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Abstract

Despite its presencén many types of deposit, eggshell has long been a
neglected archaeological resource. The difficulty of recovering the material,
combined with analytical constraints on subsequent taxonomic identification,
has led to systematic underuse. This thesis willgib to address this
shortcoming by pursuing two main lines of research. First, a novel identification
technique based on ZooMS (zooarchaeology by mass spectrometry) and peptide
mass fingerprinting is developed for eggshell. The new technique is ther@ppli

to archaeological eggshell assemblages from ABglndinavian York and
Norseera sites in the northern and western isles of Scotland. This provides new
insights into egg use in these locations during this period, and raises a range of
new questions regrding the use of domestic and wild resources. Second, an
investigation into patterns of diagenesis in the eggshell proteins which form the
basis of the technique is conducted. The principal aims of this analysis are to
explore the prevalent diagenetic presses affecting eggshell proteins and
amino acids, and thus to test whether it is possible to produce an estimate of
the expected temporal span of the technique based on Hérhperature
diagenesis, and to establish the potential usefulness of the matéralcPD
(intra-crystalline protein diagenesis) dating. The main outcomes of this study are
(i) the development and successful application of a new taxonomic identification
technique for archaeological eggshell; (ii)) enhanced understanding of egg use
during the Norse era in Scotland and Anfcandinavian York; (iii) the
observation that highemperature diagenesis cannot be used to accurately
predict peptide survival at archaeological deposition temperatures; and (iv) that
avian eggshell is not a vialdabstrate for absolute dating using IcPD (although it

may still prove useful for relative dating).
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Chapter 1: Introduction

Section 1BriefHistory of Egg Use

1.1.1: Introduction

1.11.1: Overview

The first chapter provides the background information for this projade first
section summarises the current state of knowledg regarding egg use in the
past and outlines important developments in avian domestication, taphonomic
factors acting on eggsil recovery, and existing and potentiatchaeological
applications of eggshellSubsequent sections will giveetdiled accounts of

eggshell structuredepositionand proteins

1.1.1.2:Why do peopleusebird eggs?

The eggsof birdsare a nutritionallyrich and versatile food source. Their main
nutritional value is in their high protein content; in chicken eggs, for example,
protein forms 12.6% of the total weight. This is comparable to the protein
content of red meat (e.g. beef, 14% protein). Egg prdetontain all of the
essential amino acids (i.e. those not synthesised within the haalyge of
vitamins and minerals, andnportant trace elements. Thewre availableat
predictable times and locationsoften in large densities .g. Sidel] 1993;
Baldwin 2009, 201QSerjeantson2009).Although eggs of wild species and most
domestic species are a seasonal resource, tiweyd be stored for anumber of
months before the emergence of modern refrigeration technolo¢gs.g. in

waterglass, a combinatioof saltwater and peat ash or in isinglass, derived
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from the swim bladder of cod(Serjeantson, 2009; Baldwin, 2010). Some
domestic species can produce eggs throughout the year (Section 1.1.3), although
it is not clear at what point this ability emergedioday, eggs are a relatively
cheap and masproducible source of protein, and the eggs of the domestic
chicken (Section 1.1.3.2) are an important food source in many parts of the
world. For example, according to officiahitéd Nations estimates, the gloal
average chicken stock is around 19 billion animals (many of which will represent
laying hens); this is over 13 times more thae tiext most numerous domestic

animal(UN Food and Agriculture Organisation, 2011).

Eggs have also held symbolic meaningniany cultures (most often as symbols
of fertility and/or rebirth), and have been used in various burial rituals (Sidell
1993a,b;Stadelman, 20005erjeantson2009).Applicationsof the eggshelhave
included use as liquid containeed as raw materiafor jewellery, while the
whole egg has been used in clarification of wine, andeasl fand/or tonic for
livestock (Baldwin, 2009, 2010Serjeantson 2009; Texieret al., 2010). Some
cultures have also observed taboos which prevent consumption of eggs

(Sergantson 2009).

1.1.2: Collection and use of wild eggs in the past

While it has been established thastwich eggswere beingusedin southern
Africa byat least100 millennia before presengBrooks et al., 199Cfexieret al.,
2010) very little is know about egg use in most past societies. Eggshell

fragments from archaeological sites can be very difficult to recover, and even
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more difficult to taxonomically identify (Sectidnl1.4); this, combined with the

lack of documentary evidence for the vasgjority of past cultures, limits the
current state of understanding regarding most facets of past egg use. At present,
the contribution of bird eggs to most past diets can only be speculated upon.
Consumption of wild bird eggs wasobably once commonplag, particularly
among huntergatherersand coastal and island communitjebut has now
ceased in most parts of the world (Serjeants@®09). The neafcomplete
cessation of wild egg collection largely attributable to the prolific laying
capabilities ofthe domestic chicker{Section 1.1.3.2)ollection of wild seabird
eggswaswidespread in many regions until around a century ,agod remains

an important economic activityfor some tribal peoples, including many
aboriginal Australian and native North Ari@an groups (e.g. Hunn et al., 2003;
Serjeantson, 2009). Collection of seabird eggs is either still practiced or has been
recently practiced in some remote corners of northern Europe, including the
Faroe Islands and many British and lIrish islands (Bal®@d9, 2010;
Serjeantson, 2009). On the Isle of Man, for example, collection of gull eggs was
revived during World War Il food shortages, was commonly practiced until the
late 1970s, and remains legal (subject to permit) to this (Bgldwin, 2009,

2010;erjeantson 2009).

The main factors determining the extent to whidhe eggs ofa particular
specieswere exploitedare likely to includets breeding habitsand thesize and
number of eggs availableultural factors (e.g. high status attached to cérta
foods), symbolic significance, and preferred tastes are also certain to have

played roles(Serjeantson, 2009)in some cases, documentary evidence can
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inform questions of the types of eggs used. For example, the Romans kept many
types of bird, includingeveral breeds of chicken, goose, peacock, pheasant and
duck, and are believed to have consumed (to varying degrees) the eggs of all of
these Keepax1981). This level of documentary information is exceptional, and
cultural factors affecting egg exploitan are difficult to reconstruct for most

societies.

Setting cultural factors aside, colonial nestars likely tohave provided a more
energetically efficient source of eggs thaalitary nestersThis places emphasis

on certain seabirds as egg providers; these often nest in high densities in
predictable times and locations. Surviving documentary evidence shows that
these provided the majority of wild eggs collected in many British and Irish
coastd and island communities until fairly recently (Kightly, 1984; Baldwin,
2009, 2010; Serjeantson, 2009). Gull eggs were often collected in the highest
volumes due to their high breeding densities and the relative accessibility of
their nests (Baldwin, 20092010). Many Britistoreeding seabirds, including
puffins, shearwaters, gulls, guillemots, razorbills and gannets (but not fulmars),
will re-lay up to 35 clutches per breeding season if their eggs are removed; this
could facilitate repeated exploitationfahe eggs (and young) of these species
(Baldwin, 2009, 2010). Terrestrial species have also been used in the recent past
in this part of the world; for example, the eggs of lapwing and rook were

routinely eaten on the Isle of Man until the early"2€entury (Baldwin, 2010).
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While the accessibility of the nests &nother potentially important factor,
documentary records show that people hanaitinely collected eggs from steep

sea cliffs in different locations around the U.K. and Ireland over a number o
centuries (Kightly, 1984: Baldwin, 2009, 2010; Serjeantson, 2009). For some
communities egg collection was a subsistence activity, while for others eggs
were a cash crop to be sold at market (Baldwin, 2009). This was a dangerous
occupation; the collectowas lowered over the cliff with a rope tied around his
waist, and a basket in which to collect eggs (secured either to a pole planted in
the ground, or held by a tearmate). John Ray described techniques in use on
the Isle of Man in the late 1670s whiclere still in use in Yorkshire during the
1940s (Kightly, 1984: Baldwin, 2010). It seems reasonable to propose that this
practice might extend much further into the past than the relevant documentary

records do.

These examples relate only to the relativeécent history of egg collection and
use in the U.K. For people in other parts of the world, and in the deeper past,
very little is known about egg use. At present, historic and ethnographic
documents (where available) can shed light on egg use in pktitimes and
places, while zooarchaeology and genetics can show when different domestic
species became available in different areas. However, there is very little
contribution at present from the archaeology of the egg itself; the core aim of
this projec is to derive an analytical framework which will allow this enormous

gap in knowledge to be addressed.
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1.1.3: Bird domestication and dispersal

1.13.1: Overview

As the sites considered mlater chapter (Chapted) are all located in Europe,
and therehas been generally a greater concentration of archaeological effort on
that continent, the arrival of avian domesticates in Europe is considered here in
more detail than in any other continent. It is likely that egg use changed
dramatically following the dmestication and dispersal of a few avian spedsss.

far the most economically important of these has been the domestic chicken
(Gallus gallus domesticyyswhich was also domesticated far earlier than any
other species of bird. In terms of egg productiather important domestic
species have included geese and (to a lesser extent) ducks; other commercially
important species in various parts of the world have included turkeys, quail and
pigeons(Brant 1998; Beacham & Durand, 2007). Only chicken, goosecdaunt

are summarised here due to a lack of detailed information regarding the
domestication or keeping of other bird species; turkeys are not included as it is
not currently clear whether it is possible to separate wild from domestic birds

based on zooar@eological evidence (Olsen, 2012).

1.1.3.2: Chicken domestication and dispersal

The vast majdty of eggs consumed by modern peomee provided bythe
domestic chicker{Gallus gallus domesticyysthis is one of the most important
(and by far the most rmerous) domestic animal (UN Food and Agriculture
Organisation, 2011). Their global distribution can be attributed to deliberate
translocation; chickens (and their wild progenitors) are poor flyers, cannot swim,

and have small home ranges (Storey et al12)0 Although modern domestic

31



fowl are predominantly reared for food production, this may not have been the
only (or even the main) motivation for their initial domestication (Blench &
MacDonald, 2012). Chickens and their eggs have often held symbolittzadd
significance (for example, eggs are present as grave goods in widely dispersed
cultures), and have also been widely used in cockfighting and for decorative
purposes (Blench & MacDonald, 2012). In Japan, for example, there is little
evidence of chidns being used for food production prior to the™®entury

A.D. (Blench & MacDonald, 2012).

The progenitors of the domestic chicken are the wild junglef@dllusspp.) of
southern and southeastern Asia (eFumihito et al., 1996Kanginakudru et al.
2008). Prior to the emergence of valid molecular techniques, a prolonged
debate centred around whether there was a single origin (monophyly) of
modern chickens, or whether these arose from a range of progenitors in a range
of areas Fumihito et al., 1996Liu et al., 2006; Kanginakudru et al., 2008; Storey
et al., 2012). Although it is possible that all variation in modern chicken mtDNA
can be traced to wild species extant in modern Thailand (Fumihito et al., 1996),
two centres of domestication in southerand southeastern Asia are now
generally recognised (West & Zhou, 1988; Liu et al., 2006; -Baiehard et al.,
2011, Storey et al., 2012). One of these was in Neolithic Southeast Asia at least
8000 years before present; the other was in the Induseygtrior to 4500 years
before present (West & Zhou, 1988). Consensus has not been reached on
whether modern chicken breeds are derived from a single species of wild
junglefowl G. gallu¥ (e.g. Fumihito et al., 1996) or from hybridisation of several

species (e.g. Kanginakudru et al., 2008; Storey et al., 2012); the most recent
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genetic evidence suggests the latter. DNA evidence shows that birds from
Southeast Asia were transported as part of the Austronesian expansion into the
Pacific Islands (and ultimately South America); they also travelled along trade
routes to east Asia, the Middle East, Europe and probably Affest & Zhou,
1988; Storey et al., 2007, 2012); it seems that the Indus Valley was bypassed
during this process, although birds domestiahthere werespread along trade
routes to east Africay and their descendants are still found in the Indian
subcontinent today(Coltherd 1966; West & Zhoul988 Manaseryan & Balyan

2002;Liuet al.,2006; TixieBoichardet al.,2011; Storey et al., 2012

Chicken bones appear in southeast Europe during the late Neolithic/early Bronze
Age Kysely, 2010 In other parts of Europe, the chicken was a rather late
addition to the core group of domestic animals; it does not appear in central,
northern and wetern Europe until the Bronze/lron Age transition™(§ 9"
century B.C.) (West & Zhou, 1988; Kysely, 2010). The route(s) by which chickens
came to central, northern and western Europe are not fully established, but
there are several nomutually-exclusivepossibilities: across the Balkans from
Bulgaria or Greece; across Ukraine or the Black Sea; or via Iberia during the
period of Phoenician colonisation "{Scentury B.C. onwards) (Kysely, 2010).
Although precise dates of arrival are not available in maeas the evidence
suggests that they did not arrive in norttestern Europe until the Middle Iron
Age; in Sweden, for example, they do not appear until tRecéntury B.C.
(Tyrberg, 2002)Bone assemblages from many Eurasian archaeological sites
suggestthat theserapidly becamehe dominant domestic bird in most regions

following their introduction (Albarella & Thomas202; HamiltonDyer, 2002;
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Makowiecki & Gotfredser2002; Serjeantson2002, 2009Tyrberg 2002; Baker

2008; Benejaret al.,2008;Thys & van Neer, 2008

It is unclear what their initial purpose was; the presence of eggs as grave goods
at many central European Iron Age sites suggests ritual significance, while the
highratio of males to females recovered at some Bronze Age andAlgansites
suggests that cockfighting may have been a greater motivation than egg
production (Kysely, 2010). It is likely that the early breeds present in Europe still
had seasonal laying patterns governed by light regimes, and were not as
productive in tems of egg yields as modern breeds (although the point at which
laying was decoupled from natural light regimes is unknown). Modern breeds
can produce upwards of 250 eggs per year, and documentary evidence suggests
that they may have done so in Englandcsirat least the late medieval period

(12" ¢ 13" century) (Stone, 2006).

1.1.3.3: Goose domestication and dispersal

Geese are less productivihan chickensin terms of egg vyields, but bone
assemblages show that they were kegpptmany archaeological sielt is unlikely

that the primary focus of goose husbandry was ever egg productisa goose

will lay a maximum of 3@0 eggs in one yeathe primary focus is likely to have
been production of meat and/or down, while in Russia (and possibly in other
regions) they were also bred for fightingerjeantson 2002 MacDonald &
Blench, 2012) The earliest domestication event is unknown, faftleast six

species of goose have been independently domesticated at some point
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(MacDonald & Blench, 20)2The greylagoose Anseransel)) is the progenitor
of most modern domestic geese; the only exception is in China, where the swan
goose Anser cygnoidgswas the progenitor of modern domestics (Serjeantson,

2009; MacDonald & Blench, 2012).

The centre from which modernon-eastAsian domestic geese are derived was
located in Egypt (MacDonald & Blench, 2012). The earliest tangible evidence of
domestic geese takes the form of captive animals depicted on material dating
from the Egyptian Old Kingdom'{Znillennium B.C.)the oldest evidence in the
form of actual bones dates from the Middle Kingdom (eaffynd@llennium B.C.).

The point at which domestic geese arrived in Europe has not been conclusively
determined, but Greek and Macedonian literary sources mention themnduri

the first millennium B.C. (Harper, 1972; Serjeantson, 2002; MacDonald & Blench,
2012). The zooarchaeological evidence suggests that domestic geese only
became widespread in Europe during the Roman period (MacDonald & Blench,
2012). They first appear irthe British archaeological record during thé' 1
century AD (Harrisqn1980), and arepresent at some AngleSaxon and
Viking/Norsesites in the U.K. (Dobney & Jaqu@802 MacDonald & Blench,
2012. Domestic geese were widespread in Europe bylalkeemedieval period,
having been widely dispersed by the Normamsd area distant second in
predominance to chicken in most bone assemblages from this period (Albarella
& Thomas 2002; HamiltonDyer, 2002; Makowiecki & Gotfredsen2002;
Serjeantson2002; Tyrberg 2002;Baker 2008; Bgenaru et al.,2008; Thys & van

Neer, 2008).
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Under traditional management techniques, geese have some advantages over
chickens; they can be driven to market rather than carried; they can survive on
poorer food than other domstic birds; and provide more meat per bird than
chickens (MacDonald & Blench, 2012). However, the almost ubiquitous
dominance of chicken in most cases (some medieval towns being an exception)
highlights their relative disadvantages; far lower fecundity aegh yields
(MacDonald & Blench, 2012). Domestic geese have declimadry areas ithe

last century or so, as chickens and turkeys are more amenable to modern

factory and battery farming techniques (MacDonald & Blench, 2012).

1.1.3.4: Ducldomestication and dispersal

Ducks were domesticateid different regions from a number of wild species; in
Europe, the mallardAnas platyrhynchgswvas probably the main wild progenitor
(Luff, 2012. Given the wide distribution and commonness of mAsasspecies
(including mallards), it is likely that ducks were domesticated independently in
different regions rather than deriving from a core area of domestication (Luff,
2012). Today, ducks account for less than 1% of the U.K. poultry industry; this is
in contrast with East Asia, where over 75% of modern domestic ducks are found
(Luff, 2012). The advantages of ducks over chickens are that they grow
extremely fast, and are almost equally as fecund under favourable conditions; in
hot, humid climates (such asdse prevalent in much of East Asia) duc&s
produce higher eggyields than chickens (Luff, 2012). Their disadvantages are
that they require more food provision than either chickens or geese, are much
less productive in northern European climates, andynfaave been more

difficult to domesticate (particularly in cold conditions) (Luff, 2012).
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It seems that ducks were domesticatéa Europemuch later thanin China,
where domestic ducks may have been present for at least 3000 yearper
1972 Luff, 2A2). In contrast, he earliest documentary evidence of duck
husbandry in Europe comes from Rome at the end of the first millennium BC
and true domestication may not have occurred until the middle a@gtsmrper
1972). There is no evidence to suggest thegping of ducks was at all common
in the wider Roman Empire at this timeand very limited evidence that it was
even present outside this arda.g. Tyrberg2002 Luff, 2012. Tame or @mestic
ducks were introduced to the U.K. by the Romans andy form a significant
component of some Angi8axon bone assemblageslthough distinguishing
domestic from wild types can be extremely diffic(ftarrison 1980 Dobney &
Jaques, 2002; Luff, 20L2The first direct mention in the@on-GreceRoman
historical literature comes frontate 8" century ADFrench and Germaregal
documents which also suggest that these were much rarer than domestic
chicken or geeséHarper 1972 Luff, 2012. Historical documents suggest that
ducks were bred at hightatus sites in southern Poland from the™Bentury,

but were probably not truly domesticated there until the ™Scentury
(Mackowiecki & Gotfredsen2002). Probably d@mestic ducks have been
identified inmedieval sitesll over Europe (Albarella & Thoma802; Hamilton
Dyer, 2002; Mackowiecki & Gotfredsen2002; Tyrberg 2002; Baker 2008;

Bejenaruet al.,2008 Thys & van Neer, 2008
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1.1.4:Eqggs in the archaeological record

1.1.4.1 Preservation andrecoveryof eggshell

Although the shell membrane carursive under exceptional preservation
conditions, the hard, calcareous shell is usually the only part of the egg
preserved over archaeological timescal@he archaeology of the egg must
focus upon this material Eggshell ispredominantly composed of calcum
carbonate (more detail on structure is given in section),1laiddcan survivefor

long periods at neutral talkalinepH. Anaerobic conditions ardso favourable

to preservation, while eidic andor wet conditionsare unfavourable Eggshell

can bepreserved for a very long timend is often found in calcareous deposits
which also contain mollusc shell (Keepax, 198dpst existing finds were
located in protected environments such as caves, wells, pits and ditches,
although some exceptions have ocmd (Keepax, 1981; Serjeantson, 2009
Where eggshell is preserved, it is often in tiny fragmentich may not be
instantly recognisedrhefine sievingat least < 5mm, and often < 2mm) which is
often required to extract eggshell caplace a limit on reoveryof fragments;

time and/or resourceconstraints have precluded such time-consuming and
labour intensivesievingat many sitesFollowing deposition, it is likely that the
thicker eggs of larger taxa such as geese will be preserved for longer than

thinner eggs such as those of chicken or duck.

There are also a range of other taphonomic factors relating to the manner in
which the people who originally used the egg handled and disposed of the
material. These may differentially affect recovery of deigrtypes of eggshell in

different areas. Although these are often neither testable nor provable, their
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potential effects must be considered when interpreting the material recovered
from archaeological deposits. For example, disposal patterns of eggenédi
species may have differed for cultural reasons, or the eggs may have been
consumed away from the main area of habitation (e.g. Baldwin, 2009). Eggs
which were used for a specific purpose rather than for everyday consumption
may also have been tréed differently. All of these factors could affect the
location in the ground of different types of eggshell, and caafféct recovery

andconfuse interpretation.

1.1.4.2:1dentification of archaeological eggshell

The eggshell ofatites (ostriches andhllies)is readily identified in the hand due
to its extraordinary thickneshe correctorder canthen usuallybe deduced on

the basis ofgeographicalocation the major extant and recently extinctatite
orders(followingthe phylogeny oHackett et &, 2008)are (or were)endemic to
distinct areas The higher likelihood of preservation of ratite eggshell, combined
with relative ease of identification, has led to it dominating archaeologiodl
geochronologicaapplications of eggshele.g. Brooks teal., 1990; Miller et al.,
2000; Crisp et al., 20130 many parts of the world ratiteave never been
coeval with humans (or have not remained so for long), and even where they
were people may also have used ntite eggs Nonratite eggshell is more
difficult to identify, differences in thickness betwednxa are not as marked or
as consistent as between ratites and nA@itites, and fragments are often

extremely small and poorly preservéelg. Sidell, 1993)
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The majority of eggshell fragments whi@are recovered from archaeological
aAiSa FNB LIXIFOSR Ay | o613 YnhoNfirtBeR WI ALy S3
identification is usually attempted (e.g. Sidell, 1993). This is becéese are

few existing techniques for identification of such fragmeriise most successful
yet relies on scanning electron microscof$EM)to compare a range of
parameters relating tothe internal structure of eggshefragments with a
reference collection(Keepax, 1981Sidel] 1993). Althoughthis has been the
only reasonably robust technique available for a long tjihés time andlabour
intensive highthroughput data generation is not possiblé.is also subjective;
interpretation may vary depending on the researcher performing the analysis.
Recent research omoa eggshell suggests that (at least in some taxa) some of
the parameters used are not in fact taxonomically diagnostic; for example; intra
species variation in shell thickness (one of the major taxonomic identifiers in the
SEM technique) often exceeddenspecies variationdskamet al.,2011). Shell
thicknessalsovaries in domestic specig¢and also presumably in wild species)
according to breed and dietand between different parts of a single egg; this
suggests that these internal parameters are aoteliable taxonomic indicator

for heavily fragmented archaeological eggsh@deepax, 1981; Sidell, 1993;

Serjeantson, 2009

In larger fragmentshellcurvature can be usedlthough this too is problematic;
shell shape is fairly distinct in a few erd, but in most intrespecific variability
can equate or exceed intepecific variability (Keepax, 198%Gill, 2000;
Serjeantson, 2009 Where whole eggs are found measurement of shell length

and diameter can be used to derive taxonomic identificatiaut, the likelihood
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of preservation of whole eggs #ight (although this has occurred in the U.K. on
at least two occasiongg.g. Keepax1981).Even where these are found, egg size
provides low resolution; the degree of intaand intraspecific variabity is often

too great to allow accurate identification (e.g. Keepax, 198he pigments in

the shell cuticle tend not to survive in archaeological samples, and are in fact
often lost fairly rapidly (10@50 years)from eggs held in museum collections
(their survival in the ground has not been quantified) range of approaches
which have been tentatively described as useful in modern samples, but which
are not applicable to archaeological samples as they assume no structural
deterioration, have been reweed in detail elsewhere (Keepax, 198ieural
imaging software has also been used to identify eggshell fragments with a
reasonable degree of accuraground 70%) but this technique faces similar
problemsrelating to time and labour intensitagnd has notdeveloped beyond

the initial pilot study(Eastham & Gwynri997).

1.1.4.3: Other applications of archaeological eggshell

Aside fromtaxonomic identification amino aciddating has been the most
predominant application of preserved ratite eggshell (8gooks et al., 1990
Miller et al., 2000. A range of other applications exist; for example, progressive
changes in shell microstructure during embryogenesis have the potential to
discriminate between eggshell originating from food waste and eggs whiaoh wer
allowed to hatch (Sidell, 1993; Beacham & Durand, 2007). Th&esestructusl
changes have beemused to constrain the date of emergence of turkey
husbandry in the American southest (Beacham & Duran@007).The location

of rhea eggshell deposits in gentina in relation to the location of main
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residential areas has also been used to argue for the importance of regional
scale archaeological research in order to understand subsistence patterns in that
region Medina et al., 2011). Environmental researche have recently used
preserved seabird eggshell to determine changes in oceanic mercury levels over
the past 700 years (Xu et al., 2011). The potential of eggshell as a material for

study is beginning to be realised in a diverse range of fields.

1.1.4.4 Eggs in the archaeological recordrttire applications

The major challenge facingrchaeologicakeggshell researcihas always been
that there is norobust, highthroughput identification system capable of
analysing the large volume of material recovers]dm many deposits The
development of such a system is the core objective of this projeds system,
once developed, can be applied to questions regarding wild and domestic
resource use. For exampl@eople mayhave taken eggs from a particular
speciesof wild bird, while taking another species for mg&erjeantson, 2009)

In most cases, the relative contributions of wild and domestic eggs to the diet
are completely unknownThe diversity of wild resources used by past societies
can also potentiallype addressed using this systeneaSonality of occupation at
certain sitescan also be addressed, as most birds have well defined breeding
seasons (although the fact that eggs can be stored may cloud this issue to some
extent). The relative status attachedot different types of egg may be
highlighted, and consideration of the favoured breeding sites of different birds
may imply the use of certain types of technology in egg collection (Sidell, 1993).
Most wild eggs are likely to have been collected within &atreely short

distance of the site; the ecological preferences of different bird species may
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then inform questions regarding the terrain surrounding the site (Sidell, 1993).
Theusefulnesof amino acidacemisationdating has been established in ratite
eggshell (e.g. Brooks et al., 1990; Miller et al., 2000, but the kinetics of
diagenesis in eggshell biomolecules remains to be established foratita
species; only one pilot study has been published to d&larke et al., 2007A
subsequent chapter ¥ investigate the potential of biomolecular diagenesis in

the eggshell of domestic bird species (Chapler

1.1.5: Conclusions on this section

This section has provided initial background information to the project, and has
introduced the core objectie and rationale of the work described in subsequent
chapters. In order to properly use eggshell in an archaeological setting, an
understanding of the material is required. The following section begins to
consider the material under study by providing asdeption of the internal

structure of eggshell.
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Section 2EggshelBtructure

1.2.1:Overview: the amniotic egg

The emergence of the amniotic egg was central to vertebrate colonisation of
terrestrial habitats, and mudte considered one of the most important events in
evolutionary history.In birds, enbryonic development takes place inside a
structure which provides protection from the physical environment and
microbial attack, regulates water and gas exchange with tdernal
environment, and provides vital nutrients to the developing embr@amkiss,
1968; Arias et al., 1993; Nys et al., 2004). The eggshell must have sufficient
mechanical strength to fulfil its protective functignisut this must be balanced
with facilitating water and gas exchange, amtimately allowing the emerging
juvenile to breakthroughit. This section will provide a summary of the basic

structure of avian eggshell.

1.2.2: Eggshell structure

1.2.2.1:Basic structure

Eggshell consists oboth organic and inorganic phases, andrass diverse
generacomprises around 10% ofthe total egg weight (Nyt al., 2004). The
inorganic phase is formed almost exclusivelgaltium carbonate (Cag)dn the
form of calcite whichconstitutes 95-96% ofthe shell weight (Ariast al.,1993;
Nys et al., 2004). Although snall quantities ofaragonite and vateritgother
forms of CaC@) have also been observed occasionaillgome species, these are
considered anomalou¢Becking 1975; Sidell, 1993Denniset al., 1996). The

calcite ultrastructure is stabilised by an organic matrix of proteins, regagghell
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proteins also play key roles in directirdjfferent stages okeggshell formation
(Sections 1.3 & 1.4)Gautronet al., 1997 Hincke et al., 2090 The oganic
fraction of the calcified layers Figure 1.1 contains variousproteins,
glycoproteins and proteoglycanédiscussed in detail in section 1.4and
comprises 2 3.5% of the total eggshell weightlihcke et al., 1995\yset al.,

2004; Mann & Siedlef006).

Cuticle Pore

Palisade layer

\ /j \‘\ /" \ j

Shell membrane Mammillary cores

Figure 1.1: Generalised schematic of the internal structure of eggshell (adapted
from Stewart et al., 2013No measurements are given as these vary between

taxa.

1.22.2: Shellmembrane

At the innermost shell surface, a nealcified bilayerad membrane separates
the egg white from the calcified layers of the eggsh8iimkiss, 1968Sidell,
1993; Mann, 2008 This membrane is deposited in the isthmus external to the
peri-albumen layer which surrounds the egg whifgiaset al.,1991; Denniset

al., 1996; Nyset al., 2004). Most of the membrane (7§ 75%) is formed of
proteins and glycoproteins (Worgf al., 1984: Ariaset al., 1991). Lysozyme C

(60% by weight) has been proposed as the major protein component of the
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membrane while collagen iglso presen{Wong et al., 1984Mann, 2008. The
outer shell membrane is strongly adhered to the inner surface of the shell, and is
extremely difficult to remove mechanically (Sidell, 1998j)act membranes are
fundamental to successful eggshell depasitias (among other functions) they
prevent inward mineralisation (Nygt al., 2004). Recent higthroughput
proteomic techniques have identified up to 137 protein constituents of these
membranesin chicken eggshelmany of which also occur in other eggitand
body compartmentgdMann, 2008. The function of thesén the membrane(if

any) mostly remaisunknown (Mann, 2008. The shell membrane is occasionally
preserved in extremely organiich deposits such as cesspits, but is not

commonly recovered at ost sites.

1.22.3: Mammillary layer

The most internal crystallinéayer is deposited in a namiform manneron the
outer shell membranes snall radiallyarranged polycrystalline calcite clusters
(mammillae)(Nyset al.,2004). These are deposited in a qugmriodic manner

on the external surface of the shell membrane, before small crystals grow
upwards and outwards until they fuse and the membrane surface is covered; at

this stage deposition of this layer terminates (Tyler &eo, 1978).

The mammillaecomprise a base plate, calcium reserve body (CRB), a CRB cover
and a crown; the CRBnctions as a source aeadily mobilisectalciumfor bone
mineralisation in the developing embryo (Bond et al., 1988; Dennis et al., 1996;

Reynoldset al., 2004; Beacham & Durand, 200Zhienet al.,2009 Osterstrom
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& Lilja, 2012 The fibres of the outer shell membrane penetrate the cones of the
mammillary layer, whiclthen act as sites of initial crystal nucleatidor the
large, oriented chite crystals of the palisade layer (Robinson & Kifg3: Arias

et al., 1993; Panheleuxet al., 1999 Nyset al., 2004). The mammillary layer is
divided by some authors into two components; the basal caps and the cone
layer (e.g. Becking, 1975). It isgsible that mammillary density correlates with
breeding biology, with differences observed between altricial and precocial
species; the mechanism(s) underlying this correlation are not clear (Osterstrom

& Lilja, 2012).

1.22.4: Palisade layervertical aystal layer& cuticle

The palisade layer spans from the mammillary crowns to the internal surface of
the cuticle(Figure 1.1), andomprises large calcite crystals aligned with their

axes perpendicular to the shell surface (My®l.,2004). This laygprovides the
mechanical strength required by the eggshak. he dense crystalline structure

of the palisade layer precludes permeation of water and gases from the external
environment a porous network extends from the outer cuticle to the less dense
mammillary layer $imkiss, 1968Nys et al.,, 2004). The dimensionand
tortuosity of this system vary between taxa depending on their differing
requirements and can adapt rapidly to the differing conditions of novel
environments(Tullet 1975; Stein & Badyav, 201). In most taxaa thin layer of
small vertically aligned crystals liaisthe external surface of the palisade layer
(Keepax, 1981). Exterior to this asnoncalcified cuticle comprisg proteins,
lipids and polysaccharideSi(nkiss, 1968;ammieet al.,2006). This cuticle is the

primary frontier of water and gas exchange between the embryo and the
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environment, and is necessarily a region of very low chemical and biological
activity (Nyset al.,2004).The eggs of some species (e.g. the ganhdo not have

a cuticle but have a calcareous coating instead (Sidell, 1993).

1.2.3: Conclusions on section 2

This section has introduced the internal structure of the material which is the
focus of this project. The following section summarises thaecurstate of
knowledge regarding the manner in which this material is deposited, and the

role(s) of biomolecules in that process.
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Section 3: Biomineralisation & Eggshell Deposition

1.3.1: Overview

CaC@ has been produced bymetazoansfor at least 550-600 million years
(Grotzingeret al.,2000) and the oldest evidence for production by unicellular
organisms dates to around 3.5 billion years ago (e.g. Lepot et al., 2008; Allwood
et al., 2009) Today, a genetically \dirse group of organisms, inatling many
types of arthropods and molluscas well adfish andbirds, produce some form
of biogenic CaCGQO This tends to form exoskeletal material imvertebrates,
while in vertebrates it functions as the building material of the amnioticsbgt

in birds and in the construction of the otolithCaC@can occu in three
crystalline phasescélcite, aragoniteand vaterite), and also as three hydrate
non-crystalline phases (amorphouACC) monohydrate and hexahydrate)
(Figure 1.2) The CaC@{n avian egdsll is almost exclusively calcite (Deneis
al.,1996; Fuet al.,2005; Xieet al.,2005). Mollusc shells tend to be composed of
aragonite and/or calcite, whilfish otoliths are composed of aragonite; some
marine arthropodsand echinodermsamorphousCaC@(ACC) isitilised, most
commonly as a transient phagaddadiet al.,2003;Weiner et al., 2005Bentov

et al.,2010).
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Calcite

Figure 1.2: Transmission Electron Micrograph (TEM) images of crystalline
calcium carbonate polymorphs, and amorphous calaanbonate.Reproduced
from: http://www.ruhr -uni-bochum.de/sediment/pictures/CaCO3_webl.jpg

(accessed 01/08/13)

Although avian eggshell is the focus material of this projectse@ch on
biomineralisation processes in other organisimpotentiallyof direct relevance
to understanding the processes of eggshell deposiiiois probable thatt least
some of thegeneral pathways of biomineralisation arenserved across a range
of genetically diverse organism#@/éiner & Addadi, 1997Addadiet al.,2003;Fu

et al.,2005; Weiner et al., 2005 The diversity of crystalline structures in nature
highlights the fact that organic activitpften plays a major role in their
determination structural differences between taxa are likely to derive from the
effects of different organic fractionsn growing crystal¢e.g. Stolarski & Mazyr
2005; Weiner et al., 2005 Characterisation dhe processedy which organisms
exert exquisite control over crystal developmeig of potentially major
significance to major growth industries such as nanotechnology and material

science as well as to biological scienggsower & Odom2000; Sarikayat al.,

50


http://www.ruhr-uni-bochum.de/sediment/pictures/CaCO3_web1.jpg

2003;Gebaueret al., 2008, 2009, 201Krattigeret al.,2010). A synopsis of the
current state of understanding regarding crystal nucleation, morphogenesis and
crystallisation in biominerals is provided belofl of this is potentially relevant

to eggshell dposition, although biomineralisation in marine invertebrates has
been more extensively studied (e.g. Aizenberg et al., 1996; Marin et al., 2005,
2008; Weiner et al., 2005). This section also introduces the -amyrstalline
protein fraction, which is crual to the methodologies developed and used in

subsequent chapters.

1.3.2: Initial stages of crystallisation

1.3.2.1:The ACC phase

The nucleation of a transiently stablACC phase is the initial stage of
crystallisation in many biomineral®\ddadi et al 2003; Weiner et al., 2005;
Pouget et al., 2009Although ACC can exhibit sh@ange atomic order, lack of
register between adjacent molecules precludes the emergence of-ramge
order and crystallinity (Aizenberg et al., 1996; Weiner et al., 200&t&Get al.,
2007; Lam et al., 2007ACC can be thermodynamically stable under certain
conditions however, at larger nanoparticle sizes and/or higher ion
concentrations crystalline polymorphs become preferred (Freestaad.,2010).
ACCoften occurs in ature as a transiently stable precursor to crystallisation,
and there is evidence to suggest that thésthe pathway leading to calcite
precipitation in the mammillary layer of bird eggsh@glakshminarayanaet al.,
2006; Voinescet al.,2007;Freeman eal., 2010Gebaueret al.,2010. ACC also

occursas a metastablg@olymorph in its own right in a range ofarine species
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(Aizenberg et al., 199@ddadiet al.,2003;Wilt et al., 2003; Weiner et al., 2005

Gebaueret al.,2008, 2010Bentovet al.,2010).).

1.3.2.2: Metastable vs. transiently stable ACC: roles of organic molecules and
hydration

The pathways leading to maintenance of metastable ACC (used as structural
material in somamarineinvertebrates) and transient stabilisation of ACC during
early crystallisation are different (Addadi et al., 2003; Weiner et al., 20@fiti

et al., 2008. Maintenance of metastable ACC is determined by the activity of
specific ions and/or amino acid residues, although the precise mechanism(s)
often remain unclear(e.g. Weiner et al., 2005). For examplepedific
phosphoprotein constituets inhibit crystallisation, anthayplay a crucial role in

the maintenanceof stable ACGn decapods(Bentov et al., 2010). Isolated
phosphoserine and phosphothreonine residues exhibit high calcium binding
capacity, which causes them to adsorb onto nascent nuclei and retard crystal
growth until the ACC pool becomes supersaturated (Addadi.,2003;Bentov

et al.,2010). At this point ACC will transform into more stable crystalline forms

in vitro (Addadiet al.,2003).

Macromolecule concentrations vivoare probablytoo low to support this as a
general mechanism of ACC stabilisation is more likely that a
microenvironment which does not favour crystal nucleation is formed (Addadi
al., 2003; c.f. Gebaueret al., 2009). As opposed to the transiently stable ACC

phase observed in precipitation of crystalline phases, stable ACC is significantly
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hydrated the preserme of water molecules around calcium ions may preclude
their reconfiguration into anhydrous crystals (Addatlial., 2003; Weiner et al.,
2005. These examples serve to introduce the importance of the interaction

between the mineral and molecular environmts.

1.3.3: Crystal nucleation

1.3.3.1: Nucleation theory

Nucleation ofboth the polycrystalline aggregates of the mammillary layer and
the largecalcite crystal®f the palisaddayer are of fundamental importance to
successful eggshell deposition. Unstanding the mechanisms of crystal
nucleation is crucial to determining potentiabrganic rolesin eggshell
deposition. Two competing (but nagntirely mutually exclusive) theories of
crystal nucleation are currently in circulation, and the debate betwiwm is

not yet resolved. Traditional nucleation theory holds that nucleation proceeds
by reversible addition of free ions to a peeitical cluster until a critical size is
reached and the cluster becomes stableviewed inMeldrum & Sear2008;
Gebaueret al., 2009). This stable cluster will then act as a template for
subsequent crystal growtlRecent research has identified lotiged precritical
clusters which grow by collision and coalescence until critical size is reached and
metastable ACC is foed (Colfen & Mann2003; Gebaueret al., 2008, 2009;
Pougetet al.,2009 Song &Colfen 2011). This has led to the emergence of the
mesoctrystal theory of crystal nucleation (e.g. Colfen & Antonietti, 2005; Song &
Colfen, 2010), which demosntrates that preystalline structures can aggregate
by embedment in noftrystalline matrices.As these clusters have been

observed to persist after the onset of nucleation, it has been proposed that it is
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an increase in surface ergy, rather than a simple increase iluster size, which
stabilises ACC and facilitates crystal nucleation (Poegeal., 2009). This
increase could result from impurities in solution (which are considered
ubiquitousin vivoand all but impossible to fully eliminat@ vitro) acting to
stabilise CaCQclusters, before their coalescence leads to formation of
metastable ACC (Gebauetr al., 2008, 2009; Meldrum & Sea2008; Pougett

al., 2009). In this model, both free ions and gratical clusters play key roles in
crystal nucleation, sédo additives in solution (see below) (Gebaetal.,2008,

2009).

1.3.3.2: Intracrystalline proteins

The presence of organic molecules trapped within biominerals has been the
subject of a large volume of research (e€dgenshaw1972; Towe & Thompson
1972; Towe 1980; Bermaret al., 1988 Penkman et al., 2008, 2011)ntil the
conflict between different proposed pathways of mineral deposition is resolved,
0KS LINBOA&AS &Lk GAFf NEXNBBEAIZ Y KAAYLS DO SINRIISYA yiEK 9
mineral phas cannot be fully understood. Recentansmssion electron
micrographs (TEM) of molluscan and algal biominerlsal spherulitic Fresnel
contrasts of a few nanometers, which probably correspond to thizdgea-
crystallineproteins (Okumura et al., 2010022). There is also evidence that it is
possible for amino acids to be trapped within mineral crystals without disrupting
lattice structure (Li et al., 2009). These proteins are not subject to the range of
diagenetic influences which may be experienced thgse exposed to the
external environment (e.g. soil pH, hydrological conditions, microbial attack,

infiltration by nonindigenous biomolecules)The significance of these intra
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crystalline proteins to this study is described in detail ifokowing chaper

(Chapter2).

1.3.4: Mineraldepositionin eggshell

1.3.4.1:Overview

Avian eggshell deposii is one ofthe most rapid biomineralisation process
known the complete shell (6 g of mineral in chicken eggshell) is deposited in the
oviduct in less tha24 hours(e.g.Fuet al.,2005. CaCgis precipitated from an
acellular medium (uterine fluid) which contains the organic precursors of the
shell matrix, ad is saturated in calcium and bicarbonate ioNyget al.,2004).
Xray diffraction studies have demonstrated variable protein concentration
within the calcified layers, with the highest concentrations observed in the
mammillary layer and outer palisaqeammieet al.,2006). This suggests major
roles for the organic fraction in the initiation and termination of crystallisation,
and also highlights the degree of temporatigntrolled protein expression
required within the oviduct for successful depositioh eggshell Ariaset al.,

1993; Lammieet al.,2006).

During formation of a chicken egde ionic and organic components ofeth
uterine fluid change progressively during the three distinct phases of
calcification, and are markedly different during initiation (5hr), growth (12hr)
and termination (1.5hr{Gautronet al.,1997; Hinckeet al.,2010). This suggests
major roles for the organifraction of eggshell in regulating deposition (Gautron

et al., 1997; Hincke et al., 201M)itial crystal growthin the mammillary layeis
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multidirectional, but only crystals growing perpendicular to the cuticle have
space to continue growinig the palsade layefHinckeet al.,2010). The organic
component of eggshell limits growth space by inhibiting calcitic growth at faces
parallel to thec-axis and thus promotes elongation e calcite crystalsvhich

form the palisade layefHinckeet al.,2010).

1.3.4.2: Calcite deposition: roles of the organic fraction

Calcite, the most stable crystalline form of CaG®&formed when crystal growth

is multidirectional (i.e. when no potential growth direction is thermodynamically
favoured) (e.gSilyrnRoberts &Sharp, 1985 Aragonite which is formed when
growth in a particular plane is thermodynamically favouresl,less stabléhan
calcitebut has mechanical properties which are often more useful (e.g. reduced
brittleness); due to the thermodynamic favourid calcite, aragonite requires
some form of molecular input to favour its growth (e.g. Weiner & Addadi, 1997).
For example, the presence of magnesium ions can favour aragonite
precipitation, as can the activity of proteins which bind to specific crystalsfa
and thus favour unidirectional growth (Weiner & Addadi, 1997). The presence of
calcite in avian eggshell could be viewed as a result of a lack of molecular activity
favouring aragonitic growth. However, it is wrong to imply that the organic
fraction of eggshell is not involved in directing calcitic growth. While the
polycrystalline mammillary layer may be relatively free from molecular direction
of crystal form during deposition, as spatial constraints on growing crystals seem
to be the only factor favaring growth in particular planes, proteins are still
heavily involved in promoting crystallisation in the mammillary layer (Freeman

et al., 2010, 2011). The palisade layer exhibits greater molecular control of
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crystal growth as it requires growth of laganisotropic calcite crystals; it is
likely that the organic fraction acts (in -operation with spatial constraints) to
favour crystal growth in a specific plane (Hincke et al., 2010). A range of proteins
found in other mineralising systenten modulate calcite crystahucleation and
growth by binding to specific growth planes on calcite crystals fdlgcket al.,
1993;Ormeet al.,2001; Wanget al.,2009).The precise mechanisms of this in
eggshell are unclear, but may relate to inhibitioh growth at specific faces
during nucleation and initial growth; spatial constraints (i.e. crystals only having
one direction in which they can grow) probably become more important during
later stages of calcification. This shows that the porosity andldmiéss of
eggshell, which are crucial to the material fulfilling its required functions
(Section 1.2), are emergent properties of the pathways of crystal growth and are

ultimately under molecular control.

1.3.4.3: Differences between eggshell and othraimeralising systems

Although the general processes of ACC stabilisation and crystal nucleation may
be conserved across diverse taxa (e.g. Addadi et al., 2003), there are important
mechanistic differences between eggshell and other mineralising systelsdsTh

not surprising; even withina single phylum the Mollusca a range of
mechanisms by which calcitan beproduced and shapedre known(Marie et

al., 2009, 2011).

One major difference between eggshell and marine invertebrate calcification

relates b the involvement of highly acidic proteins (pl < 4) in the latBel¢her
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et al., 1996; Faliniet al., 1996; Weiner & Addadi, 1997Fenget al., 2000
Aizenberget al., 2002; Gotliv et al., 2003; Marin & Luquet, 2005; Marin et al.,
2008). Although thesaffect the crystallising phase, the effects of particularly
acidic amino acids on crystallisation cannot be reduced simply to pH effects;
aspartic acierich proteins extracted from the calcitic phase of the spicules of
marine poriferans and ascidians protaccalcite formation, whilglutamic acid

rich molecules are found in association with the ACC phas¢the same
organisms,and may even prevent crystallisation (Aizenbetgal., 1996). The

most acidic protein yet discovered in mollusc shell has a thexiepl of 1.67

and comprises 65% aspartic acid (Marin et al., 2008); the most acidic known
eggshell protein has a theoretical pl of 4.53 and comprises 12% aspartic acid
(Section 1.4 discusses eggshell proteins in detail). Furthermore, ovo€l&idin
which catalyses the early stages of calcification in chicken eggshell, is highly
basic (theoretical pl = 9.78) (Rey@gjeda et al., 2004). Highly acidic proteins
can affect calcite crystal morphology, act as nucleation templates for crystal
growth when adsorbd onto a solid substrate, or inhibit crystal growth when
free (Marin & Luquet, 2005). The failure to observe any such protein in avian
eggshell deposition shows that the mechanisms in operation are probably
different, although it remains possible that hig acidic proteins may be found.
There are commonalities to be found; glycine and alamicke proteins are often
involved in calcium binding in both eggshell and invertebrate mineral deposition

(Hincke et al., 1999; Weiner et al., 2005).
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1.3.5: Conclusins on biomineralisation and eggshell deposition

This section has summarised the state of knowledge regarding eggshell
deposition at a molecular level. Although this remains incompletely understood,
it is clear that organic molecules are key to this pracemd also that there are
important differences between deposition of eggshell and other biominerals.
The following section will introduce the major proteins known to be present in
eggshell, and discuss their roles in the deposition and regulation ahtterial;
these are the molecules which will provide the basis of the eggshell

identification technique developed in a later chapter (Chapter 2).
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Section 4Eggshell ProteinsStructure Function &Diversity

1.4.1:Overview

This section describes some of the proteins known to perform roles in eggshell.
Many of these ardocalised to specific regions, suggestthgt they are involved

in different stageof eggshell formatiorfFernandezt al.,2003;Nyset al.,2004;
Lammieet al., 2006). Unless stated otherwise, this summary will refer to the
domestic chicken proteome, asthis has beenby far the most extensively
researched.Data are generally lacking for most avian taxa, although some
proteins are known from members of Sthibniformes (ostriches and allies),
Anseriformes (geese and allies), and other members of Galliformes (turkeys).
Major advances in understanding of other avian genomes and proteomes are
expected in the near future (T. Gilbemersonal communication Eggbell
proteinshave beersubdivided into threegeneralcategoriesthose expressed in

a range ofbodily tissues; those present in the egg white as well as in the shell;

and those unique to the shell (Ngsal.,2004).

1.4.2: Diversity of chicken eggsheitoteins

Followingthe development of higithroughput proteomic techniques, up to 520
proteins have been foundn chickeneggshell, 32 of which can be considered
WKAIKE & | 0 deyaR,R006).Thedast majfrity of these remain to be
properly charaterised, and their functions in the processes of biomineralisation
and/or in the mature eggshell (if any) are as yet unknolims highly unlikely
that the majority of these are actually integral to eggshell deposition and

maintenance Many proteins areapparently assimilated into eggshell in a ron
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specific mannedue to the rapid nature of mineralisatioqroteins which are
expressed in other parts of the oviduct may have diffused into the eggshell gland
and thus been incorporated into the eggshell matwhile others may represent
breakdown products of other molecul@sesentin the uterine fluid(Mannet al.,

2006).

1.4.3: Eggshell proteins

1.4.3.1:Proteins expressed in diverse bodily tissues

Osteopontinis a moderately acidic protein (theoretical pl = 4.%5Xpressedin
different formg in bone and eggshelwhich functions as a phosphorylatien
dependent inhibitor of CaG@recipitation (Pine®t al.,1995 Nyset al.,2004).

It is found within the core onembrane fibres, the bases of mammillae, is highly
concentrated in the palisade layer, and may modulate the speed of precipitation
from uterine fluid and/or orient grstal growth Nyset al., 2004; Hincke et al.,
2010. Osteopontin is seemingly ubiquitoirstetrapod bomineralisation (Chien

et al.,2009).

Clusterin is a moderately acidic (theoretical pl = 5.4%isulphidebound
heterodimeric glycoprotein expressed in a wide range of bodily tissuesgiNys
al., 2004). Its structure and function is beliel/¢o be highly conserved across
mammals and birds (N al.,2004). Within eggshell, it is found throughout the
mammillary and palisade layers, and probably acts as a chaperone to prevent

premature aggregation and precipitation of other matrix componedtsing
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their incorporation into the rigid protein matrix (Manet al.,2003; Nyset al.,

2004).

Serum albuminhas also been observed in association with clusterin in chicken
and emu eggshell (Manet al., 2003; Mann, 2004).A high proportion oflipid-
binding proteins have been observed in the aestluble eggshell protein
fraction, despite the very low relative abundance of lipids in eggshaiise

probably exert antimicrobial effectdammieet al.,2006; Mannret al.,2006).

1.4.32: Eggwhite and egshell proteins

Ovalbumin is a moderately acidic (theoretical pl = 5.19) monomeric
phosphoglycoprotein which ikcalised within the mammillary layer, and has
been shown to be ubiquitous in a range of domestic speciesvell as in reptile
eggs(Mine, 1995; Panheleuxet al., 1999 Nyset al., 2004; Miksik et al., 2007
Prajanbaret al.,2012. Although ovalbumin was one of the first proteins to be
isolated in pure form, its precise function remains unclear (Huntington & Stein
2001). Despite sequence and structural homology with the serpin family of
proteins, no inhibition of serine proteases has been observed (Huntington &
Stein 2001). The precise role of ovalbumin in eggte and eggshell remains
unclear, although its preduinance (6865% of total protein content) in egg
white may imply a major role as a storage protein (Huntington & S2&61).1t

has also been shown to exhibit antimicrobial capacitits|égriniet al.,2004).
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Ovotransferrin is a very slightly acidi¢theoretical pl = 6.85)glycoprotein
common to eggvhite and eggshell. The transferrin family of proteins are heavily
involved in iron binding, and are common as aepitwse reactants in plasma
(Keung & Azaril982; Mine, 199k This protein is thereforéklely to be involved

in iron transport in the developing embryo, and alsopievention ofbacterial

growth by ironsequestation (Keung & Azaril982; Mine, 199h

Lysozymds ahighly basic (theoretical pl = 9.3@lycoside hydrolaséound in a
wide variety of speciesit catalyses attacks on peptidoglycans in the cell wall of
gramnegaive bacteria, and therefore has strong anticrobial capacities (Blake

et al., 1965; Phillips 1967; Mine, 1995;Vocadloet al.,2001). Lysozyme occurs
predominantlyin the intercrystalline protein fraction (Gautroet al.,2001), and

is also a major component of trehellmembrane ann, 200§. Although these
proteins are apparently primarily involved in storage and transport, as wéll as
anti-microbial functions,they have been shown taaffect calcite crystal
morphologyin vitro (Hinckeet al., 2000, 2010; Gautroet al., 2001; Nyset al.,
2004). Their roles in eggshell deposition may therefore be more complex than

the current state of understanding suggests.

1.4.33: Eggshelkpecific proteins

Proteins apparently unique to eggshell @. gallus domesticusiclude the
ovocalyxinfamily, which is thought to perform a variety of functions related to
termination of mineralisation and shell formation (Gautrenal., 2001; Nyset

al.,2004).0Ovocalyxinr32 (theoretical pl = 8.99F localised to the outer palisade

63



layer, the vertical crystal layer and the cuticle, and is believed to play a key role
in the regulation and termination of calcification (Gautretnal.,2001; Nyset al.,
2004). This protein occurs in both the interand intracrystalline protein
fractions and may also perform antimicrobial functio(Gautronet al., 2001;

Xing et al., 2007 Ovocalyxin36 (theoretical pl = 5.61js localised to the inner
calcified layers and the shell membrane, and is highlyegpilated when the egg

is in the uterus. It is therefore likely to be involvedtlir initial stages oshell
formation (Nyset al.,2004; Gautron et al., 2007High sequence homology with
antimicrobial mammalian proteins suggests that ovocaly8@nmay also exercise

antimicrobial functions (Bingle & Cray&®04; Tian et al., 2010

Ovocleidin116 (OG116) is a mildly acidic (pl = 6.42) secretory calddimaing
phosphoprotein (SCPP); this famity proteins are ubiquitous in tetrapod
mineralisation Kawasaki & Weiss, 2003This protein is at the core of a
dermatan sulphate proteoglycaisee section 1.4.3.5yhich iswidely distributed
throughout the palisade layer; i alsothe most abundant&0pug/g shell) matrix
protein Hincke et al., 1999Mann et al., 2002; Nys et al., 2004). The high
proportion of glycine and alanine (24% of the total sequence) is consistent with
a role as a framework proteinM(einer & Addadi, 1997Hincke et al., 1999),
while SCPP proteins bind calcium via acidic amino acid residupRse &
Hincke, 2009). OC16 is a member of the SIBLING (small intelgimding ligand,
N-linked glycoprotein) gene locus, where it is adjacent to osteopoiRivsé &
Hincke, 200R OG116 is highly expressed during the formation of the shell
matrix external to the mammillae, and has a strong effect on crystal orientation

it may modulate crystafjrowth during palisade formatiohy preventing crystal
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growth along certain axef-ernandezt al.,1997; Hinckeet al.,1999 Nys et al.,
2004). Also, the sulphated form could favour crystal elongation through
electrostatic interactions (Rose & Hincke, 2009). Single nucleotide
polymorphisms (SNPs) in this protein have been linked to changaheih
thickness, elasticity, and shap@unn et al., 2008 this protein is very important
in both the developing and mature eggshell, and functional equivalents in other
avian species should be targeted as a matter of priority. A rolddne

mineralisaton has also been propose@Fernandezt al., 1997 HorvatGordon

et al.,2008).
Length

Protein Mass (kDa)| pl (AAs) Type
Clusterin 51.3 5.47 448 Glycoprotein
Lysozyme 16.2 9.36 147 Glycoside Hydrolase
0G116 76.9 6.42 | 743 Phosphoprotein
0G17 15.3 9.78 | 142 Gtype lectin
0oCXx32 30.6 8.99 275 Unclear
Osteopontin 29.2 453 | 264 Phosphoprotein
Ovalbumin 42.9 519 | 386 | Phosphoglycoproteir
Ovotransferrin 77.8 6.85 | 705 Glycoprotein

Table 1.1: Basic biochemical parametersarheknown chicken eggshell

proteins

1.4.3.4.1: @ype lectin proteins

Gtype lectinlike (CTL)proteins (carbohydratebinding proteins which require
calcium to bind to their substrate and perform a wide variety of roles in nature)
have been identified in a range of species, &ade long been thought to play a
key role in CaC{precipitation and crystallisation. It is likely that these proteins

exert biphasic effects on Cag@recipitation, acting as promoters at low
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concentrations and as inhibitors at high concentrations (Mysal., 2004).
Ovocleidinl7 (OCGLl7) is an abundant (40ug/g shell) phosphoprotein found in
both glycosylated OG23) and nonglycosylated forms in the mammillary and
palisade layers of galliform eggshell (Mah899; Panheleugt al.,1999; Mann

et al., 2002 ReyesGrajedaet al.,2004 Portugalet al.,2010. Like O€l16, OC

17 has a very high component of alanine and glycine (28.9%); this is consistent
with a role as a framework protei@G17, which is highly basic (theoretical pl =
9.78),is abundant in he intracrystalline protein fraction (Gautroet al.,2001).
Ansocalcinhas been observed ithe eggshell ofanseriform species (geese,
ducks and swang)l.akshminarayanast al., 2002), and exhibits 40% sequence
identity to OCG17 (Nyset al., 2004). Both of these proteins have also been
observed to bind bacterial polysaccharides and thus fulfil antimicrobial functions
(WellmanlLabadie et al., 2008In ostrich eggshell (OESjruthiocalcin (SCA) 1

& 2 have been isolated (Manr2004). Emudromaiocalcin (ICA) 1 & 2 and
rhea fheacalcin (RHA) 1 &)2eggshell also contain two differer@THEike

proteins Mann & Siedler, 2006

1.4.3.4.2:Sequence homology and inteelationships of CThproteins

Within ratites (ostrich, emu and rhea), these proteins areilgagrouped into
two categories Group 1 (SGA, DCAL & RCAL) and Group 2 (SEA DCA2 &

RCA2) (Mann & Siedler, 2006 Group 1 proteins exhibit 707% sequence
identity within ratites, no phosphorylation, and a variable number9)7of

cysteines Mann & Siedler, 2006 Ansocalcin (goose) exhibits-838% sequence
identity with these proteins, no phosphorylation, and seven cysteiivanf &

Siedler, 20068 Group 2 proteins exhibit 785% sequence identity, -2
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phosphorylated serines at almost identicatdtions, and a common set of 6
cysteines which forms the entirety of their cysteine contella(in & Siedler,
2006. OGC17 is placed within this group on the strength of its two
phosphorylated serines and six cysteines, despite o742 sequence identity

(Mann & Siedler1999,2006).

The question of why ratites seem to require t@J'k while othertaxado not
remains unanswered, but may be related to the extraordinary thickness and
mechanical strengttof ratite eggshell.lt may also relate to gene loss in the
Neognathae following divergence from the PalaeognatfiEgure 13) (Mann &
Siedler, 2006). If this is the case, it is interesting that different genes have
apparently been lost in the Galliformes and Anseriformesait affecting the
ability of either to successfully mineralise eggshell; this would suggest that avian
eggshell deposition might not be as dependent on tight molecular control as

some other mineralising systems.

— All other extant birds
Neognathae
———  Galliformes &
H Anseriformes
Palaeognathae
Ratites

Figure 1.3 Simplified phylogenetic tresf Aves, following Hackett et al (2008)
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1.4.3.4.3:Roles of d'Lproteins in eggshell deposition

CTL proteins are believed to fulfil crucial roles as framework proteins in the
precipitation of CaCguring the initial stages of calcification in a rangeloyla.
Similarroles for these proteindrave been proposed in molluscschinoderms
and mammalian disease conditions (Will999 Mann et al., 2000 De Reggi &
Gharib 2001)The interaction between OQ7 and calcareous nanoparticles is
sizedependent (Freman et al., 2010). Computer models suggest thahis
protein is bound by arginine residues to smaller nanoparticles and promotes
aggregation of these, leading to mineralisation (Freenearal., 2010 2011J).
Subsequent changes in hanopatrticle structure/andize dislodge the protein,
which can then adsorb to smaller nanoparticles (Freeraaial., 2010 201J).
According to this modelOG17 plays a catalytic roléen CaCe@ precipitation
(Freemanet al., 2010 2011). This process will continue until such émas the
protein is surrounded by calcite anddscludedwithin the mineral (Freemaet

al.,201Q 2011.

The role played by ansocalcin seems to be diffe(&akshminarayanast al.,

2002, 206; ReyesGrajedaet al.,2004; Freeman et al., 20L0Although thisis

not necessarily surprisings these proteinsalign with different groups (see
above), it begs the question of how the requirements of calcification are met in
the two avianorders. The intracrystalline component oainsocalcinhas been
observed tobe highrelative to that ofOG17 (Lakshminarayanaast al., 2005).

This may be due to slightly different mechanisms of protiiven
mineralisation. Ansocalcin aggregates as crystal nucleation and growth progress

(Lakshminarayanarmt al., 2005, and may therefore act as a template for
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mineralisation rather tharmas a catalyt. This would lead to a high degree of
entrapment within the matrix relative to OC7 if ansocalcin remains bound to
its substrate while OQ7 dissociates after a criticalzei or specific structural

conformation is reachedThe functional role(s) of ratite CTL proteins in the

developing and mature eggshell are not yet clear.

1.4.35: Effects of sugars on proteiform andfunction

Many proteins argosttranslationallymodified by the addition of sugar®ilot

work on the role of proteoglycans and glycosaminoglycans in eggshell formation
found that keratan and dermatan sulphate proteoglycans were differentially
localised within the eggshell, hinting at different roles in thénenalisation
process (Arias et al., 1991, 1992). Keratan sulphates are less anionic than
dermatan sulphates, and are believed to dmsociated with the formation of the
mammillae, in  which initial crystal orientation is nraniform;
immunohistological stdies have shown that deposition of the mammillae
coincides with expression of keratan sulphéffernandez et al., 1997; Nys et al.,
2004). In vitro studies have shown thaboth keratan sulphate and dermatan
sulphateproteoglycanshave high calcium affinifyit has been proposed that the
main roles of keratan sulphates relate to maintenance of calcium reserve bodies,
while dermatan sulphatesaffect the precipitation of CaGOduring shell
formation (Fernande=zt al.,1997).For example, OC16 forms the coregrotein

of a dermatan sulphate proteoglycan which functions as a framework protein

during shell formation (Hincke et al., 1999).
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Another exampleis provided byOG17, whichcan occur in its phosphorylated
form or as a glycosylated form (&&X3) (Mann, 1999 In this protein,
phosphorylation and glycosylation appear to be mutually exclusive, and it is
possible that the two forms of the protein play different roles in eggshell
formation (Mann, 1999). While the mechanisms by which-1@Caffects
mineralisationhave been described (Freeman et al,. 2010, 2011), those -@30C
remain unclearAlthough the roles of sugars in the function of eggshell proteins
remains largely unknown, it is clear that they have major effects on the roles

played by these molecules.

1.4.4:Effects ofeggshellproteins on calcite crystal morphology

It has been suggested that ansocalcin, but not-1JC can affect calcite
morphology and favour crystal aggregation at high concentrations
(Lakshminarayanamet al., 2005). Purified OQ7 has been observed to have
minimal effect on calcite crystal morphology low concentrationgNyset al.,
2004), although at higher concentrations an effect has been observed (Reyes
Grajedaet al., 2004). It has been suggested thdtig difference in interaction
between crystal morphology and protein may result from direct interaction
between OG17 (and SCA) and the carbonate anion, which has not been
observed in the other proteins listed (Mar(Barciaet al.,2008 Freemarnet al.,
2011). This similarity in function is particularly interesting given that these
LINEPGSAYAa IINB y2i O2yaARSNBR YSYoSNa

(Section 1.4.3.4.2).
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Osteopontinmay play a role in determining crystal morphology and orientation
in galliformes by inhibiting calcitic growth at specific crystéphic faces
(Lavelinet al.,2000 Chien et al., 2008 The expression of this protein is induced
by mechanical strain within the oviduct, and is limited to regions highly involved
in the cdcification process (Pinext al.,1995; Lavelin et al., 20000steopontin
contains phosphothreonine and phosphoserine residues (Laetlial., 2000)
which make ita viable candidate for initial stabilisation of ACC (Berbul.,
2010). It may also bivolved in compartmentalisation of CRBs in combination
with keratan sulphate (Fernandeet al., 2003). Ovotransferrin can cause
reduction in crystal size, and favours elongation of calcite crystals at high
concentrations, as do pure glygminoglycans (Nset al.,2004). Lysozyme also
affects crystal morphology by inhibiting growth at crystallographic faces parallel
to the c-axis (Ny<t al.,2004). All of these interactions may be governed by the
hydrophobic and electrostatic interactions between biomalles and calcitic

surfaces (Nyst al.,2004).

1.4.5: Conclusions

1.4.5.1: Conclusions on section 4

This section has introduced some of the proteins present in eggshell, and
described their roles in the developing and mature eggshell. Almost all of the
proteins described have been shown to exert some effect on crystal morphology
in vitro, and almost all can also perform antimicrobial functions. This diversity of
effects on crystal growth goes some way towards explaining why characterising

the precise inteaction between the organic and inorganic phases of eggghell
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vivo is so challenging; the emergent products have been shaped by the

synergistic activity of a wide range of molecules.

1.4.5.2: Conclusions on chapter 1

This chapter has explained the ratele underlying this research project. It has
also provided a brief account of what is known about past egg use and of the
archaeological challenge eggshell poses; of the physical structure of eggshell,
and of the processes by which it is deposited; andarhe of the roles which
specific proteins play in deposition and maintenance of the eggshell. The
following chapter describes the development of an identification system for

archaeological eggshell.
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Chapter2: Early experimental work

Section 1isolating an intracrystalline protein fraction in eggshell
2.1.1: Overview

2.1.1.1:Introduction

Before any of th major themes of this project can be developédmust be
demonstrated that a suitable target pool of proteins exists in aviagshgll, and
that it can be isolated for analysis. Thisctiondetails early attempts to isolate

an intracrystalline protein fraction in avian eggshellwo approaches are
described here: exposure of powdered eggshell to bleach in order to monitor
retention of intracrystalline proteins (the bleaching test), and monitoring of

diffusive loss of amino acids at high temperature (the leaching test).

21122 [/ f2a8SR 0A2YAYONEAG FatefarlySSYh YLINEAYSIAN &
Biomineralproteins can occupy two positionslative to the mineral phasge.g.
Crenshaw1972; Towe & Thompsori972; Towe 1980; Berman et al., 1988).

These are referred to as interystalline (i.e. occupying the spaces between
mineral crystals) and intrarystalline (i.e. occluded within the mira phase)

(e.g. Penkman et al., 2008). Iniceystalline proteinsare likely to result from

occlusion of proteins during mesocrystalline assembly of mineral nanocrystals

(e.g. Colfen & Antonietti, 2005; Song & Colfen, 2010),lewed been isolateth

a range of biomineraldncluding the opercula of terrestrial gastropods, ratite

and megapode eggshells, and certain brachiopods, foraminifera, and molluscs

(Brooks et al., 1990; Stathoplos & Hare, 1993; Sykes et al., 1995; Walton, 1998;
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Miller et al., 2000; @rke et al., 2007; Penkman et al., 2008, 2011; Demarchi,
2009;Demarchi et al., 2011, 2013 here aranajor differences in the diagenetic
pathways experienced by these different protein fians, and the intra
crystalline fraction of some biominerals hagen shown to function as an
effectively closed system across the tideales relevant to most archaeological
and geochronological research (e.g. Towe, 1980; Nakahara et al., 1981; Brooks
et al., 1990; Sykes et al., 1995; Miller et al., 2000; Penkmah, 20898, 2011,

Demarchi et al., 2011, 2GL

Although it has long been established that organic material can become
occluded within mineral crystals (Nickl & Henisch, 1969; Henisch, 1970), the
LINBOAAS &Ll Al f NBGNEIGAR yiahicveyldtios @iaGEs S v
phase remains incompletely understood due to amasolved conflict between

two proposed pathways ofrystal nucleation (Sectioh.33.10 ® ¢ KS { SNY
ONE a ( hab ferddgtSt@ be used in aroperational context to refer to
biomoleculesisolated by oxidatiopwhich have been shown to behave as if in an
effectively closed system (e.g. Brooks et al., 1990; Penkman et al., Z¥8).
detailed previously (Section 1.3.3.pyoteins fully occluded within the mineral
phase have recentlpeen observed, and it ipossible for amino acids to be
trapped within mineral crystals without disrupting lattice structude ét al.,
2009; Okumura et al.,, 2010, 2012)f these proteins are protected by the
mineral phase, they araot subject to the rage of diagenetic influences which
may be experienced by those exposed to the external environment (e.g. soil pH
effects hydrological conditions, microbial attack, infiltration by Aodigenous

biomolecules contaminatior).
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2.1.1.3 The importance of aalysing a closed system

As the pathways of molecular diagenesis (detailed in chapter 5) diffieveen
inter- and intracrystallineproteins and amino acids, analysing a composite of
both can produce misleading results and/or reaction kinetics which are
impossible to model accuratelfCollins & Riley2000). In order to circumvent
this problem, removal of the intercrystalline pool byexposure to a strong
oxidating agent lfleach can be used to isolatéhe intra-crystalline pool (e.g.
Sykes et al., 1995; Rleman et al., 2008; Penkmaf010; Demarchi et al., 2011,
2013;Crisp et al., 2013In most biominerals this represents a small fraction of
the total protein contentDuring natural diagenesis, the interystalline fraction

is exposed to environmentalflnences such as pH, changes in water availability,
contamination, and microbial activity. There is also a high likelihoatiffoisive
loss (leaching) of components ofhe inter-crystalline fraction to the
environment this can have a significant effeah @bserved reaction rates, and
has led to misleading reconstructions of diagenesis (€ignber et al., 1986;
Kimber & Griffin 1987; Collins & Riley2000). These influences can make
reconstruction of the diagenetic pathways experienced Ipyeserved
biomoalecules impossible (Collins & Ril&000); thisnecessitates isolation of a
closed system of amino acids which can neither interact with the external

environment nor escape from the mineral.

In a closed system, amino acids shoolily be lost by decompaition; free
amino acidroduced by hydrolysiwill be retained within crystalline structures

even after prolonged bleaching and heatifige. artificially induced diagenesis)
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As they are partitioned away from direct environmental influences, diagenésis
intra-crystalline proteins should be affected only by time, temperature el
local molecular environmentnon-indigenous molecules should be excluded
(Sykes et al.,, 1995¢Collins & Riley2000 Penkman et al., 2008 As all
components shouldbe retaned within a closed systemgbserved reaction
kinetics for diagenetic reactions should be more straightforward to mdelgl.
Collins & Riley2000).For these reasonsntra-crystalline proteins provid¢he
best availabletarget for identification of taxonomically diagnostic peptides in
eggshell (Section 2.2), and for quantificationdedgeneic reactions in eggshell

(Chapter 5).

2.1.2: Methods

2.1.2.1:Overview

The first step towards identifying potential closed systbehaviouristo test for

a residual amino acid fraction after exposure to bleathiscan demonstrate
the existence of an amino acid pool resistant to oxidat@lthoughisothermal
leaching testsare required to demonstrate closesystem behaviour ovea
prolonged period of diagenesisUse of diagenetic reactions to derive
information about preserved biomineralsequires that there has been
effectively no interaction betweerpreservedamino acids and the external
environment. Only time, temperature and @hlocal molecular environment
should influence diagenesis. One way of testing the potential for interaction
between amino acids in the intrerystalline fraction and the environment is to
monitor retention of amino acids under prolonged exposure to high

temperature. In theory, if a sample proves resistant to leaching under short
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term high temperature conditions, it should also prove resistant over far longer
periods at ambient temperatures, assuming (for example) that increased
structural diagenesis over nger periods has no significant effect on leaching

(e.g. Collins & Rile2000).

2.1.2.2 Sample preparationbleaching test

Modern eggshell (chicken duck) was obtained from commercial retailers. The
shell membrane was carefully removed by hand, and the shell was washed using
ultra-pure water and allowed to air dry. Each shell was then separately ground
G2 | LI26RSNI o0XpnnkxY Llpbsleiadd Sortad, ZahdS 0 oA GK |
weighed into sterile 2ml Eppendorf tube$hree laboratory replicates were
preparedfor each sampleThe powder (typically-20mg per sample) was then
exposed to strong NaOCI (w/v 12%, 50ul/mg) at room temperature (Penkman et
al., 2M8). Samples were agitated daily during bleaching to maximise exposure of
the powder to the bleach. Upon expiry of a pietermined length of time(,

18, 24, 48, 72, 120 &240houry), the bleach was removed by repeated rinsing
(x6) with ultrapure waterfollowed bybrief suspension in HPigtade methanol.
Samples were then adried before being separated into separate fractions for
analysis of free (FAA) and total hydrolysable (THAA) amino acid composition.

Unbleached controls were included in both arsay.

2.1.2.3: Sample preparation: leaching test
Chicken eggshell was powdered as described above and exposed to bleach for

48 hours. The bleach was then removed as described alSawveples were air

77



dried, then weighed out into sterile glass ampoules. |[308F ultra-pure water
was added before the ampoules were hesialed and placed in an oven at
140°C for varying time periods,(1, 2, 4, 6, 8, 24, or 48 holwsSamples were
prepared in triplicate at each time pointWhenthe ampoules were removed
from the oven, 100ul of the water was removed and frozen for future reference.
Another 100ul each was prepared for analysig#®FAA and THAA content. The
powder was ahndried, before being weighed into sterile hydrolysis vials for
demineralisation. Water blds were included at each time point in order to

derive background amino acid concentrations.

2.1.2.4: Demineralisation & rehydration

For analysis of thpowderFAA content, subsamples-{Omg) were weighed out

into sterile 2ml glass hydrolysis vials. Thamples were then completely
demineralised using 2M hydrochloric acid (HCI). The smallest possible volume of
acid was used in order to minimise hydrolysis of peptide bonds; the FAA analysis
targeted only those residues which were free prior to acid demalgation. The
standard volume of HCI used was 20ul/mg sample, although in unbleached
controls considerably more than this was required. Complete demineralisation
required a higher standard volume than was used than in previous studies on
mollusc shell, & eggshell seems more resistant to acid demineralisation
(possibly due to the higher stability of calcite relative to aragon(i@@marchi
2009). 2M acid blanks were also taken at this stage. When demineralisation was

complete, the samples were dried undeacuum in a centrifugal evaporator.
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For analysis of the THAA content, samples were weighed into sterile vials (as
above) and demineralised using 7M HCI at a standard volume of 20pl/mg
sample. When demineralisation was complete the samples were flusligd
nitrogenand heatedat 110°C for 24 hours; this is the optimal temperature and
time for hydrolysis of all peptide bonds combined with mininaatificially
induced diagenesi@Hill, 1965; Kaufman & Manley998). 7M acid blanks were
also taken at thistage, and were treated in an identical manner to the samples.
Upon removal from the oven, the samples were dried under vacuum in a

centrifugal evaporator.

When dry, samples were rehydrated using a solution containing a known
concentration of the nofprotein amino acid iHomoarginine (LHarg) (0.01M HCI
and 1.5mM sodium azide, with 0.01 mM LHarg) in order to allow the subsequent
quantification of individual enantiomeric concentrations. For the FAA analyses, a
volume of 10ul/mg sample was sufficient in edises. The volumes required for
the THAA analyses were both higher and more variable. Unbleached controls
typically required at least 160ul/mg, while the majority of bleached samples
could be processed using 60ul/mg. After rehydration and thorough vorgesn
aliquot of each sample (13.5pl) was transferred to a sterile 2ml HPLC
autosampler vial for analysis. LHarg blanks were also included at this stage. Acid
blanks were rehydrated with an arbitrary volume of the LHarg solution. All water

sampleswere retydrated using 10ul/mg LHarg solution.
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2.1.2.5:Analysisby reversephase HPLC

High performance liquid chromatography (HPLC) is commonly used
guantification of individual enantiomershe enantiomeric separation is at least
as good as in gas chromatograptand HPLC requires less sampled less
exhaustivesample preparation (Kaufman & Man|e}998). HPLCseparates a
mixture into individual components by dissolving it in a mobile phagsd,then
measuring the retention time of different components within a stationary phase
00 KS WAJHRgurdz2y)(Retention time is affected by the chemical
interactions between each component and the stationary phase. HPLC uses high
pressure to forcehe analyte through a fg stationary phase, before different
enantiomers are identified in a fluorescence detector (see below) (Kaufman &

Manley, 1998).

EE——
Mobile phase > Column j

A B

v
C D Detector Waste
v
O.uszer;nary —> Injector
P Recorder — QOutput

Sample

Figure 2.1Schematic of thélPLC system used in this studpbile phase A = Na
acetate buffer (sebelow); B = ultrapure water; C = HPigtade methanol; D =

acetonitrile.
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This study utilises an automated revefgease HPLC (RHPLC) protocol, which
separates amino acids by using a fmoiar stationary phase and a polar mobile
phase (Hare & GAv, 1979; Kaufman & Manlgy998; Penkman2005). Elution
time for each amino acid is determined by mass, structure and hydrophobicity.
This system allows enantiomeric separation in ten amino acids: aspartic
acid/asparagine (Asx), glutamic acid/glutamine (Glxjine(Se, arginine (Arg),
alanine (Ala), valine (Val), methionine (Met), phenylalanine (Phe), isoleucine (lle)
and leucine (Leu). Asxused to denotecombined aspartic acid and asparagine,
while GIx denotes combined glutamic acid and glutamines tisibecause
asparagine and glutamine are rapidly and irreversibly deamidated during acid
hydrolysis, and are subsequently indistinguishalilem aspartic acid and
glutamic acid(Hill, 1965). Other amino acids for which only one isomer is
detected are ihreonine, Lhistidine,glycine (which only has one isomeand E
tyrosine. The major advantages of this system are the small volume of material
required (<1mg) and the efficiency ofe¢tautomated analytical procedure. The
ability to detect enantiomers of a range of amino acids allows compromised
specimens to be identified, as D/L ratios in different amino acids should covary

strongly (Goodfriend 1991; Kaufman & Manlgy998).

Theanalytical protocol used is that developed by Penkman (2@B)of sample

was mixed online with2.2ul of derivatising agent (OPIBLC- 260mM IBLC,
170mM OPA in 1M potassium borate buffer, adjusted to pH 10.4 with KOH) (e.g.
Kaufman & Manley 1998; Fitanet al., 1999). Derivatives were then separated
on a Hypersil £BDS column (sphere diameter 5um; 5x250mm column) at 25°C

(elution time was around 115 minutes). A threelvent linear gradient was used
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for separation:sodium acetate buffe(23mM sodiumacetate trthydrate, 1.3uM
NaEDTA, 1.5mM sodium azide: adjusted to561+ 0.01 using 10% acetic acid
and 10M NaOH), HPigtade methanol, and acetonitrile. Erteomeric detection

took place in a fluorescence detector (Ex = 230nm, Em = 445nm). The elution
time defines the enantiomer under consideration when compared to results
obtained on standards of known compositigRigure 2.2) The peak area is
directly proportional to the concentration of the enantiomer, and this is

quantified by calibration againghe internal standard (LHarg).
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Figure 2.2: RIPIPLC output (standard solutiomith examples of specific
enantiomers giverAmino acids with negatively charged side chains (Asx, Glx)
elute first, while those with large, hydrophobic side chains (e,g”He, Leu)

elute last.
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2.1.3 Results

2.1.3.1:THAA concentration

The THAA fraction within both chicken and duck eggshell (FR)@reshows a
dramatic decrease in total amino acid concentration after bleaching due to
oxidation of intercrystalline amino acids (Penkman et al., 2008). The total
concentration appears to reach a plateau after 24 hours bleaching, after which
no major decreae in concentration isbserved(Figure2.3). This suggests the
retention of a fraction(around one third of the total protein conterng Figure

2.3) which is resistant to oxidation, and is therefore probably iftrgstalline
(Penkman et al., 2008; DemaicB009). Intersample variability also decreases

in both species after bleaching.
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Figure 2.3: THAA concentration in powdered chicken and duck eggshell vs.

bleaching time
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Despite the plateau observed in amino acid concentrations, these results do not
confirm closeesystem behaviour; minor reductions in total amino acid
concentration are observed at most time points (Figure 2.4). However, the
extent to which this results from natural heterogeneity between samples is not
clear, the coefficient of varidon (CV)of bleached chicken and duck shell often
approximates the difference in concentration between time poifgy(re 2.4

The minor reductions in amino acid concentration with bleaching time may
suggesteither that some residues may not be fully bated within the mineral
phase, as they are vulnerable poolongedoxidation, or that the oxidating agent

is causing structural damage to the mineral phase and thus exposing previously
occluded amino acids. However, even at these time points the coeffice
variation closely approximates the concentration differenobservedbetween

time points Figure 2.4 These results are promising but inconclusigsethermal

heating experiments are required farther test for closed system behaviour

80 -
70 - m % of THAA lost since previous time point
60 -
50 -
40 -
30 -

Coefficient of Variation (CV)

20 -

10 -
0 : _ . || ||

0 24 48 72 120 240
Bleaching Time (hours)

Figure 24: Amino acid loss with bleaching time in chicken eggshedke results

show minimal loss of amino acids with bleaching time in most cases.
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2.1.3.2 FAA concentration

FAA concentratiofis extremely low in both species at all stages of the bleaching
experiment (typically 0.3¢ 0.8nmol/mg, maximum 1.27% of THAA). FAA
concentrations were often close to the limit of detection of the techniques used;
this introduces instrument error as a pateally major factor in interpretation of

the FAA data. No clear patterns were expected, and none were observed (data

not shown).

2.1.3.3 THAA composition

After exposure to bleach for 48 hours, around4£26.of the total original amino

acid pool is retained in chicken eggshell, and around 33.6% in duck eggshell. The
proportion of individual amino acids retained seiown below Figure 2.5. A
higher proportion of every amino acid is retained in duck eggshetjgesting

that the intracrystalline component iproportionally more significant than in
chicken eggshelthis may relate to the different mechanisms by which duck and

chicken eggshell proteins promote mineral deposition (Section 1.4.3.4.3)

m Chicken
40 m Duck

THAA retained after 48h bleaching (% of

Asx GIx Ser L-ThrL-His Gly Arg Ala Val Phe Leu lle
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Figure2.5: Intracrystalline proportion of individual amino acids in chicken and

duck eggshellThe general pattern of retention is similarboth species

2.1.34: FAA composition

It is difficult to derive confident conclusions on the FAA data, as the data
resolution is relatively poornichicken and duck eggshell, FAA concentrations
are mostly in the 1100 pmol/mg rangdi.e. close to the limit of detection for
the analytical technique usedf taken at face valuét appears that ffee glycine

is proportianally overrepresented relative to totaglycinein both speciesdata

not showr). This seems to suggest thalycine is preferentially released,
possibly due todiketopiperazineformation (Steinberg & Badal981, 1B3);
formation of particularly unstablepeptide bonds and/or asa breakdown
product ofother amino acidgVallentyne 1964; Bada et al., 1978; Bada & Man
1980; Walton 1998). There is a decrease in the proportion of FAA represented
by serine after shortterm bleaching which may be related to the increase in

glycinerepresentation.

2.1.35: THAA racemisation

A detailed description of the racemisation reaction is given in a subsequent
chapter (Chapter 5)n the context of testing for clogksystem behaviour, it was
necessarnyto test whether the bleach affected racemisation in intigystalline
amino acidsBeach can dissociate to form hypochlorous acid, which can induce
racemisation by facilitating proton abstraction (Neuberg#848). Ina truly

closed system, amino acids should be protected from this process, and a plateau
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in D/L ratios should be a&eived when the intracrystalline amino acids have
been isolated. Asx, GIx arerine display an increase in D/L ratios with bleaching
time in both chicken and duck shell (Figuzes). Only very Bght increases are

observedin slowerracemising residues.
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Figure 2.6: THAA D/L vs bleaching time in chicken egd3atdlare shown for
fast (Asx), medium (Ala) and slow (lle) racemising amirtsa€he sme pattern

isobservedn duckeggshell.

Theincrease in D/L ratio with bleaching time in some amino acadgirms the
need for more detailed tests for closaystem behaviour (next section).
Although the hydrolyis protocol used (see above) de induce some
racemisation (e.g. Kaufman & Man)ey998), in a closed system this should be
uniform for all samples. These results resemble those obtained from mollusc
shell(e.g. Penkman et al., 2008; Demarchi, 2009; Demarchi et al., ;2Qgher

retention of racemised free amino acids in the intgystalline fraction can
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explain the initial rise in D/L ratios, while the slower increase after bleaching
suggests that at least some intcaystalline proteins are not fully occluded
within the mineral phasgand/or that the system becomes less closed with
prolonged structural diagenesi#n a truly closed system, D/L ratios should rise
initially with bleaching time before either reaching a plateawr proceeding
more slowlywhen the residual fraction has been isolated (Penkman et al., 2008).
The potential for hydrolysis (and therefore for racemisation) in the closed
system proteins should be relatively limited; the interior of the mineral phase in
eggshell is largely anhydreu However, water may be generated by
decomposition ofserine and threonine or by condensation reactions which

form melanoidins (Collins et al., 1992; Waltd898).

2.1.3.6 Diffusive loss of amino acids

Heating increases the rate of hydrolysis, leadiognore rapid production of
small peptides and free amino acida an open system, these can then be lost
by leaching Due to their smaller size and higher mobility, free amino acids are
more likely to be lost than peptidbound residues. In a closed %, the free
amino acids should be retained, and the only cause of reduction in THAA
concentration should be decomposition reactions. Under prolonged heating,
there is a marked decrease in THAA in the powders, and a slight increase in the
THAA present inhe water figure 2.7. It is unclear from these results alone
whether the decrease in powder THAA due primarily to leaching or
decomposition but this confirms that at least a small amount of leaching is

occurring (i.e. that the system is not complsgtelosed)
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Figure 2.7Changes iTHAAconcentration in powder and water witleating

time (140C)

In order to calculate the measurable extent of leaching, THAA concentrations
present in the water were calculated as a percentage of the average THAA
concentration of unheated48-hour bleached chicken eggshell. No routine
background subtraction was employed, as levels of amino acids in the water
blanks were generally low (15115 pmol/mg in total: 1940% of THAA in the
water; 0.03%0.45% of THAA in ¢h powder) although the maximum
background amino acid concentrations overlap with the minimum THAA

concentrations found in the water.

Only a small proportion of the THAA lost are present in the wgagure 2.8)
Despite over 50% loss from the powdeteaf48 hours heating, onl2.3% of the
original amino acid pool is present in the wat&igure 2.8. 1%- 10% of this
sub-pool is also likely to reflect background amino acids levels in the water. Pilot

experiments with 72 hour bleached eggshell showedsigmificant difference in
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either the proportion of amino acids lost or the proportion present in the water

(data not shown).
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Figure 2.8: Proportion of original amino acid pool in powder and water following

heating of chicken eggshell powder at 140°C

Despite the fact that some amino acids are lost to the water during heating,
these are not present in sufficiently high concentrations to fully explain the
observeddrop in THAA concentratiorFigure 2.8 This suggests that a large
proportion of amino acidare also lost by decompositioffhis is consistent with
the increase in proportional representation of alanine (and decreasseiimé

with heating time alanine is a decomposition product of serif\éallentyne,
1964) It is also probable that some amino acids decomposed after leaching into
the water, meaning that the leaching valuessebvedmay bemisleadinglylow.

This may be supported by the increasing proportions of free alaninegyethe

in the water during the early stages of heatirfgigure 2.9, as these are both
decomposition products of other amino ids, and are also the smalleanhd

mostlikely to be lost by leaching
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This does not address whether these residues were produced by decomposition
within the mineral and then lost by leaching, or were products of other residues
already lost from the mineralGlycineand alanine are produced withihe intra
crystalline fraction as decomposition produdis.g. Vallentyne, 1964; Walton,
1998) The proportionof free glycine and alanine residues lost by leaching
decreases with heating time (due to rapidly increagtdghconcentrations in the
powder) (Figure2.10. A maximum of 7.25%5(y) and 7.42% (Ala) is lost from
the FAA fraction in the powder during early diagenesis: this in turn represents
only 0.2% 0.9% of totalglycine and 0.15% 0.5% of total alanine. This limited
diffusive loss of the sallest and most mobile amino acids suggests that while

some leaching may occur, it is severely limited.
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Figure 2.10: Free Glycine & Ala loss by leachimited diffusive loss of the
smallest and most mobile amino acids suggests that leaching frointitae

crystalline system is very limited.

2.1.4:Conclusions on bleachirand leaching tests

The apparent resistance to oxidation of a sizable proportion (23%8%) of the
amino acids in both types of shell hints at possible closed system behaviour.
However, the racemisation behaviour of this fractibas not been unequivocally
shown to onform to expected closegystem behaviour Despite this, e
leaching testdemonstrated pseudelosedsystem behaviourAlthough it has
been shown that the system is not completely closed, particularly during later
diagenesis, diffusive loss of amino acids appears to be very low. This suggests a
molecular system which is protected from external influence, and which can
provide a relatively stable diagenetic environment. This allows the subsequent
experimental work in this thesis to target this system. The following section
details the development of an identification system for archaeological eggshell

based on intrecrystaline proteins.
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Section 2: Developing a taxonomic identification system for

archaeological eggshell

2.2.1: Introduction

This section will describe the development of the core aim of this project;
production of an analytical system for identification of eggshell fragments. A
series of experiments sought to determine whether protein could be recovered
from the intracrystallne fraction of avian eggshell; to establish the analytical

power and limits of detection of the instruments used; to test whether these
peptides differed sufficiently between taxa to allow identification; and to

optimise the laboratory preparation and ampals used in the technique to

facilitate production of a higithroughput identification system.

2.2.2: Establishing limits of detection

2.2.2.1:Overview

Before archaeological eggshell could be considered for analysis, the protein
concentrations presenin the intracrystalline fraction of eggshell had to be
shown to be sufficient to allow detection using tmeass spectrometryMS
techniques used in this studfs a starting pointpitial pilot experiments sought

to determine the minimum weight of fresthicken eggshell required to give an

intelligible MS signal.

2.2.2.2.1: Methods: extraction of peptides
As this experiment was performed prior to optimisation of the preparation

protocol, it used a standard protocol created for preparation of ostricysegll
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(B. Demarchipers. comm). Modern chicken eggshell (5 shells from the same
batch) was washed by hand using deionised water, and the shell membrane was
carefully removed. After the shells had -diied, the shells were individually
powdered using ajuartz pestle and mortar (fragment si28500um). Sixteen
samples of four approximate weights (b8g, 5mg, 2.5mg and 1mg) were
weighed out for initial analysis. These were exposed to strong bleaghl/(69)

for 48 hours in order to remove the int@rystalline proteins and amino acids.
The bleach was pipetted off, and the samples were rinsed several times in
deionised water and briefly incubated in HRf@de methanol in order to

remove any residual bleach before being left todiy.

Samples were daineralised using 2M HCI until demineralisation was complete.
pH was then balanced to #& using 1.5M NKOH and 2M HCI and pH strips.
Proteins were denatured by addition of 1M dithiothreitol (DTTYI (der 20Qul
sample), which reduced disulphide bridgestweeen cysteine residues. Samples
were then incubated at 60°C for one hour, before cysteine residues were
alkylated using 0.5M iodoacetamide (IAAul(per 33ul sample) in order to
prevent formation of new disulphide bridges. Samples were then left irdtrk

at room temperature for 45 minutes. pH was thenlralanced to 78 usingl.5M

NH,OH and 2M HCI.

4ul of trypsin solution (0.fg/ul) was then added to the samples, along with
acetonitrile (ACN) at a concentration 8. Samples were then incubated

overnight at 37C, before a further @ of trypsin solution was added the
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following morning. Digestion was stopped using acidification; trifluoroaceteic
acid (TFA) was added at a concentration ofI¥%& The samples were then ready

for solid phase extractionThe use of trypsin (and other enzymes) to cleave
protein chains into peptides (typically < 5kDa) within the preferred mass range
of mass spectrometers is a common procedure (Olsen et al., 2004). Trypsin is
commonly used because it only cleaves proteinimhaat particular basic
residues (lysine and arginine), and the basic terminal residues of its product
peptides sequester charge and help to prevent fragmentation of peptides upon
exposure to the laser beam during MALDI ionisation (Wysocki et al., 2G4 Ol

et al., 2004; Steen & Mann., 2004).

In initial experiments, solid phase extraction was performed using 10Qul C
Ziptips. 100pl of wetting/elution solution (50% ACN in 0.1% TFA) was aspirated
and dispensed to waste; this was then repeated. 100pulouiiléoration/washing
solution (0.1% TFA in ultrapure water) was then aspirated and dispensed to
waste; this was then repeated. The sample was then aspirated and dispensed,
ensuring that the entire sample passed through the resin bed at least 3 times.
Waslhing solution was then aspirated and dispensed to waste twice. Finally, the
elution solution was aspirated and dispensed1B)times, before the sample

was eluted into a clean vial.

2.2.2.2.2: Methods: analysis
1pl of sample was then combined with 1pl of | { NJ-dyanod h

hydroxycinnamic acid) oan MTP 384 ground steel 8ter MALDI target plate
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and analysed on a Bker Ultraflex MALDToF mass spectrometer. Each analysis
was performed in triplicate. MALPinatrix-assisted laser desorption/ionisation)
is particularly useful for fragile, newolatile molecules such as proteins (Tanaka
et al., 1988). This technique (Figure 2.1%Fs a laser beam to ionise sample
following cocrystallisation ofthe target peptides with an aromatic acid matrix
0 ttyano4-hydroxycinnamic acid in this projecilhe matrix absorbs most of the
laser energy; this helps to ionise the analyte, and also prevents peptide
fragmentation (Henzel et al., 1993). An eledtiiield accelerates all ions to the
same kinetic energy; thentie required for them to then traverse a fiefcee
flight zone between a scintillator and théme-of-flight (TOF)detector is a
function of their masgo-charge ratio (m/z), which is a direct function of ion
mass.A full description of the machine specitions used is provided alongside

the optimised preparation procedure (Sectigr2.3.4.1).
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Figure 2.11: Basic mechanism of MALBF mass spectrometigmaller, lighter

ions traverse the flight tube and reach the detector before larger, heavier ones.
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2.2.2.3: Results

A minimum viable weight of shell was not determined, as even the smallest
sample tested (1.16mg) gave a strong MS signal (intensity > Grit§- Figure
2.12). Subsequent experiments using shell fragments instead of powder confirm

that 1mg of eggshell is more than sufficient to provide clear spectra.

10 mg sample 1.16 mg sample

Intensity (a.u.)

l

:l_J.L.‘. luulj JUTTY W l,_.‘l-!-LIL.,l.L“.'. l‘.,&,k,u,ﬂuh fh_y l_l..u

Peptide m/z

Figure 2.12: MS output from two samplesyaddernchicken eggshelNote the

similarityin peak intensity between the two samples.

It was decided not to proceed with smaller weights, as in most cases the
likelihood of eggshell fragments smaller than 1mg in weight being recovered is
slight. The signal strength obtained using 1mg powder aadnfients suggests

that considerably smaller weights (perhaps as low as 0.1mg) can be prepared
using a protocol based on oxidation by bleaching, acid demineralisation and

solid phase extraction. This has been subsequently confirmed by the successful
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analysisof material from Pompeii, some of which weighed less than 0.2mg

(Figure 2.13).
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Figure 2.13: Mass spectrum obtained from minuscule (<0.5 mg) fragment of
chicken eggshell from ¢.2000 year old sanfimen Pompeii Material provided

by J. Thompson (Univeysof Bradford) and excavated during the 2000s.

2.2.3: Optimising the protocol

2.2.3.1:Overview
The core aim of this project is to produce a rapid, Higioughput means of
identifying archaeological eggshell. The extraction protocol described above

(Setion 2.2.2.2.1) requires a large amount of time per sample; tlighughput
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data generation is not possible. This necessitates the establishment of a more
streamlined sample preparation protocol, in which twoensuming and
unnecessary steps are discardé&allowing establishment of limits of detection,
subsequent pilot experiments sought to maximise the efficiency of the protocol
by trialling a range of approache&.simplified diagram of the process of sample

cleaning, preparation and identification isoprded below (Figure 24).

Shell fragments partially dissolved in dilute HCI

A

Reduction of cysteine residues using DDT

V
Alkylation of cysteine residues using |IAA

v

Digestion of protein using trypsin solution and ACN

Recovery of peptides by solid phase extraction

\
Analysis in MALDI-ToF mass spectrometer

Taxonomic identification using ColllDer

Figure 214: Simplified organigram of eggshell preparation and identification

process.

2.2.3.2: Methods: protocols tested

The four protocols tested are summarised in the table below (Table 2.1). Four
separate samples of moder chicken eggshell were prepared using each
protocol. One of the major inefficiencies in the grristing protocol described

above (method A) is the requirement for pH adjustment after demineralisation
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and prior to addition of trypsin: the chemical (D€Tsee above) used for
reduction of disulphide bonds requires pid7, while trypsin digestion requires
GKFG 17 X LI X yd® t SNF2N¥AYy3I GKAA LI | R2dzadyY:

is time consuming, and precludes hitfitoughput data generation.

Method | Add (HCI) Demintime | pH balanced| Alkylation/ | Trypsin
Volume Reduction | Digestion

A 10ul/mg (2M) Instant Y Y Y

B 10pl/mg (0.6M) | 7 days N Y Y

C 10u/mg (0.6M) | 7 days N N Y

D 10u/mg (0.6M) | 7 days N Y N

Table2.1: Protocols tested duringiethodoptimisation

In order to address this, the other trialled protocols (methods B, C and D) used
dilute HCI (0.6M) to partially demineralise samples over 7 days at a low
temperature (4C). This partial demineralisation allowed the remaining mineral
to buffer the solution at neutral pH, removing the need for pH adjustment.
Although 48 hours of exposure to bleach is sufficient time to isolate the-intra
crystalline fraction (Figure 2.3), these experiments (and subsequent ones) used 7
days of exposure as standartilethod B employed alkylation/reduction of
cysteine residues and trypsin digestion; method C did not employ
alkylation/reduction; and method D tested whether trypsin digestion was

required.

2.2.3.3: Results

Method D, in which trypsin digestion was not dsgave very poor results. The
few peaks which were recovered from modern material gave very weak MS
spectra (i.e. with low intensity and sigrtatnoise (S/N) ratios). None of the

peptides which were subsequently identified as being taxonomically diaignost
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(Section 2.2.4.2) were recovered using this method. This showsptiwdin
digestion is required for identification of archaeological material. However, it
was also concluded on the basis of the signal strength obtained using methods
A, B and C that slightly lower concentration of trypsin (Qud/pl) was sufficient,

and that the secondary addition of extra trypsin solution was not required.

In order to quantify the success of the two other methods, the mean signal
noise (S/N) ratio was calculatefdr peptides which had been successfully
sequenced from chicken eggshell (describediétail in chapter 5). Using only
these peptides allowed omission of peptides which might result from digestion
of trypsin, and therefore gave a clearer picture of théatiwe efficacy of the
methods. Method C, in which alkylation and reduction of cysteine residues was
not performed, gave consistently weaker S/N ratios than method B (Figusg 2.1
Although the same peptides were recovered using both methods, some were
less consistently recovered using method C; none of the peptides tested were

recovered only using method C.
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Figure 2.5: Difference in peptide intensity obtained with (method B) and

without (method C) alkylation and reduction of cysteine residues

Given these results, alkylation and reduction was used in all subsequent
analyses. The fact that not alkylating and reducing saves a small amount of
preparation time does not adequately compensate for the disparity in signal
intensity. Even if target peptides dmt contain cysteine, its presence elsewhere

in the protein may cause unpredicted conformational difficulties if the tertiary
structure of the protein prevents the active site of trypsin from reaching the side
chain of lysine or arginine (@is et al., 204). Method B washosen as the
optimal protocol, as it required far less laboratory time per sample than method
A, but still gave equally clear results. The sample preparation protocol used in

subsequent experiments is described in detail below.
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2.2.3.41: Optimised protocol: sample preparation

In the first instance, this method was employed on modern chicken eggshell
obtained from commercial retailers. It has since been shown to work on modern
and museum shell in a range of species, and on archaeologg@ghell
(Chapters 3 & 4). The inner shell membrane was removed by hand, and the
shells were washed in deionised water. Once dry, eggshell fragments were
weighed, placed in sterile 2ml Eppendorf tubes, and incubated in strong
household bleach at a conceation of 5Qul/mg over 7 days. The bleach was
then pipetted off, and the samples were rinsed several times with ultrapure
water. They were then briefly incubated in HRir@de methanol in order to

deactivate any residual bleach.

After airdrying, thefragments were partially demineralised over 7 days 4 4
using 0.6M HCI ('mg sample). 0.01M dithiothreitol (DTT) was then added
(1pl per 2ul sample), and samples were incubated for 1 hour aiC6(.05M
iodoacetamide (IAA 1ul per 3.3ul sample) washen added, and samples were
incubated for 45 minutes in the dark at room temperatureil 4f sequencing
grade porcine trypsin solution (Qud/ul) was then added to each sample, and
acetonitrile (ACNyas added at a concentration of less than 10% of thaltot
solution. The samples were incubated at°G7overnight.The mechanism of
trypsin digestion is described above. Digestion was stopped by acidification after
18-24 hours: trifluoroacetic acid (TFA) was added to the samples so that the final

TFA concentran was 0.51%.
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2.2.3.4.2:Optimised sample preparation protocaf solid phase extraction &
analysis

Once a reliable protocol was established, solid phase extraction in all
subsequent experiments was performed using BioVyon C18 10mg 96 well plates
(Porvai, Fareham, UK). The process and solutions used were identical to those
used in the solid phase extraction procedure described above, but the use of a
96 well cartridge and vacuum manifold to draw solutions through the resin bed
massively increased the &ffency of the technique (a greater than téwd
increase).Samples were analysed in positive mode on thakBr Ultraflex Il
MALDIToFwith the following parameter settings: ion sour¢c5kV; ion source,

21.4 kV; lens voltage9 kV; laser intensity 35-60%;and mass range300¢4000

Da. Peptide masses below 650 Da were suppresBethl mass spectra were
externally calibrated against an adjacent spot containing 6 peptidesAts
Bradykinin, m/z = 904.681; Angiotensin |, 1295.685; Hibrinopeptide B,
1750.677; ACTH {117 clip), 2093.086; ACTH (38 clip), 2465.198; ACTH-38

clip), 3657.929). FlexAnalysis software ZRuker Daltonics) wasused to
baseline subtract, normalize spectra and determine pealkz values and

intensitesy G KS Yl &aa NInyAS 2F ynnbnnnn

2.2.4 Deriving taxonomic information from mass spectra

2.2.41: Overview

This section has described a method by which peptides can be recovered from
eggshell. The next requirement was a system which can translate the mass
spectra obtained into taxonomic information. Although this could theoretically

be achieved by manually mdiimg mass spectra to reference spectra, this has
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the dual disadvantage of requiring a significant commitment of time to each
sample, and of introducing subjectivity into the identification process. This
subsection describes the compilation of the referendatabase (from the

collection described in Chapter 3), and novel software developed in order to

automate taxonomic identification by peptide mass fingerprinting (PMF).

2.2.4.2: Peptide mass fingerprinting

Peptide mass fingerprinting (PMF) is one of thesmcommon applications of
MALDITOFmass spectrometryPMF was developed during the early 1990s, and
facilitates protein identification by screening experimentally derived peptide
masses against a database of known protein sequences (Henzel et al., 1993;
WEYSa Sid fdx mppoT tFLIWAY SiG FfdI mMppoOd ¢
fingerprint' for any given protein, which can be sufficient to allow positive
identification (James et al., 1993; Pappin et al., 1998llemeyer at al., 2007,
2008; Bucklet al., 2009. The major limitation of PMF is that is provides a list

of peptide masses, without sequence information (e.g. Bienvenut et al., 2002;
Yergey et al., 2002plthough a good reference collectig@hapter 3an allow
identification of taxa notepresented in current protein databases, the proteins

themselves cannot be positively identified using PMF.

In order to construct a platform for PMF in this study, samples were prepared
and analysed using the optimised preparation protocol described ebov
Reference spectra were successfully obtained for all species in the reference

collection (Chapter 3); the reference databasas been previously published
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(Stewart et al., 2013)and upon final submission of this report will be made
freely available omhe (along withthe searching software)A Microsoft VB
application (ColllIDer) was then developed to screen a-lgpkable based upon

the observed peptide masses (Stewart et al., 2013). The code andipotzbles

for this application have been publishd®tewart et al.,, 2013 In order to
minimise bias, an equal nhumber of spectra were used to represent each species
in the lookup list. This application takes a twpoonged approach to PMF. The
first approach is to screen the entire dataset and report thecies or group of
species which provide the closest match. This provides a first pass at
identification, but must sometimes be treated with caution as different species
have different numbers of peptides naturally present. For example, if a sample
contaired barnacle goose and arctic tern eggshell, the VB application would
report barnacle goose as a much more likely match because there are more
peaks tobe matched in this species. This necessitates the use of a second
approach to PMF which screens a listtatonomically diagnostic masses and
reports all matches. In order to identify peptide masses which could be
considered taxonomically diagnostic, the entire reference collection (1442
separate peakm/z @+ £ dzZS&0 61+ & &AONBSYSR o{wb x

provided by this method is given beldWable 2.2)
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PMF Signature
Peptides Total % of
Species Observed Peptides Peptides
Pochard 16 28 57.1
Eider 12 28 42.9
Pintail 11 28 39.3
Mallard/Domestic Duck 10 28 35.7
Barnacle Goose 8 28 28.6
Mute Swan 7 28 25.0
Biomarkers ldentified
Peakm/z Taxonomic ID
825.3 Anseriformes
1306.6 Anseriformes
1372.6 Goose/Duck
1392.9 Anseriformes
1528.7 Anseriformes
1723.7 Duck
1739.8 Duck/Swan
1755.8 Goose/Duck
1851.8 Duck/Swan
1867.9 Duck/Swan
2051.9 Anseriformes
2221.0 Duck
2237.0 Duck
2378.2 Goose/Duck
2452.3 Duck (Eider)

Table 2.2: Example of output provided by software developed for eggshell
identification In this example of archaeological eggshell from Bornais (Section
4.2), the combination of PMF and biomarkers show that this represents duck
eggshell. There is one biomarker suggesting that it is eider duck, but this is

insufficient for a positive identification to species level in this case.

2.2.4.3: Resolution and temporal spasf the new technique
The level of taxonomic resolution varies; for example, it is impossible to identify

the very closely related members of the gull family (Laridae) to species using this
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technique. Ducks and geese can be separated, but different spetiemch
usually cannot; while chicken and turkey are readily distinguishable. An additional
caveat is that the identifications are made from peptide masses alone, without
knowledge of the protein(s) from which they are derived. As the proteins differ
between species, their survival rates are bound to differ. For this reason, it is
difficult to estimate the expected temporal span of this technique in the almost
complete absence of sequence information. An attempt is made to model this in

chicken eggshell ia following chapter (Chapter 5).

2.25: Conclusions on this section

This section has described the development of an accurate,-thighighput
taxonomic identification system for small fragments of eggshell. The application
of this technique toarchaeological eggshell is described in a subsequent chapter
(Chapter 4). The following chapter describes the construction of the reference

collection which facilitates the subsequent analyses.
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Chapter3: Building the reference collection

3.1: Overvew

Subsequent developments in this study are dependent uponcthrestruction of

the reference database using the techniques described in the previous chapter.
This hinges on thavailability for analysis of the eggs of a range of birdis th
chapter desdbes the development of t referencecollection which facilitates
fulfilment of the core aim of this projecfThis was undertaken during thearly
stages of this projecand involvedcataloguing of the Yorkshire Museums Trust
(YMT) egg collection, awdorking closely witmuseum curators and staff in order

to identify and target specimens suitable for destructive analysis.

3.2: Introduction

The need for a research project to destructively sample biological samples creates
a difficult situation for bothmuseum curators and researchers. In many cases,
particularly at smaller regional museums whigfay not functionexplicitly as
research institutions, there is no established framework by which curators can
judge requests for material. Also, many biologallections remain incompletely
catalogued. This chapter describes the production of the reference collection for
this project. Attention is drawn to the particular problems inherent in identifying
specimens suitable for destructive analysis, and the stafpsn to minimise those
problems in this study are described. This chapter also further reinforces the
scientific value of retaining dafaoor biological materials for destructive analysis

(e.g. Russell et al., 2010).
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3.3: Museum collections as a resedrcesource

For many types of biological specimen, museum collections represent the only
viable, legal and ethical source of material for research. Differing attitudes to
collection of biological specimens in the past, when collectors were largely not
restricted by law or by conscience, have led to concentration of various types of
biological materials in museum collections. Due to the more enlightened attitude
towards collection of wild specimens prevalent in modern British society, these

now represent anrieplaceable resource.

Egg collections provide a good illustration. Egg collecting was a popular pastime
during the late Victorian and Edwardian eras, when many collections numbered in
the thousands (e.g. MansedBahr, 1959; Lightman, 2000). The practizas
outlawed in the 1950s (Protection of Birds Act, 1954), and in the early 1980s it
became illegal for individuals to possess an egg collection, regardless of whether
they had personally collected the material (Wildlife and Countryside Act, 1981).
This lel to concentration of egg collections in museums; these are now the most
accessible source of material for any researcher wishing to study eggs of non

domestic species (e.g. Russell et al., 2010).

3.4: Destructive analysis of museum specimens
Many museums have a long tradition as research institutions, and most fulfil this
role to the extent of their capabilities. The last few decades have witnessed

significant evolution of scientific techniques; the rate of progress in molecular
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technology hadeen particularly marked. This continuing progress has opened up
a wide range of scientific possibilities, and has led to a concomitant increase in

requests for destructive analysis of museum specimens.

The need to destroy museum specimens, in wholénguart, places curators in a
difficult position. While they must aim to ensure the continued value of their
collections, of which research potential forms a significant part, they also have a
duty of care and must be certain that a requesi@jgpropriate before releasing
material. Often, there is no established framework to assist them in making this

decision.

Another problem has been that the factors driving research are often not easily
compatible with rigorous collection care. For example, researoftes driven by

a desire (or need) for higprofile publications; many researchers move
automatically towards the most higimpact specimens available. Not only does
this lead to requests for destructive analysis of the most irreplaceable specimens
in the museum collection, it often also leads to analysis being conducted
prematurely in a bid to beat competitors to publication. When such requests are
granted, the destructive sampling of the material has often been more
detrimental than was necessary. Wherigtapproach to requesting and sampling
material is combined with a failure to systematically feed back negative results to
curators, a situation arises in which curators become hostile to the concept of

destructive analysis.
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3.5: Cataloguinghe YMT eggollection

In order to tackle these problems, dialogue between the YMT curator (l.

Gladstone) and the author began before even initial preparation of a sampling
request had begun, and both were involved in shaping the request for material.
Steps were taketo minimise the damage done to the museum specimens, and to

give the curator full control over the decision making process; these are described

below.

The first potential problem faced was that the YMT egg collection was
incompletely catalogued. As thei@tor did not know the nature of most of the
collection, she could not guarantee the availability of any material for destructive
analysis. In order to address this problem, a full catalogue of the egg collection
was required; this was produced during tfiest year of this project. Although this
project required only taxonomic information, all available data were included in
the catalogue in order to aid the curator in judging the suitability of specimens for
destructive analysis. The catalogue of thelaxion includes a wide range of
parameters any combination of which may be present for any given specimen
these include taxonomic information, collection information (e.g. date, location,
and collector), original clutch size, and condition. This pralitie Museum with

a catalogue of a previously tquantified collection, and allowed the author and
the curator to begin to shape a request for materighxonomic identifications
provided alongside the material were credsecked by comparison with
identification guides and with conspecific material in the collection (where

available).
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3.6: ldentifying specimens for destructive analysis
The production of the catalogue allowed the curator to begin to rank specimens in
order of their suitability for destrutive analysis, but further questions needed to

be addressed before sampling could proceed.

The amount ofmaterial which was neededrom each eggand how much could
be approved for destructive analysifirst had to be established. In order to
address tlis, research was conducted using commercially available eggs to
establish the smallest possible amount of material from which peptides could be
recovered (Section 2.2). Fortunately, the protein content of eggshell is high, and
sufficient concentrations wer recovered from very small (shg) fragments of

shell (Figure 3.1).

Before After

Figure 3.1: Gull eggom YMT collectioprior to and after destructive sampling

The snall sample sizeequiredminimises damage to specimens.

Another issue which needed to be addressed was the number of samples needed

per specimen, and the number of specimens needed per species. Based on
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analyses of domestic species, it was found that proteomic content is remarkably
consistent both between diffent eggs and in different parts of the eggshell of
the species tested (Table 3.1). This minimises the number of specimens required;
for specimens which are not common in the collection, and for which only very

limited sampling is possible, a single sanfpden a single specimen is sufficient.

Peptidem/z | StandardDevation | Samples
1042.6 0.037 48
997.5 0.041 23
1293.7 0.036 44

Table 3.1Variability in the mass of selected peptides obtained fatticken
eggshell These represent a number of eggs fidifferent batches, and a range of
different parts of the eggshell. Although not all peptidas beshown, these low

standard deviations are representative.

Several avenues were explored in an attempt to identify the most suitable means
of actually remw@ing samples from specimens in the museum collection. Eggshell
is a very brittle, delicate material and so great care had to be taken when
sampling. The process used in this project exploited the fact that eggs in the
collection already had a hole througbhich the original contents had been blown

by the collector (Figure 3.1). Using very fine scissors, a small piece of shell was
removed from around this hole. This allowed sampling to be carried out with only

a minimal impact on display potential.
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There isalso a spectrum of quality in the data attached to specimens in the YMT
egg collection. At one end of this spectrum, some eggs have a wealth of
information attached, including taxonomic information, the date of collection, the
identity of the collector, e original clutch size, and the location of collection. At
the other end, some specimens had only taxonomic information; in a few cases,
there were no attached data at all. Only taxonomic information is required by this
project. Also, the physical conditi of the specimens is unimportant; this allowed

prioritisation of eggs which were already cracked or broken.

¢KAa O0FO13aANRBdzyR 62NJ] Fl OAf-#z21I00 $ RILINE § O KINE R dzC
identifying samples suitable for destructive analysis, wherebydimator could

identify the least dataich, worstpreserved specimens for each species when

considering which material to release. The background work performed as part of

the sampling request created a situation conducive to production (and

subsequent appoval for the most part) of a streamlined, well researched and

realistic destructive sampling request.

3.7: The reference collection

The list of taxa represented in the reference collection developed for this project
is givenas an appendix (Appendiy.Ahe majority of these were drawn from the
YMT collections; some samples were also provildéer by the Natural History
Museum, the Zoological Museum of the University of Copenhagen, and by J. Sidell
(English Heritage). The reference collection currerdbmprises 58 species

representing 12 ordersdppendix A
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3.8: Conclusions on chapter 3

This chapter has described the development of a reference collection for this
project. This is of fundamental importance to the successful execution of this
project, and facilitates the developments described in subsequent chapters. This
chapter shows the value of early dialogue between researchers and museum
curators when attempting to source material for destructive analysis, and also
further highlights the scientifizalue of museum collections, even when data
poor. The following chapter will describe the application of both this reference
collection and the techniques described in the previous chapter to archaeological

assemblages.
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Chapter 4: Applying the newdentification technique

Section 1: Egg use in AngBrandinavian York
4.1.1: Introduction

4.1.1.1: Overview

This chapter describes the first application of the new technique developed in the
previous chapters to archaeological eggshell assemblagesfoths of the first

case study presented is AngBrandinavian York; background information
regarding the history of egg use and previous archaeological applications has been

provided in a previous chapter (Chapter 1).

4.1.1.2: AngleScandinavian York

Dansh Vikings arrived in York during the il century A.D. and held the city

until 954 A.D., when it came back under English control. The period between the
mid-10" century and the arrival of the Normans (who themselves were second
generation Norse setths) in the midl1™ century is referred to as the Anglo
Scandinavian period; York wasminallyunder the control of an English king, but

its culture was still heavily influenced by the Scandinavian settlers. This case study
focusses on a particular aspeat the domestic economy of the city during this
period; in order to put this in context, some brief details of the types of food used

in the city must be provided.
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4.1.1.3: Subsistence strategies

During the Angléscandinavian period in York, the vast omdy of the meat

consumed was sourced from domestic species;-siméd domesticates such as

cattle, sheep and pigs formed the basis of the meat component of most diets, and

OFGdGtS Ay LI NIAOdzZ  NJ 6SNB LINBR2YAYIFIY(d o6hQ/ 2
Valeof York is very flat and fertile, and provides excellent conditions for growing

YIye ONRLA YR LI NIGAOdzZ F NI & FT2NJ NrAaiAy3a OF
agricultural area provisioned the city, it may not have been a large enough market

to drasticdly alter the nature of activity in the surrounding agrarian area; many of

the bone remains suggest that the meat consumed in the city consisted in what

was no longer needed in the wider area, rather than having been raised especially
forconsumptioninYNJ O0hQ/ 2y yYy2NE Hannno® {YFfftSNI AaLISOAS
YR LA3I& 6SNB LINBPOoFof& NIAASR gAUKAY GKS OAf
little evidence for use of wild foods such as venison, although a minor

contribution was made by witbwling, and both riverine (e.g. eel) and marine

6SP3P KSNNAYIS O2RO FTAAK YIRS arA3ayaAfTaoryd R
Dairy products were probably important, but evidence for cattle and goats within

GKS OAGe Aa fAYAGSR 0 hd egyiyteNdonamgpefpv ® ¢ KS A
AngloScandinavian York has only been inferred from the prevalence of chicken

02ySa o0hQ/2yy2NE HnnnvI YR RANBOG SOARSYyOS
will address egg use in the city during this period, and ceotribute to

understanding of the manner in which the city was provisioned. In order to

achieve this, eggshell assemblages from two major ABgbndinavian sites in

York were analysed.
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4.1.1.4.1: The Sites: Hungate

Hungate is a large, mujphase site locatediear the centre of York, abutting the
north bank of the River Foss (Figure 4.1). The Dig Hungate excavations conducted
by York Archaeological Trust (YAT) began in late 2006 and will be completed in
line with the Hungate (York) Regeneration Ltd. developnsehedule. The source

of the material used in this study, Block H, was excavated between 2007 and
2011. Most of the contexts evaluated in this study are provisionally assigned to
AngloScandinavian age activity (unless stated otherwise). During the Anglo
Scandinavian period (late"% mid 11" centuries), the site is thought to have
been relatively lowstatus compared with the contemporaneous Coppergate site
(see following sectionOver 2000ragments of eggshell were recovered from the
excavation by 5mnand 1mm sieving, which was performed routinely on samples

of most types of deposit.

4 YORK N\ o
L MINSTER 2\
* v \

Figure 4.1: Location of Hungate (H) and Coppergate (C)Rai@oduced courtesy
of York Archaeological Truddased on the Ordnance Survey mapping © Crown

copyright
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4.1.1.4.2: The sites: Coppergate

Coppergate, which is located around 350 m to the sew#st of Hungate (Figure
4.1), was excavated by YAT between 1976 and 1981. A site of activity during the
Roman period, Coppergate was apparently deserted during the-Rostan
period, and became active once more with the onset of Wi&ing/Anglo
Scandinavian period (mi@l"/ Sy 4§ dzNB 0 o6hQ/ 2y y2NE My p0 d 5 dzNRA
Scandinavian period, there is evidence for glass working and possible structures;
these were defirtiely established at the site by the mid™ Century (Hall, 1989).
There is also evidence of iron working at the site during this period (Hall,
1989).The areas to the rear of these structures contained a large number of pits,
in which organic preservationvas often excellent (Hall, 1989). Relative to
Hungate, Coppergate is considered a higditus (although not elite)site on the

basis of the type of industrial activities, finds and structures excavated. 758
fragments of eggshell were recovered from theedily YAT excavators, and were

analysed using the technique described in a previous chapter.

4.1.2: Methods

4.1.2.1: Analysis and identification

All eggshell fragments from Hungate and Coppergate (n > 2750) were analysed
using the optimised protocol devagbed in a previous chapter (Section 2.2.3.4).
Fragments were taxonomically identified using the Microsoft VB application

described in the samehapter (Stewart et al., 2013). Multiple fragments were
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routinely included in a single analysis; the techniquecapable of detecting

multiple taxa in any given sample.

4.1.2.2: Establishing a method of quantification

As for all heavily fragmented biomaterials, quantification of the resulting data
presents a challenge. €hpercentage of eggshell fragments repretien any
given taxon is not a reliable indicator of the relative frequency of use, as it does
not account for differential pathways of egg fragmentation, which are unknown
and probably impossible to quantify with any degree of confidence. For example,
chiken eggshell is thinner and more brittle than goose eggshell, and can be
reasonably expected to fragment into a higher number of pieces. Assessing only
the presenceor absenceof any given taxon in a context is a more appropriate
method of quantification €.9. Stewart et al., in press). For Hungate, where
successful identifications were not made for all contexts, the percentage
representation per context is calculated as the proportion of the contexts in which

successful identification was achieved.

4.1.3:Results

4.1.3.1: Success of the new technique

In total, over 2750 separate eggshell fragments were analysedlysing this
volume of material would not be practicable using previously available techniques
(Sidell, 1993a, b)Successful taxonomic identi&tions were achieved for 35 of 39
contexts at Hungate (89.7%), and all 29 contexts at Coppergate. At Coppergate,

the success rate of the technique by fragment was 98.3% (12 of 758 fragments

121



remain unidentified); comparative data are not available fomgte, but this
figure is lower. Where no identification was made, this was due to poor quality
mass spectra rather than inability to match good spectra to the reference

database.

4.1.3.2: Characterising the eggshell assemblages

Only two taxa were idefified from the AngleScandinavian deposits at Hungate:
domestic chicken (present in 23 of 26 (88.5%) of contexts from which eggshell was
identified) and goose (present in 4 of 26 (14.3%) contexts (Figure 4.2). No other
taxa are observed either in the AngBrandinavian levels or subsequent levels,
and these figures are similar to those obtained when the whole Hungate
assemblage is considered (Chicken: 32 of 35 contexts (91%); Goose: 5 of 35
contexts (14%)). This technique cannot presently distinguish betweitd and
domestic geese, or even between different goose species; this is due to the very
high degree of protein conservation within the order Anseriformes. It can be
stated that nounambiguoufy wild taxa are present in the eggshell assemblage
and given that domestic geese were kept in the city it seems reasonable to
propose that at least the majority of the goose eggshell might represent domestic
birds. Chicken is equally ubiquitous at Coppergate, where it is present in 27 of 29
eggsheHlbearingcontexs (93%) (Figure 4.2). Goose eggshell is far more prevalent
at Coppergate (12 of 29 contexts, 41%) than at Hungate (Figure 4.2). The only
appearance of duck eggshell in this study was also in a context from Coppergate
(Figure 4.2); as for goose, itusckear whether this represents wild or domestic
duck. This represents the first successful application of a -thiglughput

proteomics based identification technique for archaeological eggshell.
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Figure 4.2: Taxa identified in Angdgandinavian eggshelssemblages from

Hungate and Coppergate, York

4.1.4: Discussion

4.1.4.1: Success of the new technique

Although the success rate of the new technique is high (SectiaB.#)1a slight
disparity was observed between the two assemblages. Severaihmbually-
exclusive factors may explain this. At face value, one of the simplest possible
explanations is a simple age effect, where the proteins present in older specimens
are more degraded than those in younger specimens. This may seem a logical
explanation, lot some of the Hungate contexts from which no identification was
made are among the youngest at the site (T. Kendall, pers comm). Other factors
which may contribute to this disparity include better organic preservation in
general at Coppergate; improvementin resolution and execution of the
technique between the two analyses (the Hungate analysis was the first

conducted using the new technique); possible burning of some shell fragments at
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Hungate; and misidentification of very small fragments of plastenoliusc shell

as avian eggshell at Hungdi. Jones, pers comm)

4.1.4.2: Advantages of the new technique

This project develops ZooMS asobust, reliable, accessible and rapid means of
identifying archaeological eggshell fragmentiis is not the oyl means being
developed for taxonomic identification of eggshell; the relative advantages and
disadvantages of ZooMS compared to other techniques must be determined.
Recent advances have facilitated recovery of DNA from preserved eggshell, and
shown that i can be very useful as a taxonomic identifier; DNA analysis is
potentially capable of a greater degree of resolution than the system developed in
this thesis (Oskam et al., 2010, 2011; Coghlan et al., 2012). Nonetheless, there are
several major advantagesf the ZooMS technique. For one, it can provide
taxonomic information for very small (<1mg) fragments, allowing analysis of
entire eggshell assemblagasd subsequently more robust quantificatiocurrent
methods for isolation of DNA from eggshell requime more material, and many

of the eggshell fragments analysed during this study (and subsequent studies) are
simply too small to allow sufficient DNA recovery using current techniques (Egloff
et al., 2009; Oskam et al., 2010). Unlike some promising Bbti#igues €.9.Lee

& PrysJones, 2008), the ZooMS method does not require preservation of shell
membrane or cuticle, both of which areften missing fromarchaeological
specimens. It can process entire eggshell assemblages, and has a high success
rate. Arother major advantage is that, at present, this technique is less costly than

DNA analysis. This technique may aid the development of DNA sequencing of
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archaeological eggshell by identifying fragments which are most suitable for

subsequent analysis.

4.1.4.3: Birds in the Anglescandinavian domestic economy

Birds were a minor but significant component of the domestic economy of Anglo

Scandinavian York; their bones account for between 2% and 7.5% of the animal

bones recoveredrom sites dating from this pdr2 R 0 h Q/ 2y Y2 NE Mdy @ HA
there are taphonomic differences in presation and recovery of bird and

mammal bone (bird boné generally smaller and lighteit is possible that this

slightly underestimates their actual contribution. Although it idfidlilt to

quantify, it is clear that birds contributed significantly to the diets of people in

York during this period. The majority of the recovered bird bones represent

domestic chicken, while goose and duck bones are also reasonably abundant

0 h Q/ 2 90¢03. MEhough distinguishing domestic and wild types is difficult

(particularly in duck) it is thought that these largely represent domestic birds

O0hQ/ 2yy2NE HWHAnnnoO® LY KA& tylftearaa 2F GKS |
Scandinavian deposits in YorkQO 2 y'ubés Nle sex distribution of chicken

bones tosuggest that egg production was probably the main focus of chicken
husbandryduring this period, rather than production of meat orale birdsfor

0201 FAIKGAYT 6hQ /2yY2NE HAnnoO®

The relative contribution of wild and domestic species to the bone assemblages
differs between urban York (where domestic chicken predominate) and many
contemporaneous sites in coastal and island locations, in which seabirds tend to

vastly outnumber domest species (island sites are described in the following
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section) (e.g. Sharples 2005, 2012; Harland et al., 20N&)domestic species
recovered from Angk$Scandinavian sites in York include a range of wetland birds
such as wild ducks and geese, cranes] a range of waderé h Q/ 2 Yy 2 N
These are commonly winteftocking species, and were most likely exploited
RAzZNAY 3 AYGSNI 6KSYy FIENYAy3I OGAGAGASAE
2000). Other species represented include <ld#sting seabirds rézorbill,

guillemot), woodland species (woodcock, wood pigeon), and moorland species

Honnoo
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4.1.4.4: The eggshell evidence

The eggshell evidence suggests that domestic chicken provided the majority of
eggs used taboth sites during the Angt8candinaviamperiod (Figure 4.2). This is
consistent with the bone evidence, which suggests that these were the most
O2YY2y O0ANR AY | @AlYy o02yS laaSvyofl 3Sa
contribution of goose eggsHeht both sites, and a minimal contribution of duck
eggshell at Coppergate (Figure 4.2). Although this technique cannot distinguish
domestic and wild types, these results are consistent with domestic species
providingat leastthe vast majority and very pssibly allpof the eggs consumed in

the city, with at most a minimal contribution from wild species. There is a
complete lack of demonstrably wild species in both of the eggshell assemblages

(Figure 4.2). Ducks and geese are known to have been kept dioailsin the

ohQ/ 2y

city during the Angld OF YRAY I @AY LISNA2R 0hQ/ 2Yyy2NE ™M

therefore be cautiously proposed that the duck and goose eggshell represents
domestic species, although this cannot be stated conclusivelfhe lack of
demonstrably will species in the eggshell assemblage supports the idea that wild
fowl may have been a focus of exploitation during winter (i.e. outside of their
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breeding season), when many economatities were slower than during other

seasons and/or additional source&s¥ F22R 2NJ AyO02YS gSNB NI dzA |

2000). The eggshell results from Hungate and Coppergate suggest that in terms of
egg use, the economy in AngBrandinavian York was entirely domestic. This
provides an interesting contrast between the avian bamsemblages and the

eggshell assemblages.

4.1.4.5: Beyond taxonomic identification: can eggshell inform questions of
status?

A major difference was observed in the prevalence of goose and duck eggshell at

the two sites. It is possible that this resulterh the difference in status between

0KS aArAdSaod /2LIISNEBFGS Aa y2id O2yaARSNBR
ARSYUAFASR IyR (GKS adGNHzOGdz2NB& FyR FTAYyRA
higher status than Hungate (although the degree of aosiratification in Anglo
Scandinavian York is unclear). Although direct data for the A®ggmdinavian

period are unavailable, it has been estimated that chickens in England were
producing 76200 eggs per year by the late medieval period (lat8 4 2arly 14"

century), and that members of every social stratum would have had access to
these (Stone, 2006Slavin, 200R It seems reasonable to propose that these

would also have been an everyday food item during the Afglandinavian

period.

The resul$ of this study might begin to suggest that the eggs of geese were higher

status or more expensive items in Angdoandinavian society. Direct evidence to
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support the notion that goose eggs were a higher status food during the Anglo

Scandinavian period i&kngland is lacking, but some support may be found in

roughly contemporaneous accounts from Nois#uenced Ireland. The twelfth

OSylGdz2NE LNRAK GFfS WCEtSR 59gAy Yyl yDSRQ &adzii3
higher status fare than chicken eggs (Mac @amaire & Cully, 2007 Direct

comparison between Angi§candinavian northern England and Ireland is valid, as

major cultural links between the Vikings and Ireland were well established by this

stage (e.gO Corrain,1998, 2001). It seems reasonable to exgea degree of

cultural overlap between these regions during the ArR§tmndinavian period. In

Ireland at least, the perception of goose eggs as a luxury food seems to have

persisted into the Modern era (Mac Con lomaire & Cully, 2007).

4.1.4.6: Value of mseum collections

Another outcome of this case study is-emphasis of the research value of
museum natural science collections (Chap8r This case study adds to the
sustained curatorial efforts to establish the scientific research value of museum
egg ollections which have occurred in recent years (e.g. Russell et al., 2010). In
terms of the specific suitability of museum egg collections for proteomic research,
one recent study urged caution as some proteins found in modern shell were not
recovered frommuseum material (Portugal et al., 2010). However, this study did
not account for the presence of distinct inteand intracrystalline protein pools
(Chapter2): it is probable that the proteins which were missing are not commonly
located in the intracrystalline fraction, and/or are particularly susceptible to rapid

diagenesis. For the purposes of analyses such as this one, in which recovery of the
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full suite of proteins found in modern eggshell is not essential, museum stores

represent a unique researgksource.

4.1.5: Conclusions

This initial case study on AngBzandinavian York demonstrates that this new
technique is viable for use on archaeological material, and also provides some
interesting observations on the nature of egg exploitation in thg ditring this
period. The main observation derived here is that the eggs exploited in the city
were either entirely or overwhelmingly derived from domestic species, with no
input from demonstrably wild taxa. This is consistent with previous assertions that
the primary role of domestic chickens was as egg providers; the following section
will build upon the proof of concept provided by this case study to conduct-an in

depth analysis of egg use in Nots& island sites in Scotland.

129



Section 2Norseera egg use in Scottish islands

4.2.1: Introduction

4.2.1.1:Overview

The previous section demonstrated the successful application of a new
biomolecular technique to archaeological eggshell assemblages, and provided
new information on egg use in Argbcandinavian York. Thsctionattempts to
further explore the archaeological potential of eggshell by presenting an
investigation of egg use in Norgea sites in the Western and Northern Isles of
Scotland. This section contains the bulk of the arclhagioal investigation
conducted during the construction of this thesis. The main questions under
consideration are the extent to which the occupants of the#tesrelied upon
domestic and wild species for their eggs; whether patterns of egg use were
consitent between different areas and periods in Scotland, and in the wider
sphere of Norse influence; and whether Norse egg use differed significantly from

that of previous inhabitants of these areas.

¢CKS G(SNEBNMWNO28KESEt 2 00dzNJ an&KriwBtdeddéefhediiThai KA a &S00 7

Viking period in Scotland often refers to a period of raiding between thargi
9" centuries A.D., while the Norse era, which began in the edtgeditury with
the arrival of Scandinavian settlers, is often considered to hélowed
(Crawford, 1987; Grahai@ampbell & Batey, 1998). It must be noted that this
terminology is not universally accepted, and that there is often not a clear

transition between the two periods (e.g. Grah&bampbell & Batey, 1998). By its

7

nature, this 6§ dzZRe@ RSIFf & GAGK GKS NBYIAFHI @FA&SGGE S
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adopted here to represent all Scandinavian settlement in Scotland in the period

betweenc.800 A.D. and the mid5" century, when the Northern Isles of Scotland

(Orkney and Shetland) wereamted by the king of Norway to the Scottish crown

4 LINI 2F F R26NB LI &YSyidiod ¢KS YIGSNREFE NB

section derives from"¢ 6™ century A.D. activity.

4.2.1.2: Subsistence in the Norse era Scottish islands

Faunal assemblages and plant remains from Nersesites in the Scottish islands
evidence a subsistence strategy based on a combination of arable and pastoral
farming, with cereal cultivation and dairy production providing important dietary
contributions (Crawford, 1987; Morris & Rackham, 1992; Grai@ampbell &
Batey, 1998; Sharples, 2005, 20bA;lville et al., 2005Barrett, 2012). The most
prevalent animals represented in bone assemblages are- taidlargesized
domesticates such as cattle, sheep anmjspB8ond, 2007 h Q/ 2y Y 2,NE HAM~N
Harland, 2012 Bones of wild species, including marine mammals, deer, and a
range of wild birds, also occur in Norse assemblages, but usually form a minor
component of the recovered boneSérjeantson 1988, 2001; Mulvill2002, 2010
Sharples, 2005, 2012; Harland, 2012; Harland et al., 2012). Marine resources such
as fish and shellfish were also exploited (Crawford, 1987; Milner et al., 2007;
Harland & Barrett, 2012 Milner & Barrett, 2012). Little is known of the
importance of domestic fowl in the Norse econoray sites such as thes&ome

bone assemblages from Norsea island sites suggest that domestic folahd

birds in general) were a laively unimportant component of the diet compared

to larger domestic mammals (g Sharples, 2005, 201Rtarland et al, 2012).
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4.2.1.31: Norseerabird exploitation: the evidence from bones

In many Norseera sites, domestic chicken are found alongside a variety of wild
fowl; for example, the 8 ¢ 11" century A.D.settlement of Hiithabu in northern
Germany produced a huge number of bird bones representing over 60 species, of
which domestic chicken formed a relatively small component18%) Becker &
Grupe, 2012 The mostly 9 century A.D. material from Kaupang in southern
Norway shows a similar trend; roughly one third of the identified bird bones were
found to represent chicken, while the rest of the assemblage comprises a range of
wild species (Barrett et al., 2007).must be noted thafpreservation of bone at
Kaupangvas exceptionally poor, and only a small number of bird bones (27) could
be identified; this limits the interpretative potential of these data (Barrett et al.,
2007). This is consistent with avian assemblages from contemporaneous- Norse
era sites in Scotland arfscandinavia, in which wild taxa often predominate over
domestic fowl, and in contrast to the urban setting of York, in which domestic
OKAO1SY LINBR2YAYIFGS 6hQ/ 2yy2N mpy dE HaannT ¢2&
Harland et al., 2012). For example, at @gew in Westray, Orkney (Section
4.2.1.4.3), chicken bones account for only 4.5% of the identified bird bones
(Harland et al., 2012). In the Norse levels at Mound 1, Bornais, South Uist (Section
4.2.1.4.2), only 1.5% of the identified bird bones represagomestic fowl, 10%
represent ducks and geese, and 88.5% represent assorted wild taxa (Sharples,
2012). At Freswick Links, Caithness, only 11% of the recovered bones represent
domestic fowl (Allison, 1995). All of these data suggest that-feidding madea
greater contribution to the birémeat consumed than domesticates (assuming

that most of the bones derive from food waste).
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In Norse assemblages from Iceland and Greenland, domestic fowl are apparently
absent (McGovern etl., 1983, 2006 The absence fochickens from these
locations may relate to unsuitable terrain and climate; to local dietary and
economic preferences; to low productivity under the prevalent light regime (it is
unclear whether the available breeds retained seasonal laying patterndjoraio

the widespread accessibility of wild birds and eggs rendering chickens irrelevant.
This latter factor may have been important in parts of Iceland, in which
inhabitants made widespread and extensive use of the eggs of certain wild species
(McGovernet al., 2006)It might also relate to disposal practices; if bones were
routinely cut into very small pieces (for example, to make stock), taphonomic
biases may disfavour thefireservation and recoverglthoughthis is untestable

and unprovableit shoud be acknowledged as a possibility.

4.2.13.2: Norse egg use

For most pre and postRomancultures as well as almost all of the European
cultures occurring in the period between Roman collapse andRbeaissance,

very little is known about egg us¢€Stadelman, 2000). The information available
for the Norse period is consistent with this observation in that it is patchy (both in
time and in space), inconsistent, and generally scaheelceland, wherethe
domestic chicken seems to have been absentgegf wild species including
ducks, geese and ptarmigan were extensively used (more so than adult birds) and
could have sustained a large yield (up to 10000 eggs per year) if exploited
correctly (McGovern et al.,, 2006). At Freswick Links onnibkthern Sottish
mainland, a range of wild species were identified in the eggshell assemblage using

scanning electron microscofection 4.2.4.3[Sidell, 1995; Grahai@ampbell &
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Batey, 1998)lt must be noted that some of the parameters used for identification
of eggshell in the Freswick Links study may not be valid, particularly when applied
to degraded archaeological material. Patterns of egg use are unknown for most
regions under Norse influence, and it is unclear whether the patterns observed in
the limited nunber of studies published to date are consistent across the sphere
of Norse influence. Unlike their wild progenitors, which retain seasonal laying
regimes, modern laying breeds can produce upwards of 250 eggs per year;
documentary evidence suggests that yhmay have done so in England since the
late medieval period (1% ¢ 13" century) (Stone, 2006). In the absence of
documentary evidence, it is impossible to know at what point in history this ability
to decouple laying patterns from light regimes occurnedlifferent areas; for this
reason, it is unclear what the egg yield from domestic fowl is likely to have been

for the Norse

Present understanding of egg consumption during the Norse period mostly
comprises a series of open questions. Which species waploited for their

eggs? To what extent were domestic and wild resources used, and was this
consistent across the geographical and temporal span of the Norse era in
Scotland? Were these patterns different from what had gone before in Scotland,
and fromNorse activity in other areas? Questions such as these are the focus of

this section
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4.2.1.4.1:The sites: overview

Four mainsites providedthe eggshell assemblageghich were analysed in the
course of this study (Figure 3). In total, over 12000 fragents of eggshell were
analysed using the technique described in a previous chapter (SectioT Re®e
sitesprovide a range of locations in th&'esternand Northern Isles of Scotland,
and span almosthe entire Norseera in the Scottish islandgarly 9" centuryto

15" century) The assemblages from Quoygrew and Bornais (see below) are
relatively large (especially the latter), and are also well phased and-time
constrained (Barrett, 2012; Sharples, 2005, 2012); these form the backbone of
subsequent diagssion. The other sites provided smaller assemblages which are of
interest as they expand the geographical range of the study, and provide a point

of comparison with the larger assemblages.

Figure 4.3: Location ddites in the northern and western islaghich provided
eggshell for analysidlap modifiedfrom OS online resource.
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