathers demonstrates that this process is 

independent of geological age, as even Cenozoic feathers comprising β-structures instead 

show α-helices and disordered structures. As predicted by our experiments, analysis of 

Mesozoic fossils confirms that evidence of feather CBPs can persist through deep time. 

 

5.1 Introduction 

 

Ancient biomolecules are a powerful source of information on the history of life on Earth14. 

Recent technological advances and better integration of experimental methods15 have 
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confirmed the feasibility of biomolecular preservation in deep time14, yielding essential 

genetic data for molecular phylogenies16 and new insights into the timing of key 

evolutionary transitions14. Ancient keratins and CBPs are of particular interest17 as they 

define tissue structures that underpin fundamental physiological and ecological strategies 

and have the potential to inform on the molecular evolution of the vertebrate 

integument18. CBPs are fibrous proteins that, unlike keratins, are rich in the amino acid 

cysteine. Cysteine promotes extensive cross-linking, and thus confers chemical stability, via 

disulfide bonds19. Feathers in extant birds comprise primarily CBPs20 (in β-sheet 

conformation), with minor keratins (with α-helix structure)21. Surprisingly, recent studies of 

feathers from a Jurassic dinosaur4 and pterosaur22 have reported a composition dominated 

by keratins. This has been interpreted as evidence for the posited evolutionary transition4 

between archaic keratin-dominated and CBP-dominated states, but that hypothesis 

assumes that the original chemistry has not been altered during fossilization22. Testing this 

requires analysis of the molecular alteration of CBP architecture through controlled 

laboratory experiments in tandem with rigorous taphonomic analysis of fossils23. A key 

unknown is whether the secondary and tertiary structure (defined by interactions between 

neighbouring CO and NH groups, and amino acid R-groups, respectively) of feather CBPs 

can survive diagenesis is unknown. Here we resolve this issue using taphonomic 

experiments based on thermal maturation of feathers from extant birds coupled with data 

from fossils. We used micro-FTIR and sulfur X-ray spectroscopy to probe the secondary and 

tertiary structure of feather CBPs. Our results confirm that α-helix conformations (which 

characterise keratins) in thermally matured feathers are an artefact of maturation. 

Chemical data from fossil feathers are consistent with our experimental results: fossils that 

underwent stronger thermal maturation show α-helix-dominated compositions, 

independent of geological age. Conversely, evidence of β-sheets (characteristic of CBPs) 

can persist in older fossils that are less thermally matured. 

 

5.2 Results and discussion 

 

5.2.1 Sulfur chemistry reveals degradation of cysteine and CBP tertiary structure 

 

We degraded black feathers from Gallus gallus and white feathers from Egretta garzetta at 

200°C or 250°C in controlled laboratory conditions designed24 to simulate thermal 
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maturation during burial while retaining tissue macrostructure, as in our target fossil 

feathers. Most reports of fossil feather ultrastructures include melanosomes4,9,22 

(organelles rich in melanin in vivo) and thus melanin-rich black feathers are the most 

appropriate analogues for fossils; white feathers are effectively a melanin-free control. 

 

Sulfur X-ray absorption near-edge spectroscopy (XANES) analyses show that spectra for 

untreated feathers are dominated by a strong broad sulfide peak that can be further 

resolved into peaks for cystine (disulfide; S-S) and cysteine (thiol; S-H) centred at 2472.92 

and 2474.12eV, respectively (Fig. 5.1). The cystine peak is strong in white and especially 

black feathers. Spectra for both feather colours also show a weak, broad peak for cysteic 

acid (centred at 2480.92 eV; sulfoxide; S=O) and a weak shoulder for benzothiazole 

(centred at 2476 eV; S-heterocycle)25. 

 

 

Fig. 5.1 Sulfur-XANES spectra for fossil feathers and untreated and experimentally degraded 

white (Egretta garzetta) and black (Gallus gallus) feathers. 

 

Following “moderate” maturation at 200°C, spectra for both feather colours closely 

resemble those of untreated feathers, albeit with a slight reduction in the intensity of the 

cystine and cysteine peaks and, in black feathers, appearance of a weak broad organic 
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sulfate (SO4
-2) band (centred at 2482.12–2482.27 eV). In contrast, spectra for “strongly” 

matured feathers (the 250°C experiment) show a broad peak that incorporates cysteic acid 

(centred at 2481.12 eV) and, especially in black feathers, organic sulfate (centred at 

2482.42 eV). Spectra retain a moderately intense cysteine peak and weak benzothiazole 

shoulder. The XANES data therefore show a general trend for a transition from reduced 

(cystine and cysteine) to more oxidised (cysteic acid and sulfate) sulfur species during 

progressive thermal maturation. Given that CBP disulfide bonds require cystine, which in 

turn comprises two cysteine moieties, loss of these reduced sulfur species during 

maturation indicates degradation of CBP tertiary structure. 

 

5.2.2 FTIR reveals degradation of amides and CBP β-sheets 

 

FTIR spectra of untreated feathers are dominated by peaks for amide functional groups, 

i.e., amides A, B, I, II and III; these bands are the focus of our results (Fig. 5.2 and 

Supplementary data Table 5.1). All untreated spectra are dominated by amide I (1575–

1700 cm-1) and II (1475–1575 cm-1) peaks, with moderate amide A (3115–3360 cm-1) and 

III (1210–1295 cm-1) peaks and a weak amide B (3015–3115 cm-1) peak. Black feathers 

show higher absorption than white feathers for all amide bands; the two feather types 

show substantial differences for peak position only for amides A and II. 
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Fig. 5.2 FTIR spectra for fossil feathers and untreated and experimentally degraded white 

(Egretta garzetta) and black (Gallus gallus) feathers. Amide bands are indicated in brown 

boxes and all other bands in grey boxes. 

 

Spectra for moderately matured feathers are near-identical to untreated feathers. In 

contrast, strongly matured feathers lack amides A and B and instead show a new strong 

peak at ca. 1710 cm-1 (band 3). As in untreated feathers, the peak position for amide I is 

similar in both black and white feathers after strong maturation, albeit shifted to higher 

wavenumbers; a similar trend characterises changes in amide III. The peak position for 

amide II is similar in untreated and strongly matured black feathers but shifts to higher 

wavenumbers for white feathers. These changes in amide peak position likely reflect 

changes in stereochemistry of the amide local environment. 

 



156 

 

Deconvolution of the interval encompassing amide I and II in FTIR spectra (1715–1480 cm-

1) of untreated feathers reveals peaks corresponding to β-sheets (1495–1496, 1612–1625 

and 1626–1641 cm-1; bands i, v and vi), β-turns (1563–1568 and 1670–1684 cm-1; bands iv 

and ix), α-helices (1531–1561 and 1651–1661 cm-1; bands iii and viii) and random coil 

structures (1508–1512 cm-1; band ii; Fig. 5.3a, b and Supplementary data Table 5.2).  
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Fig. 5.3 Deconvoluted amide I and II regions from FTIR data for fossil feathers and 

untreated and experimentally degraded white (Egretta garzetta) and black (Gallus gallus) 

feathers. a – f, feathers from extant birds. a, untreated black feathers. b, untreated white 

feathers. c, black feathers matured at 200°C. d, white feathers matured at 200°C. e, black 

feathers matured at 250°C. f, white feathers matured at 250°C. g – j, fossil feathers. g, h, 

Green River feather (YPM VP 58657). i, Confuciusornis (IVPP V 13171). j, Sinornithosaurus 

(IVPP V 12811). Black, processed spectra; green, resolved peaks; blue, deconvolution fit. 
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Spectra for black feathers are dominated by the peak for β-sheets in band v (Fig. 5.3a), 

whereas spectra for white feathers exhibit moderately large peaks in all bands except i and 

iv, which are weak (Fig. 5.3b). Full width at half maximum (FWHM) measurements indicate 

that untreated feathers comprise primarily β-structures (black: 67.7%; white: 62.2%) with 

minor α-helices (black: 23.3%; white: 28.6%). 

 

Following moderate maturation, deconvolution of the amide I+II region reveals that black 

feather spectra retain a dominant peak for β-sheets (now band vi; Fig. 5.3c and 

Supplementary data Table 5.2) but lack the peak in band iv for β-turns. All other peaks 

identified in untreated feathers are present, although peaks in bands v (β-sheets), viii (α-

helix) and ix (β-turns) are weaker. Spectra for moderately matured white feathers are 

similar to untreated examples, although peaks i and iv are absent and peak viii, weaker 

(Fig. 5.3d). FWHM measurements for black feathers indicate a decrease in β-structure 

content (black: 56.4%) and increase in α-helix content (black: 34.3%). In contrast, white 

feathers exhibit near-identical β-structure content (62.4%) to untreated white feathers. 

 

Strong maturation induces major changes in feather amide chemistry. Spectra for black 

and white feathers are broadly similar; the amide I+II region (now 1815–1480 cm-1) lacks 

peaks for β-structures and instead is dominated by a peak for α-helices (band viii; Fig. 5.3e, 

f). Moderate peaks include those for random coil structures, α-helices and C–O bonds in 

bands ii, iii and xi, respectively, with a weak peak for C–O bonds in band xi. These changes 

correspond to a substantial increase in α-helix content (black: 69% α-helix; white: 59.6% α-

helix). 

 

5.2.3 Degradation of CBP secondary structure 

 

Collectively, the FTIR data reveal dramatic changes in feather amide chemistry. Irrespective 

of feather colour, degradation is characterised at lower temperatures primarily by loss of 

β-turns, and at higher temperatures by substantial reduction of amide band intensity, 

complete loss of β-structures, and dominance of α-helices. Random coil structures (a 

relatively minor component) persist without dramatic reduction in intensity even after 

strong maturation. Comparison of relative peak heights indicates higher abundance of α-
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helices in strongly degraded, rather than untreated, feathers. The dominance of α-helices 

in spectra for strongly matured feathers cannot, therefore, solely be explained by the 

survival of residual α-helix moieties (present as minor components in untreated feathers). 

Degradation of feather CBPs likely occurs via a multi-step process, whereby loss of β-turns 

(and probably H-bonding between pleated β-strands in the β-sheet (see Fig. 5.4 for details 

of protein structure)) facilitates reconfiguration of β-strands into an α-helix conformation. 

The S-XANES data support this model: the survival of cysteine in strongly matured feathers 

is consistent with the persistence (as evident in FTIR spectra) of cysteine-rich random coil 

structures26. Despite this, the loss of cystine (in strongly matured black feathers) indicates 

loss of disulfide bridges in the CBP tertiary structure and thus degradation of CBP β-

bundles, β-filaments, dimers and/or β-sheets. 

 

 

Fig. 5.4 Schematic representation of the hierarchical structure of feather corneous beta 

proteins (CBPs). Disulfides can occur in four component structures: β-bundles, β-filaments, 

dimers and β-sheets. Limited data are available on the orientation of β-strands in CBPs (but 

see29). 
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5.2.3 Fossil CBPs and models for feather evolution 

 

Our experimental data inform interpretations of the fidelity of preservation of fossil 

feathers. Similar to our strongly matured feathers, S-XANES spectra for a feather from the 

Eocene Green River biota (Wyoming, USA) feather show a broad band (spanning 2481–

2482.4 eV) representing cysteic acid and organic sulfate (Fig. 5.1 and Supplementary data 

Fig. 5.1). FTIR data reveal heterogeneous preservation. “Type 1” spectra resemble those of 

strongly matured feathers (i.e., peaks within bands 3, I and II; Fig. 5.2 and Supplementary 

data Table 5.1): disordered structures dominate (1644 cm-1), with weak peaks for α-helices 

(1536 cm-1) and no β-structures (Fig. 5.3g and Supplementary data Table 5.2). Type 2 

spectra resemble those of untreated or moderately matured feathers (i.e., peaks for 

amides A, B, I, II and III; Fig. 5.2): β-sheet structures dominate (1641 cm-1), with moderate 

peaks for α-helices (1539 cm-1) and random coil structures (1512 cm-1) and weak peaks for 

disordered (1647 cm-1) and β-turn (1683 cm-1) structures (Fig. 5.3h). In contrast, S-XANES 

spectra for feathers from Confuciusornis (Jehol biota, Cretaceous, NE China) show strong, 

distinct peaks for cystine and cysteine and especially cysteic acid. FTIR spectra for 

Confuciusornis show a strong peak centred between bands I and II (Fig. 5.2); deconvolution 

of this peak reveals a dominant β-sheet composition (61.3%; 1633 cm-1) with α-helices 

(38.7%; 1561 cm-1; Fig. 5.3i). S-XANES spectra for Sinornithosaurus (Jehol biota, 

Cretaceous, NE China) show an intermediate composition: they are dominated by cysteic 

acid with contributions from organic sulfate, and the weak peaks at 2472.92 and 2476 eV 

likely represent cysteine and benzothiazole, respectively (Fig. 5.1). FTIR spectra for 

Sinornithosaurus show moderate peaks within bands I and II. Deconvolution of the amide 

region reveals a strong peak for β-sheets (1641 cm-1), moderate peaks for α-helices (1531 

cm-1) and β-turns (1568 cm-1) and a weak peak for disordered structures (1644 cm-1). S-

XANES spectra for the host sediment for Sinornithosaurus and Confuciusornis show strong 

peaks only for sulfate (Supplementary data Fig. 5.2); the spectra for the Green River 

sediment resemble the spectra for the Green River feather. FTIR spectra for the sediment 

for the Green River feather are dominated by peaks for C–H, C–O, S–O and/or S=O and 

contain a very weak peak within amide band I (Supplementary data Fig. 5.3 and Table 5.1). 

Spectra for the sediment for both fossils from the Jehol biota are similar and dominated by 

peaks for C–H, C–O, S–O, S=O, C=S and C–C with a very weak peak within amide band I. 
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This indicates that the fossil feathers are chemically distinct to their respective 

sedimentary matrices and thus the chemistry of the fossils is endogenous. 

 

These fossil data are consistent with our experimental results but not with previously 

reported data for Anchiornis. The evolutionary model proposed by Pan et al. suggests that 

Anchiornis retains an archaic state for feather chemistry, whereby the feathers comprise 

primarily keratins (that in turn comprise predominantly α-helix structures)4. 

Phylogenetically more basal taxa should also share this archaic state. Our data, however, 

show that the feathers of Sinornithosaurus (which is basal to Anchiornis22, 27) comprise 

primarily β-structures indicative of CBPs. It is unlikely that this composition reflects 

independent origins of modern feather chemistry (i.e. dominated by feather CBPs) within 

Sinornithosaurus and Avialae. Instead, our experimental data suggest that the keratin-

dominated composition of feathers in Anchiornis is a taphonomic artefact resulting from 

thermally-induced alteration of an original β-sheet-rich CBP composition, not an original 

keratin-dominated state. The chemistry, and thus mechanical properties, of Anchiornis 

feathers were likely already similar to those of extant birds. Our data from other fossil 

feathers support this hypothesis. In particular, the dominance of α-helix structures (and 

absence of β-sheets) in spectra from the Green River feather cannot readily be explained 

using the “archaic α-helix” hypothesis, given that this fossil specimen is younger and from 

a more derived taxon. Our experiments demonstrate, however, that the most 

parsimonious explanation for the chemistry of the Green River feather is diagenetic 

alteration during fossilization. This is supported by the thermal maturation history of the 

Green River Formation, which is considered to incorporate strong thermal maturation28. 

 

Our data show that evidence of CBPs can survive in fossil feathers through deep time. Such 

fossil specimens are thus a rich source of data on the evolution of terrestrial vertebrates 

and their ecology, providing that data from preserved soft tissues are examined using a 

taphonomic framework. It is therefore critical that interpretations of the palaeoecology of 

ancient organisms based on biomolecular data are informed by a holistic understanding of 

how the fossilization process biases the record of ancient biomolecules and other soft 

tissue characters. 
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5.3 Materials and methods 

 

5.3.1 Fossil specimens 

 
This study used an isolated feather (YPM VP 58657) from the Green River Formation 

(Middle Eocene, USA) and specimens from the Jehol biota (Early Cretaceous, NE China). 

The latter include a complete specimen (IVPP V 13171) of Confuciusornis and a specimen 

of Sinornithosaurus (IVPP V 12811; Supplementary data Fig. 5.1). Institutional 

abbreviations: IVPP, Institute of Vertebrate Paleontology and Paleoanthropology; YPM, 

Yale Peabody Museum of Natural History. 

 

5.3.2 Feathers from extant birds 

 

Freshly shed black (n = 3) contour feathers from the domestic chicken, Gallus gallus 

domesticus, and white (n = 3) primary feathers from the little egret, Egretta garzetta, were 

stored at -80°C prior to experimental treatment. Feathers were sampled according to 

experimental and analytical needs as described below. 

 

5.3.3 Justification for experimental design 

 

Our goal is to critically assess the preservation potential of feather CBPs using an 

experimental taphonomic framework. Analysis of experimentally degraded feathers using 

spectroscopic techniques yields a taphonomic dataset that can be compared to data from 

fossil feathers. Our experiments were designed specifically to generate appropriate 

analogues for our target fossil feathers, i.e. thermally matured feathers retaining gross 

tissue macrostructure (details of rachis, barbs and barbules). Taphonomic experiments 

require the use of conditions that generate chemical and/or morphological phenomena 

that are comparable to those preserved in the fossils of interest23. There is, however, 

debate regarding the most appropriate conditions for experimental maturation of 

feathers. Previous experiments used relatively extreme conditions (up to 250°C/250 bar/24 

h) that resulted in liquefaction and partial vaporization of feathers12, 13. We do not consider 

these to represent a valid analogue for fossil feathers, most of which retain (and are 

identified as feathers on the basis of) several important diagnostic macroscopic and/or 
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microscopic structures such as rachis, barbs, barbules and melanosomes9, 30. Selection of 

experimental conditions that guarantee survival of these structures is therefore critical to 

our experiments. Our taphonomic experiments therefore used temperatures of either 

200°C or 250°C (similar to those of certain previous experimental studies24, 31) that are 

known to retain gross feather structure.  

 

5.3.3 Maturation experiments 

 

Samples (ca. 10 mm2) of untreated black and white feathers were wrapped in Al foil and 

matured in a standard laboratory convection oven at 200°C ± 1°C or 250°C ± 1°C. 

 
5.3.4 X-Ray Absorption Near Edge Structure (XANES) Spectroscopy 

 

Small samples (≥3 mm2) of untreated and experimentally degraded feathers in addition to 

fossil material and samples of host sediment were were placed on low-sulfur tape and 

analyzed at the Stanford Synchrotron Radiation Lightsource (SSRL) using synchrotron X-ray 

absorption near-edge spectroscopy (XANES) at beam line 6-2. S-XANES data were collected 

in fluorescence mode using a single element Vortex silicon drift detector set at a scattering 

angle of ~60°. A Na2S2O3 standard with a pre-edge peak at 2472.02 eV was used to 

calibrate the energy of the monochromator position. Three locations per each sample of 

feather tissue from extant birds were selected for analysis, yielding a total of nine spectra 

for each treatment. Multiple locations on each fossil were analysed, yielding 3 spectra for 

each of the fossil organics and 1 spectrum of the associated sediment; the Confuciusornis 

data, however, results from an individual spectrum. S-XANES standards for selected S-

bearing compounds, representing different sulfur species, were prepared by mixing 

commercially available analytical standards (Sigma Aldrich; ≥98% pure) with BN to obtain a 

sulfur concentration of ca. 5 wt% in each standard. Data alignment, averaging, background 

subtraction and normalisation were performed using Athena v. 0.9.2632. 

 

XANES is a semi-quantitative technique whereby peak intensity indicates the relative 

abundance of one or more oxidation states for an element of interest. S-XANES is highly 

informative as it can identify any disulfide moieties present that potentially derive from 

cysteine. The S-XANES spectra presented here include peaks for cystine (2472.92 eV), 
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cysteine (2474.12 eV), cysteic acid (2480.92–2481.12 eV) and/or organic sulfate (2482.12–

2482.42 eV)25. Similar to cysteine, benzothiazole sulfur has an excitation energy of 2474.12 

eV and can be observed in spectra only via the presence of a shoulder feature at 2476 

eV25. For details on the white line energies (i.e., the energy corresponding to the first sharp 

peak in a XANES spectrum) for analytical standards of selected S-bearing compounds see 

Supplementary data Fig. 5.4 and Table 5.3. 

 
5.3.5 Fourier Transform Infrared (FTIR) Spectroscopy 

 

Fossil feathers and feathers from extant taxa were analyzed using FTIR. Fossil data were 

collected in the 4000–600 cm-1 range using a PerkinElmer Frontier FTIR spectrometer 

fitted with a Spotlight 400 microscope. Each spectrum was collected as an average of 8–36 

scans. Multiple locations on each fossil were selected for analysis, yielding 4 spectra for 

fossil organics and sediment; type 2 of the Green River data, however, results from an 

individual spectrum. 

 

Spectra for untreated and matured feathers were collected in the 4000–500 cm-1 range 

using a universal diamond ATR accessory on the Frontier spectrometer. Given an 

estimated penetration depth of 2.13 µm for the diamond/KRS-5 crystal it is likely that the 

FTIR signal captures the entire thickness of the fossil soft tissues (Supplementary data Fig. 

5.5 and Table 5.4). Each spectrum was collected as an average of 10 scans. Three locations 

per each of three replicates per treatment were selected for analysis, yielding a total of 

nine spectra for each treatment. Absorption of the diamond crystal in the region 2300–

1900 cm-1 (which does not overlap with the region of interest in this study, i.e. the amide 

region) was removed. Each spectrum was baseline-corrected using SpectraGryph v. 1.2.7 

using the parameters adaptive correction, 15% coarseness and no offset33. In addition, 

interactive baseline correction was performed on data in the region 898–450 cm-1 using 

Spectrum IR v. 10.6.1 (PerkinElmer, USA). This ensured a consistent baseline across the 

entire scan range to facilitate spectral comparison. Baseline correction can be associated 

with a very minor shift of up to a few cm-1 in the precise position of peaks. Given that any 

such potential shift is much less (in many cases an order of magnitude less) than the 

separation between key peaks analysed here, we do not consider any shifts induced by 
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baseline correction to have introduced error or bias to our data. Each spectrum was 

standardized to remove sample thickness effects. 

 

FTIR identifies functional groups within a sample via the excitation of bonds by infrared 

radiation at characteristic wavelengths. Amides are components of proteins and are 

reflected in spectra primarily via peaks for amide I, II, III, A and/or B. Amide I (1627–1655 

cm-1) corresponds largely to C=O stretching whereas amide II (1522–1539 cm-1) reflects 

mainly N–H bending vibrations; amide III (1232–1239 cm-1) is produced by C–N stretching 

(bands I, II and III in Fig. 5.2 and Table 5.1). Amides A and B (3267–3281 and 3063–3064 

cm-1, respectively) are attributed to the absorption of the N–H stretching vibration (bands 

A and B in Fig. 5.2 and Table 5.1). Peaks within bands 1, 2, and 4–11 are less informative on 

amide chemistry and details on their assignment are included in the Supplemental 

Information. 

 
5.3.6 FTIR deconvolution 

 

Deconvolution was performed on the amide I and II region (1715–1480 cm-1 for untreated 

feathers and feathers matured at 200°C and 1815–1480 cm-1 for feathers matured at 

250°C) in Origin(Pro) v. 2019b software (OriginLab Corporation, Northampton, MA, USA) to 

test whether variations in band height and/or shape among experimental treatments 

reflect differences in protein secondary structure. Deconvolution of spectra for 

experimentally treated samples was used to compare data from fossil feathers. The 

spectral range used for deconvolution of fossil feather data varied among spectra (Green 

River feather type 1: 1815–1500 cm-1; Green River feather type 2: 1700–1490 cm-1; 

Confuciusornis: 1800–1480 cm-1; Sinornithosaurus: 1730–1480 cm-1). Peak assignments 

were made by comparison with the literature34-36. Unequivocal structural assignments are 

difficult to make for peaks within the amide II region and thus some caution is required 

when assigning structure to peaks (i) and (iii) in our dataset. This, however, does not 

impact our major results as such peaks are either absent or a minor component of spectra 

for all treatments. It is possible that our deconvolution includes contributions from amino 

side chains37 but these are likely to be minor. Amide I and II bands can consist of peaks 

attributed to β-sheets (1495–1496, 1612–1625, 1626–1641 and 1641 cm-1), β-turns 

(1563–1568 and 1670–1684 cm-1), α-helices (1531–1561 and 1651–1661 cm-1), random 
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coils (1508–1512 cm-1), disordered structures (1644–1647 cm-1) , and C–O (1711 and 

1772–1795 cm-1). The percentage of β-structures (the sum of percentage values for β-

sheets and β-turns) and α-helices in each feather colour and treatment was calculated 

using FWHM values. 
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5.5 Supplementary information 

 

5.5.1 Supplementary text 

 

FTIR data. The absorption frequencies provided here are from peak positions observed in 

this study. An FTIR ‘band’ refers here to the spectral region in which one or more peaks 

can occur for a chemical bond (or bonds) that is associated with a functional group (or 

groups). Each FTIR peak indicates the presence of a particular bond (or bonds) within the 

sample analysed. The wavelength at which the peak absorbs for a bond (or bonds) 

corresponds to a functional group (or groups). Peak assignments were made using IRPal 

v2.01. Peaks for amide functional groups (R–C=O–NH2) are within bands A (3115–3360 cm-

1), B (3015–3115 cm-1), I (1575–1700 cm-1), II (1475–1575 cm-1) and III (1210–1295 cm-1) 

and are discussed in the main text. 

 

Assignments for moderate and minor peaks in FTIR spectra of untreated and 

experimentally degraded feathers. The FTIR spectra presented here also reflect the 

presence of other functional groups via moderate and minor peaks; these band 

assignments are discussed below. 

 

Moderate peaks in the FTIR spectra are found within bands 2, 3 and 7. Band 2 spans the 

range 2820–3015 cm-1 and, depending on the sample type, includes three to five peaks 

attributed to CHx functional groups. Band 3 (1696–1810 cm-1) can feature a single peak 

within its wavelength range that corresponds to the C=O stretch of carboxylic acid. Band 7 

(975–1140 cm-1) can feature one or two peaks that correspond to the stretch of S=O in 

sulfoxide and/or the stretch of C–O in carboxylic acid/ester. 

 

Minor peaks in the FTIR spectra are exhibited in bands 1, 4–6, 8 and 10. Band 1 (3355–

3700 cm-1) can exhibit a single peak that is attributed to the O–H stretch of carboxylic acid. 

Band 4 (1420–1475 cm-1) can feature a single peak that is potentially associated with 

stretching vibrations of methyl C–H, aromatic C–C and/or sulfate S=O. Band 5 (1355–1420 

cm-1) can feature a single sharp peak corresponds to methyl C–H stretching and/or sulfate 

S=O stretch. Band 6 (1135–1420 cm-1) can feature a single peak that potentially 

corresponds to methyl C–H wag, carboxylic acid/ester C–O stretch, thiocarbonyl C=S 
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stretch and/or sulfone S=O stretch. Band 8 (925–975 cm-1) can feature a single peak that 

corresponds to N–O amine oxide aliphatics. Band 10 (715–845 cm-1) can exhibit several 

weak peaks that correspond to out of plane bending of aromatic C–H and/or S–OR esters. 

A minor peak in band 11 (500–580 cm-1) potentially corresponds to S–S stretch. 

 

5.5.2 Supplementary figures and tables 

 

 

Fig. S5.1 Photographs of fossil feathers. a, Confuciusornis (IVPP V 13171, Jehol biota, 

Cretaceous, NE China). b, c, Sinornithosaurus (IVPP V 12811, Jehol biota, Cretaceous, NE 

China). d, Green River feather (YPM VP 58657, Green River biota, Eocene, Wyoming USA). 

 

 

Fig. S5.2 Sulfur-XANES data for sediments hosting fossil feathers. Noisy spectra reflect low 

sulfur concentrations in the sample. 
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Fig. S5.3 FTIR data for sediments hosting fossil feathers. Amide bands are indicated in 

brown boxes and all other bands in grey boxes. 
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Fig. S5.4 Sulfur-XANES data for analytical standards for selected S-bearing compounds. 

 

 

Fig. S5.5 SEM image of a transverse cross section of a feather barbule (Gallus gallus) 

matured at 200°C. Holes in the barbule mark sites once containing melanosomes. 
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Table S5.1 FTIR peak assignments for untreated and experimentally degraded black (Gallus 

gallus) and white (Egretta garzetta) feathers, fossil feathers and host sediment. 

 

 

Table S5.2 Deconvolution peak assignments for the amide region of spectra from untreated 

and experimentally degraded black (Gallus gallus) and white (Egretta garzetta) feathers and 

fossil feathers. 
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Table S5.3 Sulfur-XANES white line energies, oxidation state and chemical nature of 

analytical standards for selected S-bearing compounds. 

 

 

Table S5.4 Measurements of cortex thickness in feather barbule (Gallus gallus) matured at 

200°C. 

 
 

 

5.5.3 Supplementary references 

 

1. Heeswijk, W.v. (2010). IRPal A tabledriven Infrared Application. v2.0. 
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6. Degradation experiments reveal a melanin-based bias in the 
preservation of corneous beta proteins in fossil feathers 

 

This chapter comprises a paper that is prepared for submission to the journal Current 

Biology. This chapter is organised as follows: introduction, materials and methods, results, 

discussion, references and supplementary information. This chapter compares the 

chemistry of different coloured feathers using select data from Chapter 5 in addition to 

new data on experimentally degraded feathers. 

 

Candidate contribution to the study. TSS contributed to the design of the study and 

performed all the experiments. TSS collected and interpreted all S-XANES and FTIR data 

with assistance. TSS wrote the paper with input from all other authors. 

 

Abstract. Fossil feathers are critical to understanding feather evolution. Despite evidence 

of feather corneous beta proteins (CBPs) in fossil feathers, studies to date have not 

incorporated an understanding of feather taphonomy. Here we use taphonomic 

experiments to examine the relative impact of decay, sulfurisation, temperature and 

pressure on the preservation of amides and disulfides, which are key components of the 

secondary and tertiary structure, respectively, of feather CBPs, in feathers with different 

melanin chemistry. Our results reveal that the degradation of feather CBPs is controlled 

primarily by the experimental treatment. The controls on feather CBP tertiary structure 

preservation are, in decreasing order of importance, temperature, pressure and decay 

whereas for secondary structure preservation the controls are pressure, temperature and 

decay. Importantly, is also influenced by melanin content. In contrast to the prevailing 

paradigm, our data show that the preservation potential of feather CBPs is enhanced in 

feathers with a low melanin content (especially of eumelanin). Future efforts to detect 

evidence of feather CBPs in fossils should therefore target phaeomelanic and amelanic 

fossil feathers, not feathers rich in eumelanin and eumelanosomes. Collectively, the results 

form the basis for a new integrated model for feather preservation that is firmly grounded 

in quantitative empirical data and encompasses all major feather components. This model 

explains variations in the preservation of fossil feathers and represents a major advance in 

our understanding of the preservation of feathers and of structural proteins. Critically, the 

model highlights the power of combining systematic and quantitative taphonomic 
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experiments with a holistic, whole-tissue approach, to resolve long-standing issues relating 

to the preservation of soft tissues in the fossil record. 

 

6.1 Introduction 

 

Feathers are the most complex integumentary structures in vertebrates with a deep 

evolutionary history1. Recent studies have contributed important insights into feather 

origins, with new fossil discoveries of feathers in pterosaurs1, 2 supporting evo-devo 

hypotheses3-5 of feather origins in early archosaurs. Fossils have also illuminated the 

phylogenetic distribution and morphological diversity of feathers in Mesozoic birds, non-

avialan dinosaurs and pterosaurs1, 2, 6, 7. Despite these advances, other aspects of the 

feather fossil record are poorly understood, especially the biochemical evolution of 

feathers. This stems in part from a lack of data, controversial reports of preserved feather 

chemistry8-10, and a poor understanding of feather preservation (taphonomy). Studies to 

date have focussed on two key biochemical components of feathers: melanin pigments11 

and corneous beta proteins (CBPs; previously referred to as β-keratins3, 12). Fossil evidence 

of melanin is widespread, typically as preserved melanosomes (subcellular granules)13-17 

and despite some early debate, is now widely accepted17. Preserved evidence of feather 

CBPs in Mesozoic fossils8-10, however, is much more controversial: proteins normally 

degrade over much shorter timespans18-20 and there is no consensus on CBP preservation 

among recent experimental studies on feather degradation21-25. These issues, plus 

concerns about false positives in immunohistochemical data23, 26, collectively cast doubt on 

reports of CBPs (or keratins) in various Mesozoic birds and feathered dinosaurs8-10, 27. New 

empirical evidence from taphonomic experiments demonstrates that β-sheets in feather 

CBPs transform to α-helices conformation during thermal maturation (Chapter 5) 

confirming the hypothesis1 that alpha helix signatures in fossil feathers are not original10 

but artefacts of fossilization. 

 

Intriguingly, novel spectroscopic evidence of molecular components of feather CBPs in 

Mesozoic fossil feathers (Chapter 5) support claims that feather CBPs preserve in some 

fossils, but the controls on preservation are unknown. In particular, whether feather 

melanin content influences CBP preservation has not been assessed. 
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Here, we apply spectroscopic approaches to characterise alteration of the secondary and 

tertiary structure (Chapter 5) of feather CBPs during degradation. We use sulfur x-ray 

absorption structure (S-XANES) spectroscopy and Fourier transform infrared (FTIR) 

spectroscopy to characterise the sulfur and amide chemistry, respectively, of 

experimentally degraded black, white and orange feathers. Our data reveal that feather 

CBP remnants are more likely to preserve in feathers with little or no melanin, especially, 

eumelanin. Given that most fossil feathers are preserved as melanosome-rich films, this 

suggests a major bias in the fossil record against feather CBP preservation.  

 

6.2 Materials and methods 

 

6.2.1 Feathers from extant birds 

 

Freshly shed black (n = 3) and orange (n = 3) contour feathers from the domestic chicken, 

Gallus gallus domesticus, and white (n = 3) primary feathers from the little egret, Egretta 

garzetta, were stored at -80°C prior to experimental treatment.  

 

Feathers of extant birds comprise primarily fibrous feather CBPs that have a β-sheet 

conformation12, 28, 29 and are rich in the S-bearing amino acid cysteine. Inter- and 

intramolecular cross-linking between cysteine moieties via disulfide bonds enhance 

chemical stability30. Minor feather components include intermediate filament-keratins (IF-

keratins; previously referred to as α-keratins)12, 28, 29 that have an α-helix structure and are 

relatively cysteine-poor12, 30. Melanin pigments in feathers31 are packaged into micron-

sized organelles termed melanosomes. Eumelanin comprises a mixture of the indole units 

5,6-dihydroxyindole (DHI) and 5,6-dihydroxyindole-2-carboxylic acid (DHICA) and confers 

grey, dark brown and black colouration32, 33. Phaeomelanin comprises the sulfur-bearing 

units benzothiazine (BT) and benzothiazole (BZ) and confers orange, rufous and some grey 

tones15, 33. 

 

6.2.2 Justification for experimental design 

 

The goal of these experiments was to critically assess the relative preservation potential of 

feather CBPs in feathers that vary in melanin chemistry using an experimental taphonomic 
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framework. Our experiments used black feathers as proxy for a eumelanin-rich state; 

orange feathers, as a phaeomelanin-rich state; and white feathers, as an amelanic state; 

the melanin chemistry of these feathers has already been characterized (note that the 

white feathers contain minimal concentrations of melanin markers; Chapter 4). 

Experiments were designed to examine the impact of decay, elevated temperature, 

elevated pressure and the availability of environmental sulfur on feather CBP degradation. 

Certain variables were used in isolation (i.e., decay and thermal maturation at 200°C and 

250°C); these serve as controls for the experiments where variables are used in 

combination.  

 

Taphonomic experiments require the use of conditions that generate chemical and/or 

morphological phenomena that are comparable to those preserved in the fossils of 

interest21. High temperatures and pressures (250°C combined with 250 bar) for extended 

time intervals (24 h) result in liquefaction and partial vaporization of feather tissue22, 23, 34. 

We do not consider these conditions to represent a valid analogue for fossil feathers as the 

latter typically retain (and are identified as feathers on the basis of) macroscopic structures 

such as the rachis and/or vane; microscopic structures such as barbs, barbules and 

melanosomes are commonly preserved9, 35. Experimental conditions that ensure survival of 

these structures are therefore more appropriate for our experiments.  

 

Our taphonomic experiments used maximum temperatures of 150°C (at 135 bar) or 250°C 

(without elevated pressure, i.e., at 1 bar) for 1 h that are known21 to retain gross feather 

structure. Our experiments used either aluminium foil or sealed Au capsules, which have 

previously been characterized as systems that are open and closed to diffusion (especially 

of volatiles from carcasses), respectively34. We do not apply these labels to our 

experiments because the nature and extent of diffusion of decay volatiles, plus the 

importance of the process to feather CBP degradation, has not been characterized. In 

contrast to previous studies34 our experiments did not use sediment. Although the use of a 

sedimentary matrix has clear benefits (e.g., better approximation of the generic 

depositional system, enhancing decay rate36, 37), it also introduces confounding factors 

(e.g., grain chemistry, grain size, porosity, permeability and pore water chemistry). These 

factors potentially impact diffusion of diagenetic fluids and cementation and thus 
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ultimately, preservation. The impact of sediment during maturation therefore requires 

systematic hypothesis-based investigation that is beyond the scope of this study.  

 

Our study includes a series of artificial sulfurization experiments. These were designed to 

test whether the presence of sulfur moieties promotes preservation via sulfurization.  

 

S-XANES and FTIR were used to analyse the feathers because these techniques inform on 

feather CBP tertiary structure (via the detection of disulfide bonds) and secondary 

structure (via the detection of amide bonds), respectively (Chapter 5).  

 

6.2.3 Decay experiments 

 

Large samples (ca. 30 mm2) were dissected from black feathers and placed in individual 

sterile glass vials, each with 5 mL distilled deionized water (DDW) and with no added 

inoculum. Vials were capped with Al foil, sealed with parafilm and placed in a Memmert 

constant temperature incubator at 30°C ± 1°C (Supplementary Figure 6.1). Feathers were 

sampled after twelve months’ decay and stored in 70% ethanol prior to analysis or 

experimental maturation (see below). 

 

6.2.4 Maturation experiments 

 

Samples (ca. 10 mm2) of untreated black, orange and white feathers and of feathers 

decayed for one month were wrapped in Al foil. Smaller samples (ca. 3 mm2) dissected 

from untreated black, orange and white feathers, and from black feathers decayed for 12 

months, were placed in Au capsules. Foil-wrapped samples were matured in a standard 

laboratory convection oven at 200°C ± 1°C or 250°C ± 1°C for 1 h. Au capsules were welded 

shut and placed in a custom-built Strata-Tech water-pressurized cold-seal autoclave at 

150°C, 135 bar for 1 h. 

 

6.2.5 Sulfur experiments 

 

Sulfur experiments used the procedure in van Dongen et al.38. For feathers of each colour, 

three replicate samples (each ca. 50 mg, approximately 20 mm2) were placed in sterile 
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glass vials with 6 mL of nitrogen-flushed DDW containing 560 mg of NaHS, to which 16 mg 

of elemental sulfur was added under a nitrogen atmosphere. Vials were sealed with caps 

and parafilm, placed in a Memmert constant temperature incubator at 45°C and shaken 

daily by hand for one minute. After four weeks, activated Cu curls (i.e., with added 2N HCl) 

were added to each vial until oxidation of the Cu ceased. The vials were then stirred for 

24 h at room temperature to remove any residual elemental S. Samples were dried under 

a fume hood and stored at -80°C until analysis. 

 

6.2.6 X-ray Absorption Near Edge Structure (XANES) Spectroscopy 

 

Small samples (≥ 3 mm2) of untreated and experimentally degraded feathers were placed 

on low-sulfur tape and analyzed at the Stanford Synchrotron Radiation Lightsource (SSRL) 

using synchrotron X-ray absorption near-edge spectroscopy (XANES) at beam line 6-2. S-

XANES data were collected in fluorescence mode using a single element Vortex silicon drift 

detector set at a scattering angle of ~60°. A Na2S2O3 standard with a pre-edge peak at 

2472.02 eV was used to calibrate the energy of the monochromator position. S-XANES 

standards for selected S-bearing compounds, representing different sulfur species, were 

prepared by mixing commercially available analytical standards (Sigma Aldrich; ≥98% pure) 

with BN to obtain a sulfur concentration of ca. 5 wt % in each standard. Data alignment, 

averaging, background subtraction and normalization were performed using Athena v. 

0.9.2639. 

 

XANES is a semi-quantitative technique whereby peak intensity indicates the relative 

abundance of one or more oxidation states for an element of interest. The S-XANES 

spectra presented here include peaks for S-bonds in cystine (S-2 in SH; 2472.92 eV), 

cysteine (S-1 in S-S; 2474.12 eV), cysteic acid (S0 in S-COOH; 2480.92–2481.12 eV) and/or 

organic sulfate (S+6 in SO4
-2

(org); 2482.12–2482.42 eV)40. Benzosulfur is difficult to identify in 

XANES spectra as its excitation energy (2474.12 eV) is similar to that for cysteine; 

benzosulfur is, however, associated with a shoulder feature at 2476.3 eV40. For details on 

analytical standards for selected S-bearing compounds see Supplementary Fig. 5.4 and 

Table 5.3 in Chapter 5. 
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6.2.7 Fourier Transform Infrared (FTIR) Spectroscopy 

 

Feather samples from all experimental treatments and untreated feathers were analyzed 

using FTIR. Each spectrum was collected as an average of 10 scans. Three locations per 

each of three replicates per treatment were analysed, yielding a total of nine spectra for 

each treatment. Spectra were obtained in the 4000–500 cm-1 range using a PerkinElmer 

Frontier FTIR spectrometer fitted with a universal diamond ATR accessory. The penetration 

depth of the diamond/Ge crystal at 1000 cm-1 is typically 1–2 µm. The thickness of the 

outer cortex of the feathers analyzed is 0.69 ± 0.22 µm (Supplementary Table 5.4 in 

Chapter 5). The FTIR signal therefore likely incorporates data from melanosome structural 

proteins and melanins close to the outer cortex of the feathers. Absorption of the diamond 

crystal in the region 2300–1900 cm-1 (no overlap with the region of interest in this study) 

was removed and each spectrum was baseline corrected using SpectraGryph v. 1.2.7 (using 

the following parameters: adaptive correction, 15% coarseness, no offset)41. In addition, 

interactive baseline correction was performed on data in the region 898–450 cm-1 using 

Spectrum IR v. 10.6.1 (PerkinElmer, USA). This ensured a consistent baseline across the 

entire scan range to facilitate spectral comparison. Each spectrum was normalized via Z-

score standardization to remove potential differences in absorption relating to sample 

thickness and to enable the comparison of peak heights among spectra. 

 

FTIR identifies functional groups within a sample via the excitation of bonds by infrared 

radiation at characteristic wavelengths. Amide peaks derive from proteins (or amide 

protein fragments) and are reflected in spectra primarily via peaks in the amide I, II, III, A 

and/or B regions (see Table 6.2 for bond assignments).  

 

6.3 Results 

 

6.3.1 Sulfur chemistry of experimentally treated feathers  

 

S-XANES data reveal considerable variation in the sulfur chemistry of untreated and 

experimentally treated black, orange and white feathers (Figure 6.1). Critically, a cystine 

peak (S-S) is present in all white feathers, even those that are matured; this indicates 

retention of components of CBP tertiary structure, at least locally. 
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Spectra for untreated feathers are dominated by a strong broad disulfide peak that can be 

further resolved into a cystine and cysteine/benzosulfur peak (centred at 2472.92 and 

2474.12 eV, respectively; Figure 6.1). The cystine peak is weaker in orange feathers than in 

white and especially black feathers. This may reflect the selective degradation of cystine in 

orange feathers by reactive oxygen species (ROS) derived from the phaeomelanin BT unit 

during irradiation42, 43. In contrast, the cysteine/benzosulfur peak is strongest in orange 

feathers, probably due to the presence of benzosulfur in the phaeomelanin BZ and BT 

units33, 40, 44. S-XANES spectra for orange feathers therefore derive primarily from feather 

CBPs with a minor phaeomelanin component. Eumelanin lacks sulfur; S-XANES data of 

black and white feathers thus primarily reveal the sulfur chemistry of feather CBPs. Spectra 

for all feather types show a minor benzosulfur shoulder (at 2476.3 eV) in addition to a 

weak, broad cysteic acid peak (centred at 2480.92 eV) with very minor contribution from 

sulfate (ca. 2482 eV). 
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Fig. 6.1 S-XANES spectra of experimentally degraded black and orange (Gallus gallus) and 

white (Egretta garzetta) feathers. 

 

Spectra for black feathers decayed for 12 months are almost identical to those of 

untreated black feathers, except slightly weaker peaks for cysteic acid and sulfate. 

 

Black feathers matured at 150°C, 135 bar (without prior decay) display a single broad 

sulfide peak centred at 2473.32 eV that is slightly weaker than the cystine and cysteine 

peaks in untreated examples; the benzosulfur shoulder at 2476.3 eV is also weaker. The 

cysteic acid peak centred at 2480.92 eV is slightly stronger than in untreated black 

feathers; there is a subtle shift in the band towards higher eV, suggesting a very minor 

contribution from organic sulfate. Samples decayed for twelve months prior to maturation 

at 150°C, 135 bar lack a sulfate peak (and a shift in the cysteic acid peak) and exhibit a 
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slightly stronger sulfide peak, and weaker cysteic acid peak, than samples matured with no 

prior decay. 

 

Following “moderate” experimental maturation at 200°C, spectra for all feather types 

closely resemble those of untreated feathers, albeit with a slight reduction in the intensity 

of the cystine and cysteine peaks and the appearance of a minor broad organic sulfate 

band (centred at 2482.12–2482.27 eV). Notably, orange feathers exhibit greater alteration 

of sulfur chemistry (in particular, loss of cysteine and thus disulfide) than black or white 

feathers when moderately matured (200°C). This could reflect, at least in part, beam 

damage during XANES analysis.  

 

“Strong” maturation at 250°C induces dramatic changes in the feather spectra, and striking 

differences among feather types. All strongly matured feather spectra are dominated by 

an broad organic sulfate peak (centred at 2482.42 eV) that probably includes a strong 

contribution from cysteic acid. Cystine is absent, cysteine is moderately intense, and there 

is a weak benzosulfur shoulder. 

 

Spectra for strongly matured orange feathers resemble those for similarly treated black 

feathers albeit with a stronger cysteine peak and slightly weaker organic sulfate peak 

(centred at 2482.32 eV). 

 

In contrast, spectra for similarly treated white feathers retain a cystine peak, albeit 

reduced in intensity relative to untreated white feathers. Spectra show a strong cysteine 

peak with a weak benzosulfur shoulder; peaks for cysteic acid and especially organic 

sulfate (strongest at 2482.12 eV) are stronger than in untreated samples. 

 

Principal Component Analysis (Figure 6.2) successfully resolves most of the variation in the 

dataset (PC2 and PC3 combined correspond to 96.5% of the total variation). PC2 

corresponds primarily to variation in cystine and especially organic sulfate (Figure 6.2F). 

PC3 corresponds primarily to variation in cystine and cysteine/benzosulfur (Figure 6.2F). 

Most of the data in the chemospace plot are clustered according to both feather colour 

and experimental treatment. 
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Black feathers occupy a broad data field characterized by low to high PC2 values and 

medium to high PC3 values (Figure 6.2B); data groups for most experimental treatments 

plot separately (except for feathers matured at 200°C and 150°C 135 bar, which each 

overlap several other fields). Progressive maturation at 150°C (with 130 bar), 200°C and 

250°C shifts the data to higher values for both PC2 and PC3, indicating increasing organic 

sulfate and decreasing cystine and cysteine/benzosulfur content (Figure 6.2C). Somewhat 

unexpectedly, decayed black feathers show lower PC2 values than untreated feathers, 

which indicates an increase in cystine and/or a decrease in organic sulfate. Similarly, 

feathers decayed prior to maturation at 150°C and 135 bar show lower PC2 values than 

those matured without prior decay (Figure 6.2H).  
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Fig. 6.2 PCA of S-XANES spectra shown in Fig. 6.1. Chemospace plots show data fields for A) 

different experimental treatments and B) different feather types. Chemospace plots in C–E 

show data fields for experimental treatments using C) black, D) orange and E) white 

feathers. F) Spectra for PC2 and PC3. G – H) Chemospace plots of black, orange and white 

untreated feathers (G) and feathers matured at 150°C, 135 bar (with and without decay 

(H)), 200°C (I)and 250°C (J). 
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In contrast to black feathers, orange and white feathers each define small data fields in the 

chemospace plot (Figure 6.2B). Orange feathers generally show low PC2 and PC3 values; 

white feathers show low to medium values for PC2 and PC3. Data for different 

experimental treatments occupy distinct, non-overlapping fields for orange feathers 

(Figure 6.2D), but there is some overlap for white feathers among data fields 

corresponding to different maturation treatments (Figure 6.2E). As with black feathers, 

progressive maturation at 200°C and 250°C shifts the data to higher PC2 values, indicating 

increasing organic sulfate and decreasing cystine. 

 

Comparison of the data for different feather types reveals important trends. For untreated 

samples, black feathers plot with high PC2 and PC3 values, reflecting high organic sulfate 

content, relative to white and orange feathers (Figure 6.2G); white feathers show the 

lowest PC2 values, and orange feathers the lowest PC3 values. These broad relationships 

within the chemospace are retained following progressive maturation (Figure 6.2I–J). 

 

6.3.2 Sulfur experiments  

 

The pyrograms of all feathers treated with sulfur are dominated by benzene derivatives, 

especially toluene (compound 5 in Figure 6.4 and Table 6.1). Other notable components 

include cholesta-3,5-diene (compound 32), fatty acid methyl esters (compounds 22 and 

23), steroid derivatives (including cholestenes: compounds 29 and 30) and nitrogen-

containing compounds (Figure 6.3 and Table 6.1). Nitrogen-containing compounds include 

phenol (compound 15), pyridine (compounds 3, 7 and 11) and pyrrole (compounds 4, 9 

and 13) moieties, benzonitrile (compound 16), indole (compound 19), pyrazinediones 

(compounds 21 and 26) and amides (compounds 24, 27 and 28). Orange feathers contain 

trace amounts of organic sulfur compounds: 3-methylthietane (compound 1), 

methylthiophene (compound 6) and thiane (compound 8). Only 3-methylthietane was 

detected in experimentally treated black feathers; no organic sulfur compounds were 

detected in white feathers. 

 

 

 



189 

 

 

Fig. 6.3 Py-GC-MS pyrograms of black and orange (Gallus gallus) and white (Egretta 

garzetta) feathers degraded in sulfurization experiments. 
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Table 6.1 Peak assignments for py-GC-MS spectra of black and orange (Gallus gallus) and 

white (Egretta garzetta) feathers degraded in sulfurization experiments. 
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6.3.3 Amide signals in experimentally treated feathers  

 

FTIR spectra of untreated feathers are dominated by peaks for amide functional groups, 

i.e., amides A, B, I, II and III; these bands are the focus of our results (Figure 6.4, Table 6.2 

and Supplementary Table 6.1). The peak intensity in all major bands varies among feather 

types and treatments. 

 

 

Fig. 6.4 FTIR spectra of experimentally degraded black and orange (Gallus gallus) and white 

(Egretta garzetta) feathers. 
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Table 6.2 Peak assignments for FTIR spectra of experimentally degraded black and orange 

(Gallus gallus) and white (Egretta garzetta) feathers. 

 

 

All untreated spectra are dominated by amide I (1575–1696 cm-1) and II (1475–1575 cm-1) 

peaks, with moderate peaks for amide A (3115–3355 cm-1) and III (1190–1285 cm-1) and a 

weak amide B (3015–3115 cm-1) peak. Band 7 (975–1140 cm-1) is represented by a single 

strong peak in black feathers but a very weak, bifurcated, peak in orange and white 

feathers. 

 

Spectra for black feathers matured at 150°C, 135 bar show weaker peaks for all amide 

bands than untreated feathers; amide A peak is absent and a minor carboxylic acid peak 

(absent in untreated feathers) appears in band 3 at 1728 cm-1. Spectra for feathers 

matured at 150°C, 135 bar are near-identical irrespective of whether or not they were 

decayed prior to maturation. Feathers that were decayed but not matured, however, 

exhibit weaker peaks in all major bands. 

 

Spectra for feathers matured at 200°C show decreased absorbance across all wavelengths 

but otherwise are near-identical to untreated feathers. 
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Maturation at 250°C induces dramatic changes to FTIR spectra of the feathers, notably the 

loss of amides A and B and the generation of a major peak in band 3. 

 

PCA (Figure 6.5) captures 78.4% of the variation in the dataset. The data for different 

experimental treatments fall into two broad fields: the 250°C and 150C, 135 bar 

experiments in the left of the chemospace with low PC2 values, and the rest of the 

experimental treatments (untreated, decayed, and 200°C) cluster in the right of the 

chemospace with high PC2 values. Since PC2 accounts for 54% of variation in the dataset, 

the spread of the data in chemospace confirm that the major changes in feather chemistry 

are linked to strong maturation, and that maturation under relatively low temperatures 

but in conjunction with elevated pressure induce similar chemical changes to maturation 

at a higher temperature and atmospheric pressure. The variation in PC2 corresponds 

primarily to variation in band 3 (absent at high PC2 values) and amides I, II and III (stronger 

peaks at high PC2 values; Figure 6.5F). PC3 comprises 24.4% of the variation in the dataset 

and corresponds primarily to variation in band 7 (no strong peak at lower PC3 values; 

Figure 6.5F).  
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Fig. 6.5 PCA of FTIR spectra shown in Fig. 6.4. A – B) Chemospace plots show data fields for 

different experimental treatments (A) and different feather types (B). Chemospace plots in 

C–E show data fields for experimental treatments using black (C), orange (D) and white (E) 

feathers. F) Spectra for components 2 and 3. G – J) Chemospace plots for black, orange and 

white untreated feathers (G) and feathers matured at 150°C, 135 bar (with and without 

decay (H)), 200°C (I) and 250°C (J). 
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Comparison of the data for different feather types reveals important trends. For untreated 

samples, black feathers plot with high PC2 and PC3 values, reflecting strong peaks for 

amides I, II and III, relative to white and orange feathers (Figure 6.5G); orange feathers 

show lower PC3 values, and white feathers, the lowest PC3 values. These broad 

relationships within the chemospace plot are retained following progressive maturation 

(Figure 6.5I–J). Collectively, this data indicates that FTIR can differentiate black, white and 

orange feathers – i.e., feathers with different melanin content – even after strong thermal 

alteration. 

 

6.4 Discussion 

 

Our previous taphonomic experiments (Chapter 5) provided preliminary data on the 

response of feather CBPs to thermal maturation. The results revealed that disulfides and 

amides from feather CBPs in black and white feathers readily survive “moderate” thermal 

maturation at 200°C, although β-sheets (the dominant secondary structure in feather 

CBPs) are altered to a-helices during “strong” maturation at 250°C (Chapter 5). 

 

The current study expands the scope of our preliminary dataset both in terms of feather 

chemistry and experimental parameters. New thermal maturation experiments on orange 

feathers and new sulfurization experiments provide a comparative basis to assess the 

impact of melanin chemistry and sulfide availability on feather CBP preservation. 

Additional experiments using various combinations of decay, temperature and pressure (or 

select parameters in isolation) inform on the relative impact of these variables using black 

feathers as a model.  

 

6.4.1 Impact of melanin chemistry  

 

This study reveals that the melanin chemistry of feathers impacts the survival of feather 

CBPs. Firstly, eumelanin-rich black feathers, phaeomelanin-rich orange feathers and 

amelanic white feathers respond differently to maturation. This difference is most evident 

after strong maturation (250°C), where the disulfide peaks is strongest in white feathers 

and absent in black feathers, and the sulfate peak is strongest in black feathers. These 
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results have important implications for the fossil record. Firstly, by confirming that S-

XANES can discriminate between feathers with different melanin chemistry even after 

strong maturation, our data suggest that the technique has potential applications in the 

determination of original melanin-based colour in fossils. 

 

More important, however, are our data on CBP preservation. Key indicators of feather 

CBPs (and their degraded remnants) are disulfides and amides. Our experimental data 

reveal that amides and disulfides from feather CBPs are better preserved in phaeomelanin-

rich and, especially, amelanic feathers than in eumelanin-rich feathers. Collectively, our 

FTIR and S-XANES data indicate that the preservation of feather CBPs is strongly impacted 

by melanin content; this is probably a strong taphonomic bias in the feather fossil record 

and may have broader implications for the detection of feather CBPs and potentially other 

proteins in integumentary and other tissues. 

 

The most plausible underlying chemical mechanism at play is the interaction of melanin 

degradation products with feather CBPs. Eumelanin contains abundant free carboxylic acid 

residues45 that are readily oxidised, yielding CO2, an oxidant with higher oxidising potential 

under high temperatures46. CO2 is also produced by the decarboxylation of the eumelanin 

unit DHICA and the phaeomelanin unit BZ during thermal degradation47-49. Our previous 

experiments showed that DHICA experiences extensive decarboxylation during strong 

maturation, but not moderate maturation (Chapter 4). This preferential release of CO2 at 

higher temperatures produces abundant highly-reactive CO2
46. In contrast, 

decarboxylation of BZ phaeomelanin units occurs progressively from moderate to strong 

maturation (Chapter 4), likely releasing a substantial portion of CO2 at lower temperatures 

that is a weaker oxidant46. Feather CBPs are thus more likely to be oxidized during 

maturation in feathers with a dominant eumelanin composition. 

 

An additional factor is the timing of oxidation (if any). Given that mouldic melanosomes are 

more likely to form (via oxidation) during early diagenesis, the absence of melanosomes – 

and thus of melanin during later diagenesis (and presumably higher temperatures) – may 

further promote the preservation of feather CBPs. 
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Finally, the metal content of feathers may indirectly impact feather CBP preservation. 

Eumelanin is typically associated with Cu+2 and phaeomelanin, with Zn+2.40, 44. Cu+2 is a 

stronger oxidant than Zn+2 50, suggesting that the eumelanin metallome may prefentially 

promote the oxidation of feather CBPs relative to the phaeomelanin metallome. 

 

6.4.2 Comparison of experimental treatments  

 

Comparative analysis of data from black feathers degraded under different experimental 

conditions reveals that the primary taphonomic controls differ for feather CBP disulfides 

and amides.  

 

S-XANES data reveal that the controls on the preservation of feather CBP disulfides – and 

thus feather CBP tertiary structure – are, in decreasing order of importance, temperature 

(without pressure), pressure and decay. This finding confirms our preliminary experimental 

data (Slater et al. in prep.) that showed a striking difference in the response of feather 

CBPs to thermal maturation at different temperatures. Moderate maturation of feathers 

results in minor oxidation of disulfides; strong maturation results in the complete loss of 

disulfides and generation of abundant organic sulfate (Figures 6.1 and 6.2C). The latter 

changes are more substantial than those exhibited by feathers matured using high 

temperature-high pressure maturation. Maturation with pressure results in minor 

oxidation of disulfides (and production of minor organic sulfate (Figures 6.1 and 6.2C)). 

Unexpectedly, decayed feathers have less organic sulfate than their untreated 

counterparts. 

 

FTIR data reveal that the controls on the preservation of the amide component of feather 

CBPs – and thus feather CBP secondary structures – are, in decreasing order of 

importance, pressure (with temperature), temperature and decay. High temperature-high 

pressure maturation (using a lower temperature than that used for strong maturation) 

results in the marked loss of amides and generation of carboxylic acid (band 3 in Figure 6.4, 

Figure 6.5C). Moderate maturation results in only minor changes to feather chemistry via a 

slight decrease in amides; strong maturation induces drastic reduction of amides and 

generation of carboxylic acid (Figures 6.4 and 6.5). Decay (in isolation) reduces amides 

slightly (Figure 6.4) and reduces carboxylic acid/ester content markedly (band 7 in Figure 
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6.4); the latter may reflect degradation of free carboxylic acid residues in eumelanin45. This 

decrease in carboxylic acid/ester, which is more substantial than the decrease in carboxylic 

acid/ester with moderate maturation (Figures 6.4 and 6.5C), is therefore associated here 

with the degradation of eumelanin and not of feather CBPs. Since there are no other major 

differences between untreated and decayed feathers, decay is thus considered to have a 

very minor impact on amide chemistry. Unexpectedly, the decay of feathers prior to high 

temperature-high pressure maturation results in less amide degradation and less 

generation of carboxylic acid (band 3 in Figure 6.4, Figure 6.5C).  

 

Collectively, these data suggest that preservation of feather CBPs in fossils is controlled 

primarily by diagenetic history and not decay. Fossil feathers from deposits with low 

maximum burial temperatures and pressures are more likely to preserve feather CBP 

remnants with tertiary and secondary structures; feathers from deposits with a low 

maximum burial temperature and high maximum burial pressure may preserve evidence of 

feather CBP tertiary structure but exhibit little evidence of secondary structures. 

 

6.4.3 The impact of ambient sulfur on feather chemistry  

 

The absence of alkylthiophenes indicates that our sulfurization experiments did not result 

in sulfurization of feathers. This could reflect failure of the experiments due to the specific 

parameters used, or that feathers are not readily sulfurised, in which case sulfurization is 

unlikely to contribute to the survival of feather CBPs in the fossil record. Future 

experiments could test the latter hypothesis, which suggests that sulfur in fossil feather 

soft tissue is unlikely to be diagenetic but rather should usually indicate original 

phaeomelanin-rich chemistry. 

 

6.4.4 Implications for the taphonomy of fossil feathers 

 

The absence of disulfides in strongly matured black and orange feathers contrasts with the 

survival of disulfides in matured white feathers. These data conflict with evidence that 

black, eumelanin-rich, feathers, are more robust than feathers lacking eumelanin. In 

particular, our data suggest that melanins do not bind to and stabilise feather proteins, as 

previously hypothesised25, 51, 52 and supported by experimental evidence that black 
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feathers are more recalcitrant than white feathers during decay53. The latter conclusion 

applies to bacterial degradation, however, and not the various combinations of amicrobial 

decay and maturation investigated here. Other taphonomic experiments reported that 

only “pigmented” feather tissue yielded an organic residue following maturation34, but 

chemical data to support this claim were not provided. A recent study reported tentative 

evidence that melanin ‘blends’ with feather tissue51. This interpretation, however, is based 

on TEM images showing indistinct melanosome margins, which could be artefacts. This 

study therefore provides novel chemical assessment of the impact of melanin content on 

the preservation of feather CBPs. Based on the experimental data, it is reasonable to 

expect to recover an amide and cysteine signal in fossil feathers that have not experienced 

excessively harsh diagenetic conditions, irrespective of melanin content. The preservation 

of disulfides is predicted to occur preferentially in feathers (or regions thereof) with a low 

melanin content (especially eumelanin), irrespective of whether this chemistry is original 

or arose during diagenesis due to oxidation of melanosomes21. 

 

In sum, the degradation of feather CBPs is primarily controlled by the experimental 

treatment but, importantly, is also influenced by melanin content. To date, the detection 

of fossil feather CBPs has focussed on predominantly eumelanic fossil feathers9, 10, 23, 54. 

Our conclusion – that future efforts to detect fossil feather CBPs should target 

phaeomelanic and especially amelanic fossil feathers – is therefore unexpected. 

Collectively, the results form the basis for a new integrated model for feather preservation 

that is firmly grounded in quantitative empirical data and encompasses all major feather 

components. This model explains variations in the preservation of fossil feathers and 

represents a major advance in our understanding of the preservation of feathers and of 

structural proteins. Critically, the model highlights the power of combining systematic and 

quantitative taphonomic experiments with a holistic, whole-tissue approach, to resolve 

long-standing issues relating to the preservation of soft tissues in the fossil record. 
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6.6 Supplementary information 

 

6.6.1 Supplementary text 

 

FTIR data. Use of the term ‘band’ regarding FTIR spectra refers here to the range of 

wavelengths in which one or more peaks can occur for a chemical bond (or bonds) that, in 

turn, is associated with a functional group (or groups). Peak assignments were made using 

IRPal v2.01. Peaks for amide functional groups (R–C=O–NH2) are within bands A (3115–

3360 cm-1), B (3015–3115 cm-1), I (1575–1700 cm-1), II (1475–1575 cm-1) and III (1210–

1295 cm-1) and are discussed in the main text. Further, moderate peaks within bands 3 and 

7 are also discussed in the main text. 

 

Assignments of moderate and minor FTIR peaks. An additional moderate peak in FTIR 

spectra is within band 2. Minor peaks in FTIR spectra are within bands 1, 4–6 and 8–10 (see 

Supplementary Table 6.1). The assignments of these bands are as follows. Band 2 spans 

the range 2820–3015 cm-1 and, depending on the sample type, includes three to five weak 

to moderate peaks; it is attributed to C–H stretching vibrations of CH2 and CH3 methyl 

groups. Band 1 (3360–3680 cm-1) is attributed to the O–H stretch of carboxylic acid. A peak 

in band 4 (1420–1475 cm-1) is potentially associated with stretching vibrations of methyl 

C–H, aromatic C–C and/or sulfate S=O. A minor sharp peak in band 5 (1380–1420 cm-1) 

corresponds to methyl C–H stretching and/or sulfate S=O stretch. A minor peak in band 6 

(1130–1180 cm-1) potentially corresponds to methyl C–H wag, carboxylic acid/ester C–O 

stretch, thiocarbonyl C=S stretch and/or sulfone S=O stretch. A peak in band 8 (940–965 

cm-1) corresponds to N–O amine oxide aliphatics. Weak peaks in band 9 (715–815 cm-1) 

correspond to out of plane bending of aromatic C–H and/or S–OR esters. A minor peak in 

band 10 (495–580 cm-1) corresponds to S–S stretch. 

 

Variation in the position of key peaks among FTIR spectra. Band 2 contributes to variation 

in the PCA, albeit to lesser degree than peaks within the amide bands and bands 3 and 7 

(Figure 6.5F; see main text). Band 2 is therefore included in the following overview of the 

variation in the position of key peaks among FTIR spectra. Amide bands and bands 2, 3 and 

7 all exhibit variation in peak position among different coloured feathers and treatments. 
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Untreated feathers. The spectrum for untreated black feathers exhibits a peak for amide A 

at 3267 cm-1, B at 3064 cm-1, I at 1627 cm-1, II at 1538 cm-1 and III at 1232 cm-1. Five peaks 

are present in band 2, with the strongest peak at 2922 cm-1, and one strong sharp peak is 

displayed in band 7 at 1036 cm-1. 

 

Untreated orange feathers show amide A at 3279 cm-1, B at 3064 cm-1, I at 1628 cm-1, II at 

1522 and III at 1236 cm-1. Orange feathers display five weak peaks in band 2 with the 

strongest peak at 2981 cm-1 and two weak peaks in band 7 at 1072 cm-1 and 1042 cm-1. 

 

Untreated white feathers possess amide A at 3281 cm-1, B at 3063 cm-1, I at 1630 cm-1, II at 

1522 cm-1 and III at 1234 cm-1. White feathers possess only four weak peaks in band 2, 

with the strongest peak at 2972 cm-1, and two weak peaks in band 7 at 1072 cm-1 and 1046 

cm-1. 

 

Decayed feathers. Compared to untreated black feathers, decayed black feathers display 

different peak positions for all amides except amide I (1627 cm-1): amide A is at 3279 cm-1, 

B at 3060 cm-1, II at 1539 cm-1 and III at 1235 cm-1. Further, decayed black feathers display 

the strongest peak at 2972 cm-1 within band 2 and two weak peaks at 1070 cm-1 and 1041 

cm-1 in band 7, which contrasts with untreated black feathers. Decayed black feathers 

exhibit stronger peaks than untreated black feathers within all major bands except band 7. 

 

Feathers matured using high temperature-high pressure maturation. Maturation at 150°C, 

135 bar produces differences in the positions of all major peaks compared to untreated 

black feathers. The peak positions for amides B, I, II and III shift slightly relative to 

untreated black feathers: amide B is positioned at 3063 cm-1, amide I at 1636 cm-1, amide II 

at 1523 cm-1 and amide III at 1237 cm-1. Unlike untreated black feathers, band 7 displays a 

very weak peak at 1024 cm-1. Notably, black feathers decayed prior to high temperature-

high pressure maturation are near-identical to black feathers matured using temperature-

high pressure maturation with no prior decay; feathers from both treatments show three 

weak peaks within band 2, with the strongest at 2972 cm-1.  

 

Moderately matured feathers. Black feathers matured at 200°C exhibit peak positions 

different to untreated black feathers in amide III (1233 cm-1) and bands 2 (2925 cm-1) and 7 
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(1068 cm-1 and 1028 cm-1). Compared to untreated black feathers, feathers matured at 

200°C display stronger peaks within all major bands except bands 2 and III. 

 

Orange feathers matured at 200°C display peak positions different to untreated orange 

feathers in amide III (1233 cm-1) and band 7 (1019 cm-1 and 1044 cm-1); unlike untreated 

feathers, band 2 contains only four peaks with the strongest peak at 2924 cm-1. Compared 

to untreated orange feathers, feathers matured at 200°C display stronger peaks only 

within bands B, I, II and 7. 

 

Compared to untreated white feathers, those matured at 200°C show different peak 

positions for amides B (3064 cm-1) and III (1233 cm-1) and band 2 (2971 cm-1). Further, 

feathers matured at 200°C display stronger peaks only within bands B and 7. 

 

Similar to untreated feathers, key differences among black, orange and white feathers 

matured at 200°C include variation in the peak positions within most major bands. All 

major peaks have different positions among the different coloured feathers matured at 

200°C, excluding amide B and III in all feathers and amide II in orange and white feathers. 

Compared to untreated feathers, all feathers exhibit changes in the position of major 

peaks in band 2 and amide III and, in black and orange feathers, band 7. Peaks within 

bands B, I, II and 7 are strongest in black feathers and those within bands A, 2 and III are 

strongest in white feathers; peaks within bands A, I, II and III are weakest in orange 

feathers. 

 

Strongly matured feathers. Black feathers matured at 250°C show peak positions different 

to untreated black feathers in amides I (1653 cm-1) II (1539 cm-1) and III (1239 cm-1) and 

bands 2 (2973 cm-1), 3 (1711 cm-1) and 7 (1017 cm-1). Compared to untreated black 

feathers, feathers matured at 250°C display stronger peaks only within bands 2 and 3. 

 

Compared to untreated orange feathers, those matured at 250°C display different peak 

positions for amides I (1656 cm-1), II (1532 cm-1) and III (1232 cm-1) and bands 2 (2973 cm-

1), 3 (1710 cm-1) and 7 (1039 cm-1). Further, feathers matured at 250°C display a stronger 

peak only within band 3. 
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White feathers matured at 250°C exhibit peak positions different to untreated white 

feathers in amides I (1655 cm-1), II (1531 cm-1) and III (1239 cm-1) and bands 2 (2973 cm-1), 

3 (1710 cm-1) and 7 (1040 cm-1). Compared to untreated white feathers, feathers matured 

at 250°C display stronger peaks only within bands 2 and 3. 

 

All feathers matured at 250°C display one moderate peak and two weak peaks within band 

2 and one weak peak in band 7. Further, all strongly matured feathers exhibit differences 

in the positions of all major peaks compared to untreated feathers of the same colour. The 

key difference among spectra for strongly matured black, orange and white feathers is that 

they display different peak positions within all major bands, excluding band 2 in all feathers 

and amide III in black and white feathers. Peaks within bands 2, 3 and III are strongest in 

white feathers and those within bands I, II and 7 are strongest in black feathers; peaks 

within bands 3, I and II are weakest in orange feathers. 

 

Additional results from the PCA of FTIR spectra. In the PCA, data for untreated and decayed 

feathers and feathers matured at 200°C partially overlap in the right-hand side of the 

chemospace plot. Collectively, these treatments show little variation in PC2, corresponding 

to a minor or absent peak in band 3 and relatively strong amide peaks, and substantial 

variation in PC3, reflecting differences within band 7. Feathers matured at 150°C, 135 bar 

and 250°C overlap with each other but with no other treatment. Both treatments sit in the 

left-hand side of the plot, indicating a strong peak in band 3 and relatively weaker amide 

peaks; they also show substantial variation in PC3, reflecting differences within band 7. 

 

Black feathers of all treatments exhibit a large data field that spans the entirety of both 

axes (Figure 6.5B). Untreated black feathers plot at high values in PC2 and mid-values in 

PC3, indicating the absence of a peak within band 3 and the presence of a strong single 

peak in band 7 (Figure 6.5C). Decayed black feathers display no overlap with any other 

treatment and plot at lower PC2 and PC3 values than untreated black feathers, reflecting 

the presence of two peaks within band 7 in the former. Data for black feathers matured at 

150°C, 135 bar with and without prior decay overlap; these treatments plot at even lower 

PC2 values than decayed (non-matured) black feathers, corresponding to a peak within 

band 3 and weaker amide I and II peaks in feathers matured at 150°C, 135 bar. Data for 

black feathers matured at 200°C completely overlap with all untreated black feathers. 
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Black feathers matured at 250°C plot at low PC2 and high PC3 values, reflecting a peak 

within band 3, and exhibit little overlap with feathers matured at 150°C, 135 bar (with and 

without decay). 

 

Orange feathers of all treatments span the majority of PC2 but are restricted to the 

bottom of PC3 (Figure 6.5B). Untreated orange feathers plot in the bottom-right of the 

chemospace, indicating an absence of a single strong peak within bands 3 and 7 (Figure 

6.5D). Data for orange feathers matured at 200°C plot at slightly higher PC3 values than 

untreated feathers due to peak position changes in band 2. Feathers matured at 250°C 

plot at low PC2 and PC3 values, reflecting the presence of a strong peak within band 3 and 

a weak peak in band 7. Data for orange feathers do not overlap among the different 

experiments. 

 

White feathers of all treatments occupy the majority of PC2 and, similar to orange 

feathers, are restricted to the bottom of PC3 (Figure 6.5B). Data for untreated white 

feathers are situated in the bottom-right of the chemospace, corresponding to the 

absence of a single strong peak within bands 3 and 7 (Figure 6.5E). White feathers matured 

at 200°C plot at marginally higher PC3 values than untreated feathers, indicating very little 

change in amides and bands 2 and 7. The data field for white feathers matured at 250°C 

plots at low PC2 values, corresponding to a single strong peak in band 3 and, compared to 

untreated and feathers matured at 200°C, weaker peaks for amides I and II. Data for white 

feathers do not overlap among the different experiments. 

 

The data for decayed feathers, and feathers matured at 150°C, 135 bar, are for black 

feathers only. For untreated feathers and feathers matured at 200°C and 250°C, the 

chemistries of black, white and orange feathers can be compared. The chemospace reveals 

that the data fields for untreated orange and white feathers overlap at low PC3 values, 

reflecting the absence of a single strong peak within band 7 in each and similar peak 

positions within band 2. In contrast, black feathers plot at high PC3 values, indicating a 

single strong peak within band 7, and at slightly higher PC2 values than orange and white 

feathers, reflecting differences in the peak positions in band 2 to those of orange and 

white feathers (Figure 6.5G). Data for black feathers matured at 150°C, 135 bar with and 

without prior decay overlap, with non-decayed, matured samples occupying a larger data 
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field than decayed, matured samples (Figure 6.5H); samples decayed prior to maturation 

plot mostly to the right of non-decayed, matured samples, reflecting a weaker peak in 

band 3 in most decayed, matured samples. Black, orange and white feathers matured at 

200°C do not overlap and are approximately equidistant from each other along both axes 

(Figure 6.5I). White feathers plot at negative PC3 values, reflecting weak peaks in band 7, 

whereas black feathers plot at higher PC3 and PC2 values, indicating a single strong peak in 

band 7 and differences in the peak positions in band 2; orange feathers are intermediate. 

Black, orange and white feathers matured at 250°C show a similar pattern to feathers 

matured at 200°C but are closer in proximity to each other and are situated at much lower 

PC2 values, indicating a peak within band 3. 

 

6.6.2 Supplementary figures and tables 

 

 

Supplementary Fig. 6.1 Schematic illustration of experimental decay setup. 
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Supplementary Table 6.1 Identification of peaks in FTIR spectra for experimentally 

degraded black and orange (Gallus gallus) and white (Egretta garzetta) feathers. 
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7. Discussion 

 

The main findings of this thesis are: (1) taphonomic processes vary in the extent to which 

they control the preservation of primary feather components (section 7.1); (2) the intrinsic 

chemistry of feathers influences the preservation potential of feather CBPs and melanins 

(section 7.2), and; (3) evidence of phaeomelanin and feather CBPs can survive in deep time 

(section 7.3). The experimental design and analytical limitations of these main findings are 

discussed in subsections 7.1.3, 7.2.3, 7.3.2 and 7.3.4. Section 7.4 outlines a new 

taphonomic model that explains the link between the variable preservation of fossil 

feathers and biological and geological controls. Finally, section 7.5 discusses the broad 

limitations of the taphonomic experiments performed here. 

 

7.1 Taphonomic processes vary in the extent to which they control the 

preservation of primary feather components 

 

The primary components of feathers are feather CBPs – the primary proteins in feathers – 

and melanins (the latter within melanosomes), which differ in chemistry. Melanosomes are 

often cited as being particularly resistant to degradation, due to the biopolymeric nature 

of melanin (Borovansky & Riley, 2011); biopolymers, in turn, are considered more 

recalcitrant than proteins (Briggs et al., 2000). A taphonomic scenario whereby 

melanosomes preferentially degrade, yet remnants of proteinaceous feather tissue 

survive, is therefore somewhat counter-intuitive and is not universally accepted (e.g., see 

Saitta et al. [2018]). In particular, interpretations of the amorphous to fibrous material that 

surrounds mouldic melanosomes and 3D melanosomes in some fossils as the organic 

residue of the proteinaceous feather cortex (Gren et al., 2017; Li et al., 2010; Lindgren et 

al., 2015b; Pan et al., 2016, 2019; Zhang et al., 2010) are controversial (Saitta et al., 2017a, 

b, 2018). This controversy largely stems from the absence of data from systematic 

taphonomic experiments that use appropriate conditions to determine the response of 

feather components to degradation. 

 

This thesis directly addresses this controversial issue by presenting new empirical data on 

how feather morphology and chemistry alter during degradation. Importantly, taphonomic 

processes vary in the extent to which they control the preservation of melanosomes and 
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proteinaceous feather tissue. As a result, this thesis confirms that taphonomic scenarios, 

whereby melanin and melanosomes degrade and remnants of proteinaceous feather 

tissue can survive, exist; notably, all of these melanin-degrading taphonomic scenarios 

include oxidation. The response of the melanic and protein components of feathers to 

degradation is discussed in turn below. 

 

7.1.1 The taphonomy of melanin and melanosomes 

 

This thesis provides new empirical data on the taphonomy of melanosomes and melanin. 

The taphonomic experiments performed here investigate the impact of decay, oxidation 

and maturation (in isolation and in combination). Data from taphonomic experiments 

inform on the morphological preservation of melanosomes (based on SEM and TEM 

micrographs) and the chemical preservation of the melanin molecule (based on AHPO-

HPLC data). The results reveal that the factors that control melanosome preservation are, 

in decreasing order of importance: oxidation, maturation and decay. These factors are 

discussed separately in the text below. 

 

Oxidation is the primary control on melanosome preservation at least under the 

experimental conditions used in this study. Electron micrographs show that moulds occur 

only in oxidised feathers (Figs. 3.2e, 3.3 and 3.4c). AHPO-HPLC data show that oxidised 

(black) feathers contain a higher number of moulds and substantially fewer PTCA and 

PTeCA eumelanin markers (Fig. 3.6) than untreated examples (Fig. 4.2), indicating 

extensive eumelanin degradation. Collectively, morphological and chemical data support 

the hypothesis that oxidation generates fossil mouldic melanosomes (McNamara, 2013; 

Vinther, 2016). 

 

The oxidation of melanosomes and the formation of melanosome moulds does not imply 

complete loss of melanin from feather tissue. Melanosomes are not evident in SEM and 

TEM micrographs of oxidised feathers. AHPO-HPLC data, however, reveal the presence of 

eumelanin monomers in oxidised feathers (pathway 5 in Fig. 3.6), although in lower 

quantities than in untreated feathers (Fig. 4.2). The presence of eumelanin monomers in 

oxidised feathers suggests that organic residues of melanin can remain regardless of 

whether the melanosome preserves in 3D (but see Chapter 7.1.3). This raises the 
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possibility that metals that associate with melanin, whether original or diagenetic (see 

Chapter 1.7.2), may also remain in fossil feather tissue, regardless of 3D melanosome 

preservation. Wogelius et al. (2011) report a Cu-melanin complex in an isolated Green 

River feather that may derive from mouldic melanosomes. Indeed, the regions of the 

Green River feather that exhibit a Cu signal do not contain 3D melanosomes (Wogelius et 

al., 2011) but, notably, also do not contain mouldic melanosomes. In a separate report, 

Lindgren et al. (2015b) provide chemical data on two different regions of Anchiornis 

feathers, both of which include mouldic melanosomes. One region that contains mouldic 

melanosomes displays a chemical signal consistent with eumelanin in ToF-SIMS data, but 

Lindgren et al. (2015b) interpret those mouldic melanosomes as the result of sample 

preparation or disruption. The second region with mouldic melanosomes was interpreted 

as deriving from melanosome degradation (Lindgren et al., 2015b); those mouldic 

melanosomes show a chemical signal that is similar to that of the host sediment, albeit 

with more calcium phosphate (Lindgren et al., 2015b). Reports to date do not, therefore, 

provide definitive evidence of a eumelanin signal in mouldic melanosomes. Further 

experiments are required to confirm the hypothesis that remnants of melanin can survive 

in fossil mouldic melanosomes. 

 

Experimental data suggest that the timing of oxidation is crucial to melanosome survival. 

Exposure to an oxidant following maturation results in less degradation of melanosomes 

(Figs. 3.3e–h and 3.4d) and melanin (Fig. 3.6) than where oxidation occurs prior to 

maturation (Figs. 3.3a–d and 3.6). Notably, maturation following oxidation does not 

occlude the moulds generated by oxidation, indicating that moulds formed early during 

diagenesis have the potential to survive in fossils. Mouldic melanosomes in fossil feathers 

thus most likely indicate the exposure of a fossil to an oxidant early during diagenesis.  

 

It may also be possible to infer the timing of mould formation by considering the alignment 

of melanosomes in fossil feathers. In Anchiornis feathers, 3D melanosomes are aligned, 

whereas melanosome moulds are not (Lindgren et al., 2015b). This is of interest because 

eumelanic feathers of extant birds, especially iridescent feathers (Vinther et al., 2008, 

2010), can show alignment of eumelanosomes (Carney et al., 2012). Data from fossils and 

decay experiments indicate that melanosomes can migrate during extended decay when 

carcasses are disturbed (McNamara et al., 2018). This evidence of melanosome migration, 
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however, derives from soft internal organs in bloated decaying carcasses filled with decay 

fluids (McNamara et al., 2018) and may not apply to melanosomes embedded in feather 

tissue, that is more robust and likely to retain its gross structure during early decay and 

pre-burial. This potentially conflicts with other experimental data (Saitta et al., 2017a) that 

demonstrate that melanic feathers decayed in a microbial broth for 50 days resulted in a 

darkening of the broth during the experiment. The darkening of the microbial broth may 

indicate that melanin and/or melanosomes migrated into the broth during decay (Saitta et 

al., 2017a), but, notably, this was not tested using SEM or chemical analysis. If 

melanosomes can indeed migrate into a solution during decay then melanosomes may 

also be able to migrate within feather tissue during and following appreciable decay. Saitta 

et al. (2018) also report a loss of melanosome alignment following sediment-encased 

maturation. Future work incorporating experiments and fossil analyses would be useful in 

order to determine whether mouldic melanosome alignment can inform on the timing of 

oxidation in feathers with structural colouration (see Chapter 8.2). 

 

The variation in fossil melanosome alignment in Anchiornis has been used to interpret two 

separate origins for mouldic impressions in fossils. The interpretation that one structure 

(moulds) may arise from two different origins, however, is not the most parsimonious 

explanation. Some of the aligned moulds in Anchiornis occur in aluminosilicate clays 

associated with the fossil feathers and are interpreted as having formed concurrently with 

the mineralisation of decaying feather fibrils (Lindgren et al. 2015b). Other melanosome 

moulds also occur in clay minerals associated with the feathers but are not aligned; these 

are interpreted as potentially of bacterial origin (Lindgren et al., 2015b). Eumelanic, non-

iridescent feathers of extant birds, however, often possess melanosomes that are not 

mutually aligned (Maia et al., 2010); this simple observation could explain the non-aligned 

mouldic melanosomes in Anchiornis. Indeed, the short lifespan of a bacterium and the 

rapid nature of microbial lysis make it highly unlikely that microbial structure could survive 

for a sufficient period to generate moulds in clay minerals (unless precipitation of the clays 

was extremely fast). For example, the average lifespan of Escherichia coli is less than one 

day (Reshes et al., 2008); further, a bacterium undergoes full lysis in less than 30 min 

(personal observation). The precipitation of clay minerals is thus unlikely to be sufficiently 

rapid to entomb microbes before full decay of the microbial structure. More importantly, a 

bacterial interpretation for mouldic melanosomes is not supported by the large body of 
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research that supports interpretations of fossil microbodies as melanosomes and that 

refutes a bacterial origin (see Chapter 1.7.1). Oxidation experiments in this thesis clearly 

demonstrate that melanosome degradation generates mouldic impressions in feather 

tissue. 

 

Maturation can be constructive or destructive with respect to the preservation of 

melanosomes and melanin in feathers, depending on the taphonomic scenario. 

Maturation plays a constructive role in the morphological preservation of melanosomes (as 

discussed above) and the chemical preservation of eumelanin in feathers when exposed to 

an oxidant after maturation. Feathers matured prior to oxidation show more melanosomes 

(Figs. 3.3e–h and 3.4d) in electron micrographs and higher concentrations of melanin 

markers (Fig. 3.6) in AHPO-HPLC data than feathers matured after oxidation. These data 

cannot inform on whether thermal maturation with pressure plays a larger role on the 

preservation of melanosomes and melanin. Unfortunately, the mouldic melanosomes 

produced via oxidation following high temperature-high pressure maturation were not 

quantitatively compared to those produced via oxidation following thermal maturation. 

 

Experimental treatment of feathers with maturation only does not degrade melanosome 

morphology. TEM images show dark, electron-dense melanosomes in both untreated and 

matured feathers (Fig. 3.4a). Nonetheless, no quantitative comparison on melanosome 

geometry was made between untreated and matured feathers to test for morphological 

evidence of melanosome degradation. Critically, McNamara et al. (2013) report that 

melanosomes shrink up to 20% under maturation conditions of 200°C, 250 bar and 250°C, 

250 bar (for 1 hour each). The maturation conditions used in this thesis resemble those 

used in McNamara et al. (2013). The experimental maturation of feathers, as described in 

this thesis, therefore likely resulted in melanosome shrinkage but this requires 

confirmation 

 

The lack of evidence for melanosome degradation via maturation in this thesis contrasts 

with a recent report by Zhao et al. (2020). In that study the authors describe several stages 

of melanosome degradation (in experimentally matured feathers) that are not observed in 

the data presented here. TEM images of matured Gallus feathers in Zhao et al. (2020) 

show three stages of melanosome degradation: (1) disintegration of the melanosome 
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margins with some melanin granules surrounding the periphery of the melanosome, (2) 

pale regions of low electron density within the organelle that contrast with dark regions of 

high electron density and (3) indistinct melanosome margins that may indicate integration 

of the melanosomal melanin into the surrounding tissue. The second “decay stage” above 

is of interest because SEM images of black Gallus feathers collected as preliminary data for 

Chapter 3 herein revealed that the melanosomes were hollow. Zhao et al. (2020) do not 

report hollow melanosomes in Gallus but their TEM images of untreated feathers show 

melanosomes with an electron-lucent core (fig. 6a in Zhao et al. [2020]), i.e., hollow 

melanosomes. Clearly their second decay stage has the potential to be an original 

biological feature and not an artefact of degradation. The analysis of melanosomes in 

experimentally matured feathers from many taxa and with different melanin chemistries 

may help resolve the full impact of maturation on melanosome and melanin preservation. 

 

Maturation is both destructive and constructive with respect to the chemical preservation 

of eumelanin in feathers. AHPO-HPLC data show that the PTeCA : PTCA ratio in both 

orange and black feathers increases with progressive maturation (Fig. 4.2). This result is 

consistent with previous reports that an increase in the PTeCA : PTCA ratio with 

maturation indicates an increase in the crosslinking of DHI units (Glass et al., 2013; Ito et 

al., 2013). The crosslinking of DHI units likely enhances the chemical stability of eumelanin 

and promotes its preservation in deep time (Glass et al., 2013; Ito et al., 2013). 

Nevertheless, crosslinking is also a destructive process as it alters the original chemistry of 

the eumelanin molecule. The data on eumelanin degradation are also consistent with the 

degradation patterns of eumelanin markers in previous AHPO-HPLC data on matured Sepia 

eumelanin (Jarenmark et al., 2021). 

 

Maturation preferentially degrades phaeomelanin relative to eumelanin. The total 

concentration of eumelanin markers in matured black feathers shows less of a decrease 

during maturation than that for phaeomelanin markers in matured orange feathers (Fig. 

4.2 and Table 4.1). The data presented here confirm that phaeomelanin markers can 

survive strong maturation, but it is not clear whether that remnant phaeomelanin has 

increased preservation potential: it is not possible to test the degree of cross-linking of 

phaeomelanin monomers 
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Decay has little impact on melanosome morphology in feathers. Melanosomes do not 

exhibit obvious differences in geometry in SEM micrographs of untreated and decayed 

feathers (Fig. 3.2a,f); granted no quantitative comparison was made and ideally this would 

be tested statistically. 

 

Despite this lack of apparent morphological change during decay, this thesis reveals that 

melanosomes are not completely immune to change during the decay process. Exposure 

to an oxidant following decay generates higher quantities of PTeCA markers (pathway 8 in 

Fig. 3.6) than feathers oxidised without prior decay (pathway 5 in Fig. 3.6). This result 

indicates that decay prior to oxidation results in more melanin degradation than when 

feathers are not decayed. This result is potentially due to initial decay of either the 

melanosome membrane or surrounding proteinaceous tissue, or both. 

 

7.1.2 The taphonomy of proteinaceous feather tissue 

 

The experimental results presented in this thesis also inform on the taphonomy of 

proteinaceous feather tissue. Electron microscopy, S-XANES and FTIR data reveal that the 

factors controlling the morphological and chemical preservation of proteinaceous feather 

tissue are, broadly, in decreasing order of importance: maturation, oxidation and decay. 

Critically, the experiments show that both morphological and chemical residues of 

proteinaceous feather tissue survive under all experimental treatments used. 

Morphological and chemical evidence of proteinaceous feather tissue are therefore likely 

to survive in deep time. 

 

Maturation is the primary control on the degradation of proteinaceous feather tissue. 

Electron micrographs show that moderate maturation (200°C for 1 h) results in feather 

microstructure that is identical to untreated feathers (Figs. 3.2c,f, 3.4 and 3.5a,b); sulfur 

and amide chemistries are similar to those of untreated feathers (albeit with a reduction in 

β-turns (Figs. 5.1, 5.2, 5.3, 6.1 and 6.4)). 

 

In contrast, strong maturation (250°C for 1 h) leads to notable changes in proteinaceous 

feather tissue. This treatment increases sulfate (Fig. 6.1) and reduces amide content (Figs. 

5.2 and 6.4). The reduction in amide content reflects a decrease primarily in the quantity 
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of N–H and C–N bonds within the proteins present. Strong maturation also results in an 

increase in α-helices and loss of β-sheets and β-turns (Fig. 5.3e,f and Supplementary Table 

5.2). This probably reflects the reconfiguration of β-sheets into α-helices and is likely 

facilitated, at least in part, by the loss of β-turns as follows. Pleated β-strands form a β-

sheet structure via β-turns, with H-bonding between the β-strands (Fig. 5.4e). A loss of β-

turns could potentially unravel the β-sheet structure and allow reconfiguration of OH 

bonds to form an α-helix. Critically, random coil structures and cysteine persist following 

strong maturation (Figs. 5.3e,f, 5.1 and 6.1 and Supplementary Table 5.2). These data 

confirm that evidence of feather proteins can survive extensive maturation. The 

mechanisms that are potentially responsible for the survival of evidence of feather 

proteins, such as encapsulation by lipids during in situ polymerisation, are summarised in 

Chapter 7.4.2. 

 

Incorporation of pressure into the thermal maturation experiments (200°C, 135 bar for 1 

h) also leads to notable changes in proteinaceous feather tissue. This treatment results in 

large regions of exposed melanosomes with no apparent surrounding proteinaceous 

feather tissue (Fig. 3.2d). High temperature-high pressure maturation under these 

conditions has a major impact on the preservation of proteinaceous feather tissue, at least 

locally. Other regions of feathers matured under the same conditions display 3D or 

mouldic melanosomes with visible proteinaceous feather tissue (Figs. 3.2h and 3.3d,g,h).  

 

High temperature-high pressure maturation (using different conditions of 150°C, 135 bar 

for 1 h) also impacts feather chemistry but to a lesser extent than strong thermal 

maturation (250°C for 1 h at atmospheric pressure). FTIR data show a reduction in the 

amide content of feathers matured using high temperatures and high pressures but the 

reduction, especially of amides B, I and III, is less than generated by the strong maturation 

of feathers. S-XANES data show that cystine disulfides remain in feathers matured using 

high temperatures and high pressures but are absent in strongly matured feathers. The 

morphology of proteinaceous feather tissue was not examined following maturation under 

these high temperature-high pressure conditions.  

 

Interestingly, the taphonomic conditions required for the chemical preservation of feather 

CBPs differ for tertiary and secondary structures of the protein. S-XANES data reveal that 
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thermal maturation is more detrimental to the preservation of feather CBP tertiary 

structure than thermal maturation with pressure. In contrast, FTIR data reveal that thermal 

maturation with pressure is more detrimental to the preservation of feather CBP 

secondary structures than thermal maturation. 

 

Oxidation alone does not appear to impact the morphological preservation of 

proteinaceous feather tissue (Fig. 3.2e). The extent to which oxidation impacts on the 

preservation of feather proteins was not tested. 

 

Decay results in minor changes to feather chemistry. These changes, however, are 

somewhat counter-intuitive. S-XANES data show that decayed feathers exhibit slightly less 

sulfate (an indicator of oxidised sulfur from disulfide bonds) than untreated feathers (Fig. 

6.1). Further, disulfide peaks are more substantial with decay prior to maturation than in 

non-decayed, matured feathers (Fig. 6.1). These spectral features are not expected but 

may be explained by the onset of in situ polymerisation. Early stages of decay can initiate 

in situ polymerisation, during which lipids can associate with biomolecules (Gupta et al., 

2009). The lipid content of feathers is approximately 0.9% (Zeisler-Diehl et al., 2020). It is 

possible that the minor amounts of lipids present in feathers associate with and stabilise 

feather CBPs during the early stages of decay but this requires further testing.  

 

The pH of the decay medium seems to impact feather microstructure. Decay in a solution 

with a starting pH of 6.0 does not result in any obvious ultrastructural changes to 

proteinaceous feather tissue. In contrast, decay in a solution with a starting pH of 12.2 

results in shrinkage of the feather tissue surrounding melanosomes (Fig. 3.2b). This 

shrinkage almost certainly reflects chemical alteration of the proteinaceous feather cortex, 

but the chemistry of these feathers was not tested. Alkaline solutions, however, are 

reported to cause swelling of hair and feather tissue (Mokrejs et al., 2011; Wang et al., 

2021). Alkaline swelling of hair and feather proteinaceous tissue occurs via the weakening 

of hydrophobic interactions in the polypeptide chains, allowing the reducing agent to 

damage the protein and liberate cysteine (Wang et al., 2021). Additional analyses are thus 

required to resolve this inconsistency and understand the chemical reactions responsible 

for the shrinkage of feather tissue in alkaline conditions observed here. 
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7.1.3 Barriers to interpreting taphonomic impacts on the preservation of feather 

components 

 

The term “experimental design” in this thesis refers to various elements of an experiment: 

the samples chosen for analyses, experiments performed, analytical techniques chosen 

and the methods by which data was obtained, processed and interpreted. The 

experimental design and analytical approaches used in this thesis place a series of 

constraints on the extent to which the results can inform on how taphonomic factors 

affect feather preservation. 

 

Experimental design. The use of the AHPO protocol in Ito et al. (2011) may influence the 

results of taphonomic experiments that include an oxidation treatment. The use of this 

oxidation protocol in isolation (i.e., not in combination with other treatments) does not 

ensure the degradation of all melanosomes and solubilisation of all melanin in feathers 

(pathway 5 in Fig. 3.6). Residual melanin markers in oxidised feathers could reflect the 

complete degradation of some, but not all, of the melanosomes present and the retention 

of eumelanin molecules that are not membrane-bound. Future analyses are required to 

test whether mouldic melanosome-bearing matrices can retain chemical evidence of 

melanin (Chapter 7.1.1). 

 

Other potential limitations of the oxidation protocol are the use of H2O2 as an oxidant, the 

concentration of H2O2 and the duration of the oxidation experiments. Data from oxidation 

experiments demonstrate that melanosomes readily degrade when oxidation precedes 

maturation, indicating that moulds are more likely to form early during diagenesis. 

Nevertheless, it is possible that extensive melanosome degradation following maturation is 

possible but may require exposure to an oxidant for longer durations, interaction with a 

stronger oxidant or higher concentrations of an oxidant. Such variations in experimental 

conditions were not tested. 

 

An additional limitation of the taphonomic experiments was the generation of mouldic 

melanosomes during sample preparation. Initial attempts to visualise the internal structure 

of feathers used a scalpel to dissect all experimentally treated feathers. This procedure 

fractured the feather and distributed the melanosomes between the feather part and 
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counterpart, thus generating abundant moulds that were in fact artefacts of the dissection 

process. Clearly this has the potential to impact the assessment of melanosome 

degradation in experimentally treated feathers. Two additional steps were thus added to 

the sample preparation for SEM and TEM to prevent fracturing: resin-embedding and 

sectioning of the resin blocks using an ultramicrotome. This modified sample preparation 

method successfully minimised the artificial generation of mouldic melanosomes based on 

the absence of moulds in electron microscopy images of non-oxidised samples after resin-

embedding and sectioning with an ultramicrotome (Fig. 3.2a–d). The drawback of this 

method is that it generates a smooth surface of the resin block that can hinder the 

observation of any intact and 3D melanosomes present (Fig. 3.5a,b). Untreated feathers 

and feathers thermally matured following decay were therefore fractured without a resin-

embedding step to observe the melanosomes (Fig. 3.2f,g). Fractured surfaces show rare 

voids that are similar in size to the mouldic melanosomes in oxidised feathers (Fig. 3.2f). 

These voids are interpreted as preparation artefacts since no moulds are visible in the 

untreated feathers that were resin-embedded and sectioned (Fig. 3.5a,b). Melanosome 

moulds generated during the fracturing process are thus artefacts of preparation. All 

oxidised feathers were prepared using the modified sample preparation protocol to ensure 

that the moulds in the oxidation experiments reflect melanosome degradation and not 

preparation artefacts. The image in Fig. 3.3d is of an oxidised and matured feather that 

was fractured due to the poor quality of SEM images taken of the resin-embedded sample. 

 

The results of the experiments described in Chapter 3 inform on the taphonomy of 

melanosomes (in black feathers) and of their constituent eumelanin. Given the colour of 

the feathers and the elongated shape of the melanosomes, it is likely that the black 

feathers analysed primarily contain eumelanin. Melanosomes in the black feathers 

analysed likely contain minor phaeomelanin, as in the black feathers analysed in Chapter 4 

(also from G. gallus), but phaeomelanin concentrations were not determined for these 

particular samples. The experimental data therefore cannot directly explain the impact of 

oxidation on phaeomelanin and the origins of mouldic "phaeomelanosomes" (spheroidal 

to sub-spheroidal melanosomes in fossils). There is, however, evidence that phaeomelanin 

is less resistant to degradation than eumelanin (Colleary et al., 2015; Liu et al., 2005; 

Wakamatsu & Ito, 2002). It is therefore likely that the same taphonomic scenarios that 

result in eumelanosome degradation will also degrade phaeomelanosomes. Nevertheless, 
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it is unclear whether phaeomelanosomes can degrade under other conditions, especially 

those that do not degrade eumelanin. 

 

This thesis does not address certain important questions regarding feather taphonomy. 

Sulfurisation is known to contribute to the preservation of fossil melanosomes (McNamara 

et al., 2016b) and potentially fossil bone marrow (McNamara et al., 2006) and the soft 

tissues of a mosasaur (Lindgren et al., 2014). It remains unclear whether the sulfurisation 

of melanosomes involves the eumelanin molecule only or eumelanin plus one or more 

other melanosome components (e.g., lipids from the organelle membrane and 

melanosome proteins). If sulfurisation of melanosomes requires lipids or proteins from the 

melanosome, then sulfurisation can contribute to the preservation of fossil eumelanin only 

in taphonomic scenarios that are conducive to melanosome preservation. Alternatively, if 

sulfurisation requires the eumelanin molecule only then sulfurised fossil eumelanin may be 

more widespread in the geological record than fossil melanosomes. Another important 

question that this thesis does not address is whether melanosomes containing 

phaeomelanin can sulfurise.  

 

This thesis also does not elucidate the impact of oxidation on feather chemistry. The data 

from taphonomic experiments presented here support the identification of melanosome-

bearing matrices as the degraded remains of feather tissue. The degraded feather tissue 

surrounding mouldic melanosomes was presumably exposed to the oxidant(s) that led to 

melanosome degradation. Experimental data on the impact of oxidation on feather 

proteins would thus assist in interpreting chemical data on mouldic melanosome-bearing 

matrices. 

 

Finally, whether heavy metals play a role in the preservation of melanins or feather CBPs is 

unknown. Previous studies report the presence of heavy metals in fossil feathers (Manning 

et al., 2013; Pan et al., 2019; Wogelius et al., 2011). Further, Cu is shown to bind to fossil 

eumelanin in an isolated feather from the Green River formation and in the feathers of 

Confuciusornis (Wogelius et al., 2011). The preservation of archaeological hair (Bertrand et 

al., 2014) and some soft-bodied fossils in the Burgess Shale (Petrovich, 2001) are 

interpreted to be due, at least in part, to the association of heavy metals with the tissues 
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(see Chapters 1.6 and 1.7.2) but whether heavy metals can bind to and stabilise feather 

proteins is unclear. 

 

Analytical techniques. The analytical techniques used during the research presented here 

have certain limitations with respect to the characterisation of melanin and melanosome 

degradation. Foremost, the degradation of non-melanin tissue components can clearly 

contribute to the AHPO-HPLC melanin signal. The experimental data presented here 

suggest that these contributions are, however, minimal – at least under the experimental 

conditions used. AHPO data derived from fossils that experienced a comparable 

taphonomic history are therefore likely to be broadly representative of the remnant 

melanin chemistry. Nevertheless, this interpretation does not exclude the possibility that 

different diagenetic conditions could result in a much greater contribution of non-melanin 

components to the AHPO signal derived from fossil feathers or other tissues. Additional 

taphonomic experiments are required to determine the conditions where the risk of non-

melanin contributions to the AHPO-HPLC melanin signal is greatest. 

 

A second limitation of the approaches used is that neither SEM nor AHPO-HPLC can 

determine the organic chemistry of individual melanosomes. Melanosomes in most tissues 

are considered to contain co-polymers of eumelanin and phaeomelanin (Ito & Wakamatsu, 

2008; Ito et al., 2000). Indeed, there is evidence, at least for neuromelanin, that some 

melanosomes contain a phaeomelanin core surrounded by a eumelanin crust (Bush et al., 

2006). Evidence of this casing model stems from photoelectron microscopy data (Bush et 

al., 2006). Photoelectron microscopy can chemically characterise individual melanosomes 

by detecting the different oxidation potentials of eumelanin and phaeomelanin (Bush et 

al., 2006). The results on melanosome and melanin survival presented here may therefore 

reflect the preservation potential of melanosomes containing eumelanin exclusively, 

melanosomes with a mixed melanin composition, or both. In addition to photoelectron 

microscopy, nano-FTIR can also characterise the chemistry of individual melanosomes 

(Stanic et al., 2018). The distinction between eumelanosomes that are exclusively 

eumelanic or contain a phaeomelanin core is important in future research as different 

types of eumelanosomes may vary in their preservation potential. 
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7.2 Feather intrinsic chemistry influences the preservation potential of 

feather CBPs and melanins 

 

This thesis suggests that the preservation of melanin and feather CBPs is influenced by the 

intrinsic chemistry of feathers. The latter includes melanin and melanosomes , feather 

CBPs, IF-keratins, CBPs, KAPs, melanoproteins, metals and lipids. AHPO-HPLC data on 

experimentally treated feathers show that the preservation potential of both eumelanin 

and phaeomelanin differs in both orange and black feathers (Fig. 4.2). Further, S-XANES 

data demonstrate that a lower phaeomelanin and especially eumelanin content promotes 

the preservation of feather CBPs (Figs. 6.1 and 6.2). These chemical data highlight the 

benefits of using whole tissues (rather than pure analytical standards) in taphonomic 

experiments and are discussed in detail below. 

 

7.2.1 Feather intrinsic chemistry influences melanin preservation 

 

AHPO-HPLC data reveal that melanin monomers show different degradation patterns in 

black and orange feathers. For instance, the eumelanin marker PTCA (derived primarily 

from DHICA units) degrades steadily in orange feathers with progressive maturation (i.e., in 

a stepwise fashion from moderate maturation to strong maturation but degrades markedly 

in black feathers only with strong maturation. Further, PDCA (reflecting DHI units) 

increases in black feathers and decreases in orange feathers with moderate maturation 

but increases in both with strong maturation. The patterns in the data for PTCA and PDCA 

in orange feathers are not consistent with published mechanisms for the chemical 

degradation of eumelanin (Ito et al., 2013; Jarenmark et al., 2021). DHI and DHICA units 

therefore degrade differently in black and orange feathers, with a greater proportional loss 

of each under moderate maturation conditions than in black feathers.  

 

Similarly, the phaeomelanin markers TTCA and TDCA do not exhibit the same degradation 

patterns in black and orange feathers. TTCA gradually decreases in black feathers with 

progressive maturation, whereas in orange feathers it decreases only with strong 

maturation. TDCA increases in orange feathers with progressive maturation but only in 

black feathers with moderate maturation. 
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This variation in the degradation pattern of melanin monomers could reflect one or several 

factors. Feathers of different colours, i.e., with different dominant melanin chemistry, may 

differ in the extent to which melanin monomers are crosslinked. AHPO-HPLC provides 

evidence of greater eumelanin crosslinking in orange feathers than in black feathers via an 

increasing PTeCA : PTCA ratio with progressive maturation. The experiments with white 

feathers, however, suggest that we cannot exclude the possibility that the increase in 

PTeCA in orange feathers may reflect, at least in part, the degradation of non-melanin 

feather components. Assuming that greater crosslinking leads to a greater preservation 

potential of molecules, the greater crosslinking in matured orange feathers compared to 

matured black feathers suggests that eumelanin may be more robust in a phaeomelanin-

dominated feather rather than a eumelanin-dominated feather over geological timescales. 

Such small amounts of eumelanin in a phaeomelanin-dominated feather, however, would 

be difficult to detect. Greater preservation – and detection – of eumelanin in a 

phaeomelanin-dominated tissue is therefore not considered the most realistic scenario but 

the data suggest that it is possible. 

 

Another factor that may contribute to the variation in the degradation of melanin 

monomers is the DHI : DHICA ratio. The black and orange feathers analysed possess 

different DHI : DHICA ratios. The eumelanin degradation patterns shown in Chapter 4 

resemble AHPO-HPLC data on matured Sepia eumelanin rather than synthetic DHI and 

DHICA and mixtures thereof (Jarenmark et al., 2021); this may reflect a similar DHI : DHICA 

ratio for natural eumelanin in biological samples. Data on matured synthetic eumelanin 

suggest that this ratio impacts the degradation patterns of eumelanin markers (Jarenmark 

et al., 2021). Additional data are needed to confirm whether the DHI : DHICA ratio is similar 

in all biological samples that are predominantly eumelanic and whether the DHI : DHICA 

ratio in whole tissues also impacts the survival of eumelanin markers, as it does in 

synthetic eumelanin (Jarenmark et al., 2021). Additional factors that could potentially 

explain the different degradation patterns in different coloured feathers include the 

presence and abundance of the following: melanin co-polymers, melanosome proteins, 

lipids, other proteins and metals bound to melanins and proteins. 

 

7.2.2 The melanin content of feathers influences the preservation of feather proteins 
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S-XANES data demonstrate that feather melanin content is linked to the oxidation of 

disulfides in feather CBPs during maturation. The S-XANES data show that disulfides oxidise 

gradually in white and orange feathers with progressive maturation but show marked 

change in black feathers only with strong maturation (Figs. 6.1 and 6.2). Notably, cystine 

disulfide bonds – indicative of CBP tertiary structure – survive strong maturation only in 

white feathers; black feathers contain more sulfate and less cysteine than orange and 

white feathers. Intriguingly, the progressive oxidation of disulfides in orange feathers and 

the marked oxidation of disulfides only in strongly matured black feathers parallel the 

chemical alteration of melanin during degradation: phaeomelanin degradation is gradual 

with progressive maturation whereas major alteration of eumelanin occurs extensively 

only with strong maturation (Fig. 4.2). The strong oxidation of disulfides in black feathers – 

and lack of disulfide oxidation in white feathers – may therefore relate to melanin content 

and potentially melanin degradation (see Chapter 7.4). Ultimately, the experimental data 

suggest that feather melanin impacts the oxidation of sulfur in feather CBPs, whereby fossil 

feathers with little to no eumelanin may preferentially retain reduced sulfur species 

indicative of feather CBPs, relative to feathers with a high phaeomelanin and especially 

eumelanin content. 

 

These data are in direct conflict with previous taphonomic studies on white and black 

feathers (Goldstein et al., 2004; Saitta et al., 2018; Zhao et al., 2020). Saitta et al. (2018) 

report that experimentally matured white feathers degrade completely, leaving no 

residues of proteinaceous feather tissue. The authors, however, do not provide high-

resolution images or chemical data to support these claims. Other studies have also 

reported that black feathers are more decay-resistant than white feathers (Goldstein et al., 

2004; Gunderson et al., 2008). These studies differed substantially to the experimental 

setup used both in Saitta et al. (2018) and in this thesis, as they focussed on decay by the 

feather degrading bacterium Bacillus licheniformis. In Goldstein et al. (2004) and 

Gunderson et al. (2008), feathers were sterilised and inoculated with Bacillus or 6–12 days 

at 37°C and the soluble protein content used as a proxy for the extent of decay. 

Problematically, the soluble proteins from bacteria contributed to the measured soluble 

protein content. Gunderson et al. (2008) therefore included two additional metrics for 

analysing the extent of decay: bacterial growth and feather mass; they reported less 

bacterial growth and reduced loss of feather mass for non-melanised feathers.  
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Various studies suggest that melanin residues may bind to and stabilise feather proteins, 

referred to as the ‘melanoprotein’ hypothesis in this thesis (Lindgren et al., 2015a; Moyer 

et al., 2016; Zhao et al., 2020). The generation of melanoproteins occurs via interactions of 

L-dopaquinone with thiols in proteins (García-Borrón et al., 1984). Galván and Solano 

(2016) propose that the formation of melanoproteins in feathers, and thus stabilisation of 

feather CBPs, may occur via the interaction of L-dopaquinone with the amino acid cysteine 

in feather CBPs. Zhao et al. (2020) provide tentative evidence of interaction between 

melanin and feather tissue. TEM images of experimentally matured feathers show 

melanosomes with indistinct margins (Zhao et al., 2020), but whether this is evidence of 

reactions melanin into surrounding tissues is unclear. 

 

7.2.3 Limitations to assessing the impact of intrinsic feather chemistry on the preservation 

potential of feather CBPs and melanins 

 

The experimental design and analytical techniques chosen for this research place certain 

constraints on the ability of the results to inform on the influence of the intrinsic feather 

chemistry on the preservation of melanin and proteins in feathers. 

 

Experimental design. The critical limitation of the experimental design is that not all 

feather components were analysed. Metals that are bound to melanin (Hong & Simon, 

2007) and potentially to feather CBPs (Burger, 1995) could potentially influence the 

preservation of feather components as metals are known to bind to and stabilise 

biomolecules (Bertrand et al., 2014; Petrovich, 2001; Wogelius et al., 2011; see Chapters 

1.7.2 and 7.1.3), but these were not analysed using e.g., synchrotron-XRF. Another 

limitation of the experimental design is the use of black feathers that contain small 

quantities of phaeomelanin and orange feathers with small quantities of eumelanin. The 

specific feathers used were chosen to approximate endpoints on the eumelanin-  

phaeomelanin spectrum, but even in this case, avoiding eumelanin-phaeomelanin mixtures 

was impossible (see Chapter 2.1.1). The feathers analysed permit the assessment of 

eumelanin degradation in a phaeomelanin-dominated system and vice versa but make it 

difficult to assess the degradation of eumelanin and phaeomelanin separately in tissues. 

From an empirical point of view, the use of feather that contain either eumelanin or 
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phaeomelanin exclusively would be beneficial. The vast majority of tissues, however, 

contain both pigments so it is not clear whether experiments on tissues containing 

eumelanin or phaeomelanin only would be biologically relevant. 

 

Analytical techniques. The techniques chosen for this research possess certain analytical 

limitations.  

 

The FTIR data presented here cannot provide information on each eumelanin, 

phaeomelanin and proteins individually. An FTIR spectrum will inevitably include 

contributions, even if minor, from any proteins, eumelanin and phaeomelanin present. 

ATR-FTIR, which was used to collect the FTIR data here, does not have sufficiently high 

spatial resolution to probe the chemistry of individual melanosomes and thus the resulting 

spectra predominantly reflect the chemistry of feather proteins, i.e., amide chemistry (see 

Chapter 6.2). Nano-FTIR can discriminate between eumelanin and phaeomelanin and 

probe the chemistry of individual melanosomes. The ability of nano-FTIR to probe 

individual melanosomes facilitates the analysis of melanosome chemistry only, without 

feather protein chemistry dominating the IR spectrum. Future attempts to assess the 

impact of intrinsic feather chemistry on melanin preservation should use nano-FTIR. 

 

There are some minor concerns with the FTIR data processing that warrant consideration. 

Of primary concern is the strong variation in peak intensity among FTIR spectra, 

particularly between spectra for black and orange feathers. Differences in peak intensities 

are important as the intensity of an FTIR peak reflects the concentration of the functional 

group corresponding to the molecular bond(s). In this thesis, the data were normalised via 

z-score standardisation (a standard procedure) to remove sample thickness effects and 

enable the comparison of peak intensities among FTIR spectra (Jardine et al., 2017). It is 

unexpected that some variation remains in absorption among FTIR spectra. Importantly, it 

does not seem likely that this difference relates to feather type. Black feathers from Gallus 

gallus show stronger peak intensities across the entire FTIR spectrum than both orange 

contour feathers from Gallus gallus and white primary feathers from Egretta garzetta. The 

variation could therefore indicate some variability in absorption due to melanin content 

but there is no data in the literature to support this.  
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Further, there is no literature to suggest that different colours of the same feather type 

differ in the abundance of functional groups and, in particular, amides – the predominant 

functional group in the FTIR data presented here. Quantification of FTIR data in future 

studies could help resolve this issue and potentially experimenting with different 

standardisation procedures. 

 

Similar to ATR-FTIR, AHPO-HPLC cannot probe the melanin component of feathers 

exclusively. AHPO-HPLC is widely considered the most diagnostic technique for the 

identification of melanin (Ito et al., 2011, 2013; Jarenmark et al., 2021; Wakamatsu & Ito, 

2002). This thesis, however, shows that the degradation of non-melanin components, 

especially with strong maturation, generates melanin markers (Figs. 4.2 and 4.3). 

 

The key limitation of S-XANES is its inability to probe the sulfur in feather CBPs exclusively. 

S-XANES can inform on the sulfur chemistry of feather CBPs only when feather CBPs are 

the only source of sulfur. The abundance of benzosulfur in phaeomelanin-rich orange 

feathers makes assessing the contribution of cysteine from feather CBPs to S-XANES 

spectra difficult. Benzosulfur and cysteine excite at the same energy to produce 

overlapping peaks (Edwards et al., 2016; Fig. 6.1). Nevertheless, the contribution of 

cysteine to the cysteine/bensosulfur peak can be estimated by comparing the relative 

heights of the cysteine/benzosulfur peaks in white and orange feathers. The contribution 

of benzosulfur to the cysteine/benzosulfur peak in orange feathers is thus minimal 

compared to the contribution of cysteine to the peak. Notably, eumelanin does not 

contain sulfur (Ito & Fujita, 1985). Eumelanin-rich black feathers possess minor amounts of 

phaeomelanin (Fig. 4.2 and Table 4.1); as a result, the contribution of sulfur from 

phaeomelanin to S-XANES spectra of black feathers is likely to be minor. Further, it is 

unlikely that feather components other than melanins or feather CBPs contribute to the 

sulfur in the S-XANES spectra of feathers. IF-keratins in feathers do not contain sulfur 

(unlike trichocyte IF-keratins, which occur in hair, wool, hoof, horn, claw and baleen 

[Eckhart & Ehrlich, 2018; Holthaus et al., 2018]). KAPs contain sulfur (Shimomura & Ito, 

2005) but are a likely a minor component of mature feathers (Alibardi, 2006; Ng et al., 

2012; Wu et al., 2015; see Chapter 1.4.2). Lipids that contain sulfur are termed sulfolipids 

and occur only in plants (Shimojima, 2011) and the brain, testis and kidneys of mammals 

(Tadano-Aritomi et al., 2001). The S-XANES data from black and white feathers therefore 
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reflect predominantly, if not exclusively, the sulfur chemistry of feather CBPs. Comparison 

of the S-XANES data from black, white and orange feathers reveals that feather CBPs are 

less oxidised, and thus less degraded, in phaeomelanic orange and amelanic white 

feathers. 

 

7.3 Evidence of phaeomelanin and feather CBPs can survive in deep time 

 

Reports of chemical residues of phaeomelanin (Brown et al., 2017; Colleary et al., 2015; 

Manning et al., 2019) and feather CBPs (Pan et al., 2016; Pan et al., 2019; Schweitzer et al., 

1999) are few and controversial. The controversial nature of reports of fossil feather CBPs 

stems – in part – from a lack of data from taphonomic experiments to support the 

preservation of feather proteins in the fossil record (Saitta et al., 2017a, b, 2018). Data 

from taphonomic experiments would also provide useful context for reports of chemical 

residues of phaeomelanin. This thesis demonstrates that chemical residues of 

phaeomelanin and feather CBPs can survive in deep time based on AHPO-HPLC, HCl-AHPO-

HPLC, S-XANES and FTIR data on fossils and experimentally treated feathers from extant 

birds.  

 

7.3.1 Phaeomelanin can survive extensive maturation 

 

A taphonomic model for the molecular degradation of eumelanin and phaeomelanin is 

presented here based on AHPO-HPLC and HCl-AHPO-HPLC analyses of experimentally 

matured feathers. This model supports the data presented in this thesis for the 

preservation of phaeomelanin monomers in 10 Ma fossil frogs. 

 

The experimental data presented here show that the decrease in total concentration of 

phaeomelanin markers in orange feathers is more (moderate maturation: -36%; strong 

maturation: -72%) than the decrease of the total concentrations of eumelanin markers in 

matured black feathers (moderate maturation: -1%; strong maturation: -62%; see Chapter 

4). These data demonstrate that phaeomelanin begins to degrade at lower temperatures 

than eumelanin and thus presumably begins to degrade earlier during diagenesis. 

Ultimately, these data suggest that phaeomelanin has a lower preservation potential than 

eumelanin. A lower preservation potential of phaeomelanin may, in part, explain reports of 
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fossil phaeomelanosomes preserved exclusively as moulds in feathers of specimens of 

Anchiornis (Li et al., 2010), Sinornithosaurus and Sinosauropteryx (Zhang et al., 2010). 

Nevertheless, experimental data show that small amounts of eumelanin and even 

phaeomelanin monomers can persist after strong maturation (Figs. 4.2 and 4.3). 

 

The use of HCl to demineralise fossil material prior to AHPO-HPLC (Ito et al., 2018; see 

Chapter 2.6) requires some consideration. The model presented here predicts that 

eumelanin-dominated feathers (and presumably other fossil tissues) will retain a dominant 

eumelanin signal after HCl treatment. This eumelanin signal should show PTeCA ≈PTCA > 

PDCA (Table 4.3) with TDCA > TTCA. Phaeomelanin-dominated fossil tissues should retain a 

dominant phaeomelanin signal with TTCA > TDCA and accessory should show PTCA > 

PTeCA >> PDCA. The model predicts the generation of very low concentrations of melanin 

markers in matured white feathers, which approximate a non-melanic, protein-rich tissue. 

This artificial melanin signal will be dominated by eumelanin markers, with PTCA > PTeCA 

>> PDCA. The potential for non-melanin sources to generate melanin markers raises 

concerns regarding the use of AHPO-HPLC in the detection of fossil melanins. Notably, this 

artificial signal is enhanced following HCl treatment. This may have broader applications 

for other analytical approaches: HCl is frequently used as a pre-treatment step for other 

analytical techniques (Schweitzer et al., 2008) such as Raman spectroscopy (Norell et al., 

2020; Wiemann et al., 2018). The potential for HCl treatment to generate chemical signals 

in AHPO data (and data obtained using other techniques) that could potentially be 

misinterpreted as biologically informative should thus be explored further. 

 

The experimental data presented here allow the validity of previous reports of fossil 

phaeomelanin be assessed. During maturation, more BZ-AA is generated (relative to 

starting conditions) than any other phaeomelanin marker (Fig. 4.2 and Table 4.2). The 

source of this artificial signal is not clear but the maturation of feathers also results in 

extensive amide degradation (Figs. 5.2 and 6.4) and oxidation of sulfur in feather CBPs 

(Figs. 5.1 and 6.1). These data, plus the dominance of feather chemistry by CBPs,are 

consistent with a protein source for artificially generated melanin markers. BZ-AA alone is 

therefore not a diagnostic indicator of phaeomelanin (see Chapter 4), and evidence of BZ 

alone, such as in Borealopelta (Brown et al., 2017), does not constitute sufficient evidence 

for the confident identification of fossil phaeomelanin. Although BZ-AA alone is not 
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diagnostic, it may, however, form part of a robust signal for fossil phaeomelanin as part of 

a suite of evidence. For example, the co-occurrence of fossil melanosomes, Zn and 

benzosulfur (from the BZ phaeomelanin unit) supports fossil phaeomelanin in the Pliocene 

mouse Apodemus (Manning et al., 2019). 

 

Ultimately, the confident identification of phaeomelanin in deep time is important because 

it has the potential to inform on melanin evolution. Exposure of phaeomelanin to ionising 

radiation generates ROS that are toxic to organisms (see Chapter 1.3). In fact, a negative 

correlation exists between the expression of phaeomelanin colouration and the relative 

brain mass of extant avian species (Galván & Møller, 2011). The costs associated with 

phaeomelanic colouration thus raise questions regarding the evolutionary pressures that 

led to its evolution. Galvan et al. (2012) hypothesise that the origin of phaeomelanin is 

linked to the removal of excess cysteine in the body, which is highly toxic to organisms, via 

the process of phaeomelanogenesis (see Chapter 1.7.2). Clearly further work is needed but 

fossil phaeomelanin has great potential to inform on longstanding questions regarding the 

origins and functional evolution of phaeomelanin. 

 

This thesis presents the oldest chemical evidence of phaeomelanin yet reported, in fossil 

feathers from the Early-Mid Cretaceous Jehol biota and from fossil frogs from the Late 

Miocene Libros biota. The chemical signal providing evidence of phaeomelanin in the fossil 

feathers, however, is not consistent with the model developed in Chapter 4 and is thus 

considered here to be tentative evidence of phaeomelanin in Mesozoic fossils. 

Nevertheless, it may be reasonable to expect different eumelanin and phaeomelanin ratios 

in fossils that experienced intense maturation to those predicted by the model. 

Importantly, the chemical signal from the fossil frog melanin is most consistent with the 

taphonomic model developed in Chapter 4. The fossil frog tissues show PTeCA ≈PTCA > 

PDCA with TDCA > TTCA is present. The eumelanin and phaeomelanin signals suggest that 

the tissues were originally eumelanin-dominated and are inconsistent with artificial 

melanin signals.  

 

The preservation of a phaeomelanin chemical signature in the fossil frogs provides 

evidence of phaeomelanin synthesis in ancient amphibians. Given that phaeomelanin is 

known to occur in extant reptiles, amphibians, fish and cephalopods (Roulin et al., 2013; 
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Rogers et al., 2019; Rossi et al., 2019; Wolnicka‐Glubisz et al., 2012), our discovery of 

evidence of phaeomelanin in Mesozoic and Cenozoic fossils opens the possibility for 

further discoveries in older and more basal taxa. This will help resolve the evolutionary 

history and origins of phaeomelanin. 

 

7.3.2 Limitations on understanding phaeomelanin preservation 

 

The experimental design and analytical techniques chosen for this research place certain 

constraints on the ability of the results to inform on the preservation of phaeomelanin. 

 

Experimental design. The thermal maturation experiments using feathers support the 

preservation of evidence of phaeomelanin in Miocene frogs. It is possible that the 

response of phaeomelanin markers to maturation may differ between feathers and frog 

tissues, but further work is necessary to test this hypothesis. 

 

Analytical techniques. AHPO-HPLC is widely considered the most diagnostic assay for the 

identification of melanin markers following oxidative degradation (Ito et al., 2011, 2013; 

Jarenmark et al., 2021; Wakamatsu & Ito, 2002). AHPO-HPLC data has been used to 

support interpretations of fossil eumelanin in organically preserved fossils, such as a 

Jurassic cephalopod (Glass et al., 2012) and ichthyosaur (Lindgren et al., 2018; see Chapter 

1.7.1). This thesis, however, demonstrates that non-melanin sources can contribute to a 

chemical signal for melanin in matured material (Fig. 4.2). Further, the recovery of 

eumelanin and phaeomelanin markers in experimentally matured feathers is lower 

following HCl treatment than when no HCl treatment is used. Further, HCl-AHPO-HPLC is 

biased against recovery of phaeomelanin (52% recovery of phaeomelanin in orange 

feathers versus 86% recovery of eumelanin in black feathers). This implies that HCl-AHPO-

HPLC data underrepresent actual melanin content, especially of phaeomelanin, in fossils; 

this bias is compounded by the fact that phaeomelanin degrades faster than eumelanin. To 

date, chemical residues of fossil phaeomelanin have been reported using S-XANES and 

ToF-SIMS only (Brown et al., 2017; Colleary et al., 2015; Manning et al., 2019). The absence 

of evidence of fossil phaeomelanin from HCl-AHPO-HPLC data in many fossils may be due 

to the use of HCl treatment.  
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Alternative techniques to AHPO-HPLC can assist in the identification of melanins. ToF-SIMS 

can identify secondary ion fragmentation patterns that are characteristic of melanins but 

this technique is not diagnostic (Colleary et al., 2015; Jarenmark et al., 2021). Other 

techniques that have been successful in generating evidence for the identification of 

melanin in extant taxa include synchrotron-based photoionisation-MS, GC-MS and Raman 

spectroscopy (Dernroth et al., 2009; Galván & Jorge, 2015; Galván & Solano, 2015, 2016; 

Liu, 2014). It is therefore prudent to test techniques that are complementary to HCl-AHPO-

HPLC to ensure that minerals and non-melanin organic molecules do not interfere with or 

contribute to the melanin signal; this is essential for future analyses of fossils for evidence 

of eumelanin and, especially, phaeomelanin (see Chapter 8.2). 

 

7.3.3 Feather CBPs can survive extensive maturation 

 

This thesis presents chemical evidence of cystine, cysteine, β-sheets and α-helices, which 

are indicative of remnant feather CBPs, in Mesozoic fossil feathers. Electron microscopy, S-

XANES and FTIR data from experimentally treated feathers support these fossil data. 

 

S-XANES and FTIR analyses of Mesozoic fossil feathers reveal evidence for secondary and 

tertiary structures of remnant feather proteins. Both Confuciusornis and Sinornithosaurus 

feathers retain evidence of cysteine, α-helices and β-sheets (Fig. 5.3i); Confuciusornis also 

shows cystine and Sinornithosaurus also shows β-turns (Fig. 5.3j). The isolated feather from 

the Green River Formation shows local preservation of β-sheets, β-turns and α-helices (Fig. 

5.3h). 

 

This chemical evidence of fossil feather CBPs is supported by S-XANES and FTIR data on 

experimentally treated feathers. Cysteine and amides are retained in all experimentally 

treated feathers and cystine disulfide bonds can survive in matured white feathers. FTIR 

data show that β-sheets can persist in moderately matured feathers but undergo complete 

transformation into α-helices with strong maturation. Based on these experimental data it 

is reasonable to expect an amide and cysteine signal to be retained in most fossil feathers 

and a cystine signal in at least some fossil feathers. The data also suggest that, if present, 

β-sheets and cystine will preserve locally, with the predominant secondary structure being 

α-helices. 
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The fossil and experimental data in this thesis are consistent with previous reports of 

remnant proteins in the fossil record. Edwards et al. (2011) interpret the presence of 

amides, cystine and cysteine (as revealed by S-XANES and FTIR data) in a 50 Ma reptile 

from the Green River biota (Middle Eocene, USA) as evidence of keratins in fossil skin. In a 

separate study, Yang et al. (2019) provide FTIR data that suggest the preservation of 

amides in pterosaur feathers. The amide I peak position is not fully consistent with either 

an α-helix or β-sheet conformation and is considered to be diagenetic in origin (Yang et al., 

2019). This is supported by the experimental data presented in this thesis showing that β-

sheets transform to α-helices during maturation. If the α-helix structures in the pterosaur 

feathers reflect – at least in part –the diagenetic transformation of β-sheets, it implies that 

pterosaur feathers may have contained feather CBPs, non-specific basal CBPs or a different 

protein with (at least some) polypeptides in β-sheet conformation. 

 

The data in this thesis provide only partial support for reports of feather CBP remnants in 

Mesozoic fossils (Pan et al., 2016, 2019; Schweitzer et al., 1999). Although the data in this 

thesis supports the preservation of feather CBP remnants in Mesozoic fossils, these reports 

are based on immunohistochemical data that show fluorescence of fossil feathers 

following incubation with antibodies raised against feather CBPs (Pan et al., 2016, 2019; 

Schweitzer et al., 1999). Critically, it is unknown whether antibodies can retain their 

specificity when applied to fossil material. Non-specific antibody binding (where a 

molecule that lacks the specific epitope for an antibody nonetheless binds that antibody) 

causes false positive results and is a major concern in immunohistology. In particular, 

condensation reactions between sugars and proteins during diagenesis can produce 

melanoidins that can bind to antibodies (Collins et al., 1992). This issue requires further 

investigation but is beyond the scope of this thesis (Benton et al., 2019; see Chapter 8.2). 

 

Irrespective of the above caveats, analyses of fossil and experimentally treated feathers in 

this thesis demonstrate that evidence of feather secondary and tertiary structure can 

preserve in fossils, at least locally. Future analyses of early feathers may thus identify 

regions with a high fidelity of biochemical preservation that can greatly inform on feather 

evolution. Of particular interest is the chemistry of feathers in pterosaurs (Yang et al., 

2019) and the ornithischian dinosaur Kulindadromeus (Godefroit et al., 2014; see Chapter 
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8.2). Preservation of feather CBPs in pterosaur feathers would support the hypothesis that 

feather CBPs arose before feathers ca. 250 Ma (Dalla Valle et al., 2009; Dhouailly, 2009; 

Lowe et al., 2015) – not after feathers (Greenwold & Sawyer, 2011; see Chapter 1.4). 

Evidence of CBPs in the feathers and scales of Kulindadromeus (Godefroit et al., 2014), 

could test the hypothesis that avian scale CBPs evolved from feather CBPs (Dalla Valle et 

al., 2009; Dhouailly, 2009). 

 

7.3.4 Limitations on understanding the preservation of feather CBPs 

 

The experimental design and analytical techniques chosen to perform the research in this 

thesis possess certain limitations that warrant consideration.  

 

Experimental design. The experiments in this thesis test whether remnants of feather CBPs 

can survive in fossil feathers and are detectable using S-XANES and FTIR, but did not target 

IF-keratins. The degradation of IF-keratins has not been characterised in a taphonomic 

context, but it is highly likely that they contribute to the FTIR signal presented here. It is 

possible that IF-keratins may contribute to the S-XANES signal, especially if the proteins 

contain sulfur, but this cannot be tested as S-XANES and FTIR cannot target IF-keratins to 

the exclusion of feather CBPs. It is unknown whether the amount of IF-keratins present in 

feathers varies within and among feathers (as proposed for CBPs [Alibardi, 2016]). If the 

feathers analysed vary in IF-keratin content, this could potentially explain some of the 

variations in the S-XANES and FTIR data presented in Chapter 7.2.2. Critically, it is uncertain 

whether IF-keratins can transform from an α-helix to a β-sheet (Kreplak et al., 2004) 

conformation under the experimental conditions used here. Confirmation of this process 

would indicate that β-sheets are not a reliable indicator of feather CBPs in experimentally 

treated and fossil feathers. A greater understanding of the taphonomy of IF-keratins would 

be beneficial to the interpretation of chemical data that suggest the preservation of 

remnant fossil feather CBPs.  

 

An additional limitation is the amount of fossil material that was available for chemical 

analyses. AHPO-HPLC required the sampling of large amounts of fossil soft-tissue. Despite 

the relatively small size of the fossil data, the fossils analysed represent diverse taxa and 
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varied diagenetic histories (see Chapter 2.1) and are thus considered to be appropriate for 

this thesis. 

 

Analytical techniques. This thesis demonstrates that FTIR and S-XANES are powerful tools 

for the detection of chemical signals indicative of ancient feather CBPs and can probe 

secondary and tertiary structures, respectively. Nevertheless, the use of these techniques 

places certain constraints on the ability to characterise feather CBP degradation and detect 

remnants of feather CBPs in fossils.  

 

The primary limitation of FTIR is that the process of spectral deconvolution can be vague, 

with no set protocol. This arises where the chemistry of the sample is unknown. Further, 

peak assignments for the amide II region are often not unequivocal as the wavelengths at 

which secondary structures absorb in the region has not been fully characterised (see 

Chapter 2.8). FTIR deconvolutions thus rely on previous studies and databases of sample 

spectra, for which the presence and abundance of secondary structure has been 

characterised. The spectral deconvolution process begins with the selection of peak 

positions for secondary structures that are likely to be present. The best deconvolution is 

the one that best fits the data. A sample-specific protocol was developed to improve the 

reproducibility of the results presented here. 

 

Finally, FTIR cannot target feather CBPs to the exclusion of other proteins. CBPs and, to a 

lesser extent, IF-keratins, KAPs and melanosome proteins are highly likely to contribute to 

the FTIR data presented here. Unlike feather CBPs, IF-keratins, KAPs and melanosome 

proteins are not highly crosslinked. Assuming that crosslinking will make a molecule more 

robust, it is unlikely that these proteins are more robust than feather CBPs. Further, all of 

these proteins are relatively minor compared to feather CBPs. It is therefore most likely 

that the FTIR data here predominantly reflect the chemistry of feather CBPs. 

 

The main limitation of S-XANES is that there is a high demand for access to synchrotron 

facilities. Obtaining beamtime is thus a highly competitive process and beamtime is limited 

even for successful applicants. If beam time is granted it is difficult to justify spending an 

extensive amount of time analysing spatial heterogeneity in sulfur chemistry in an 
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individual sample. This approach is, however, particularly useful for fossil material where 

preservation is likely to be heterogeneous (see Chapter 8.2). 

 

An additional limitation of S-XANES is that the analysis of samples using synchrotron 

radiation can oxidise elements in the sample. The collection of multiple spectra from the 

same analysis point is important to ensure the use of optimal beam parameters. If the 

beam parameters are not optimal, successive scans can show signs of beam damage via 

oxidation of the target element. The optimal beam parameters for this study required 

different energy step sizes across the scan range to mitigate oxidation (see Chapter 2.7). 

 

Finally, S-XANES data cannot distinguish between disulfides original to feather CBPs and 

disulfides derived from the diagenetic incorporation of sulfur. If sulfurisation of 

biomolecules is widespread in organically preserved fossils then a disulfide peak in S-

XANES spectra of fossil feathers may not be diagnostic of original cystine. The contribution 

of sulfurisation to the preservation of feather CBPs – and any molecule other than melanin 

(McNamara et al., 2016b) – in feathers is, however, unknown. Determining the 

contribution of sulfurisation to fossil feather preservation is clearly important for future 

interpretations of S-XANES data from fossil feathers (see Chapter 8.2). 

 

7.4 Model for the preservation of fossil feathers 

 

This thesis demonstrates extensive chemical variation within and among fossil feathers. A 

taphonomic model is therefore required to explain variations in preservation. This thesis 

suggests that fossil feathers vary in biochemical preservation due to the extent of thermal 

maturation and, to a lesser extent, intrinsic biochemistry (see Chapter 6; Fig. 6.2). Future 

studies may test the following new taphonomic model. 

 

The main features of the model are:  

1. Experimental data reveal that the factors that control melanosome and melanin 

preservation are, in decreasing order of importance: oxidation, maturation and 

decay. Further, phaeomelanin is less resistant to thermal maturation than 

eumelanin. Melanosomes and melanin thus preserve where decay is minimal and, 

most importantly, exposure to an oxidant does not occur prior to intensive 
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maturation. In particular, evidence of phaeomelanin is more likely to preserve in 

localities with low maximum burial temperatures. 

 

2. Experimental data reveal that the factors controlling the morphological and 

chemical preservation of proteinaceous feather tissue are, broadly, in decreasing 

order of importance: maturation, oxidation and decay. The controls on the 

morphological preservation of feather tissue in particular are, in decreasing order, 

thermal maturation using pressure, thermal maturation, oxidation and decay.  

 

The taphonomic conditions required for the chemical preservation of feather CBPs 

are nuanced and differ for tertiary and secondary structures of the protein. The 

controls on the preservation of feather CBP tertiary structure are, in decreasing 

order of importance, thermal maturation, thermal maturation with pressure and, 

finally, decay. In contrast, the controls on the preservation of feather CBP 

secondary structures are thermal maturation with pressure, thermal maturation 

and, finally, decay.  

 

Collectively, these data suggest that preservation of feather CBPs in fossils is 

controlled primarily by diagenetic history and not decay. Fossil feathers from 

deposits with low maximum burial temperatures and pressures are more likely to 

preserve feather CBP remnants with tertiary and secondary structures; feathers 

from deposits with a low maximum burial temperature and high maximum burial 

pressure may preserve evidence of feather CBP tertiary structure but exhibit little 

evidence of secondary structures. 

 

3. This feature of the model considers the impact of differences in intrinsic feather 

chemistry on taphonomy. Preservation of feather CBPs is enhanced where melanin 

content – especially of eumelanin – is low. This probably reflects elevated levels of 

CO2 generated by melanin, especially eumelanin, during diagenesis. This is 

supported by S-XANES data showing survival of cystine disulfide bonds in white, but 

not orange or black, feathers after strong maturation. The model is also supported 

by the presence of relatively more organic sulfate in matured orange and especially 

black feathers relative to white feathers. To date, the analysis of fossil feathers for 

protein remnants has focused on eumelanin-dominated feathers (Pan et al., 2016, 
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2019). It is imperative that future attempts at detecting remnants of feather CBPs 

in fossils focus on phaeomelanin-dominated tissues or fossil tissues that contain 

little melanin, which are more likely to preserve feather CBP remnants. 

 

7.4.1 Chemical reactions responsible for the bias in feather CBP preservation 

 

The root cause of the bias in CPB preservation in feathers with different melanin content is 

intriguing; one, or a combination of, the factors below may apply. One important 

parameter is the content of free carboxylic acid residues in melanins (d'Ischia et al., 2013). 

The FTIR data presented here show that untreated black feathers contain substantially 

more carboxylic acid than orange and especially white feathers (band 7 in Fig. 6.4). 

Carboxylic acid content decreases in black feathers with progressive maturation; despite 

this, carboxylic acid content in matured black feathers exceeds that in all matured orange 

and white feathers. The quantity of free carboxylic acid in melanins is relevant here 

because oxidation of carboxylic acid releases CO2; this moiety is a mild oxidant but has 

greater oxidising potential under high temperatures (Kawi & Kathiraser, 2015). Tissues rich 

in eumelanin may experience more oxidation than tissues with little or none. 

 

CO2 is also released upon the decarboxylation of melanins during thermal maturation (Ito 

et al., 2013, 2018, 2020; Jarenmark et al., 2021). During maturation, BZ units in 

phaeomelanin undergo decarboxylation to produce TDCA, which releases CO2. 

Decarboxylation of DHICA units in eumelanin yields DHI units and free CO2; this process 

can be indirectly assessed by examining PTCA markers (which should decrease). 

 

It is interesting to note that patterns in melanin degradation (i.e., decarboxylation as 

evident in AHPO-HPLC data) occur in tandem with those for CBP degradation (i.e., sulfur 

oxidation in XANES data). Black feathers show evidence for both processes only at high 

temperatures (DHICA units show extensive decarboxylation and sulfur oxidation, but not at 

lower temperatures; Fig. 4.2; Fig. 6.2c). For orange feathers, degradation via the two 

processes above occurs progressively from moderate to strong maturation conditions 

(progressive decarboxylation of BZ units (Fig. 4.2) and progressive oxidation; Fig. 6.2d).  
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The timing of CO2 release during maturation is important. The total concentrations of BZ 

decrease by -38% during moderate maturation and a further -47% during strong 

maturation, resulting in a gradual production of CO2. A substantial portion of the CO2 is 

released at relatively low temperatures and thus has a relatively low oxidising potential 

(Kawi & Kathiraser, 2015). In contrast, eumelanin DHICA decreases by only -7% during 

moderate maturation and a further -69% during strong maturation. The majority of the 

CO2 released has a high oxidising potential. Note that the CO2 released via the 

decarboxylation of DHICA is in addition to the CO2 released via the oxidation of the free 

carboxylic acid residues present, which are abundant in black feathers (band 7 in Fig. 6.4). 

These features collectively may explain the drastic oxidation of sulfur in black feathers with 

strong maturation. Ultimately, although phaeomelanin begins to degrade earlier and faster 

than eumelanin during diagenesis, this may enhance the survival of feather CBPs in 

phaeomelanin-rich feathers relative to eumelanin-rich feathers. 

 

Ultimately, the timing of decarboxylation of melanin – and thus the starting melanin 

composition of the feather – may be key to the survival of feather CBPs. The survival of 

cystine disulfides in strongly matured white feathers presumably reflects the lack of 

melanin monomers present. Although the sulfur oxidation pattern observed in orange 

feathers may reflect, in part, phaeomelanin degradation (see Chapter 6), the model is 

supported by data on black and white feathers.  

 

This hypothesis is supported by the presence of organic matrices that bear mouldic 

melanosomes in fossils. Organic remains of proteinaceous feather tissue are most evident 

where mouldic melanosomes occur (Li et al., 2010; Zhang et al., 2010). Critically, data in 

this thesis suggest an early formation of many mouldic melanosomes. Early oxidation of 

melanin may reduce the production of highly reactive CO2 at elevated temperatures and, 

by extension, favour the preservation of remnant feather CBPs. 

 

This model can be tested by future analyses of fossil feathers. The preservation of sulfur 

(Fig. 5.1), melanin (Fig. 4.4) and amide (Fig. 5.2) chemistries, in addition to protein 

secondary structures (Fig. 5.3g–j), varies among fossil feathers. Future analyses should 

focus on fossil feathers that bear mouldic melanosomes, are phaeomelanin-dominated 

and lack a strong melanin component. Testing this model is essential as it will facilitate 
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more accurate interpretation of chemical data from fossil feathers and, potentially, allow 

the confident identification of feather CBP remnants in the fossil record.  

 

This model almost certainly has broader implications for the survival of proteinaceous 

moieties in the fossil record beyond fossil feathers and feather CBPs. Assuming a generally 

conserved chemistry for eumelanin and phaeomelanin across vertebrates, it is possible 

that there is a biochemical bias toward the preservation of proteinaceous remains in 

tissues with little to no phaeomelanin and, especially, eumelanin. If this bias exists, it 

places challenges on the identification of suitable fossils – and regions of fossil soft tissues 

– for analysis. Biochemical analyses of fossil soft tissues often target melanin-rich fossil 

tissues, perhaps due to their high visibility. Our current lack of widespread and robust 

evidence for proteins and protein remnants in deep time could, therefore, potentially 

reflect a sample selection bias. Irrespective of such a bias, the taphonomic model requires 

robust testing on many types of tissues that differ in melanin content (see Chapter 8.2). 

 

7.4.2 Geochemical mechanisms for fossil feather preservation 

 

Several mechanisms may contribute to the preservation of fossil feathers. These include in 

situ polymerisation, sulfurisation and stabilisation via melanoproteins. 

 

In situ polymerisation is known to play an important role in the preservation of diverse 

fossil soft tissues (Gupta et al., 2006; Stankiewicz et al., 2000; Stankiewicz et al., 1997; see 

Chapter 1.8.2). It is possible that the survival of disulfides and amides in the strongly 

matured and fossil feathers analysed here is due to encapsulation in lipids during in situ 

polymerisation (Cody et al., 2011). Investigating the role of in situ polymerisation in the 

preservation of fossil feathers is beyond the scope of this thesis but warrants future 

research. 

 

The data presented here suggest that sulfurisation is unlikely to contribute to the 

preservation of remnant fossil feather CBPs. The sulfurisation protocol used, however, may 

not be optimal for the sulfurisation of feather tissue (see Chapter 7.5.3). The data 

presented here are thus equivocal and the role of sulfurization in feather preservation 

remains unclear. 
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As described in Chapter 7.2.2, Zhao et al. (2020) claim that indistinct melanosome margins 

following maturation provide evidence for the reaction of melanosomal melanin with the 

surrounding tissue; this is a core element of the “melanoprotein hypothesis” that posits 

that melanin preservation is promoted by reactions between melanin and the surrounding 

tissue (Lindgren et al., 2015a; Moyer et al., 2016; Zhao et al., 2020). It is unclear, however, 

whether the indistinct melanosome margins in Zhao et al. (2020) are imaging artefacts. 

The data presented in this thesis (see the model outlined above and Chapters 7.2.2 and 

7.2.3) do not support the melanoprotein hypothesis (but see Chapter 7.5.1).  

 

7.5 Limitations of taphonomic experiments 

 

This section discusses the limitations of the taphonomic experiments presented in 

Chapters 3–6. 

 

7.5.1 Experimental design 

 

This thesis represents the most comprehensive study of the degradation of feather 

components in a taphonomic context to date. The studies performed also represent the 

most controlled set of taphonomic experiments performed on feathers to date and 

examine the impact of several factors, in isolation and in combination, on the preservation 

of melanosomes, melanins and feather CBPs in fossil feathers. This thesis also tests the 

ability of AHPO-HPLC, S-XANES and FTIR to detect chemical signals of melanins and feather 

CBPs, paving the way for future research on the biochemical fidelity of fossil feathers. 

Nevertheless, this thesis acknowledges the limitations of the experimental design that 

apply to all the studies presented and describes them below. 

 

(1) Feathers are natural tissues likely to vary in melanin chemistry. Although black, white 

and orange feathers were selected based on a visual assessment of feather colour, it 

cannot be assumed that feathers of similar colour have similar melanin chemistry. Data on 

black, orange and white feathers in Chapters 3, 5 and 6 derive from three individual 

feathers for each colour selected at random from a sample set originally selected from 

extant birds on the basis of homogeneity of colour within and among the feathers in the 
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set. Data in Chapter 4 are from four (white) or five (black and orange) individual feathers 

selected at random. The number of samples in all data chapters thus meets the minimum 

number of replicates required for statistical analyses, which is often considered three. 

Nevertheless, additional replicates would better indicate the chemical heterogeneity of the 

melanin component of samples.  

 

(2) The taphonomic experiments presented in this thesis use primary and contour feathers. 

Different feather types, however, may vary in structural protein chemistry (Holthaus et al., 

2018; Kowata et al., 2014; see Chapter 1.4.1). The use of contour feathers for the black 

and orange feather samples, and the use of primary feathers for the white feather 

samples, may thus influence the results from experimental data presented in Chapter 6. 

This issue was mitigated by selective sampling of regions of contour feathers with a closed 

feather vane and stiff barbs; plumulaceous barb and barbules were not used. The extent to 

which feather types can vary in structural protein chemistry requires future analyses.  

 

(3) The use of isolated feathers in taphonomic experiments may restrict the relevance of 

the results to isolated fossil feathers. The decay and maturation of an entire organism may 

generate a different chemical microenvironment in the plumage than the decay and 

maturation of an isolated feather. 

 

(4) The metal contents of feathers before and after experimental treatment were not 

analysed. Metals are implicated in the preservation of fossil melanin (Rossi et al., 2019, 

2020, 2021; Wogelius et al., 2011) and extant feathers are known to contain metals 

(Burger, 1995; Edwards et al., 2016). Future studies may use XRF to test whether the metal 

composition of feathers can change during diagenesis, whether metals can associate with 

feather structural proteins and whether metals can contribute to the preservation of 

remnant proteins in fossil feathers. 

 

7.5.2 Decay 

 

The decay experiments performed in this thesis possess several limitations. The decay of 

feathers used relatively short durations of up to one year with no added inoculum. S-

XANES and FTIR data indicate that feathers decay slowly under these conditions. Most 
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taphonomic experiments perform decay on taxa or structures that decay rapidly, allowing 

study of decay on timescales of days to months (Butler et al., 2015; Carlisle et al., 2021; 

Gabbott et al., 2021; Gupta et al., 2009; Murdock et al., 2014; Sansom, 2014; Sansom et 

al., 2010). In contrast, the complete decay of feathers with no inoculum is likely to require 

several years as feather tissues are very robust. Experiments of this length are clearly not 

compatible with the length of a PhD programme. Future decay experiments should 

consider ways to expedite decay, e.g., incorporation of an inoculum, sediment, or use of 

higher decay temperatures. Strategic experimental design would enable the performance 

of decay experiments, especially those with no added inoculum or sediment and at low 

temperatures, over longer durations, such as several years. Future studies should 

investigate the impact of decay on feather components by incorporating metals in decay 

experiments under a range of pH and Eh conditions. Finally, future analyses should test 

whether decay can impact on feather chemistry regardless of melanin content via the 

analysis of decayed white and orange feathers; experimental decay was performed on 

black feathers only. 

 

7.5.3 Sulfurisation 

 

The sulfurisation protocol used here may not be effective on feathers. This study used a 

protocol that was previously developed to study the sulfurisation of carbohydrates via the 

incorporation of sulfur from dissolved sulfides and polysulfides in the ambient 

environment (Kok et al., 2000; van Dongen et al., 2003, 2006). Critically, these previous 

studies did not perform sulfurisation experiments on any biomolecules other than 

carbohydrates. It is thus unclear whether biomolecules other than carbohydrates – in this 

case, feather CBPs – can be sulfurised using this protocol. Correct implementation of the 

protocol should be assessed by comparison with a negative control, but unfortunately 

controls were not assessed in this thesis. In addition to a negative control, sulfurization 

experiments should use a positive control, i.e., carbohydrates sulfurized, to test for correct 

implementation of the protocol. Future study of the impact of sulfurisation on the decay 

and preservation of proteinaceous feather components therefore requires additional 

experiments. Use of commercially available feather CBPs (in solution) could test the impact 

of the experimental protocol on isolated CBPs without potential confounding effects of 

other tissue components; it may also facilitate reactions between the CBPs and ambient 
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sulfides as the CBPs would be "free" rather than bound within feather tissue. It is also 

possible that appreciable and measurable sulfurisation can occur only after substantial 

decay of feather tissue and the generation of a sufficient amount of binding sites to 

incorporate sulfur. Experiments incorporating a longer duration of decay would thus be 

useful. In summary, conducting a range of additional experiments that test the feasibility 

of sulfurisation of feather CBPs, and its impact on feather CBP preservation, will clarify the 

potential impact of sulfurisation on feather CBP preservation in the fossil record (see 

Chapter 8.2). 

 

7.5.4 Maturation 

 

The maturation protocols chosen to assess the degradation of feather components 

possess several limitations. The maturation protocols used here were selected to 

represent either an open or closed environment (i.e., using foil or Au cells) and are 

associated with previously reported limitations (Saitta et al., 2018). Maturation of feather 

tissue in Al foil packets can mature large feather pieces, enabling a large enough sample 

size to perform certain techniques, such as AHPO-HPLC. Saitta et al. (2018) however, 

report that entire feather tissues can leak out of Al foil packets. Notably, leakage of tissues 

out of Al foil packets reflects the excessive duration of the experiment under conditions 

that do not apply to the study of fossil feathers. Leakage of feather tissue from Al packets 

did not occur in the experiments in this thesis. Further, Saitta et al. (2018) claim that the 

non-sealed nature of the Al foil packets allows volatiles to escape. It is uncertain how 

quickly this process happens, and indeed, how important volatiles are to preservation of 

feathers. Nevertheless, the escape of volatiles from the packet limits the time during which 

these chemicals can interact with non-volatiles, i.e., feather components that do not 

vapourise. Conversely, a completely closed environment is unlikely to apply to most fossils.  

 

Some of the experiments used here involve the maturation of feather tissue in Au 

capsules. This method provides an extended interval during which volatiles can interact 

with feather tissue but does not allow the escape of volatiles until the opening of the 

capsule following the termination of the experiment. Like the premature escape of 

volatiles, the entrapment of volatiles with non-volatiles over such an extended interval 

may not be broadly applicable. Fully open conditions, however, are not necessarily more 
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applicable to fossils due to the impacts of cementation and compaction on porosity and 

permeability. 

 

Saitta et al. (2018) propose that the use of sediment-encased maturation experiments is 

most applicable to the fossil record. In fact, the key to determining the best experimental 

setup for maturation experiments is testing the relevance of volatiles to the preservation 

of fossil feathers. Determining the type and quantity of volatiles that escape in a fully open 

system may be achieved by maturing feathers simultaneously while using headspace gas 

chromatography. This experimental design permits analysis of the emission of volatiles 

during maturation. Subsequent analysis of the matured feathers can be performed using 

various analytical chemical techniques, including mass spectrometry, FTIR, Raman and S-

XANES. The importance of the sample environment during feather maturation can be 

tested by comparing the resulting data to data on feathers matured in Al packets and Au 

capsules. 

 

Finally, the studies presented here would benefit from additional replicates to better 

characterise any inherent variability in experimental results linked to inherent 

heterogeneity in feather tissue. In particular, a sample size of at least five is recommended 

to generate a dataset that meets the requirements of most statistical tests. Notably, entire 

FTIR and S-XANES spectra are not amenable to statistical tests other than PCA, which does 

not place a requirement on the number of replicates needed. The need for additional 

replicates is particularly relevant to strongly matured black feathers, which show greater 

variation in S-XANES data than orange and white feathers. 

 

Notably, the experiments presented in Chapter 4 did not use high temperature-high 

pressure maturation. Maturation using high temperature-high pressure requires the use of 

Au capsules that are small in size. The small nature of the capsules prevents the analysis of 

the resulting sample using AHPO-HPLC, which requires large amounts of sample.  

 

In addition to being small in size, the Au capsules used for high temperature-high pressure 

are costly. The conditions of the high temperature-high pressure maturation experiments 

used in this thesis therefore required careful consideration and justification during the 

experimental design phase. The use of 200°C, 135 bar (n = 3) experiments in Chapter 3 and 
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150°C, 135 bar (n = 3) experiments in Chapter 6 was intended to investigate the impact of 

high temperature-high pressure maturation on the degradation of feather components. 

Future high temperature-high pressure experiments should perform at least five replicates 

and use temperatures and pressures different to those used in the experiments here.  

 

Experiments would also benefit from incorporating metal-rich solutions (e.g., using Cu, Zn, 

S and Ca in isolation and combination) in different concentrations under a range of pH 

values as melanin is known to preferentially bind certain metals under different pH 

conditions (Hong & Simon, 2007). 
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8. Conclusion 

 

8.1 Concluding remarks 

 

This thesis has produced six key findings relating to the taphonomy of feathers. These 

findings are summarised below. 

 

1) Taphonomic processes vary in the extent to which they impact the preservation of 

melanin and melanosomes. Importantly, melanosomes degrade preferentially 

under taphonomic conditions that include oxidation and melanosome moulds are 

most likely to form early during diagenesis. Decay has less impact on the 

degradation of eumelanin and melanosomes than oxidation. Maturation (at least 

the maturation conditions used herein) promotes the preservation of both 

melanosomes and eumelanin.  

 

2) Taphonomic processes vary in the extent to which they impact the physical and 

chemical preservation of proteinaceous feather tissue. The controls on the 

morphological preservation of feather tissue are, in decreasing order, thermal 

maturation using pressure, thermal maturation, oxidation and decay. The 

taphonomic conditions required for the chemical preservation of feather CBPs 

differ for tertiary and secondary structures of the protein. The controls on the 

preservation of feather CBP tertiary structure are, in decreasing order of 

importance, temperature, pressure and decay whereas for secondary structure 

preservation the controls are pressure, temperature and decay. Critically, 

morphological evidence of proteinaceous feather tissue and, moreover, chemical 

evidence of feather corneous beta proteins survives the maturation conditions 

used herein, which are geologically relevant (i.e., retain recognisable feather 

structures). 

 

3) Changes to the relative concentrations of melanin monomers in tissues during 

maturation can be predicted. Further, melanin monomers exhibit different 

degradation patterns in eumelanin-dominated and phaeomelanin-dominated 

feathers. 
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4) Chemical evidence of phaeomelanin monomers can survive in Cenozoic and 

Mesozoic fossils despite the pigment being less robust than eumelanin.  

 

5) Chemical evidence of feather CBPs can survive and be detected in Mesozoic and 

Cenozoic fossil feathers. In particular, amides – indicative of protein secondary 

structures –  can survive and be detected using FTIR whereas disulfides – indicative 

of protein tertiary structure – can survive and be detected using S-XANES. 

 

6) Variation in the preservation of fossil feathers can be characterised using a new 

model that suggests a bias in the preservation of remnant feather CBPs in fossil 

feathers linked to melanin content. The model predicts that the proteinaceous 

component of fossil feathers with a dominant phaeomelanin composition – or that 

lack melanin pigments – will exhibit greater biochemical fidelity than fossil feathers 

with a dominant eumelanin composition. The model indicates that the preservation 

of melanosomes and melanin is most likely where decay is minimal and, most 

importantly, exposure to an oxidant does not occur prior to intensive maturation. 

The preservation of phaeomelanin is more likely to preserve in localities with low 

maximum burial temperatures. Fossil feathers from deposits with low maximum 

burial temperatures and pressures are more likely to preserve feather CBP 

remnants with tertiary and secondary structures; feathers from deposits with a low 

maximum burial temperature and high maximum burial pressure may preserve 

evidence of feather CBP tertiary structure but exhibit little evidence of secondary 

structures. Finally, the preservation of feather CBPs is enhanced where melanin 

content – especially of eumelanin – is low. 

 

Collectively, these findings highlight a key issue. Data from experiments suggest a bias 

toward the preservation of feather CBP remnants in phaeomelanin-dominated and 

amelanic feathers. The degradation patterns linked to melanin content that are presented 

here for feather CBPs may apply to the preservation of proteinaceous moieties in other 

fossil soft tissues. Biochemical analyses of fossil soft tissues often focus on melanin-rich 

fossil tissues, perhaps due to their high visibility. Our current lack of widespread and robust 

evidence for proteins and protein remnants in fossils could potentially reflect a bias in the 
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selection of samples – and regions of fossil soft tissues – for analysis. Future attempts at 

detecting remnants of feather CBPs – and remnants of proteins in general – in fossils 

should focus on phaeomelanin-dominated tissues or fossil tissues that contain little 

melanin. 

 

8.2 Future directions 

 
This thesis proposes several new directions for future study of the taphonomy of fossil 

feathers and highlights areas of study that are particularly important to the findings of this 

thesis. 

 

Testing the taphonomic model for feather CBP preservation 

Future studies should test the taphonomic model presented in this thesis for the 

preservation of feather CBP remnants in fossils. Testing of this model is key to the accuracy 

of future interpretations based on chemical data from fossil feathers. Taphonomic 

experiments should incorporate the maturation of feathers that differ in melanin content. 

Chemical data of these experimentally degraded feathers – and of fossil feathers that vary 

in melanin chemistry – will allow testing of this model. Maturation of other tissues that 

vary in melanin chemistry may also test whether this model can be extrapolated to other 

tissues. Further, data from other experimentally degraded tissues will test the possibility 

that evidence for proteins and protein remnants in fossil soft tissues is due to a bias in 

analysing eumelanin-rich fossils. 

 

Chemical analyses of primitive fossil feathers  

Chemical analyses of primitive fossil feathers will build upon the research presented in this 

thesis. This thesis presents evidence of remnant fossil feather CBPs in fossil feathers using 

S-XANES and FTIR. In particular, FTIR and S-XANES analyses of pterosaur feathers and the 

feathers in Kulindadromeus are highly likely to provide key information on the biochemical 

evolution of feathers. Analyses should also focus on the chemical heterogeneity of 

primitive fossil feathers and test whether chemical evidence of amides and disulfides, 

indicative of feather CBPs, is widespread in fossil feathers. 
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Experimental sulfurisation of feathers 

A key limitation of this thesis is the ability to test the contribution of sulfurisation to the 

preservation of fossil feathers. Performing a controlled set of sulfurisation experiments on 

feathers and feather CBPs is key to determining whether feather tissue can sulfurise. 

 

Experimental degradation of different feather types 

A potential limitation of this thesis is the lack of data on the degradation of feather 

components in different types of feathers. Incorporating different feather types in future 

experiments will broaden the dataset presented here. Critically, data on the degradation of 

different feather types will determine whether the types of feathers used in this thesis 

(contour black and orange feathers and white primary feathers) impact on the 

interpretation of a bias toward the preservation of feather CBPs in feathers lacking 

eumelanin pigments. Resolving this uncertainty will ultimately determine whether the data 

in this thesis can fully refute the melanoprotein hypothesis. 

 

Testing the use of immunohistochemistry in the detection of fossil feather CBPs 

This thesis reports the survival of chemical evidence of feather CBPs in experimentally 

degraded feathers in addition to remnants of feather CBPs in fossils using FTIR and S-

XANES. These findings suggest that controversial reports of remnant feather CBPs in 

Mesozoic fossils based on immunohistochemical data may be legitimate. The use of 

immunohistochemistry on fossil feathers must be tested on experimentally degraded 

feathers to determine whether its use on fossil material is appropriate. 

 

Chemical analyses of fossil soft tissues for phaeomelanin 

This thesis presents the oldest evidence of phaeomelanin monomers in the fossil record. 

Detecting chemical evidence of phaeomelanin in additional fossils will build upon the 

results presented here. Detecting fossil phaeomelanin in fossil invertebrates may provide 

key discoveries on the functional evolution of phaeomelanin. 

 

Testing the use of alternative techniques for the detection of fossil melanins 

This thesis presents data showing that degraded non-melanin molecules can contribute to 

a melanin signal using AHPO-HPLC. Techniques complementary to AHPO-HPLC require 
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testing to ensure that minerals and non-melanin organic molecules cannot produce a 

chemical signal consistent with melanin. 

 

Testing whether fossil mouldic melanosomes can inform on the timing of oxidation 

Future experiments may test whether decay-induced melanosome migration can occur 

and form non-aligned fossil melanosomes. Further, experiments may test whether decay-

induced melanosome migration can occur and produce non-aligned moulds upon 

melanosome oxidation. Collectively, such decay, maturation and oxidation experiments 

will confirm whether mouldic melanosome alignment can inform on the timing of 

oxidation in feathers with structural colouration. An assessment of the melanosome 

arrangement in melanic feathers of extant birds is required to test this hypothesis. 
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