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Abstract

Unlike cranial morphology, human mandibular morphology has been found to
be influenced primarily by environmental as opposecktiicgantors. Previous
research has demonstrated that significant morphological changes have occurred
in the mandible during the Agricultural and Industrial Revolutions when
widespread dietary changes occurred, and diet became softer. During this time
the size of the mandible decreased, and mandible morphology became more
gracile. This research however has typically focussed on comparisons between
two time periods associated with a large dietary transition. For this reason, it is
not known if the reportedhanges in mandible morphology represent a
consistent reduction in mandibular robusticity or rather fluctuation between
periods associated with dietary variability. Furthermore, it is unclear how
susceptible thmandiblas to smalledietarychanges.

The @m of this thesis is to investigate how responsive mandible morphology is
to the dietary changes that have occurred in Britain from the Neolithic through
to the PosMedieval periods. It is hypothesised that mandible morphology is
responsive enough to maalcal stimuli that more minor dietary changes will
also result in morphological variation. Results indicated that in general mandible
morphology became increasingly gracile over time, while more pronounced
morphological changes are associated with netpmydransitions such as the
intensification of agriculture and the Industrial Revolution. Moreover,
significant increases in gracilisation occurred between theSaxmoand
Medieval period, potentially indicating that the dietary changes thatloccurre
during the Industrial Revolution were more gradual than previous research has
indicated. In addition to the more prominent morphological changes, smaller
morphological fluctuations occurred such as during the Roman occupation. It is
concluded that the mdible is more responsive to smaller dietary changes than
demonstrated by previous research andhtinphological variation associated

with these major dietary transitions may not have been as simple or rapid as

previously assumed.



Impact Statement

Thisresearch has provided further support for a relationship between mandible
morphology and diet, supporting previous research which reguated
significant changein mandible morphology were associated with the
Agricultural anéhdustriaRevolutionsThis research has gone beyond previous
research which has focussed on large scale dietary transitions to demonstrate the
susceptibility of the mandible to reflect smaller dietary changes.

Additionally, this research may pregiome support for the thedtyatarable
agriculture was not readily adopted in Britain and that domesticated crops may
not have formed a key part of dietary intake until the Bronze Age. Previously
these theories were principally based on a lack of evidence in the archaeological
recad. However, this study provides support for a significant reduction in
masticatory activity betwe@e Neolithic an8ronze and Iron Agedividuals.

While not providing conclusive evidence, these results are consistent with a shift
to a more cereal basdietanddecrease in the relative consumption of animal

protein and tougher wild plants.

Furthermore, by comparing 3D GMM with traditional linear measurements this
research has demonstrated the relative superiority of 3D analysis for analysing
shape chages in the mandlArguablythis study indicates the need to re

evaluate existing research trest focusseekclusively on linear measurements.

With regards to promoting future research and preserving skeletal, material
where possibkae 3D scangroducediuring this project will be maaleailable

for future research. The nature of this accessibilihowtiver vary depending

on the requirements of the curating institutions. Copies of the 3D scans will be
sent to all curating institutiondich may be utilised for internal research or
accessed by external resemscAdditionally, for the sites that consent tq this

the availabilityand access requirements for these schree wietailed online

and in any future published research with thisiedater
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Chapter 1
Introduction

The earliest evidence of anatomically modern humans (AMH) in Britain can be
dated to the around 43,68D,000BP, at the start of the Upper Palaeolithic
(Highamet al2011Pollard 2008, Whitt al2006) Despite the early @gpation

of Britain, it was not until the Neolithic around 68800 BRvhenan increase

in population growth is evident in the archaeological r@oatibridgest al.

2014) Since the Neolithic thereas been an extensive and detailed
archaeological and historical record in Britain, which documents a number of
significant socitoultural, technological and environmental transitions
(Colguhoun 200&rummondandWilbraham 195Ritts 2008, Pollard 2Q08
Tattersall 1968 Previous archaeological and historical researchalsas
revealedseveralsignificant dietary changescurringin Britain since the
Neolithic These dietary transitions are associated muthtzer of factors such

as: the introduction of new technologies, flora and;flienaovement of
people includingnigrations and invasigrend behavioural changes such as
religious, political and so@oltural. For instance, the Roman invasion and
occypation of Britain brought with it technological and cultural changes that
significantly alteddiet, as well as introducing new animals and (Tdr&sery
2010,Cheunget al2012 Redfern 201,0van der Veeat al2013. Additionally,
religous changes iMedieval Britain resulted in new dietary restrictions,
reducing the consumption of meat, and increasing the reliancéMiiltigler
andRichards 2005Moreovertrade routegstablisheduring the 18 century
allowed sugar to be imported in vast quantities and sold at a low price, leading

to a boom in the consumption of sugar in Br{fdiohardson 1987)

Reconstructing diet in bioarchaeology can take many different forms including
the analysis of dental patholdggclassaat al2009,MantandRoberts 2015,
Wasterlairet al2009) nutritional deficienci¢gan der MerwandSteyn 2010)

as wdlas isotopic analysis from bones and {€&thnery 201Makarewicz
andSealy 2015, MildnandRichards 200%.e Hurayand Schutkowski 2005,
Redfern 200)0These methods typically focus on the nutritional components of
food, for instance a high prevalenceaoibus lesioramong an assemblage may
indicate increased carbohydrate consumiiiteon1979,20Q, 20@), while
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scurvy indicates a lack of dietary vitam(vé&ldron 2008)Another important
element of diet is texture, which is influencdabby the raw components of

food, as well as food processing techniques such as cooking and grinding. Food
texture, including hardness, stickiness and moisture release influence human
masticatory activi(frosteret al2006 Koc et al2013) Skeletal tissuis known

to be sensitiv local mechanicatrain,this mechanical strasontributes to

the morphological variation recorded between and within q@suiesand

Beaupre 20014s such changes in masticatory actreguggested to influence

the morphology of the masticatory apparatus.

The norphology of the masticatory apparaareeshetween species based on
the relativefunctional demands of their di€raniofacialmorphological
variationshoweverare in no means limited to interspecies comparSoces

the emergence of anatomically modern hsi(ddriH) significant changes to
the shape and size of the human ceardmandiblédhave occurred, with a trend
towards a smaller more grafolen among modern populatio(Balter 2005,
Lahr 2010, Lahet al1996, Stringest al1984) In the Palaeolithic (2.6mya
10,000 BP), AM crania were large and robust, with prominent supraorbital
features and occipital tori, the mandible was deep and robust with large teeth
especially molatdnderson 1968uarteet al1999, Suwartzand Tattersall
2002) By the Palaeolithiglesolithic transition Il the crania and mandible
were beginning to become more gracile, it was not until tHelgisgicene
period when major changes to theaniofacialmorphology occurred
(BorgogninandRepetto 1986, Batal2014 ahr19962010al.ahret al1996,
Sefcakovat al2011,Trinkaus 2005Y hese changes includeteduction ithe

size of thecraniofaciatomplex as well amcreasedracilisation and cranial
shorteningBaeet al2014 Lahr 1996Trinkaus 200%)ngarandTeaford 2002)
Additionally ooth size as well as the size and robusticity of the mandible
decreased, with reductions most noticeable in the mandibular condyles and
temporomandibular joiBraceet al1987, CarlsoandVan Gerven 1977, Lahr
1996 Larsen 20Q6It is during this time that important population and cultural
changes occd Human populations were moving and intermixing at a level
not previously seerand a global shift from a hunt@therer towards
agriculturalist subsistence pattern occyBetect al1987,CarlsonandVan
Gerven 197/Aarsen 2006, Liebermanal2000) While sevetdaheories have
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been proposed to explain these morphological changes, it is generally considered
that changes in mandible morphology are at least partially thef ibsde

dietary transition@race 1964, Braet al1987, Calcagno and Gibson 1988,
Calson and Van Gerven 1977, Lieberman 2008, Varrella 1990, y'Edynak 1989,
y'Edynak and Fleisch 1983

While genetic coding will produce the basic structure of bones, unless they are
mechanically functionand undergoing physical strain they will not fully
develop(Fell 1956Gillespie 1945, Howell 1914nyon 1980, Lanyaet al.
1982,0'Connor and Lanyon 1982, Moore 188&shburn 1947As muscles
exert force on borthisresults in bone remodellimd)ich acts to attasshape
which better withstals the mechanical forces exertethem (Dorfl 1980a,
1980b,Tsaiet al2009. Studies investigating this relationship have principally
focussed on the long bones of the upper and lower limbs as thesneaperi
comparativeliigh levels of mechanical strains and strain cycles during everyday
activities(Meakinet al.2014) Converselyhie crania and other bones whose
principal function is protection of internal organs experience minimal
mechanical strains, as stiair morphology is less influenced by mechanical
strain (Carter 1984, Stolkt al.2001) Craniofacialskeletal morphology is
therdore generally considered to bwre influencedy genetic influences
(Tircoveluriet al.2013, Uedat al.1998) Genetic influences ioraniofacial
morphology have been extensively anatyseelver, these studies haxgued

that the nandible more greatly refleatechanical straas opposed to genetic
influencegCleaver 193Hr d | i L k1840b]l Maked a2000, Smith 2008,

von CramorTaubadel @L]). The susceptibility of the mandible to muscular
strain is in part the result of varygrgups of muscles whigltach to the
mandibleoriginate at different points, have diffefenttions and nerve supply
(Dewey 192 %cott 1957)The nasticatory muscles are the strongest muscles in
the skull, and are the primary muscles vifnjghrtmechanical strain upon the
mandible(Randoet al2014) Dietary changes have beeportedto result in
alterations to masticatory activity and the straie thescles place on the
mandible, which have been demonstrateditwe bone remodellingd result

in morphological changes to the mandPteffit andFields 2000Tsaiet al.
2009)
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As discussed within Britain there have been a number of dietary transitions,
starting with the intragttion of agriculture in the Neolithic whislassociated

with increases in dental pathology, reductions in skeletal growth and a general
decline in nutrition, as well as the increased prevalence of severdBlisssases
2006 Eshedet al2005,Larsen 1995, 200&gricultural populations have also
been associated with a softer diet, as many of thaoeaelticatedlanswere
prepared by boilintp a soft sticky consistenflyarsen 1995, Powell 1985)
Similarly, ta IndustriaRevolution in Britain is thought to have brought about
widespread dietary changes resulting in a softeprooessed dieivhich is
evident in mandible morpholod@andcet al2014) This trend towards a softer

diet is continuing todaggudieshave found that morphological charigabe
mandible are present between Medieval athtemporary populations
(Hanihareaet al1981 Mohlinet al1978, Shionet al1982 Yamada and Kimmel

1991) Furthermoreyiartin and Danforth (20083portedstatistically signficant
morphological changesthe mandible over the last century, among populations
from the USAIt has been suggested that such differences are the result of
increased food processing techniques, resulting in a sof¥andiatia and
Kimmel 1991, Waugh 1937, Wood 1971, Inoue 1980, Shiaid 982,
Corruncini and Lee 1984)

The majority of these previous studies howeaegfocussed on comparisons
between two periods or growskich areassociated with significant dietary
transitions As such thepotential for fluctuating changes in mandible
morphology occurring ovelong periods oftime have not been fully
investigated. Mooret al(1968)and Lavelle (197#)d investigate changes in
mandible size and shape among several periritaim The results from this
study determined a reduction in mandibular size oegeurtimewith more
statstically signficant changes occuring artatagperiodgyMooreet al1968)
However, these studies relied on linear measurnh@tfidave been argued to
be insufficient in analysing mandible morpohldgsnphreyet al1999) Since
these studies technological andsstati advances allowing the capture and
analysis of 3D data have greatly advancaddhef feometric morphometrics
(GMM). A longitudinal 3D GMM analysis will arguably provide a greater
understanding of how human mandible morphology has cliraBgiainover

timewhichwas not possible in these previous studies.
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This thesis aims to investightmwv dietary changes in Britain between the
Neolithic andPostMedievalperiod have influenced mandible morphology.
While previous studies have demonstridtatmorphological changes have
occurred in response to large dietary transitions, this stugyfidiffethese by

both the implementation of 3D geometric morphometric analysis, and in the
analysis of multiple time perio@kis thesis is organised as foll@Vspter 2
discusses the methods employed in bioarchaeology for the reconstruction of diet
base on skeletal and dental analysis of human refo#iowsed by a discussion

of the dietary and cultural changes that have occurred in Britain since the
Neolithic, incorporating archaeological and historical evi@dageer 3will

discuss anatomically modern hugraniofacia¢volution and the key theories

that have been proposed to account for the gracilisation and reduction of the
modern human crania, mandible and dentiftos will then lead inta review

of the bone rewdelling process and the relationship between bone remodelling
and physical stimuli, as well as other factors which may influence bone
remodellingChapter4 will detail human mandilarmorphology including the
muscles of mastication. This chapter ved abver the animal, clinical and
archaeological evidence for a relationship between diet, mastication and
mandible morphology, as well as other extraneous factors which have been
found to influence mandible morpholoGhapter 5 details the material and
methods whiclwvereutilised to address these questions. The results are provided
in Chapter 6 and discussed in relation to the literature revi€hapter 7.

Finally, this thesis will conclude with a summary of the overall results and

discussion i€hapter8.

Within archaeology major dietary changes in Britain ovesrgassociated

with corresponding changesmandible morphologyThe impact of dietary
changesn mandible morphologyer timein Britain however,has not been

fully investigatedht least not since significant methodological improvements
have occurrednstead the majority of previous studies toavsedon specific
largescaledietary transitionslt is not knownthereforehow susceptibléhe
mandible is to smaller dietary charngaeshaeological assemblages in Britain

shall be used for this researab ththe vast amount of historical literature and
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previous archaeological studies which detail life and dietary changes in Britain
over time. Fdhermore, the early invasions by Romans and -8agtms
provides examples alocumenteddietary changes beyond the frequently
analysedgricultural anthdustriaRevolution Theprimaryaim of this research

Is to investigate how changes in dietefletedin dental and skeletal tissue
beyond the major dietary transitioadditionally there are further research
guestions outlined belawtlined below.

11.1How has mandible morphology changed over time in Britain?
Variation in mandible morphology|viie analysed among time periods in

Britain and compared to historical reports and archaeological evidence of diet
and food processing behaviours, as well as dental pathology among the present
sample and previously published studies. Previous studiefourale
significant morphological changes in the mandible occurring after large dietary
transitions, such as the agricultural and industrial revolution. It is hypothesised
therefore that the most significant changes in mandible morphology will occur
duringthe IndustrialRevolution, when there is a well documeadbange to a

softer more processed diet, resulting in a decreased in masticatory forces. Smaller
changes to mandible morphology are also expected to occur in other periods
whichare expected worespondwith lesser dietary and cultural changes, such

as those that occurred during and after the Roman invasion.

1.1.2Has sexual variation in the mandible changed over time in Britain?
The mandible is known to be sexually dimorphic and is utilisederal sex

estimation methodbsloweveythe degree of sexual dimorphism has been shown

to varybetweerassemblagesid over timeResearch has shown that the rights

and role of women in Britain has changed over time and as such diet has varied
between rales and females. It is therefore hypothesiseldttgree of sexual

dimorphism will vary between periods

1.1.3Does mandible morphology vary in relation to social status?
Socioeconomic status known to differ among the Priory and Cemetery

assembl age at t he MeGhitesburgHicksandHicks of St Gr «
2001 Miszkiewicz 2@, Miszkiewicz and Mahoney 201@listorical data

indicateghat low statusndividualsin MedievalBritan would have typically
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consumed soft diets, low in animal protein and primarily consiting
carbohydrates in the form of pottage and bigaa det of high social status
individuals appears to have been more susceptible to changes over time, but
would have typically included higher levels of animal protein and foods
sweetened with honey and in later periods sugar. It is hypdttesisfore

that mandible morphology among low social status individuals will reflect a soft
diet with low levels of mastiogy stresand exhibikess morphological variation

over time compared to higher social status assemblages.

1.14. What is the relationship between dental wear and mandible morphology
in British assemblageAPd are these changes consistent with pedyiou
published studies?

Dental attrition is more frequently associated with diets which contain large
amounts of grit, typically introduced during food processing mdthsasot
howeverknown the extent at which dental attrition relates to mandible

morphology

1.1.5. How does the level of variation in mandible morphology over time in
Britain comparwvith global geographic variation in mandible morphology?
Previous studies have reported that mandible morphology is more greatly

influencedby environmentafactors rather than genetics, however other
research has suggested some genetic influence on mandible moAzhalogy.
number of migrations and invasions have occurred in Britain during the time
frame of this study it is necessary to investigatgoopuation history may
influence mandible morpholofyis hypothesised that variation in Britaiar

timewill exceed geographic variation in mandible morphology.
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Chapter2
Diet in Britain

Aspects of food, cooking ameting have long been stddie the field of
archaeologyand the importance of these studies stretch far beyond
understandinthe value of food asnutritional requirement for survivialhas

been stated thainext to breathing, eating is perhapanbst essential of all
human activities, and one with which much of social life is entwinedafidintz

Du Bois 2002103. In both archaeological and anthropological stddélsas

been found toelate to external factpbgyond simply the relative &ifaility of

food itemsor nutritional requiremen(BietlerandHayden 201,cott 2008)
Anthropological studies hawensistenthdemonstrated the value of food in
larger sociaulturalprocessed$pods carconvey a range of cultural meanings
andare dependent on their socidtural contex{Mintz andDu Bois 2002
Murcott 1982)For exampl e, 0a mout hf ul of wine
meanings to the professional wine taster, the bon viveur, the Christian
celebrating Holy Communion and the alcoholic élowouto (Atkinson 1980

79.

Througlouttime and acrosaulturesf ood has pl ayaddntitp part i n
whedher in the types of food they eat, the meaning behindoideokv meals

are made prepared or ser{feidchler 1988/1intz andDu Bois2002 Narayan
1995) As a social and cultural activityd and cooking is arguedgerveboth

to osolidify group membership and to set groupséfddiritz and Du Bois

2002 109. Food choice, processing and consumption pattenmegorevary
between populations, within populations and over time, forming @maimp
component of social behaviour ahé creation and maintenance of social
relationshipgKuhnleinandReceveur B8 Mintz andDu Bois 2002)Within
groupsage sex and social status have all been shown to influence the presence
and quantity of certain food items in ¢liet HurayandSchutkowski 200&hd

the identification of dietary differences within groups in archaeology has allowed
for a greater understanding of social, cultural and economic differences
(Crabtree 199@ilcher 201,Smith 2010White 2005)For instance, analysis of
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the zooarchaeological record in Kahikinui, Maui, iHesvaaled differential

access to fatty greasy Oluxuryd foods am
of the Polynesian réR#ttus exulapdsevident among commoner households

(Kirch andO'Day 2003)Futhermore isotopic analysis of males and females

from a late/sub Roman site in Britain at Queensford farm, Oxfordeiaaied

nitrogen isotope levels differed between males and females indicating that

females had less animal/fish protein in thei(Eigleret al2006)

Dietarydifferences can be shaped by history, culture, redigemvironment,
thereforehe analysis of dietary differences between grane used to trace
movemenbf culures(Buhayet al2013 Hakenbeclet al2010 Knudsonet al.
2012 Meiggsand Freiwald2014 Warde 1997)as well as the mafactors
associated with changefodrelatedehavioursncluding political or religious
changes, trade, migratiandtechnological advancemefissibaet al2007
Reitsemat al201Q Valentinet & 2014 Van Gerveret al1995 Warde 1997)

For instance the introduction of Christianity to Britain led to many dietary
restrictions on the consumption of animal protehich resulteah fish protein
being increasingly relied up@hdamsa 2004) Dietary changes can also
stimulataultural changetcreased foogroduction associated with the advent
of agriculture led teedentarismechnologal developments and increasingly
stratifiedsocietie$Ahmed 2014de SaulieandTestar 2015 Diamond 2002)
Sorable food surplusésought about bggriculture could be used to feed full
time craftspeoplenventorskings, bureaucrats, nobles and soldieesefood
surplusesthereforeled to social stratification, political cerdatibn and
standing armsgDiamond 2002Because food and eathmyestrong cultural
connections, whas considered edibleariesindividually or depending on
preparation as well as how, when and where the food was consumed. Therefore,
understanding diet at adlividual and group level among past populations can
reveal important clues regarding the influence ofec(titksson and Lidén
2013. Dietary behavioureflecing larger social, political and cultural factors,
can bemore easilynderstood in more recent British histbigwevemithin

the archaeological recainds relationship is still being deciphered.

As dietary behaviour extends far beyond the breakdownofitBams
consumed within an individual ds I i feti me

study in order to more fully understand these dietary changes and the factors
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which may have influenced them. When reconstructing dietary ,chiiniges

the archaeofpcal record there has been a tendency for research to focus on the
large transitionsuch as th@gricultural andindustrialRevolutiors. While this

research has proved very valuable, and significant differences have been found
regarding dental pathologygntal wear and mandible morphology associated
withthesdarge dietary transitiofBosman 201 &shedet al2005 Larserl995
MantandRoberts 2013Randoet al2014 Tayleset al2000) smaller dietayr
culturalchangesvhichmay well have significantly impacted dietary behaviour
haveso far havéeen largely overlooked.
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Reconstructingubsistence patterhgaslong been a part of archaeological
research with elementssafbsistencbehaviourseconstructed from material
finds such as food processing equipment, botanical remains or
zooarchaeological evideCeabtree 199G patar@ndVilling 2015)Evidence

for subsistence however doesdigctlyprovide evidence for diet among past
populations. While materiatchaebotanical and zooarchaeological evidence
associated with human archaeological sites may dizatbehavioursuch
remains may instead provide evidence for other subsistence behaviours. For
instancarchaebotanical remaimsay represent human congtion or animal
fodder similarlyzooarchaeological evidemay indicateonsumption but also

the use of other animal-pyoducts such asool,or use for labour, whitbe
function of material remains may ladso misinterpretedTherefore, the
interpreation of this evidence is limited, particularly when investigating within
group and individual differences. As such, evidence¢hie@malysis of dental

and skeletal remains is frequently used to infer diet among past papisations
the dentition is thenly tissue which is preserved in the archaeological record
that comes o directcontact with the dietary environment the analysis of
dental wear and pathology principally dental caries whishdiscussed in
section 2.2.1 can be used to infer sigience behaviours, and other features
of human lifestyl@Alt et al1998 Hillson 1979Powel 1985)

This section will briefly describe some of the most frequently employed methods
for inferring diet from skeletahd dentdiissue discussing the information that

may be gained from these analyses as well as the limitations of these methods.
These approael will then be incorporated inte subsequent sections of
Chapter 2 to complement the material record and historical reports in detailing

the large cultural and dietary changes in Britain since the Neolithic.

1Dental wear is created via tooth on tooth contact during normal masticatory movement, as well
as paranasticatory behaviours high degree of dental wear is associated with diets high in grit or
other abrasive materials @l&al1998).
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2.2.1Dental Caries

A dental cariesisadnt i fi ed as a oOdestruction

of

en

resulting from acid pr odHilsoh2002855.by bacter.

The prevalence ofarious lesionsas longbeen associated with dietghhin
carbohydrates and sug@art et al2006 Ortner andPutschar 198Touger
Deckerandvan Loveren 2003Carbohydrates and sugars decrease the pH of
the oral environmenthenmetalolised by bacteriavithin the oral cavitgnd

this pH decreasesults in demineralisation of the enafoghing a carious
lesion(BurneandMarquis 20Q@agnonret al2013 Hillson 2002Lingstromet
al.200Q van Houte 1994)n addition to the consumption of carbohydrakbes
prevalence ofariouslesionsis influenced by oral hygiene, food texture and
frequency of eatingr intervals between eati(@reenand Hartles 1966
Gustafssomrt al2009 Johanssoat al201Q Quenseét al2009,TougerDecker
andvan Loveren 2003Amongpre-agriculturahssemblagethe prevalence of
carious lesiorsas been very low, although not unkn@arstenet al2015)
However, with the introduction of agriculture and cultivated cereal crops, the
proportion of carbohydrates in the diet increased and so did the prevalence of
carious lesionga trend which has been recdrdmballyLarsen 199% ukacs

1992 Taylest al2000 TempleandLarsen 2007)

2.2.2Stable Isotope Analysis

Carbon and nitrogen isotopes isolated from dentine or bone collagen have been
used to infer diet across the archaeological ié&@imtnbergindWatersRist

2018) Carbon stable isotopes are used to distinguish between the consumpti

of C3 and C4 plan{dlakarewicandSealy 201 Richardst al2003 van der

Merwe 1982)C3 plants are adapted to cold and wet environments and comprise
approximately 85% of all plant species, while C4 plants tbridd in hot and

dry conditions and the few edible species includeand&zejar cane. In North
America this has been used to track agriculture, specifically maize consumption
(Makarewicand Sealy2015 Vogel andVan Der Merwe 197.7However in

Europe there are very few C4 plants, so this isotope is used to distinguish

terrestrial foods from marine foods such as fish and si&llshinger 2017)
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Nitrogen isotopes are used to distinguish protein sources, as nitrogen isotopes
increase through the trophic syst€hsis particularly usdftor investigating
weaning practices and the consumption of terrestrial or marine proteins
(Ambrose 199HedgesaandReynard 2007/Richardst al2002) The majority

of terrestriahnimals consumed by human are herbiemeshereforbave a

low N ratio. Converselymarine animals atgpicallyhigher in the trophic
systenmand therefore havenagher*N ratio (Holderet al2017, McMahoat al.

2015. Moreover, breast fed childieave a higheéfN than weaned children
because they are acquiring their protein from humaisllustrated idigure
2.2.1(Schurr 2018, Tsutagad Yoneda 2004 While the potential value of
isotopic analysis makes this a useful methechinstructing diet in archaeology
there are also a number of limitatieash as the potential to overestimate the
contribution of animal protein when plotting Nitrogen and Carbon isotopes and
the inability for isotope analysis to distinguish between amdadairy
consumptior(MakarewicandSe al vy 20 15,). |<dfogeamalgses is | 2018
also limited to reconstructing the relative proportion of these components in
diet and does not reveal food processing behavidlalsarewicand Sealy

2015)
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Figure 2.2.1 Trophic level diagramDiagram detailing tHeitrogen 15N) levels
among different species and human®wsndicate an increase in Nigrodénwith

the highest levels at the tdjme chain on the left shows a marine diet which results in
a highersN ratio compare to the terrestrial diet on the right. Breast feeding infants
who have a highéN ratiocompared to adult humans are shown at the togdevel

both chaingor both sides
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2.2.3Skeletal pathology

Pathological conditions that have been used to infer aspects of diet can be
divided into dietary deficiency diseams®s diseasevhich may resuftom an

excess of certain dietary components. Disease caused by a deficiency in dietary
componentsvhichare evidenced on skeletal remains include scurvy, rickets and
osteomalacia. Scurvy is caused by a deficiency in vitamin C which is present in
fruits and vegetables. High prevalence of scurvy among archaeological
assemblages indicatalsiek ofresh fruits and vegetables that may occur during
times of famine or long sea voya@désays 2014/an de Merweand Steyn

2010) However the skeletal manifestations of scurvy are difficult to identify and
scurvy is considered to be underrepresented in the skeletal c@lengtagos

et al.2014 Waldron 2008)Rickets and osteomalacia are the pathological
responses to vitamin D deficiency in children and adults respadtaeiin

D can be aagred from the diet but is also influenced by exposure to sunlight
(Hardy 1992MaysandBrickley 201,8Valdron 2008Diseases associated with

diets of excess that may be evident in the skeleton include gout and DISH
(Diffuse Idiopathic Skeletal Hyperostosis) with both of these diseases being
associatt wi th o6richd diets (Fullerphal2006 r ed meat
Holgateand Steyn2016 Kuo et al2015 Quintelieret al2013 Tritsaroli 2018

Waldron 2008 high prevalence of DISH has been recorded among monastic
assemblages and hgghus individual§Giuffra et al2010, Realet al.1999,
Rogersand Waldron 2001,Jankauskas 2008laderet al.2013, Pillai and
Littlejohn 2014Verlaanet al.200j. However, bothconditionsdifferentially

affect men and are influenced by numerous ettters, limiting their ability to
reconstruct diet amongst past populat{@oesnaciaret al2018 Holgateand

Steyn 2016&Kuo et al2015)
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In order to investigate how mandible morphology may have been influenced by
diet in Britain it is necessary to first distvesknown dietary changes that have
occurredbetween the Neolithic and RPd&tdieval period3his is particularly
necessary as pieus studies have focussed primarily on the major dietary
transitions, whereas this stufbcuses on understandinghe potential
morphologicatesponses to minor dietary changegreforea more detailed
understanding of Britigfietary history isequred Moreoveras discussed

section 2.1diet is influenced by a numbersotioculturalfactors beyond the
environmenitThereforein addition to the historical and archaeological evidence
for diet his section will also discuss the evidence for-adtuoal and

technological changes that may have infl

2.3 1Before the Neolithic: Coasts and Islands

There is evidence for anatomically modern hufasid) inhabiting Britain

since 8.4-34.7 kya based orskeletal remains excavated fromt&&avern,
Touguay(Highamet al2011) While these remains are only fragmentary other
archaeological siteave yielded more complete skeletal remadididfdated

to the Upper Palaeolithig8,000 10,000BP)(SoressandDibble 2003Tolan

Smith 2008 Of the earliest human skeletal remains in Britain, two of the most
researched sites are Paviland Cave, South Wales (dat8gp@®BP) and
Goughos Ca vAdhous&ocenand Pettitt 1998 Harrold, 1980)

Ex cavat i on sCave,fdate@ d¢outle HaflesUpper Palaeolithic, having
yielded more artetadhan any other British Palaeolithic cave site, including the
di scovery of the skeletal remains of a
mano i n (JdcGBng Highdn 2009)However, with the exception of
thesdew notable sites there is relatively little archaeological evidence of humans
in Britain prior to the Neolithic after which the number of archaeological sites

(especially thosgth human remaihgicreases substantially.

Before considering NeolithRritain, it is first necessary to briefly discuss
evidence of humans from the Mesolithic. The Mesolithic period in Britain,
generally spans from 9,5()800 BCE and during this time people in Britain

are thought to have livad small huntegatherer population®aileyand
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Spikins 2008)Due to differential preservatjanaterial culture during the
Mewlithic is generally comprised of worked stone including flint, chert and
guartz (Cooperet al.2017) Based on comparisons with stonestdoom

mainland Europe it is suggested that there was little contact between these areas
(Cummings 2017)n addition to stone toglthere have been a number of
worked antleand bone finds thought to have been used for working on leather
and hidegCummings 201 Little et al2017) There is also evidence of the
exploitation of marine and costal environments including consumption of the
larger marine mammals, numerous fish, crustacean and mollusc species. For
instance at the Mesdhic site of Meiklewood near Stirling, Scotland, the
remains of a Rorqual whale were exca{@ladk 194,/Smithet al2010)while

a Mesolithic site in Argyll revealed the remains of a grey and spdi@drkeal

16, Smithet al2010) Furthermorgat Mesolithic middens in Oronsay and

Fife there is evidence of fishing from boats with the remains of cod, crabs,
lobsters, sea bream, conger eel, hadsiokon, skate and shékkiineret al.

2004 Renfrew 1985)Therefore at coastal sites during the Mesolithic it is
generally considered that diet was dominated by marinebmsmdson both

the zooarchaeological record as well as stable isotope analysis of human remains
(Cummings 201 Richardset al2003 Schultingand Richards 2002)nland,

however, there is evidence of hunting for large game that roamed wild during
this period(Renfrew 1985)ith the Mesolithic site at Star Carr, Yorkshire,
revealing skeletal remains of large game including red deer, roe deer, elk, wild
oxen and wild pifClark1954 Renfrew 1985)

The avaable archaeological evidence indicates that Mesolithic populations in
Britain were generally drawn towards coastal environments and small islands,
whether this is due to the resources available or as a defensive strategy is still
debatedCummings 201®ilner et al2004 Momber 2000)Rises in sea level

since the Mesolithiombined with a relatively high proportion of costal sites
further limits the availability of archaeological evidghwemings 2017
Momber 2000)Due to poor preservation there is very limited information
available conceng the behaviour and activities of Mesolithic people in Britain,
beyond large game hunting and exploitation of coastal environments. However,

this all changed after the introduction of domesticated plants and animals into
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Britain during the Neolithic, @aspulations expanded and the landscape was
changed through deforestat{@nown 2002Noodbridgest al2014)

2.3 2 Neolithic Britain: Domestication, Deforestation and Pottery

The term O6Neolithicd wasandfeferredtdda coi ned i |
particular way of making stone tohtswvever this term was later extended to
refer to the domestication of plants and anifhatsi | i ngi.rTbeKl u 2005)
Neolithic periodn Britain (40008 2500 BCE) now encompasses prehistory
from the beginning of farming urtlkie introduction of metal workingypically,
the Neolithic periodn Britaini s associ ated with a Opacka
which includes domesticated plants and animals, monuments, new stone tools
and pottery¢ i | i n g i rCankrings 2@1@ B@oas 1988)t is thought
that the introduction of the.HR¥Neolithic
established in South East Endlamound 4000 BCE after being introduced
from mainland Europe, it is thought to have taken a further one hundred years
before this spread beyond South West England and by 3800 BCEs 6 package®
is thought to have spread around Br{{@ummmings 201Whittle 2002)
Table 2.3.1: Neolithic Britain. The time range for the Early and Late Neolithic period
in Britain(Pollard 2008
Neolithic Britain
Early Neolithic (400BCE- 2900BCE)
Late Neolithic (3000 BRQ500BCE)

The introduction of domesticated animals from mainland Eafopgside

domesticated wheat, flaxd barley led to significant dietary champese new

domesticated animals and plants brought many advantages not provided by their

wild counterpartsuch as the nutrients and calories provided by the regular milk

and meat obtained from domesticated animalgle domesticated crops

provided a source of carbohydrates which allowed the production of bread,

porridge and begiCopleyet al.2003 Dineleyand Dineley 2000 Fairbairn

2000hRichards 20007 he increased availability and control of food is generally
considered to have freed up peopleds tim

increasingly complexaterial culture, tools and settlements so that by the end
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of the Neolithic considerable cultural, economic and technological regional
diversity had evolved in BritaiBrown 2002 Thomas 1988)Additionally
technological advancements including pottery are present in the material culture
andare thought to hawa® led to dietary and behavioural changes (Scheinfeldt
and Tishkoff 2013), as well as rapid population gr¢@t#vensand Fuller

2013. This section will disiss the dietary and cultural environment of Neolithic
Britain, which will be divedl into flora, fauna, material cultural and settlements.

23.2.1Flora
The advent andlevelopment of agricultural practidesing the Neolithic

resulted in a number of alterations to the environment which is reflected in
changes in florand faunaecorad in the archaeological rec@down 2002
McClatchieet al2014 Tresset 2015y he earliest cultivation of cereaBritain

is dated to around 40@TE (Bishop 201Brown 2007 Stevensand Fuller

2012. The three mains crops introduced during this period were wheat, barley
and flax, with wheat and barley appearing to be the main c(iteyeredl 197,6
Welmoed 2008yVhile the presenceasdreal impressions in pottery, querns and
ards from Neolithic sites provide evidence of cereal cultij@istwop 2015
Brown 2007 Cummings 201 Fairbairn 2000a&Richards 200®tevensand

Fuller 201p cereal remainare largelyinderrepresentedith crop waste in
general including chaff, weed seeds and gragesrsttee archaeological record
(StevenandFuller 201Q It hasbeen argued &b theunderrepresentation of
cereal crops may be related to the transient nature dhidesgttlements or

the storing of fully processed cer@dishop 2015Stevenand Fuller 201
Unfortunately, because cereal grains are poorly preserved there is little evidence
to determinewhat proportion of diet was comprised of domesticated crops
(Stevensand Fuller 2012 However,as carbonisedcereal depositare low
compared tavild botanical remaing has been suggested that while cultivated
crops arrivedni Britain during the Neolithic this agriculture was not readily
adopted and wild plants still formed an important part ofRlatards 2002,
Whittle 2000Q)This is further supported by the Ipkgvalence afarious lesions

0 which isassociated with the introduction of agriculiadhigh carbohydrate
dies(Da-Gloriaet al2017 Karsteret al2015 Munoz 201)7- among individuals

from the BritisiNeolithic Lunt 1974 Tattersall 1963
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23.2.2Fauna
In contrast to cereal cultivation the introduction of domesticated animals around

3,500 BCE soon led to the establishment of herds of domestic sheep, goats,
cattle and pigg(Renfrew 1985)7o0o0archaeological records suggests these
domesticates were widely adopted as they dominate the faunal assemblage
comprising between 95% of zooarchaeological remg@ammings 2017
CummingsndHarris 201IThomas 1988 homasandMcFaydyen 2010Jhis

Is supported by isotope analysiswhan bone collagen which recorbied

values ofEN, interpreted as a diet rich in terrestrial animal préRicisads
andHedges 199%chultingandRichards 2002)sotope analysis from human

bone collagen also indicates that marine resources were rapidly abandoned in
Europe includingin Britain duringthe Mesolithid\eolithic transitiorfMilner

et al2004) For exampldasotope analysis of human bone collagen from 164
Early Neolithic and 19 Mesolithic individuals from a range of contexts revealed
that Neolithic individuals showed a strongly terrestrial isotope signature while
Mesolithic individuals had only a modeswmteng marine isotope signal
(Bogaardet al.2007 Milner et al.2004 Richardset al.2003 Schultingand

Richards 2002)

During the Early Neolithicattle were the most abundant/important domestic
species in BritailBrown 2002Copleye al.2003 Viner et al2010) A large

number of young cattle have been excavated from sites in southerthBstain
showevidencef cutmarks, with somigones split open for marrq®enfrew

1985 Serjeantson 2008)hile domesticated animals were evidently used fo
their meat sheep, goats and cattle also produced milk which was widely used
with 50-60% of ceramic vessels contajriraces of dairy lipid€opleyet al.
2003,2005a2005b,Cummings 2017)n addition to meat and milthere is
evidence that domesticated cattle were also used to plough fields, pull carts and

movelarge object€Cummingf017)

It is generally considered that wild animals only played a minor role in the diets
of the people of Neolithic Bain, as thg only comprise5% of faunal
assemblage(Cummings 201 7Cummingsand Harris 2011 Schultingand
Richards 2002pespite thisthere is archaeological evidence that hunting still
played a role in food acquisition. Roe, fallow and red deer were hunted all over

Britain, and are found at a high proportion at some Neolithi(Bzteset al.
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2017 Brownes 201&ummingsandHarris 20112014 Parmenteet al2015)
Additionally the remains of wild horses, boar, brown bear and beaver have all
been identified among Neolithic s{fleenfrew 1985Red deer were seemingly
the most frequently and widely hunted fauna in Britain with evidensletal sk
remains excavated from human sites from Dorset to QiMilegret al2004
Thomas 20Q4Vard 2005)In addition to providing large amounts of protein,
deer antlers were used to createla rangef tools(Cummings 201 Rayand
Thomas 201&Renfrew 1985Feveral species of large game disappeared from
Britain during the Neolithend Early Bronze Agecluding elk and wild oxen
(Clutton-Brock 1989Cotton 2006, Evans 201I3Regan 201&enfrew1985
Serjeantson 201 These extinctions may be related to human behaviour either
through hunting or the deforestation that occurred across Britain during this
time (CummingsndHarris 2014)

While isotopic evidence indicates that there was a general decline in the relative
proportion of marine protein consumed during the Negkibéstal sites reveal

large shell middens similar to those from the Mesolt these sites the most
common species were oysters limpets, winkles and rfiMiselet al2004
Renfrew1985) There have been a few examples of Neolithic sites with
substantial oyster mounds such as River Forth estuard@00BCE) and

along the west and north coast ofaind (Milner et al.2004) There is also
evidence of consumption of sea urchins at Northton HReisfrew 1985)

during the later Neolithic/Early Bronze Age. In addition to marine pregain

birds are also thought to hdneen an important food souf&erjeantson 2011
SerjeantsoandField 2006)At Morton, Fife, theemains of guillemots and

other sea birds are thought to be evidence of human consumption of sea birds
(Renfrew 1985While at Skara Brae and Rousay in Orkney there is evidence of
gannets, eider ducks, pfokted geese and swans thought to have been used as
both a food source and for their feath@&sckrill and Bond 2009Renfrew

1985)
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2.3.2.3Material Culture
As with the Mesolithic, lithic tools dliiminate the material culture excavated

from Neolithic sites although variation in form suggest use of these tools is
considerably differef€Cummings 201Miles 2016Pitts and Jacobi 1979)

These stone tools included sickles, scrapers, borers and arrow heads. Another
stone tool which characterises eadglithic Britain is the stone axe and while
some stone axes were thought to have been used for wood cutting or other
practical purposgsthers were smooth and highly polished until they shined and
bear no evidence of a functional (@emmngs 201,/Harding 201,0Walker

2015) Thesehighly polished axesay have been used for ritual or ornamental
use(Norton 2016Walker 2015Some of the variation in stone axes excavated
from Neolithic sites are illustratedfigure 2.31 In addition to stone tools

there is also a greater number of organic material culture items compared to
earlier periods although this is still comparatively sparse due to the preservation
of organic material. Excavated material ircladeooden bowl, a wooden
stirrer, bows, a woodelub, a mat and boxes made of birch bark, and woven
reed basket€Cummings 201 Gibsonet al2017, Hartet al2015, Raynd

Thomas 2018

[ B
> 0

Figure 2.3.1 Neolithic stone tools in Britain. This illustrates some of the
variation in form of stone too(scale 1 cmthat have been excavated from
Neolithic sites in Britaioourtesy of the Portable Antiquities Schemages
taken fromhttps://finds.org.uk
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While there is limited evidence of cooking and food preparation from Neolithic
Britain, some inferences can be made regarding food preparation based on the
material available. Grairbbers and querdsn the form of saddle querns, used

for the grinding bwheat, were common during the Neoli{diarwen 1937)

Saddle querns (illustratedigure 2.32) remain the predominant type of quern

until the Iron Age wheiney were replaced witle more efficiertbtary querns

(Rerirew 1985)The presence of grinding stones somewhat contrasts with the
archaeobotanical evidence which does not strongly support a reliance on cereals.

In addition to stone toqlpottery first appeaduring this periodndwasalso

used for the pparation and consumption of food. This early pottery first
appeared as round bottomed undecorated bowls, but by the late Neolithic
grooved wear pottery was predomirfhikherjeest al2007 Peacock 1969
Renfrew 1985Fvidence of charring and spalling on Neolithic pottery indicates
its use in cooking placed on or abovditeeThe analysis of charred residues

on the inside of Neolithic pottery further indicates it was used for the cooking
of animal products as well as heating(@dkleyet al2005h Copleyet al2003
Copleyet al200% Cummings 2017)n addition to cookingpottery was used

for food storage as well as in salting, dryingraokireg (Cummigs 2017
Renfrew 1985)he Neolithic sitesf Rinyo and Links of Notland in Orkney

also revealed small ovens near the heartitmsegChilde 1949Rathbone

2013) Howeverthe general lack of evidence for ovens at other sites suggests
that ovens were not frequently used until the Late Iron Age(ReAjrew

1985)

Figure 2.3.2: Saddle QuernAn example oh Neolithic saddle quefgcale 1cmjhis
quern is from Norway and is on display at the Archaeological Musetersity of
StavangefThe base 860 mm in length and 320mm in breabittage takefrom:
https://per-storemyr.né2015/12/13/beautifulneolithicandiron-agequernsfrom-
norwayon-the-historyof-grindinggrain/
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2.32.4Settlements and Monuments
The introduction of agriculture allowed for the development of larger

communities, which in turn brought about new sedtliesrformgFairweather

and Ralston 1993Thomas 1988and anincreased variation in types of
settlement, including large timber h@éBsophy 2007 Cummings 2017
FairweatheandRalston 1993'homas1988) These settlements predominantly
consisted of a small number of shiggd often seasonal buildings. In the later
Neolithic (specifically in the Orkney islands) there is also evidence for a number
of stonebuilt villages, although these were not a common occurrence. The most
famous of which is Skara Brae as illustratédure 2.33 (Castleden 2002
Cummings 201 Bimpsoret al2006) During the early Neolithic the majority

of settlements were located in areas where light soil would have reduced the
workload required for development of farmland. However, in the later Neolithic,
agricultural settlemenexpanded and there was little distinction between
regions. This may indicate developments in agricultural practices and community

size as the expansion into regions would have required more intensive

management of the laf@@ummings 201CummingandHarris 2014Gearey
et al2000)

Figure 2.3.3: Skara Brae, OrkneyPhotograph of Skara Brae located on mainland
Orkney(Hirst 2019)
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The final part of the O6Neolithic package:q
found all over Britain. As with settlementoments varied considerably in

form and material and included: stone circles, timber circles, pit circles, henges
and multimonument complexg€ummings 201 Richards 1996Many of

these monuments still stand today and dominate the landscape such as the Ness
of Brodgar, in Orkney, illustratedfigure 2.34 (Richards 1993Yhere has

been considerable discussion, with little consensus, re@@diggiticance of

these monuments. It has generally been considered that these were sites where
people came togethandalthough the specific purposetfo sitess debated,

it is likely that an exchange of goods, culture and technology todtkepéane
(Cummings 2017)

Figure 2.3.4: Ness of Brogdar, OrkneyPhotograph showing the standing stones at
Ness of Brodgar, OrknéMirst 2019)

Timber trackways are another new feature of the Neolithic landscape the most

wellk nown being 6Sweet T380RCEGithdvaléneed t o bet w
that it was repaired twice, in 3804 and B&E)Berstaret al2008, Cummings

2017,Hillam et al1990. These trackways were used for travelling across
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marshland and a number of different construction techniques were utilised.
Timbertrackways may indicate increased communication and trade between
Neolithic settlement&oleset al1973 Cummings 201 Hillam et al1990)a

theory thats supported by the large number and varied material finds recovered
along trackway€oleset al1973 Cummings 201 Whittle 2002 Whittleet al.

2011) Analysis of lithic tools from Neolithic sfigsher supportghe existence

of trade networks and some tools such as the Langdale Axe, which were
manufactured from rock in the Lake District, have been found all over Britain
and IrelandCummings 201 Walker 2015)

23.2.5Changes that occurred in the Late Neolithic
Among the majority of Neolithic sitesattle bones dominate the faunal

assemblage although among later Neolithic sites, assuithatgdove wear

pottery, there is a higher proportion of porcine rem@hitsarellaand
Serjeantson 200€raiget al2015 Cummings 201 7Serjeantson 2006jor

instance, at the site of Durrington Walls, Wiltshire, dated t2£280@BCE,

8500 faunal specimens were excavated, the majority of which were identified as
domestic cattle and pigélbarelleandPayne 2005An analysis of lipids from

222 groovedvare sherdsy Mukherjeet al(2008yevealed animals fats, as well

as some plants and beeswax. The majority of these animaie fatenwenant

or porcine origingt is thought the late Neolithic woodland regeneration led to
pigs replacing cattle as the preferred domeghtidtkerjeest al2008) There

is also evidence from the late Neolithic that meat was roasted on the bone
(Albarellaand Serjeantson 2002ummings 2017However, the majority of

faunal assemblages from this period come from large nmbalusites and as

such may not represent everyday dietary behaviour. While there continues to be
a general lack of cereal rem@hsnming2017)}there is evidence of increased
reliance on wild plants such as hazel@otyluavellap@and sloe stongsr(nus
spinoaThere is also no apparent change in the relative proportion of
domesticated to wild animal species consumed, with domestis stilecie
comprising an overwhelming proportion of the faunal asserfiblagmings

2017 McClatchieet al20142016)
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23.2.6Bioarchaeological Evidence from the Neolithic
Unfortunately due to poor preservation there have been relatively few studies of

diet among Neolithiadividualsn Britain The majority of tastudiesavailable
havefocused on stable isotopealysi$RichardendHedges 199®Richardst

al. 2003) These studies report a general shift away froootiseimption of

marine protein. For instan@n analysis of carbon stable isotopes from 78
individuals, representing 27 coastal and inland sites in England and Wales
reveal ed that al | Ne ol i€ ltlose to-20%d i vi dual s
indicating lité or no consumption of marine prote{Rschardsand Hedges

1999) Similar findings have been reported by Richards, Schulting and Hedges
(2003) and are consistent witie material record in Britain awith other
European countries during the Neolithic transitighen humans became
increasingly reliant on domesticated an{inathellet al1994).

One study that did analyse the prevalence of carious lesions among Neolithic
British assemblage=porteda loverprevalenceompared to later periods. For
instancel.untet al(1974) recorded the prevalence of carious lesions among 656
Neolithic teeth from various archaeological sites in Scatidmdcorded a
prevalence of 1.7%, which is lower than dasistudy of Neolithic material

from England where a prevalence of 3.1% (n=7000) was re@natad/ell

and Blake 196&imilarlya low prevalence of carious leslmassbeen recorded
among Neolithic assemblages from other cou(oesrancet al201, Lillie
andRichards 2000such as that conducted by Lillie and Richards (2000) of
Mesolithic and Neolithic individuals from the Ukralins study reportetb

carious lesionmmong Neolithic assemblages (309 individuals 3050 dentition).
Howeverother studies have recorded a higher prevalence of carious lesions
between 8.2 and 12% of dentition being affected by carious lesions (Angel 1944
Fujita 1995Tayles 19990xenham and Domett 2Q1Willis and Oxenham
2013).The comparatively low prevalerafecarious lesionamong British
Neolithic sites has been suggested as evi
in Britain during this tim&tevensandFuller 2012, SteveaadFuller 201p
Howeverthese studies fadlto record carious lesions bytto type, location

and dental wear, as such the information provided is lmitelbes not enable

comparison.
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2.33 The British Bronze and Iron Age. Continuity and Change

The forest clearance that dominated the late Neolithic landscape continued
throudh Bronze Age Britain and the floral and faunal assemblages remain fairly
similar(Cunliffe 2004/Dumaynel993 Fyfeet al2003) While the Bronze and

Iron Age are obviously associated with the production of new tools made from
their namesakes, there is also evidence for significant changes in ritual behaviour
and social structur@arrett 199@riuck 2004Cunliffe 2004fParker Pearson

2005)

Table 2.32: Time ranges for the Bronze and Iron Age in Britair(Cheunget &

2012 FowlerandWilkin 2016,Haselgrovend Pope2007 ,Haselgrov009 Morris
1994, Peck 20, 1Bollard 201&Redfern 2010, Yates 2p07

Bronze and Iron Bg&in
Early Bronze Age$0@1500BCE)
Middle Bronze Agd.50@1000 BCE)
Late Bronze Agd.00@700 BCE)
Early Iron Age@0®400 BCE)
Middle Iron Age40®100 BCE)
Late Iron Agel00 B@50 CE)

2.33.1Possible Ritual, Cultural or Spiritual Behaviours
At the beginning of the Early Bronze Age (EB#9 erection of huge henge

monuments continuedhe most welknown example being Stonehemdech
waserected in stages betwe8dand 1500 BC@Barrett 199Bradley 1998
Edmonds 1993 arker Pearsd2016,Parker Paaonet al20073. While this is

the most welknown example, henge monuments were erected in Britain
throughout the EBA and include: Castle Ring, Callanish, Mitchells Ford, Nine
Stones and Hurlers Stone Circle. Towards the end of thehER#s evidence

that ritual and spiritual behaviour changedltiburialancestral tombs were
blocked and ceased to be used, along with the creation of huge henge
monumentgCunliffeet al2004) The practice of single burials appears to be
one of the most wide spread practices that first occurred during the Bronze Age
(Brick 1995, 2004pften these single burials would be arranged in linear
cemeteriefCunliffeet al2004, Watson 200Grave goods also became more
frequent and included knives, arrow heads and je(Ediestt 199Edmonds

1995)
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2.33.2Fauna
Bronze and Iron Age faunal assemblages are fairly similar to those from the late

Neolithic, mostly consisting of domesticatedasimth porcine remaibsing

the most frequerfCunliffeet al2004 JayandRichards 20Q0®edferret al2010
Serjeantson 2007, 2Q1The high proportion of meat and dairy consumed is
considered to be similar to modern contemporaneous British populations
(Copleyet al2003 Evanset al2006 Stevenst al2010Q. This is supportely

isotope analysis of individuals from Normanton Down and Stonehenge which
had a meat/dairy content comparable to modern UK E\@inset al2006)

Analysis of insect remains also provide support for laagétigs of fodder
potentially for feeding of livestock. During excavation dtlséord Shat in

Nor manton Gorse, Wil tshi rAdelocetamgrinlab undanc:
and6 Gar d e n Pigyhopeftha @darfiddlechthrive in long meadow ags
arguably indicates the presence of large quantities of cut vegetation potentially
used as fodder for anim@Bsborne 1969)

One change that is evident in the faunal assemblage is the introduction of very
small cattle thought to represent a new species introduced todokaihly

from mainland Europe. During the Bronze ,Abe size of cattle in faunal
assemblages decreases and during the Iron Age cattle were particularly
diminutive in forn{Cunliffe 2004fJewell962) Wld speciesontinied to play

a role in the diet @dronze andron Age populations in Britaimcluding game
species, fish, molluscs, crostand fow] however, proportionallpdse wild
species comprised a small irotiet(DobneyandErvynck 2007 for instance

animal remains depaslbelieved to be kitchen refuse at an kge siteat
Micklemoor Hill, West Harlingncluded ox, sheep, horse, dog, wild boar,
beaver, red deer and cré@arket al1954) While hunting practices continued
duringthe lron Age, it has | suggested that hunting during this period may
have been regarded more as a spod rite of passaghan strictlyfood
provision indicated byCeltic warriors decorating their shields with images of
wild boar(Renfrew 1983Rowlett 1994
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2.33.3Flora
There is considerably more evidence of cereal cultivation during the Middle

Bronze Age (MBA) and it has been suggested that during the Neolithic
agriculture somewhat fail®dhile domesticated animals made up a substantial
proportion arfddpnestigatedecéreal cabpsevere introduced to
Britain it was not until the MBA that cereal cultivation@sumption were
firmly establishebtevensndFuller 201 During the Bronze Age in Britain

the predominant cereals cropsameheat, barley and o@siwardsandHirons

1984 Hubbard 1976Barley was the most common find, erfttimebeing the

most frequently occurring wheat spdéipplebaum 1958ruck 2006, Parker
Pearsor2009) A notable characteristic of the Edmbn Age EIA) was the
introduction of spelt wheat into Britain, suggested to have been the predominate
grain duringttis periodApplebaum 195®ennell 1978\ewton 2018Parker
Pearsoret al2018Powell 201 7Treasur@andChurch 2017)hisis a matter of

some contention as the analysis of pottery impressions suggestsnibiat
wheat was the most frequent cefelibwed by spelt wheat and barley which

were of equal ug@pplebaum 195%almeandJones 1991, Pelling 2D12

Crop changes from the Bronze Age to the Iron Age indicate a shift from summer
(eg:oatsand barleyto winter cropgegwheatand rygand it has been suggested

that during the EIA the climate in Britain deteriorated leading to wheat
becoming popular in the Iron Age as it is better adapted to cold and wet climates
compared to barlefApplebaum 1953Haselgrove 2009an der Veerand

Palmer 1997Both wild and cultivated oats were also present during the Iron
Age although oatsaynot have beeimtentionally cultivated until the Roman
period (Applebaum 188 Bird 2017,Curwen 1937Murphy 201§. Rye and

beans also appeared in the archaeological record, although evidence of rye was
sporadic among EIA sites and evidence of beans is restricted to archaeological
sites in Somers@Applebaum 1958 onk andFasham 198®arker Pearson

1999)

2.33.4Material Culture
The earliesBronzeAge period is known as the Beaker period, for the pottery

tradition of the same nanjevanset al2006) The Beaker tradition spread

rapidly through Britajnsuggestingncreased contact between regions and
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indicating well established trade awmmunication networks linking
communities togethéBrick 2004Cunliffeet al2004) As the name suggests

the use of coppeand later bronzespread during the Bron2ge increasing
demand for the raw components copper and tin. The demand for these materials
Is also thought to have brought about the increased development of trade
networks and communicati@radley 1998)t was not just copper and bronze

that madéheir first appearances during this tams¢ems made from other rare
materials such as amber, jet and shale have been excavated from Bronze Age
burialgBradley 1998rtick 2004)Faience, a decorativatariapredominantly

usedin beads, made from heating ashes and minerals torgether first
artificial materialncoveredrom British archaeological sit€sinliffeet al2004
Sheridamet al2004) It is suggested that the increased demand for these rare and
manufactured materials would have acted to further intensify trade and
communication routéBriick200&, 2006pSharples 1991)

At Bronze Age sites there is also greater evidence of an increase in status and
regional differences illustrated by elaborate br¢Bzésk 200&, 2006p

Sharples 1991n Wessex, a number of individuals thought to be of high social
status were interred with intricate grave goods and rare materials including gold
and arber jewelleryArmbruster 2013, Piggott 1938, Woodward)200Rile

there are a number of problems with relating grave goods with the associated
human remainghe variation in number, material and quality of grave goods
does suggest increased sociaifistion (Barrett 1980Brick 19952004

2006 Gilmanet al1981)

During the LatdBronze Age (LBA)Ya number ofvidespread changes to the
sociacultural environmenare evident in the archaeological recdtds
includes the increased regionality in goods produced by different settlements
(Bradley 199&rawford 1912Parker Pearso2009) While during the MBA

there is little variation in theaterial cultures from settlemdi®arker Pearson
2009)throughout the LBA different settlement types produced a large number
and range of artefacts and material culture varied between settRnadieis

1998 Crawford 1912Parker PearsoP009) Metalwork artefacts were found
among agreater proportion of LBA settlements (43%) compared to MBA
settlements (33%and there was also a greater variation in types of metal objects
among the LBA (76%) compared to the MBA (§8%ick2012) Additionally,
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major changes in pottery manufangoccurred during the Bronze and Iron

Age. Between the MBA and LBA there was an emphasis on local pottery, which
gradually declined as the consumption of regionally manufactured pottery
became wre populafMoore 2007)In the Middle Iron Age (MIA) there is
evidence that a larger variety of different pottery types were widely distributed
and in the LIA both pottery and querns were exchangetbogedistances

up to 80km (Moore 2007) Despite the technological developments that
occurred during the Bronze and Iron Ages, flint tools were still in use during the
EIA and included primary flakesres, scrapers and hammer st¢hamphrey
andYoung 2016, Powell 2017

In the LBA weapons amore frequent in the archaeological re@otgside

arise in enclosed settlemeihis thought that this may be related to increased
social stress in BritajPent 1983Hill 1995 Sharples 199\WWVhile in the Bronze

Age there is evidence for increasedansl production of weapons, during the
Iron Age there is little evidence of weaponry. It is thought that the earlier
requirements for weaponry may have been replaced by distinctive class
settlements and hillfors$Sharple 1991) Evidence for the emergence of
hierarchy and kin groups in the EIA are thought to have been brought about in
response to increased warfare. Howdwer,centuries before the Roman
conquestswords and spears returned to the archaeological record and hillforts
were abandone(larke 1939Cunliffe 2004pCunliffe et al.2004 Sharples

1991)

Throughout the Bronze Age extensive trade routes are thought to have linked
southern England, Britany, Ireland and Iberia. However, Eatlyelron Age

(EIA), increasituse of iron is thought have undermined previous trade routes
and led to the collapse of the Western Europe seaboardCuatife(et al.

2014, Sharples 1991Grain storage structures also become increasingly
common and it has been suggested that storing large quangitas vfas
essential due to societal chaagesciated with tleellapse of reciprocal trade
networks (Cunliffe 1992 Cunliffe et al.2004 Sharples 1991PDespite the
arguments for collapses in reciprocal trade networks there is still evidence for
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movement of material culture across long distadeedinig 2017Qsborne
2017.

Developments in cooking and food processing in tAeat@evidenced in an
increase in the frequency of ovens, kilns and fuwadeshere are only a few

cases of such structures among MBA (8téiek1999 Briick 2008 Cunliffe

et al2004 McOmish 1996)Querns continue to have a significant role in lron
Age communities based their inclusion in depos(tgloore 2007)However

these querns differed from the previous periods with the introductiom of

more efficientotary querngClarkandFell 1953)Clay lined cooking pits have

also been found amoh8A and MIA roundhouses in Britain. These pits were
filled with burnt sand and stone cobbles and are thought to have been used for
heating water or foddVebley 2007There is also evidenice thewidespread
consumption of beer in the LIA 8outh East Britain based on the analysis of
pottery fragments thought to have been used for the storage and transport of
beer (Pitts 2005)Additionallya relatively small amount of wine amphorae
enteredBritain during the LIACunliffe2004h Pitts 2005as contact with the
Roman empire increased with several Roman transition events taking place
i ncluding Julius Caesards campaigns, [
revolt Conybeare 2018pneset al.2015,Millett et al.2016,Phipps 2016,
Rawlings 20}7

2.33.5Settlements
It was during the Middle Bronze Age (MB# significant changes in human

settlement occurred. MBA settlements typically comprised of enclosed clusters

of roundhousesnarwietsh aonpdo(Britis80078yrea pi t s o6
probably occupied by single households or family groups. The pattern of
enclosing settlements and the division of land started around 1500 BCE and

rapidly spread across Britain. Towards the end of the MBA andthtiutcihg

LBA the continued division of land transformed the landscape in Britain with

fields becoming more organised and agricultural practices developing with
evidence that fields were manured to increas¢Guslliffe 2004Cunliffeet

al.2004 Haselgrove@?9)
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During the LBA there was an in@®& the range of settlement types in Britain,

a departure from the relatively uniform settlements from the MBA. As with
MBA sites, the majority of LBA sites appear to have been occupied by single
households or small family grog@sanliffe 2004bCunliffeet al2004) There

are however, some LBA sites where evidence indicates a considerable increase
in the size of the community who utilised the site. Middesgigssa small
population of permanent residents while large numbers of people likely
congregated for particular etsgBrick2006a200®, 2012 McOmish 1996)

This is evidenced by midden deposits including material which originated or
utilised resources from a wide area. For instéwecBronze Age midden at
Runnymede, Surrey, contained pottery that was manufactured using clay from
sources not present in the local redBarrett 1980)Faunal remains at
Runnymeddave been interpreted iadlicaive of feasting activés (Barrett

1980 Morris 1994) Evidence from MBA sites indicates that houses and
enclosures were relatively siioetd, with little evidence of repairs being made

to structuregBrick1999 Cunliffe 2004b)While many LBA sites appear to

have followed a similar pattern, there are several LBA sites where evidence of
rebuilding indicates the site was inhabited for an extended period of time
(Cunliffe 2004bCunliffe et al2004) While typically associated with the Iron

Age during the LBA there is evidence for the increased defence of settlements
with early examples of falits occurring towards the end of the LBA, although

these early examples are considered unlikely to represent continuous habitation.

An important feature of EIA settlements are hillforts which werelnowth

feature in southern Englaf@unliffe 2004pCunliffe et al2004 Steadet al.

1969) During the beginning of the EIA there was considerable variation in the
type of fortified sites which are collectively referred to as hillforts. Some of this
variation is illustrated figure 2.35. However, after around 500 BCE hillforts
becane more consistent and typically took the form of 00Bkmtour
fortifications which spread across the landscape in BHtaiding 2012,
Hawkes 193Ralston 1996)addingtoret al2013. By the MIA the majority

of settlements across western Britagrewsmall and enclosed, although
archaeobotanical evidence indicates that these enclosed settlements were not
necessarily agriculturally indepen@déabre 2007)A number of theorielsave

beenproposedto account for the development and spread of increasingly
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defensive settlemenf{€reighton 20Q4Harding 2012Hawkes 1931)The
controlof agricultural production and trade routes is argued to be the focus of
Iron Age warfaravhich led to increasingly fortified settlemeltsas been
suggested that corporate leadership, communal defences of hillforts and more
rigid hierarchy were estabdidhto give greater control ofrade and
manufacturing industriéSharples 199However, eound 300 BCEtowards

the endof the MIA early hillforts in Britain appear to have been largely
abandonedalthough a few do show evidence of continued use and increased
fortification such as that of Maiden Castle in D¢@3etliffe 2004/ Cunliffeet

al.2004 Sharples 1991)

During the LIA a new form of settlemeupeareth Britain referred to as an
oppidum(Lodwick 2018, Moore 2017, Jackson 20hégs€elbegan in the south

of Britain at the time when hillforts were being abandoned. Similar to hillforts
earlyoppida were enclosed settlements typically defended by banks and ditches.
However, oppida differed framilforts in both size and location, being typically
larger than hillforishese oppida were rarely built on hilltops and instead were
located at transport links such as river crosdingsvick 2018, Moore 2017,
Jackson 2017} has been theorised tliaits shift in settlement during the LIA
reflects increasing intensification of trade networks. However, oppida generally
only occurred in southern Britain and in the north hillforts continued to be used
during the LIA and even into the Roman pdi@dliffe 2004a, 2004b, Cunliffe

et al2004)
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Figure 2.35: Hillforts during the Early Iron Age. a) Oswestry, Shropshirb)
Maiden Castle, Dorchester) Barbury Castle, Wiltshjr@) Old Sarumyinchestey
e) Cadbury cast/é) Bradbury Rings

2image takefrom: https://www.megalithic.co.uk/article.php?sid=5063

3image taken fromttps://www.thefield.co.uk/featuresitin-agehillforts-21556

4image taken fronhttps://www.megalithic.co.uk/article.php?sid=5063

5imag taken fromhttps://www.engliskheritage.org.uk/visit/places/ofsarum/

6image taken from: https://deskarati.com/2018/05/27/memorhillforts-c-cadburycastlenearsauth-cadbury7-
milesneof-yeovilsomerset/

7image taken from:
https://www.bournemouthecho.co.uk/news/14977628.Five_Boxing_Day_walks_to_help_you_blow_away_the_cobw
ebs/
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2.33.6Bioarchaeological Evidence from the Bronze and Iron Age
There is an increase in the number of bioarchaeological studies among Bronze

and IronAgeassemblages in Britathese studigadicate anncrease in the
consumption of cariogenic foodsich as ceregBrothwell 1959%Hardwick

1960 Lunt 1974MooreandCorbett 1975) . unt (1974) reported a significant
increase in the prevalence of carious lesions from Bronze age (1.8%, n=1306) to
the Iron Age (6.6% n=3013milar increases oarious lesionsererecorded

by Brothwell (1959) who reported a prevalencarigius lesi@of 2% among

Bronze Age individuals, which increased to 10% among Iron Age individuals.

Stable isotope studies from Bronze andAgmsites continue to indicate a diet
high in terrestrial protein with little consumption of marine res@dage2008
JayandRichards 2006}or instance, at the Iron Age site of Wetwang Slack in
East Yorkshire/2C  a i°Mi botkEindicate a diet high in terrestrial protein,
findings which are supported by the la€ zooarchaeologicalvidence of
marine resources at the site. Stable isotope analysis from Britge Isites

also indicatea similardiet andsupport archaeological evidence that animal
protein continued to form an important component of wiét,little variation
between sitgdayandRichards 2007rurthermore, stable isotope analysis from
77 individuals a Late Iréxge site in Dorset reported no evidence of sex related
differences in diet baken carbon and nitrogen stable isotopes (Reelfain
2010). Some of the earliest evidence for dietary deficiency diseases are also
reported with Mays (20083uggesting a diagnosisimfantile scurvy from
remains dated to 220070 BCEalthoughtiwas not until 1870 CE that scurvy

became a regulaccurrencén Britain(Mays 2008)
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2.34 Roman Britain: Amphora, Flavour, Roads and Trade

Romeds first direct encounter with Brite
Caesar first set foot on British soil, during his second invasion in 54 BCE
demands foannual payment were made and hostageg@akgie 2018, Krebs

2018, Kim 201&itts 2008Wiseman 20)8 While here is evidence of close
contact between Rome and Britain after the first invasionS4rB85E, it was

not until 43 CEhearlyl00 yearkier that Roman occupation of Britain began
(Dargie 2018, Mauaiick et al2019,Pitts 2008 There has been a tendency to
oversimply the cultural effect of the Roman invasion of Britain, whereby Roman
culture was transferred to native British populatigtesanh of an exchange of
culture taking plag®itts 2008)Anthropological analysis of modern cases of
invasion and occupation, however, have argued against the arcbaibheiew
invading culture simply reptaginative culire arguing instead for a
homogenous cultural excha(igigts 2008)

Table 2.33: Roman Britain. Table illustrating the key dates and periods relating to
the Roman occupation of Brit§ibargie 201&itts 2008

Roman Britain
IstInvasion (55 BCE)
2nd Invasion (54 BCE)
Roman Occupation (43 GECE)
Trade with Roman Empire starts to decrease (250 CE

Britain no longer protected by Roman Empire (410 CE

Settlements and Trade
Roman settlements can beadly divided into urban, rural and military

settlements and evidence of material culture and the flora and fauna records for
these sites show significant differences between therafore when
considering archaeological evidence during this pesiogdessary to discuss
these settlement types separately. Urbanisation increased in Britain during the
Roman period, which was typically based around Iron Age settlements and forts
(Jones 1961There was also increased regional variation in Britain, for instance

Wales became more Romanised early on while there is little evidence of
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Romanisabin in ScotlandAlbarellaet al.2008 Jones 1961Redfernand
DeWitte 201).

2.34.2Romano British Diet
Written evidence suggssiat most of the food in Roman Britain was consumed

in the form of stews and porridgécock 2001Cool 2006)However in regions

in the north and west of Britachet appears to have remained largely unchanged
from previous periodperhaps due to lack of trade routes andRamtian
sentimentgAlcock 2001)Roman recipes and other written accounts show the
increased importance of honey and other sweet ingredients such a syrup made
from boiling grape juicBeverages were also very high in sugar as alcohol was
safer to drink compada to wate(Eckardtet al2016 Mudd 2015Renfrew 2003,
Rogers 201%ingleton 20Q3Therefore lte majority of beverages consumed
are considereid have been alcohglguch as wineider made from a variety

of fruits and beer all ofwhich were consumed in large quan{@es| 2006
RohnbogneandLewis 2016van der Veen 2008an der Veert al2008)

More evidence concerning diet and lifestyle from written accounts is available
during this periodcompared to earlier peripdgere there are no written
recorc. However many fitten source¢such as recipesriginate from other
regions of the Roman Empire and may not be directly applied to Roman Britain.
Even in the capital of the Roman Emijitifeas been argued tlthet has not

been thoroughly investigated within archae®dgyck 2001Cool 2006)and

instead historical sources are over relied upon to understand RanGare diet
major criticism of this is that thesettenrecordswvere produced by the upper
class oRoman society which have been estimated to comprise of less than 2%
of the population of Rome. As such these historical repaytsot accurately
represent the entire or even the majority of the Roman pap(Adtimck 2001

Cool 2006GarnseyandSaller 201%itts 2008)

2.34.3Cereals and Grinding
Analysis of charred cereal grains at RoiBatish sites revealed three species

of wheat wereommonduring this period e mme r , spelt and O6brea
Emmerand spelt had been popular in Britain since the NeolithicoanAge,

while bread wheatalthough sporadically present since the Neolithidy
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appears to have become a popular crop during the Roman@eaba006

van der Veen 1989h RomaneBritish urbarand military sites, larger water or
animal powered grinders have been found although esdggests that the
majority of grains were still ground in households with hand (Leoh2006,
Hurst 2016, Renieret al.201§. Additionally aflat style rairy quern was
introduced which slowly replaced the beehive thawagpopular in the LIA
(Cool 206, Cunliffe 2004a)rhe flour or meal produced appears to have been
consumed as both a porridge and b(€awl 2006Rohnbogneland Lewis
2016 van der Veen 198%ecipes in Roman Britain suggest that a variety of
breads were eaten and while the benefits of wholemeal bread were known the
elite in Roman Britain are thought to have predominantly white bread
(Cool 2006 Kyle 2000, Storcland Teague 1932There isalsoevidence for
regional variation in the bread and cereal consumption with ldriely was
considered a punishment ration by the Roman-aemaining more popular

in northern Bitain (Cool 2006van der Veen 1989, 2008)

2.34.4Domestic Fauna
The relative proportion of different domesticated animals differs significantly

between sites in Roman Britain, cattle and pigs were most prevalent at military
sites or urban argawhile sheep were more common among more rural native
British sites as was the case in the previous pbade(laet al2008, Alcock

200). Even among native British sites the prevalence of cattle remains
increasedllustrating the effect Roman opation had on all settlements. The

age of sheep deposits also decreased with average age for slaughter becoming
the 2nd or 4rd year suggesting increased focus on meat compared to wool during
the 3% and 4 century CHAlbarellzet al2008 Alcodk 2001 Applebaum 1958
Redfernet al201Q Seetah 2005)t is during the Roman period that there is
increased evidence for distinctive breeds of domesticates selectively bred for
specific purposealongsideevidencefor the introduction of new breeds
including larger catt{@ewell 196Redfernet al2010) The processing of pork

into bacon was another Roman developnaet pork was thought to be a
particular favourite of the Roman elite alongside venison and (@dotick

2001)
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While the earliest evidence for the domestic Balus galjusrought into
southern Britain by the Ronsais dated to the LIA, it was not until the Roman
invasion that numbers increéigaltby 2014Sykes 2009, 201B)altby (1997

cited by Sykes 2Q0gnhalysedooarclaeological remains at seveaah&n sites

and found that domestic fowl were present at all sites, but were less abundant
low status and rural settlemdMaltby 199 ¢itedby Sykes 2009 vidence of
poultry remains from a number of Roman sites also inttiaedewide variety

of species and sizeshaith domestic and wild poultry were consumed, and
butchery marks indicates these birds may have been cooke@hivhoddia

2005 Davies 1971Eqgg shell fragments are also frequent finds although again
this is mostly restricted to urban sites with fesgerdings among rural sites.
Whee identification is possiblehen eggs have been found to be the most
common, followed bgluck and goog@lbarella 2005, Cool, 2006 has been
suggested that the consumption of both poultry and eggs majshbheen
somewhat restricted to high status indivigadisrella 20Q%ool, 2006)

2.34.5Maine Resources
The consumption patterns of fish and other marine sources in the Roman

Empire has been shown to vary substantially over tina@@ears related ¢
number of contextual factors such as social status and occ((Paitiree

1990 Pitts 2008)There is limited and sporadic evidence ofchsisumption
andwasmostly restricted to fish sauce or salted or pitikleasmported into

Britain in amphorailthough atarge urban sitésuch as Londgrevidence
suggests fish played an important part inf@réin et al2017,Redfernet al.

2018 Van NeerandCker 1994 There islsosubstantial evidentteat shelih
consumption+ particularly oysterswere wide spread and traded over long
distancesand written evidence suggests that British oysters were highly prized
and oyster cultivation was introdug@avies 197 15lnther 189,/Reece 1988)
Unlike other Roman foods, oysters appear to have been consumed at both urban
and rural siteéddditionally here is evidence that at some Roman sites fish were
farmed Theexcavation of two British villa sites Lynch Farm and Shakenoak
revealedhree pondslug in the late"2century for fish farmingpossibly trout
(Alcock 201, Cod 2006)
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2.34.6Wild Fauna
Written evidence indicates hunting was a popular pastime in Roman Britain with

deer, boars and hares bdneguently hunte(Albarellaet al2008 Allen 2014

Parker 1988 However there is limited zooarchaeologicalence for game
consumption and this is particularly low among urban assemblages such as
Colchester where only 5% of the faunal assemblage is attributed to wild species
(Albarellaet al2008 van der Veen 2008dmong military sites there is more
variation in the proportion of wild game and other spe&dgitsseal bones
present at Segontium, and badge@Gaisteon-Sea which bear butchery marks
indicating human consumptigHarmen 1993 Noddle 1998 Fallow deer
remains were identified at FishbouRwmman palace in Sussamd were
radiocarbon dated to 60 and 9DE. Srontium isotope analysisvealedhat

the deer dated to &LE were imported into Fishbourrmssibly from Italy or
southern Gaulwhile the deer dated to 9E were born and raised at
FishbourndCool 2006Sykes 200%yke®t al2006)

2.34.7Food Preparation and Cooking Practices
During this periodcooking appears to have become more important socially

and culturally with dedicated cooking rooms in urban h@lsesk 2001
Colgquhoun 2008Hearths continue to be popukamd while the use of ovens
doesincreasethey tend to be restricted to larger houses. The preference of
hearths overwens has been suggested to relate to fire risk considering houses
during this time were made predominantly from tirf®eol 2006Cunliffe

2004a)

Towards the end of the firsentury CEthe pottery wheel is introduced to
Britain leading toan increase in the variation in pottery fof@wmol 2006)
Evidence from pibery remains also indicatberewere increasingegional
differences in pottery and cooking practices that may have related to ethnic
differences ithelocal population@riscoe 2015700l 2006Roffettsalquest

al. 2017,Swan 2002 Among urban sietherewas anncreased variation of
pottery vessels that would have been used for serving drinks and food that is not
seen amonthe preceding periods or rural sites. For instance in paitkry

vessels dated to 20& are similar to those from NortHr&a which were used

to cook food over a brazier, and historical reports indicate that the Roman forces
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stationed in York likely included individuals from North Afmol 2006
Swan 2002)

Other new food preparation technigum&ducedwere more wide spread. For
instance, cheese presses were not found before thygtiheyare commonly

found atRoman military sites and provide the first evidence of cheese making
in Britain These keese presses increased in the archaeological record and
remaired popular after Roman occupation en@&dock 2001Cool 2006)

There is also increased evidence of metal cookware during the Roman period,
with metal frying pans dated to around8WDCE (Crampet al2011,Cool

2006 Davies 19731 However, many of the metal tools which may bear
morphological similarities to modeookware are considered to have had other
functions such as for bathing and hygiene. While metal cookware at Roman sites
in Britain is rareunlike pottey once broken metal objects can be melted and
reusedthereforethe archaeological record may ndecefproportions used.

There is also evidence favider range of metal knives used for animal butchery
(Cool 2006)

2.34.8Introduction ofNew Foods
The introduction of new plants and animals into Britain during the

LIA/Romano British transition altered the landscape of Britain creating
horticultural spaces and wild animal reserves not present b&&r¢4Bes

2009) While several new species and foods were introduced during, ihe LIA

has been suggested that these early ingredients did not greatly influence cooking
or dining practices until Roman occupaf©ool 2006)Prior to the Roman
occupationcrops which were actively cultivated in Britain were mostly restricted

to cereal grains. The Romans increased the varietftigdns including
parsnips, radishes, beets, endive, lettuce, broad beans, turnips, cabbage, and a
different type of carrot which replaced the yellow and woodish wild carrot
(Alcock 200lvan der Veen 2008an der Veert al.2008) There is also
evidencef new fruit treeike mulberry the fruit is easily damagatd could

not have been importeds suclithe presence of mulberry seeds at Romano
British sites indicateidtroduction of the planf(Livarda2007 Livardaand

Orenga 2015yan der Veen 2008, nvaler Veenet al.2008. Other fora
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introduced by theRomans that becameestablished shortly after their
introductionjncludingplum, pear, walnut, apple and ch@lyock 2001)

During the end of the LIA, zoo&aeologicakvidencealso indicaes the
introduction of new fauna into Britain associated with increased Roman contact
(Albarelh et al2008 Maltby 1997Sykes 200%ykeset al2006) Certain sites
appear to haveadincreased engagement witll faunabefore other sitesit
Fishbourneit appears @t exotic species were introduced shortlyr dfte
conquestwhileat lesgprestigious sites these species were not introduced until
much later(Sykes 2009Among the more exotic species eaten during the
Roman British period is the edible dormouse along witsumeafowl,
mulberries and cherri@'Connor 1986)

2.34.9Trade and Importing Foods
Trade and communication networks in Britain also changed substantially during

the Roman period. The Romdmeught a money based market economy and
tax systemanddevelogdroads and transports lints form astrong trade
system and economy in Britdfkicock 2001) The development of trade
systems also acted to expameexisting industries. For instance, the salt
industries established during the LIA continued to exfdddionallya large
number of products were imported into Brit@anliffe 2004hCunliffeet al.
2004) Around 43CE archaeobotanical data indicate that several exotic flora
arrived inBritain, and quickly became widely distribloteédvere not grown
locally These species included figs, grapes, olives,deailsie nutgvan der

Veen 2008van der Veert al2008) Figs were a common import into Britain

as the trees, but not the fra@n grow here. Figs are thought to have been dried
and importedrbm the Mediterraneaiihere is evidence that figs as well as
grapes were consumed in large amounts evem-Rbmanised settlements
during the beginning of the Roman peridtitionally, berries both native
(Prunus avidiand the imported sour chePyderasuaere eate® number of

nuts werealsoimported, including pine nuts, walnuts and almonds, although
these are infrequent finds, and there is more evidence for the consumption of
native hazelnutgDavies 2011Redfernet al.2018,van der Veen (8.

Moreover lentils first occur in the archaeological record during the Roman
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period and while they can grow in Britain it is thought that the majority were
imported(van der Veen 2008n der Veert al2008 Willcox 1977)

The analysis of Roman amphora is a valuable resource for reconstructing diet in
Roman Britain with the amphora shape being used to identify imported products
ard where they were consunf@ttock 2001Cool 2006Peacock 197Van der

Veen 200//an der Veeat al2008) Forinstancehoth dates and olives appear

to have been importedaamphorae and eaten in the main military and urban
sites but do not appear to have been commonly eaten in rural areas. There is
also a greater level of evidence for #hediring of foods in Roman Britain,

such as a fish saucer garum that was made from fermented fish and herbs
and included in many Roman recipes. Amphora containing fish sauce were
mainly imported from Iberia although there is some evidence for local
production in York(Cool 2006Locker 2007)Fish saucevasimported into

Britain from the LIA butthis increased during Roman occupatiuwever,

after 200 CE pottery fragments from these fish sauce amphora decline
throughout thd&RomaneBritish periodand by 300 CE are no longer present in

the archaeological record. Prior to the introduction of fish sauce, oliae olil
staple of Roman life was imported during the LIA and after the Roman
conquest remained widespréadol 2006Locke 2007 Redferret al2010)

2.34.10Bioarchaeological Evidence from Rordntain
Several early studies have reported an increase in the prevalarioasof

lesion@among RomamnBritishassemblagesgevioore and Corbett 1971973,

O &ullivanet al1993, Brothwell 1959, B@eck, 2009, Redfern and DeWitte
2011). Forinstanceanalysis of dental pathology from the RorBaitish
assemblage from Baldock, Hertfordshi@nducted by Thornton (1991)
reported that 70% (n= 8%®f individuals had carious teeth, while 14.3%
(n=1375) of teeth had carious lesions. This high prevalence of carious lesions
couldreflectthe increased reliance on cariogenic cereasnaad foods and
drinks(Bonsall 2013Bioarchaeological evidence of increased consumption of
cariogenic foods is supported by archaeological evidence which indicates
increased consumption of sweet foods, such as wine and honey (Cool 2006).

Additionally Bronsall (2014) recorded a similar peecal of carious lesions
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among males and females indicating that there was no significant sex difference
in the cariogenic di@Bronsall 2014)

Stable isotope analysis continuemdaatea reliance on terresiriprotein
although among urban sites there was an increased consumption of marine
protein.Cummings (2009) reports enriched nitrogen isotopes levels among the
RomaneBritish assemblages of Cirencester, Alchester and Stanton Harcourt.
Nitrogen levels indate a diet high in animal protein including omniyvases

well as increased consumption of marine proteéfre atban Roman site of
CirencestefCummings 2009pex differences have also been repatzule
isotope analysis from a RomdBrdish assemblage in Dorsaticateghat

among femalethere was amncreased consumption of marine resources
(Redfernet al.2010).These results are supported by similar findings from
Cheunget al(2012).

Skeletal pathology can also indicate some aspects of Roman diet. During this
period there is argued to be the first evidence for diseases associated with
particularly rich diets in Britain such as gout and Diffuse Idiopathic Skeletal
Hypertrophy (DISH) at urban sitéslcock 2001Robers and Cox 2004)

Among Roman military cemeteréeBigh prevalence of osteomalacia is thought

to reflect an increase in cereal based diet because cereal grains are high in phytate
which interferes with absorption of calc{giecock 2001)This is supported by
archaeobotanical evidence which suggests that befétandei3century CE

Roman military forces mostly ate cereals while later in the period meat was
increasingly eatéAlcock 2001Ford et al1977) Additionallythe use of lead

pipes introduced at Cirencester Poundbury are linkied ligh lead content

in bonegqAlcock 2001Montgomeryet al2010) while he comparatively high

levels of tuberculosis in Roman sites are thought to be telatedted milk
anddairy consumptio(Alcock 2001Lewis 2011)

2.34.11The End of Roman Britain
The end of Roman occupation was a gradual process beginning around 300 CE

Around this time, thenilitary presence declined, there was a rapid devaluation
of Roman arrency and a decrease in trade with the Roman empire. In,410 CE
Britain was no longefficiallyprotected by the Roman emgi@unliffeet al.

2004)and by theend of the 8 century CE towns and villas were abandoned
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(Cunliffeet al2004 Gerrard 2013) Scorch marks on the tessellated floors of
Roman villas at the end of the Roman period indibat#oman villas once
abandoned may have been inhabited by native British groups who did not value
Roman traditionfAlcock2001)

2.35 The Early Middle Ages. Formation of England Scotland and
Wales

After the Roman occupation of Britain endéd appearance of pagan
Scandinavian raiders caused disrypdioth social unrest and warfarere
endemic. While it is gensralonsidered that the social and cultural upheaval
caused by the end of Roman occupation were felt more strongly in the south
and east where Roman culture had been more entrenched, this upheaval affected
all of Britain(Cunliffe 1992) However, liis section will primarily discuss the
changes which occurred in England both because social and cultural changes
were most evident here due to Romanisation and there is also a greater amount
of archaeological and written evidence for this period. While considered part of
the Middle Ageshe Early Middle Agem Britainknown as thénglo-Saxon

period in England (441066 CE) will be considered separately due to the high
number of archaeological sites which categorised human remains during this

period.

2.35.1De-Romanisation
In 41QCE, Honorius senta message tthe RomaneBritish population that

Britain was no longer under the protection of the Roman Emipireistorical
reportssuggestinthis subsequently led to the Roman military and Roman elite
leaving England taking with themvith mary featuresorought by the Roman
empire such asurrency, cuisin@and bath housg€unliffeet al2004) It is
frequently stated that shortly after aspects ohRagimilisation lefBritainwas

quickly plunged in to thipagan squaldof the Dark Age$O'Connor 2014)
Howeverthewidelyheldassumptiomnd historical reportiatsuggesRoman

elite and culture left Britain shortly after Honorius recalled the protection of the
Roman Empire have not always been supported by archaeological evidence
(Cunliffeet al2004 Fleming 201,10'Connor 2014)
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2.35.2England: Angksaxons, Viking Raids and Christianity
While AngleSaxon is a general term usedfgland durinthis perod, it does

not sufficiently describe the variation in people who settled in Brégin
which included the Angles from Southern Denmark, Saxons from Germany,
Jutes from Northern Denmark, Frisians from the Netherlands and the Franks
from Gaul. During thearlyMiddle Ages England became a series of polyglot
kingdoms thought tarisefrom the social and political vacuum resulting from
the end of Roman ru{€unliffeet al2004 Loyn 1991Stenton 1971)
Table 2.34: Anglo-Saxon England Time ranges for the AngBaxon period in
EnglandCunliffeet al2004 Geakel 994 Karkov 199, Poole 2013
AngleSaxon England

Early AngleSaxon (41600)

Middle AngleSaxon (60-800)

Late AngleSaxon (80-1066)

Kingdoms in the South and East of England were of Germanic origin while the

North and Westvere of Celtic origiThese migrants and invaders brought with

them new technologies, culture, and burial practices. Kingdoms during this time

often had a strong monastic |links beginni
to England Meens 1994, Wood 1994-ollowing the Enghssettlementhere

were four main cultural zonedBirtain, the Englisspeaking Angi§axons to

the East, the Celts in the North, the Britannic speaking ancestral Welsh to the

West, and in Ireland and some parts of Western Scotland the Gaelic speaking

Dal RiatgCunliffeet al2004 Stenton 197 Wealeet al2002)

It is during the Anglk&axon period where the roots of modern England with

respect to its geographical boundaries as weligamge and some cultural

aspects were founded. Towards the end of the middle@aglo perigégmall

tribal regions amalgamated into Kingdoms and by 700 CE there were seven

principal Kingdoms in Englandh e o0 West Saxons, Sout h Sax
Saxos , East Angl i a, Mer ci a ,xindhesd¢or t humbr i
kingdoms wertormed through a series of migrations during the preceding two
centuries.The relationship between these competing and often warring

Kingdoms was predominantly unstgBlmold 1997Cunliffeet al2004)
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Throughout the middle Ang®axon perigdorosperity in Englad increased

and isassociated with the development of more elaborate social hierarchies
evidenced by a number elite and royal residences. This increased social
stratification is also evident in dibich has been found to vary among Anglo
Saxon assefadges based on differences in sex, wealth andvgtatbiswas
inferred from grave goo@Sunliffeet al2004 Godden 199Marke 199(Privat

et al2002) For instangeAnglo-Saxon males buried with weaposisggested

to be a signifier of wealth and statusere generally taller than males buried
without weapons perhapsflectinga better die{Harke 1990)Additionally

stable isotope analysisAngloSaxon burials indicates different dietary patterns
among males, females and childweth males consuming higher levels of
protein(Montgomeret al2004 Privatet al2002) This prosperity also attracted
Viking raiding parties from Scandinavia and the Late-Bagtm England was
marked by significant violence and warfare with frequent attacks from
Norwedans and Danes who in time conquered the majority of-Baxgtm
England Eventuallypnly the kingdom of Wessex was outside of Viking control.
Viking warfare had a significant economic impact on-8aglten life and in
response trade systems moved to foRoenan towns which were considered

to be more secuf€unliffeet al2004)

In 871 CEKing Alfred the Great of Wessex began to regain territory from the
Daneswhich led to the unification of England into one Kingdom. However
Danish influence in England was still evident areas north of the Thames
were still subject tbanishlaw. During this time goods such as pottery and
textilesveremanufactured on an industrial I€izlll 1989UImschneider 2000

Vince 2005)Urbanisation also continued to increase with the Danes developing
urban areas such as York and Nottingham while the Aaylons
recommissioned Roman towns with new fortified settlements. The Late Anglo
Saxon peod also saw a number of legal, social, cultural and political changes
and both schooling and literacy was more wigletpuraged and no longer
restricted to thélite (Cunliffeet al2004 Loyn 1991Stenton 1971)
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2.35.3The Impact of Christianity
While there is evidence of Christianity reaching England during the late Roman

period until the 7 century CE AngkSaxons were largely pagan. It was
Augustineds famous mi isgAetmelbdrtof KEnh gl and i n
that brought Christianity #@nglandin force and created an alliance between
Christianity and Kingshi@Hall 2017 Meens 1994WNood 1994) After this

mission Christianity appears to have been readily incorporated into existing
religious systems and quickly became a part of every@aylditark2006

Chaney 196&dward2017 Forbes 2016 owards the end of the Early Arglo

Saxon period the process of Christianisation was well underway based on written
records. As it developdughly powerful monastic communiteesewhich

had a major inget ondiet, with fast days taking up more than-thiads of the
year(Chaney 196@rawford 2009Forbes 2016)During fasting days meat

could not be eaten although fish was allevileglse new restrictions acted to
rapidly grow the heng industry in Englan@rawford 2009)

2.35.4Flora
There appears to have been some continuity in farming practices from the

Roman period at least aroundThames Valley area where no dramatic change

in pollen, insects or seeds is evident. However, in some araasthdeace

for a reduced level of farming, with pastures and arable land returned to scrub
which suggestslower population density pé&tnman occupatiofCunliffe et

al. 2004, Hamerow 2012Although the number of families that could be
supported by an area of land appears to have increased during {Bexamglo
period which may indicate increased intensification of farming practices
(Cunliffeet al2004 Loyn 1991 Venning 20)3 Cereal remains from Anglo

Saxon sites include spelt, rye, wheat, barley and oats, the presence of spelt
decreased from tloman period and by the Middle ArRg&xon period there

is little evidence of spelt. Barley once again became the most important crop in
England while evidence for oats is sparse and it is considered unlikely that this
crop wasctivelycultivated Arnold 1997Fowler 1980.oyn 1991 Mooreand

Corbett 1971Van Der Veemrt al2013)

Bread became a staple of Arfggexon diet and the modern English word for
Lord and Lady stem f hlafodla b Hlafd@viiccd Engl i sh
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incorporate the word loahléf (Frantzen 2014Gautier 2012Moore and
Corbett 1971 While largendustrial millstones are present at urban #ites
number of small hand querns in ARg&xon sites indicates that grain was still
frequently processed within the houset®édefnaret al2003,Burghartand
Wareham 2008, McKerracher 2083atus diffences are also evident in the
stones used for the quermmsYork lava stones from Germany, which would
have produced a finer grain flour, were present among certain households
(Frantzer2014) However, by the Late Anglaxon periadnills powered by

oxen or water became more comm@urghart and Waeham 2008
McKerracher 2018)n addition to the crops grown in England there is evidence
for a wide range of imported goods including lavender, aniseed, cinnamon,
cloves, cumin, cardamom, ginger, liquorice and {Epaetzen 2014 autier

2012)

2.35.5Fauna
Zooarchaeological evidence of Arfggxon archaeological sites indicates very

low species diversity compared to Roman periods. For inatealgsis of the
Middle Saxon towns revealed that three taxa were overwhelmingly predominate
cattke, capring(sheep/goat)and pig, with verfew bird (like chicken or geese)

or small mammal remains identifi€dabtree 1996©'Connor 2014heep and
goats appear to be the predominate spedibhigher levels of caprine remains
recorded among Angiaxon sites compared to other domesti(@tabtree
1990) Howeverwhile the zooarchaeological evidence for porcine remains is
scace, isotopic analysis of human remains from ASgkon burials suggests
that pigs played amportant role in their diewhich is also supported by
historical sources indiragthe importance of pork in the di€rawford, 2009)

Fish also appear ttave been an important part of diet and is linkeketo
increased ChristianisatmffEngland Evidence of fishing and fish consumption
comes from archaeological remafrishing equipment, such as fish traps, iron
fish hooksnet sinkers and line sinkes well as place names such as Fiskerton
and Fishwick. By the end of the Arglxon periada large fishing industry

had establisheith 68,000 herring from one toMaased on recordings in the
Domesday boofCrawford 200Frantzen 2014)

76



2.35.60ther Dietary Components
Anglo-Saxon ovens are present indtedaeological record from tiecéntury

CE onwards The mainstay medioweverwas a stew made in a kettle or
cauldron and cooked over an openwineehwas an economical cooking style,
while wealtier households may have roasted their rigliarella 2004
Crawford 209, Gautier 201,2Hagen 1992])llustrations from tapestries from

this period show the use of spits for roasting rf@ataford 2009)n addition

to wine, bereand ale mead made from honey were the main alcoholic beverages
consumed and appear to have been frequently consumed éCrfaastsd

2009 Pollington 2003 Compared to the Roman period there was less access to
sugars in Angi&axon Englandhich is reflected in the prevalenceasfous
lesionswvhich decreased among Arglxon assemblages compared to Roman
(MooreandCorbett 1971)

2.35.7Burials and Grave Goods
The emergence of elite groups is evidenced in grave goods, with some high

status individuals buried with immense wealth. Thesstdtigh burials were

not confined to men as some womesre also buried with gold and garnet
jewellery such as the individual buried in Desborough, Northamptonshire
(Arnold 1997Crawford 2009Both cremations and burials took placend

the Early Angl&axon periadThe decisionas to whichappears to have
followed a regional pattern with cremation being more common in the Anglian
regions of orth and east England and inhumations common in the Saxon
regions tahe South{Crawford 2009)Among inhumationgrave goods were
common and have been excadatrom over 50% of AngiBaxonburials
during theEarly AngleSaxon periodLoyn 1991)However sound 700CE,

burial rituals appetr change, witrave goodsecomindess commoand by
1000CE the majority oinhumationglo not includdurial good¢Arnold 1997
Crawford 2009)

2.35.8Settlements
The building materials employed in the Late Roman pieeteding tile, stone,

brick and glasswvere largely abandoned by the fatestury and are replaced
by biodegradable materials such as wood, thatch, earth &rawfdr@d 2009,

Hamerow 2012Williams 1998 Settlements were built from wood until the
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Norman conquestiue to the biodegradable nature of wood the majority of
information avable regarding Anglaxon settlements comes from the
location of postholes and pits. While enclosed settlements were common in the
preceding period, Angiaxon settlements were sprawling and largely unbound
by fences and ditches. As the majority of md@etish towns can trace their
origin back to the AngiBaxon period much of the information concerning
these settlements is lost due to continuing develoft@nt1996Crawford

2009 Hamerow 201,2VNilliams 1998)

During the Middle Angi&axon period changes in social structures took place
with thedevelopment of more elite social groups which is reflesettiement

types, with large timber buildings often two stories higlsawta surrounded

by fencesHamerow2011,2013. At sites such as Yeavering, Northumbria or
Cheddarsomersegp pal aced® sites are present with |
Yeavering measured 25 meters by 12 nf€ransford 200Hamerow 2012)

By the 8 century there is evidence for the increased specialisation of food
production at some rural siteslsas Hurst Park in East Molesey, Surrey, which

is suggested to have developed as a grain processing site based on the
organisation of the buildings, presence of grains and rotary§ok@sacher

2018 Powell 2015Place names can also illustrate agricultural patterns with sites
such as Bartostemming from barley growing, and Beeston frorkeageng
(Crawford2009 Hamerow 201, 5tenton 1971)

Shortly after the Roman occupation ene¢hs established during that period

were largely abandoned. However, around 900CE a second urbanisation phase
is recorded in Englar{laughton 2008Excavations from Late Ang&axon

urban sites indicate a wide variety of occupations including fishmongers, wine
merdants and smiths. During thé' t@ntury urbanisation continybdwever

the majority of the population still lived in rural settlements. While these sites
were dispersed and sprawling during the early-8agtm period by the Late
Anglo-Saxon period thsites became nucleated and are considered to be the

fore-runner of modern villagéSrawford 200Qones 1961)
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.35.9Trade
While trade rapidly declined and became fragmented at the end of Roman

occupation this did not remain the case for all of Aaton EnglanGtenton

1971) Roadsnherited from the Roman period continued to be used and
developed and were utilised both forddistance trade as well as pilgrimages
(Brookes 200Howe 2005ReynoldandLangland201). Trade also developed

which included local, regional and ovetsads systems as well as specialised
manufacturing and tradentresising AngleSaxon coinage. By tHedgntury

CE, there are also examples of grave goods which had been imported into
England(Arnold 2005 Crawford 2009, Hirsind Biek 1981Huggett 198,

Loveluck 1998Yyorke 1990. For instancein Sewerby, Yorkshjré79 beads

were excavated from 19 graves; these beads were of mixed materials but included
crystal and glass which were not manufactured in England at this time and
indicate overseas trafidirst and Biek 1981)Other imported Angisaxon

grave goods include glass vessels imported from France, lava quern stones from
Germany, and elephant ivory from east Africa and (Gd&vford 2009
Loveluck 1998)

2.35.10Scotland and Wales
During the Early Midle AgesScotland like England was divided into a series

of smaller KingdomsThe four main Kingdoms to emerge were the Picts, the
Anglican Kingdom of Bernicia, the Scots of Dal Riata and the Britons of Alt
Cult (Cunliffeet al2004).At the end of Roman Britain and prior to Viking
invasions there was a period of equilibrium between the different groups
occupying Scotland. During this time Scotland also converted to Christianity
with evidence of monasteries built in Scotland fron{'tberfiury CEEdwards

2017 Yeoman 2009)n the late 8 century raids by Vikings upset the balance
between these Kingdoms and by theehtury the Angles and the Picts had
been destroyed and the Scots were left to rule these combined regions while the
rest of modern day Scotland was ruled by the Viihggiffe et al.2004
Macquarrie 2004)

Unl i ke England there was | ess Roman i nf]
Iron Age forts continued tbe occupied during the Early Middle Ages. As

Scotland lacked the urban centres built by the Roman, sites in Scotland during
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the Early Middle Ages were predominantly agricu{Cualiffe et al.2004
Fosteret al2006 Macquarrie 200Moffat 2015) Cattleandpigs,followed by

sheep and goat were the predominate domesticated animaisméslecated

fowl were rare in the Scottish zooarchaeological re¢ardold 2005,
Macquarrie 2004, Moffat 201As with Englandthe quality and amount of

food consumed varied substantially within Scotland with clear socioeconomic
differences in diet. Porridge was a daily staple, made by boiling cereal grains with
milk and salt. Meat was eaten on rasetyre majority of the pogtion with

the majority of protein coming from domesticédscquarrie 200Moffat

2015) However at coastal sitthere is evidence that wild foods still formed an
important part of the diet including sea birds, crustaceans, fish, molluscs and
algagMacquarrie 2004)

Like ScotlandWales was largely rurathe EarlyMiddle Ages, during which
timesthere was a gradual consolidation of power among increasingly hierarchical
KingdomgArnold 1997Jones 1958Valker 1990)Unlike ScotlandVales had

a legacy of Romanisation coimgigif roads, villas and forts. The most common
cereals crops in Wales were rye, barley arahdads was the case in England,
bread was a staple food, although bread in Wales was made from barley
fermentedvith beer barm to make the mixture lighdav{es 2000, Niles 2017,
Hornsey 2003Pottage was also frequently eaten in Veakhshilein England

this rarely included meat Wales pottage typically included meat along with

cereals and wild greéBsavies 2000)

2.35.11Bioarchaeological Evidence from Early Medieval Britain
TheEarly MiddleAgesis a relatively short period and underrepresented in the

bioarchaeological literatuf®laysand Beavan 2012)The studies that are
available suggest a similar diet to the Iron Age assenhigiagdsgh in
terrestrial proteins with a lower consumption of cariogenic foods compared to
the Roman periofHardwick 196MooreandCorbett 1971)Analysis of 102
individuals fromthe Early Medieval period between 500 CE revealed
Nitrogen and Carbon isotopaluesconsistent with a diet high in terrestrial
protein with little marine consumption even at coastaltéérreret al2016)

Similar results have been reported by Mays and Beavan (204@alysexl

stalle isotope levels for 76 high status (determined based on the presence of
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grave goods) individuals from 18 Arfggoxon sites. Nitrogen and Carbon
iIsotope values indicate a reliance on terrestrial protein that was fairly consistent
across all sites, althbuglevated carbon levels at coastal sites and Nitrogen
levels among river sites is argued to indicate consumption of marine and

freshwater resourc@daysandBeavan 2012)

As discussed, Angkaxon burials vary in regard to their grave goods used to
infer social and economic status of the dect@agdet al2013 Loyn 1991)

Several studies have analysed dietary differences based on the prevalence of
carious lesiongayandRichards 200®eck 2013Privatet al2002)or from

isotopic analysis to determine how these perceived status differences influenced
diet. Peck (2013) and aagiRichards (2006) reported no significant difference

in the prevalence oérious lesiorn stable isotope results and perceived social
status. Hwever contrasting results have been reported by &ra/4P002)
whoanalysed stable isotope frontany AngleSaxon cemetery at Berinsfield,
Oxfordshire and compared results to age, sex and grave goods. Results from this
study indicate dietary dié@ces occurred between stajtesve goods groups,

while little difference was reported between males and females, indicating that
status had a greater influence on diet compared to sex diff@Pematst al.

2002)

2.35.12The Beginning of High Middle Ages
At the beginning oefs sloQa@e6)deldwaingnod The Con

direct heir to the English throne and Harold Godwinson was elected King.
However his succession was challenged by William, Duke of Normandy and

Harold 11l of Norway who both invaded England on different frattshe

sane tmeTosti g Godwinson, Ha rsouthdadtern exi | ed b
England. Tostig and Had Ill were both defeated in York at the Battle of
Stamford Bridgeifl Sept ember 1066) |l eaving Harol d

depleted yet forced to, march sautiere William and his Norman forces had
gathered at HastingBarlow 2014Brown 2017,Cunliffe et al.2004,Hughs
1988, Morillo 1999During the ensuing battitarold was killed marking the
end of both Anglé&saxon England and the Early Middle ABeslow 2014
Brown 2017Cunliffeet al2004 Golding 213, Ormrod 1995)
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2.36 Medlieval Britain: Confiicts, Plagues, Famines and More Confiicts

The Medieval period in Britain began in 1066 after the battle of Hakengs

the Normans were victorioeadWi | | i am 0 T Wwascro@med Kinge r or 0
(Barlow 2014Cunliffeet al2004 Golding 213, Ormrod 1995)The Norman
invasiorresulted irupheaval ithe social organisation of Britaiitth many of

the AngleSaxon gentry replaced by Norm&ysl086 only four members of

the old English rulinglass still possessed lands and the chatctheene
organisedThe Normans also fortified the existing wooden chunatiestone

manyof whichstill survive toda§Carpenter 200&olding 213).

Table 2.35: Time periods of Medieval Britiin (Barras 201&llis 2018Goodman
2002, Hughes 1998pencer 2015, Thornton 2P15

Medieval Britain

High Middle Ages (10872)

Norman Rule (1066154)
Plantagenet Rule (115399)
Late Middle Ages (121285)
Plantagenet Ru{@1541399)

Lancaster Rule (132861)

York Rule (1461485)

After the initial upheaval the Norman period (10664 CE) is characterised

by increased social and economic stafilityding ®13). This was in part
brought about by the emerging feudal system and developing economy. England
changed greatly as a seriesllliens between 1066 and 1069 CE led to the
imposition of greater control to ensure law and order. This resulted in the
creation of large mounted armed faroestinental style castlemnd the
introduction of the feudal system to England. It is estintatebythe reign of

Henry 1 (11001135 CE) approximately 1,000 castles had been built in England
(Brown 1969Green 2008Pounds 1993puring the High Middle Agegiking

raids declined before ceasing altogether, and durinf) #mel 1% century the
population in Britain grew, and this was generally regardetnmees af
prosperityCunliffeet al2004 Dyer 198p

82



The following several hundred years towards the end of the High Middle Ages
and throughout the Late Middle Age, are marked by further invasions,
international and civil wgi6421651)and rebellion@yer 1989Keen 2005)

One of the bloodiest and wkilown conflicts was the War of the Roses
between 1455485 CEat the end of the Middle Ag€&soodman 2002)t was
alsoduring his period that Wales came under English rule with the first English
Prince of Wales during the lat& ¢dnturyIn Scotland there was a period of
peace with Englanthowever after 1286 this ended and was replaced with
successive conquest and attemptSrngyand to incorporate Scotland under
English ruléCunliffeet al2004)

2.36.1Religion
In Medieval Britain the church dictated almost every aspect athlifiner

majority of the population belonging to the Roman Catholic church. Religious
protocols restricted meat eating so that for the majotfity bfiddle Ageseat

could not be eaten on Fridays, Saturifdgdnesdaysr during Lentinstead

dairy and ggs were proscribeds a result of these maaistrictions fish
consumption rose considerai®ydamson 2004Breverton 201,6Newman

2001) Fish typically came in the form of salted and pickled herrings as well as a
few dried fish. The rich and attyhad access to a large variety of fresh fish and
shellfish and many estates and monasteries had their own figigkindst

al.2008) Convenientlyother animals were classed asafishcold be eaten on

fast days includingeals, whales and porpoises which seem understandable
classification, others however required more of a stretch such as barnacle geese,
puffins andoeaversExamples of thedde d i e vaarkillusiratedss figure

2.36 (Adamson 2004YyVithin Englishmonasteries consumption of meat was
abstained from between 9B016CE however there is evidence to suggest this

was notlwaystrictly adhered tGMuldnerandRichards 2005 pencer, 2011)
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Figure 2.36: Tastes justlike fish: Photograph of puffins (top left) and barnacle geese
(top right), bearded seal (bottom left) and humpback whales (bottom right) all
considered fish during the Middle Ages in Britain and as such could be eaten when meat
was prohibitedillustratig thereaches that were made in classifying these species as
fish (Hirst 2019)

2.36.2Flora
Historical evidence indicates tlwaitthe majority of the populatiaturing the

LateMiddle Ageshere was a dietary slaiftay from a more protein based diet

to a more cereal based diet with a focus on wdragtred to the Early Middle
AgegMildnerandRichards 2005 ereals were the principal foods fowitth

the possible exception of the very weatiy were consumed principally in the
form of bread but also as beer andAd&eappears to have been consumed in
large amount@Adkinset al2008 Qin 2017 Woolgar 2016)As an example, a
monk had a basic allowance of one gallon of ale ardagt Framlingham
Castle 78 gallons of ale were consumed by the occupants é¥eliirzst al

2008) Bread was also consumed in huge quantities in Late Medieval England
(Adkinset al2008 CampbelandAtchley 1981Miller andHatcher 2014Qin
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2017 Woolgar 2016White bread was increasingly preferred and was eaten in
large amounts by those who could afford it. In London inQB@4ere were

53 bakers, 32 for brown bread and 21 white bread; iICES/A#% ose to 98

bakers with 62 making white bread and only 36 bi®pancer 2011As
commercial bakies become common in urban amease advanced milling
technologyvasdevelopechowever the scale and demand for flour meant that
corners were often skipped. During the Idteddtury millers and bakers who

cut corners and produced poor meal or bfaeetl expulsion from the craft
(Mennell 1996Sharp 2016Stone 20Q6WNoolgaret al2006 Woolgar 2016)
Therewas also a greater variety of types of bread, and while white bread was
preferred, the most commonly eaten bread during this period was Maslin which
was one of the cheapest breadslable madeith a combination of wheat and

rye flour(Stone, 2006Y here was however regional variation in bread consumed
and in the north and west barley bread arnchkas were more commadhere

is little evidence for the consumption of fruits and vegediaivieg this period
although it is known that gardens were commamg@st wealthier landowners

who would have had the means to gramd therefore consume fruitsda
vegetablegAdkinset al2008)

2.36.3Fauna
Sheefbecame thmost popular domesticatdgth mutton predominating in the

diet athoughbeef was still preferred among those who could afftimd sthift

was the result @conomidemands as sheep were easier and cheaper to manage
(Adamson 2004, Cunlifée al2004, Stone 2003 o0asting meat was a popular
cooking technique and veal and lamb became less popular meat choices because
they did not roast as well as the oldetst®damson 200€unliffeet al2004)

Larger cattle with a stature equal to Neolithic oxen became the dominant form
and the diminute cattle popular in the Iron Age appear to have been bred out
(Jewell 1962)Pigs became the meat of the poor as they required little
management and could forage on their own for the majority of the year
(Adamson 2004)

Duringthe Middle Ayeshuntingbecameestricted to landowners and poaching
was a serious crime punishedbgilation asa resuldomesticates made up an

even larger proportion of the protesnsumedqWoolgar, 2016Poultry were
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consumed across the seemdnomic classes agpecially witthe clergy who

were banned from eating meat from animals with folruegst two Amorg

themore affluentlasses there was more variation in the birds that were eaten

compared to modern times and included: swans, peacock, crane, heron,

blackbird, egret, gull and thrisldamson 2004Additionallymilk from sheep,

goats and cowswas uset r oughout the Middle Ages al't
cowds mil k was t heduepgothemelucgd mitking tktme pr odu c e c
compared to sheep and gqaidamson 2004Vilson 2002Milk was used for

making cheese, cream and butédthoughamong the wealthy milk as a

beverage was not frequently drunk as it was considered the drink of children and

invalids instead it was eaten agsseértooked and sweeten@alamson 2004

Wilson 2002)Peasants however, relied on these dairy products as a staple which

included curds, whey, butter and ch@&damson 2004)

2.36.4Diet
The Normans brought with them an increased variety of food items from other

countries and during the Crusades (1@99CE) contact between England

and the rest of Europe and other contingrfisenced not only ingredients but

also cooking stylé@d/oolgar 2016However, for the majority of the popidat

this had little effect and a dmeainlybased on cereal crops remained largely
unchanged by this increased contaating theLateMiddle Ageslietvaried

more substantially between different social g(dlijsgnerandRichards 2005)

There also starts to be more written record of food with the earliest surviving
English recipe book dated to around 1390. However surviving cookery books
from this period only represent diets oftilggher socieeconomic groups and
royalty Bickham 2008, Colquhoun 80Bernan 2016, Mennell 1996

Among lower class individu#te diet mainly comprised of cereal grains and
pulsesAgriculture in Britain became more intensified with the most common
grains being rye, oats, barley and buckwheat, with-vtheanhost nutritious

and prestigious grairtypically too expensive for individuals from-doaio
economic groupAdamson 2004The primary source of protein among the
lower class was milk, cheesal eggs until the late™lgentury when meat

became a more affordable source of protein. However, even after this time dairy
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and eggs as a source of proteinstilhisommondue tothereligious abstinence
of meat(MuldnerandRichards 200®Parker Parker Pearsb®97)

Pottage was a staple food that appears to have transcended the social classes
similar to a stew this was made from a broth with vegetables, meat, cereals and
pulses added as they were available. The ingredients however differed between
social groups withhé poor typically eating pottage made from vegetables and
pulses with meat only added on occasion while the pottage consumed by the
wealthy more frequently contained m@xilquhoun 2008Mildner and

Richards 2003Voolgar 2016By the Late Medieval peridtete was a steady

rise in the consumption of meat which was fairly consistent across
socioeconomic groupsotopic analysis ekeletal assemblafesn this period

indicate that dietary differences were most prominent between geographic
regions and/ommonastic association rather than social s(dtikinerand

Richards 2005)

Sugars in the form of honey and syrups were popular at least among those who
could afford it Cane sugar was ramedaexpensive even in the Late Medieval
period and was treated more as a spice used by the (Rekthgon 2004
Colgquhoun 20Q8van Der Veenret al.2013) Disparity in the ingredients
accessible to different economic groups also influencedgcoogihods.

Boiling was the main cooking method with food cooked in pots and cauldrons
over fire while for those who could afford joints of meat these would have been
roasted on a sgifdamson 20Q€olquhoun 2008)

2.36.5Settlements and Urbanisation
Britain in the 130006s was stil/l predomin

the population living in rural settlemefii®lt and Rosser 2014 aughton,

2008) Most towns are thought to have had a population of around 5,000
however miar cities had a much higher populatkor instance inth® 3 0 0 6 s
Winchester is thought to have had around 10,000 inhabitants while London may
have had between 80,a@®D,000 peoplgaughton 2008)Growth during the
Medieval period was concentrated in urban centres and transport links were
considerably improved. Additionally, there were increased differences between
rural and urban populations with regards to their access tawessdowns

became increasingly wealthy during tharidl 1% centuries and occupational
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diversity was well establistveith over 70 different occupations recorded in
large towns while those in rural settlements mainly worked t{i2ylan#/989
Laughton 20Q8liller andHatcherl97§.

2.36.6Famines and Plagues
Successive years of failed harvests accompanied by floods beginning in 1293 CE

led to food shidages and an inevitable rise in food prneels grain and
livestock prices nearly doubling between 1305 andCE31Uhese food
shortagesnd the resulting rise in food prices increased the-esommmic

divide in dieaind also contributed to the netia on low quality food by the vast
majority of the populatiadamson 200&Kershaw 1973Voolgar 2016 his

was further impacted by livestock plagues in 1313 CE which together with the
previous years of foatortages contributed towards @reat Famine (1315

1317 CE) during which 145% of the population in England died. Shortly
after the famine bubonic plague, or the Black Death, spread along trade routes
from central Asia arriving in the south of EnglartB48CE. The plagueas

active in England for about 18 months. During this time around half of the
population succumbed and in some places the mortality rate-108 60
(Adamson 2004, DeWitte 2010, 2014, Platt 1997, Woolgan 20di6plague
outbreaks occurred in 136E and 136€E and although it has been suggested

that nutrition improved in England after this, many people still lived below the
breadline(Adamson 2004Woolgar 2016)Instability, famine and conflict
followed the Black Death and contributet tb e Peasant 6CE Revol t
(Adamson 20Q04Voolgar 2016)

2.36.7Bioarchaeological Evidence from the Middle Ages
Multiple studies have reported an increase in the prevaleadeus lesions

amongMedieval assemblages from Britance 200,/Hardwick 1960 ukacs
andThompson 20Q8_unt 1974 O'Sullivaret al1993 Wattet al1997) Arce
(2007) compared the prevalenamabus lesiorsmong RomanBritish, Early
Medieval and Late Medieval sites andtexpthat among the Late Medieval
assemblagée prevalence @frious lesionsas greater than both the Roman
and Early Medievabsemblageldowever a study by Keat a[1988) indicates

that in Scotland there was a lower prevalencariofis lesioneompared to
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English site¢Kerr et al1988)indicating that regional differences were present
in the diet at least in regards to the cariogenic properties of food.

Isotope angkis of human remains from York indicate that durindiates
Medieval period there was an increased consumption of marine protein
(MildnerandRichards2005,2007. This is consistent with the historical and
additionalarchaeological evidenoélicatingan increased reliance on marine
protein brought about by stecteligious dietary restrictiofréoffmann 2004)

andthe increased consumption of marine protein among monastic communities.
Analysif stable isotopes ratios from the third molar andagundertaken

to analyse dietary changes from adolescence among individuals from two
Medieval friarie@Kancleet al2018) Results indicate that there was an increase

in the consumption of animal and marine protein during the individuals life
suggested to support hist@®@r hcgh &ewai dnema a
protein(Kancleet al2018)

2.36.8The End of the Middle Ages
By the last centuryf the Late Middle Agd=ngland was in financial difficulties

with the gentry opposing increased taxatioarder to pay for the French wars

- leading to a popular revolt in 1450 (EEghes 1998rmrod 1995Wood

2007) Tensions continued to increase along with the deteriorating mental state
of Henry VI (1422461 CE) and the lack of a direct heir which led to a series
of conflicts known as the Wars of the Roses {14&F) during which time
there was succession of shagrre ending with Henry VII (148509) the first

Tudor king of England who was then ableetore power and stability to the
monarchy through marriage with Elizabeth of York ending the internal conflicts

acros®Britain, at least temporariiyoodmar002 Hughes 1998)
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2.37PostMedievalBr i t ai n: Urbani sation and | ndust

more Confiicts

Unlike the preceding periods which are marked either by innovations, invasions
or conflicts there is no firm boundary or distinction between the Medieval and
PostMedieval periodés a resulthere are differing views as to when the Post
Medieval period begins, although it is generally considered to have started
between 1500550(Cunliffeet al2004 GaimsteandGilchrist 2003)The most

marked changes during this transition period occur in AB48ith the
Reformation introducdaly King Henry VIII(Cunliffeet al2004 Hall 2018and

the break from the Roman Catholic Chukdtlowing the Reformation there
continued to be a period of upheairalhe 17" centuryincluding a series of
conflicts in BritainThe execution of Charles |, another civi| arzdl a decade

of puritanical commonwealth government followed by the Restoration with a
constitutional monarchyall had a considerable effect on elsryife(Coates

2004 Purkiss 20Q¥Vorden 2009)

Table 2.36: PostMedieval Britain. Table illustrating the different time periods that
make up the Posledieval periodAltick 1973 Lockyearand Gaunt 2018Seaman
2003 SimmsandRiotte 2007, Smith 1984

PosMedieva8ritain
Tudor Period (1485603 CE)
Stuart Period (16314 CE)

Georgian Period (1714837 CE)
Victorian Period (183101 CE)

During thePostMedievalperiod,Britain as it is today was formed with the
union of England and Wales in 1886Scotland in 17QDavies 199%rant
andStringer 2003Key trends which define tRestMedievaperiod include

large scale population growth with furthewement towards urbanisation and

an increasing number of the population living in cities and towns while the
countryside was transformed through increasingly intensified and
commercialised agrituk (BarkerandCranstone 20Q8Burnette 2014 unliffe

et al2004 Evans 2013)
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2.37.1Industrialisation
Mass loss of life as a result of the Black Death inl3898esulted in labour

shortages all around Britain, which acted as a driving force for increased
mechanisation and industrialisa{®arkerand Cranstone 2004This period

saw rapid expansions of indusiggween 1750 and 1830 and is commonly
referred to ase Industrial Revolution. Although rather than a single revolution
this process is generally considered to have been long and drawn out with stages
of economic and social changes starting from theeb®ury onwards. This
process of increased indussaion was tied to urban growth and the
intensification of farming practicéslditionally, these developing industries
required fuel which led to the increased management and coppicing of woodland
(BarkerandCranstone 200&larkandCummins 2014vans 2013)Growth

in industries ranging from iron, steel, pottery, glass and textiles typically relied
on coal as a source of pow@arkand Cummins 2014jesulting in the
increased bummg of coal which substantially changed the environment in

Britain.

The Industrial Revolution further intensified urban growth and dramatically
changed the lives of people during this period. Industrialisation is associated with
increased prevalence of aertdiseases related to both population density but
also environmental pollutants from the intense burning of coal and long periods
of time spent working insiqéllen 2010Justmarand Gradstein 199Nef

1934 Wrigley 1998)Industrialisation is also known to have significantly
changed people diets as working hours were longdamdisaand workers
needed to consume large amounts of calories quickly and cheaply to sustain
them through a day of intensive lab@arkerandCranstone 20Q€larkand
Cummins 2014vans 2013)

2.37.2Agricultural Revolution
The rapid population increase thePostMedievaperiod altered the demand

for agricultural products not just in respect to the scale of these products but
also their formAs a resultgriculturevasintensified and there was a movement
towards farming strategies that increased both yields andtmesapyort the
growing urban populatiofBurnette 2014kvans 2013l.ewis D02 Rippon

2009. This was accomplished through the introduction of new crops and
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breeds, adding lime asdifiser, and creating extensive system of drairs and

in some aredsestablishingvater meadow@®urnette 2014&vans 2013)This
increasedlemand also influenced livestock. Increased bone size for cattle and
sheep at a number of sitedicates selective breeding of livestockaduae

large, more meat productive spe@esies 1999Thomas 2005homaset al.

2013) Additionallyshifts in the use of domesticates are evidenced in the mid
16" to mid-17" century suggesting an increased focus on dairying based on the
increased consumption of veal compared to older calesmasstrateffom

the age profiles of zooarchaeological rer(BB@mkerandCranstone 2004)

2.37.3Urbanisation
There were massive population increases in th¥@distval period with the

population trebling between the™1énd 19 century. This increase in
population further drove commercialisation of agriculture and growth of towns
and citiegBarkerandCranston®004 ShawTaylorandWrigley 2014By the

early 19 century mechanisation and industrialisation hadftraned Britain

from a predominantly rural population to an urbanBader andCranstone

2004 Cunliffeet al2004) In 1500CE around 10% of the population lived in
major towns, in 1700 this had increased to 20% and bgBE&4¥er half the
population lived in towns or cities making Britain the first European country
with a predominantly urban populatiphdkins et al.2008 Barker and
Cranstone 2004)

The majority of tis urban population growth was concentrated in London
whichin themid-19thcentury had a population of over two milli©ther cities

that saw the bul&f population growth were the growing industrial centres of
Manchester, Sheffield, Leeds and Birmingham as well as the majority ports such
as Bristol, Liverpoohd Glasgow (Adkiret al2003) These growing cities were
overcrowded and lacked proper sanitate@sulting infrequent outbreaks of
contagious diseases often focussed at city ports and trade centres. Poor nutrition
and food shortages acted to furtheacerbate these outbreéikdkinset al.

2008 BarkerandCranstone 20Q&ewis 2002)
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2.37.4Religion
The Protestant Reformation in England initiated by King Henry VIII in 1534

saw wide ranging reforms with the dissolution of the monasteries in England
and Wales between 1536 and 1540. Protestantism in the form of the Church of
England was the majority religiamtil a brief return to Catholicism between
15531558 under the reign of Mary |, before returning to Protestantism with the
ascension of Elizabeth | in 1568e 2006, Picton 2015, Richards R@iing

this time a number of rebellions, conflicts andwieas occurred in Britain

and religious persecution was rife. In 1560 Catholicism was rejected in Scotland
and eventually Britain became a religiously stable Protestant(Aolimsgt

al.2008 Cunliffeet al2004 GaimsterandGilchrist 2003)The PosiMedieval

period also saw large scale immigrations of different ethnic and religious groups,

especially in London and other laitjes(Cunliffeet al2004)

2.37.5Diet
During the early Posledieval period and the Tudor times (A48% CE),

diet was very similar to the Middle Agesisting of pottage and when available
roasted or boiled meat, poultry and salted, pickled or dricléeisiel 206
Woolgar 2016 While fruit was generally considered unhealthy during the
Middle Ages and early Rbdstdieval perigdhe suspicion of radvuit and
vegetables gradually subsided during theehiury KcKee 1995,Woolgar
2019. Later in the Podfledieval period the British Empire expanded, and new
ingredients and manufactured goods were imported. During thigteadth
century tomatoegjdney beans and potatoes were introduciidlly treated

as an unusual delicacy and it was not until was centuries later that they were
incorporated in to day to day diatk 2001, Mennell 1996 the 1540s, the
turkey was introduced from the Armas and unlike some of the other exotic
imports turkey quickly became pop(@unliffe et al2004 Woolgar 2016)
Beverages also changed substantially wahdeaffee imported from China
and Arabia. At the beginning of th& &&ntury the majority of foods presently

in Britain hadalreadyarrived(Cunliffeet al2004 Marshall 1998Meat was
consumed in increasingly large amounts during thsedistval period and it

has been estimated that three quarters of food consynadidobt the very
poorest consisted of medtl{arella 2004Cunliffe et al.2004,Perren 1978,

Thomas 20Q9Hunting continued wasmore of a sport/fashion of the landed
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gentry and the wealthy, as such the vast majority of meat came from
domesticatesSadler and Jones 200&ylor 208, Thomas 20032007.

Sugar was the most significant change in Tudor Englaledonce treated as

a spice sugar grew in popularity and increased quantities of suggronece
(Adkinset al2008 Brooks 2016Wilson 1973)In Elizabethartimes (1558

1603) sugar refining began in Britain and groceries stocked sugar in the form of
loaves of 100#which could be broken or chipped for gBlekham 2008,

Brooks 19832016,Spencer 2011 olonies in Barbados produced sugar cane
which was exported to Britaimassively increasing the quantity of sugar
consumed with preserved confectionaries and syrups being popular. Still the
majority of sugar was consumed by the wealthy during the eavigdiostl
period(Bickham 2008, Spencer, 20fbolgaet al2006. At the beginning of

the 16 century the price of sugar had decreasedf to 4@l a pound, which

today would be equivalent to £11£20.75, equal to one days labour for a
skilled workmanThis rose to betweersland 1s 6d by the end of the century,
however rapid inflation occurred in the 4168 century so this would have

been the equivalent of £6.89.34 (Spencer, 2011MWeale 2000 Bakery
products also changed greatly during this time and cakes made from enriched
dough sweetened with sugar and heavily spiced were popular alongside
gingerbread and biscuiBooks 20163roomfield 200Mintz 1985Spencer

2011 Wilson 1973Woolgar 2016)Consumption of sugar continued to rise in
Britain and it i s estimated that i n
person with this figure rising to 80Ib by the end of the céSpeypcer 2011)

The English Civil War in conjunction with the Puritan movement both acted to
improve the diets and lives of themw populace, particularly for women. Prior

to the English Civil War, the divide between the rich and poor became even
more pronounced, a divide that was particularly evident in both the diet and the
culture of food and dinin@pencer 2011During theStuart reignissues with

land and monopigsbecame the cause of social unsmEinthe government
introduedheay regulatios on many industries through the creation of guilds

and monopolies. These monopolies controlled almost all foodstuff including

8 old English pence, with 248nge equivalent to one pound
9 shilling, 20 shillings equivalent to one pound
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butter, salmon, salt, pepper, wine and currants and in 1621 there were over 700
monopolies in Englan@hurchill 1925, Peck 20&pencer 201 Westorand
Greenberg 2003

2.37.6Cooking and Dining
The technological developments brought about by the Industrial Revolution

influenced cooking technology although these innovations were slow to roll out
into kitchens across Britgi@pencer 2011)in plate rolling machines allowed

the large scalequuction of baking trays and tins needed for a range of pies,
tarts and all assortments of baked g@@dsbs 1950 Pennel 2@ Spencer

2011) One of the most significant changes during tHecdtury in dining
occurred with the introduction of the foAtthoughforkshad been used among
royalty and nobility for the consumption of sweetmeats sincé tenfigyit

was not wuntil the 16600s when knife
(Cunliffe et al.2004 Wilson 1973)Other technological advanaesurred

during this periador instancedvances in milling retgal in the production of

finer flour and softer more refined bre@doking methods however did not
change greatly during thé t@ntury and mostly centred around boiling which
was one of the most economical cooking methods whilst the bee hive oven was
the only other frequently used means of cool@unliffe et al.2004
DrummondandWilbraham 195Wilson 1973)

Cook books in the T7century began to resemble meals that would not be
considered out of place in & 2&ntury kitchen, such as plaice poached in white
wine seasoned with herbs and spices or chicken pie seasoned with nutme
(Cunliffeet & 2004,Driver 1984 Drummond and Wilbraham 1957, Wilson
1973) It was not until the Y8century that kitchen equipment evolved on a

wider scale and there was hugetyariethe forms of pots, pans and dishes

available and roasting surpassed boiling as the favoured cooking technique.

Ranges developed in Britain durintycghturyand made cooking easier and
the popularity of modern ranges also marked the end of spgdrozeats as

the vast majority of homkscked an open ran@@roomfield 2007)
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2.37.7Bioarchaeolagal Evidence from Pebtedieval Britain
Among PostMedieval assemblages the prevalencariolis lesionsas been

reported to be higher compared to the previous pdibmtse and Corbett

1975 MooreandCorbett 19760 0 S u let al1998)This isassociated with

the increagseconsumption of sugar and refined carbohydrates (Caruktt
Moore 1975Moore 1993).The lack of statuand sex differences in the
prevalence afarious lesiorreported amongostMedieval sites suggests that

a diet high in cariogenic foods was accessible regardless @&rsibtsis. of

168 individuals from the Pddedieval cemeteries of Chelsea Oldre¢bhu
(n=78) and St Briddsower Churchyard (n=90) in London revealed a high
prevalence of carious lesions among males and females with the molar dentition
being the most frequently affected (39.0% and 37.8%) while the lowest
prevalence of carious lesionsupzd among the incisors (8.6% and 20.6%)
(Mant and Roberts 2015)Statistically significant sex differences were only
recorded among the molamhere females had a significantly higher prevalence
of carious lesionfer both sites compared to malstantandRoberts 2015)
Although the two cemeteries represent different -eocitomic groups,
significant differences in the prevalence of carious lesions were only recorded
among the incisors indicating that individuals from batteteges were
consuming similar cariogenic diets. Similar results were reported byeBrickley
al.(2006) who analysed the prevalencamdus lesioremonghigh and low

socioeconomisites_ondon.

Isotope analysis frofRostMedievalsites, suggest litchange in protein
consumption(Mildnerand Richards 20QNitsch et al2010Q Trickett 2006)
Analysisof the 11-19" century site of AfBaints in York indicate continued
consumption of marine prote{Muldner and Richards 20Q0Madldner and
Richards 2005) hese results were unexpected as religious restrictions regarding
the consumption of animal protein declined sharply after the Reformation
(Spencer 20).
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2.38 Britain Since the Neolithic - a Summary

As detailed in this chapter the social, cultural, political, relanous

technological developments that have occurred in Britain since the Meelithic

numerous and many of these changes have had aprofoendiofle on peopl eds
relationship with food, both what they ate and how they ate it. To illustrate the

vast array of changes that have occurred during the time period covered in this
studyfigure 2.39 gives a summary timeline which shows the keycsiicigh,

technological and dietatyanges in Britain.

Dietary changes similar to those that have occurred in Britain since the Neolithic
are suggested to have reduced masticatory strain over the course of human
evolution asdiet became softard increasinglynore processeKatz et al.

2017 Lieberman 2008pn Cramorlaubadel 20)1This reduced masticatory
strain is suggested to have played a key role in the evolution of human
craniofacianorphologyGallandet al2016, Katet al2017, Pinhast al2007,
Rudney and Greene 1982, von Crairerbadel 2011, Varrela 1992, Wadson
al.2018, with a number of theories relating diet to an increasingly gracile cranial
morphology among anatomically modern huwaich are discussed further

in chapter 3 (Brace 1964, Braee al1987, Calcagno and Gibson 1988, €leri
al.2014, Frayet980, Larsen 1995, Lieberman 2008, y'Edyngk 1989
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Figure 2.37: Britain Since the Neolithic a Summary In order to illustrate the
numerous changes, developments, innovations and introductions that have occurred in
Britain since the Neolithic these are shown in a condensed t{angimes own

image)
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Chapter 3
Craniofacial Evolution and Bone Remodelling

Since the emergence of Anatomically Modern Humans (&dpkximately

2000 300 kya(Lambet al2018, Neubauer Hubliet al2018, Stringer and
Calwaywitham 2017)the cranium has become increasingly gracile with the
dimensions of the facial bones decreasing in size and the cranial vault becoming
more rounded and globular. While a number of different theories have been
proposéd to explain these changes, one of the most prominent is the Masticatory
Functional Hypothesis (MFKQarlson 1974pn Cramorlaubadel 201 Katz

et al.2017) The MFHsuggests that mastication stimulates the growth and
development of theraniofa@l bones(Pinhasiet al.2007, Varrela 1992)
Changes in masticatory behaviours (dietary chtregef)re are considered to
influence the shapeffim of the skull. As subsistence strategies and food
processing techniques have changed dramatically over the course of human
history it has been suggested that this has resulted in a reduction in masticatory
stress, which has reduced and alterextahafacialcomplexThis chapter will

first detail theraniofaciathanges that have occurred since the emergence of
AMH and the theories proposed to explain these changes. Following this, bone
remodellingheorywill be discussed to detail how biomechafuoeds can

influence bone morphology.

99



Table 3.1 Human Cranial Features.Diagnostic features of Anatomicéflgdern
HumanCraniainformationfrom Liebermaret al(2002)

Diagnostic Feature of Anatomically Modern HumansCrania
Short higrcranialvault
Parietals long and curved in1ségjittal plane
Parietal arch high and wide in coronal plane
Occipital bone long, narrow, not markedly projecting
High frontal angle
Weak, noncontinuous supraorbital torus dividedriathal and lateral
portions
Canine fossa present
Globular craniund a rounded cranial vairitthe sagittal, coronal, anc
transverse planes
Retracted faa@refers to thenteroposterior position of the face relat
to the anterior cranial base aedrocranium

Since the emergence of AMH, the skull has undergone significant reductions in
overall size artthe degreeaf o bu st i ci t y (Baab 2018 @odithc i | i zat i o
et al2018, Katzt al2017, Lahr 1996, Lieberman 1998, Liebeetal2002)

The cranial morphology of early AMH fossils differs considerably from that of
the majority of living human populatiorsse(table 3.1 for typical AMH
features)Early humarossilcraniahave been recorded to be as much -as 10

30% larger and more rob(stdderet al1992) The cranial morphology of early
modernHomo sapidran the Palaeolithic include: a long cranial vault, robust
features such as a large mental eminence, large external occipital protuberance,
projecting mastoid processarked glabella, projecting lower face and a broad
upper fac€dHublin et al2017, Lahet al1996, Lahr 1996, Reiretral2017,

Trinkaus 20055imilarly the mandible morphologyhefse early human fossils

is large and robust, complemented with large derftibbnet al1996, Lahr

1996, Liet al2010, Trinkaus 2005, Trinkatial2003) For instancéne earliest
knownAMH fossil evidence dates to 315k84from Jebel Irhoud, Morocco

where a minimum of five individuals were excaydtgdain et al2017) The

Jebel Irhoud fossils had a tucked under face, a long cranialtlkaulgh this

iIs more globular than archeiomasapier{&\H), as well as robust brow ridges

and very large teeth which are more consistent with moas Mhistrated in

figure 3.1.1
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Figure 3.1.1 Early AMH cranial morphology compared to Recent Modern
Humans. Diagram illustrating the crdraad mandibular outline for the reconstructed
craniakremains from Jebel Irhoud, Morocco (féff)his iscompared to a generalised
modern human (right) based on a photograph of a modern huméni@kaltiagram
illustrates the reduction in robust superstructures such as the brow ridge and external
occipital protuberance as well as the increased glpbafathe cranial vault,
gracilisation of the mandible and reduced prognathism of modern human populations.

During the Middle and Upper Palaeolithic #l/a), the robusticity of the

cranial superstructures decreased, the skull shortened and leselmlof s

di morphism decreased 6gyghiobail @af atiyal of ett ha
vault increase(Braceet al.1987, Liebermart al.2002, Smitret al.1982,

y'Edynak and Iscan 199B)iddle Palaedtiic (200 50kya)fossils continue to

exhibit a suite of both archaic and anatomically modern features. For example,
Omo-Kibish (dated to 19550 kya) has a number of robust features and muscle

attachments such as the mastoid process, occipital topmatemge and

supramastoid crest while also having a higher, more rounded cranial vault more

similar to that omodern humanéDay 1969, Trinkaus 200&arly modern

human fossils from the Upper Palaeolithiel®&ya)such as those from

Mal de L, Czech Republ i c exhibitmerd grdcie appr oxi r

features consistent with AMMIthough some more robust featuretuding a

10jmage fromhttps://phys.org/news/20106-scientistoldesthomosapiendossils.htmld Two vi ews of a composite
reconstruction of the earliest knaMomo sapienfossils from Jebel Irhoud (Morocco) based on micro computed

tomographic scans of multiple original fossils. Dated to 300 thousand years ago thesw eayenalready have

amodernlooking face that falls within the variation of humans living today. However, théakingi@irtual imprint

of the braincase (blue) indicates that brain shape, and possibly brain function, evolvedoitiorstifgenbneage.

Credit: Philpp Gunz?d

11image from: https://australianmuseum.net.au/learn/science/herantion/homesapiensnodernrhumans/.
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broad upper face and large malansain(Trinkauset al2003) In addition to

the craniofaciateductionthat occurred during the Palaeolithic, there has also
been adecreasen tooth size recorded at the rate of approximately 1% every
2000 years between 100,000 and 10,000 ye€as@&et al1987).

It is not, however, until the Mesolithic (9,8@0000 BCE) and Neolithic (4,000

0 2,500 BCE) periods when significant cranial reductions are recorded in the
fossil recordOver the last 10,000 years further de@sasexual dimorphism

have bee recorded while cranial gracilisation became more pronounced
moving towards the gracile globular shape observed among living populations.
Similarlythe reduction in dentition doubles, with teeth reducing 1% every 1000
yeargBraceet al1987, Frayer 1980, Gonzalezéet al2005, Henneberg 1988,
Larsen 1995)These reductions have been recorded across the globe, with
human remains from Africa, Asia, Europe and to some extent Australasia,
showing similar levels of gracilisatigallen and Gans 1972, Lieberman,
Krovitz et al2004, Pinhast al2007) This gracilisation has been argued to
primarilyeffect the masticatory complex with significant reductiohs isize

and robusticity of the mandibls such these changes are thought to be
associated with marked changes in subsistence strategies (&ichdrels

2002, Sardit al2004) Several theories have been proposed for the rapid change
in craniofaciamorphology that occurred during tMesolithic and Neolithic

periods, which will now be explored.
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3.1.1Theories forcraniofacial reduction

There are a number of different theories for whyrtr@ofaciatomplex has
reduced, with several suggesting a link between human behaviour (dietary or
cultural) and biological chan@esayer 1980, Larsen 1995, Lieberman .2008)
This section will briefly discuss five of the more commonly cited theories, the
proposedwadence that underpins them, and whether this evidence explains the
observed reductions

3.1.1.XCognition, Brain Shape and Cranial Morphology
A number of models have been proposed that relate changemial

morphology ovehuman evolution tevidencef cognitive evolutiosuch as

the appearance ofore complex technologies from upper Palaeolithic AMH
sites(Lieberman 2008)hese models have linked archaeological evidence such
a development in stone tool industreth increased cognitive capabiliaes

the increase overall brain size or changes in specific regions of thélbese
theories typically suggest ttlanges to thiace and jawseresecondaryo
cognitive developmenfAmbrose 2001 Lieberman 2008)For instance,
Ambrose (2001) associated developments in stone tool technology in the Middle
Palaeolithiavith increased cranial capaditgwever both the absolute and
relative brain size are approximately equal between AMH afirtbhdivay

1985, Rufét al1997) Furthernore the majority of evidence for this model is in

fact the absence of evidence for Upper Palaeolithic technologies or symbolic
artwork recorded at AH sitdseberman 2008)

Other theories related to the cognition of AMH suggest that cranial changes may
relate tancreasem the elative size of specific regions of the bsaich as a

larger frontal lobe thought to relate to social cogrffieacon 1997, Dunbar
2003)and an enlargement of the surface of the parietal lobes thought to relate
to increased importance sgatialrecognition(Bruner 2010)However these
theories have beerjectedbased on evidence from comparative studies of
hominoids and extant primates that demonstthédthe relativesize of the

frontal, parietal and occipital lobes are similar compafddHdLieberman

2008, Semendefeet al.2001) There is however evidence that cranial
morphology of AMH may be related to the sizéh@temporal lobe which is

up to 25% proportionally larger than extant g@delowayet al2004) The
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temporal lobe is involved in the organisation of sensory inpuisviecessary

for language and memainderet al.1997, Simons and Spiers 2083)
geometric morphometramalysis comparing AH and AMH cranial morphology
determined that the region of the crania which contains the temporal lobes is
1520% longer and 20% wider relative to cranial size in(Athérman 2008,
Liebermaret al2004, 2002)These changes in cranial morphology have also
been suggested to account for the reduction in the facial morphology and the
resultirg tucked under appearance of AMH faces which is illustréitpden
3.1.2(Lieberman 2008However as previously discussed the Jebel Irhoud
fossils demonstrate that facial reducti ol
facial form predated changes in the cranial vault ait ldastsit¢Hublin et al.

2017)

Figure 3.1.2: Diagram showing the changes in facial morphology that have

resulted i n a Otucked under d faci al appeat
Photographs of hominin fossils illustrating a retraction of the facial features to be

positioned under the cranialilt among modern humddy?, withUpper Palaeolithic

i ndividual s fr dchs coidparatl gd the ndre prénaunced and

prognathic features of early moddomasapierivom Quafzeh ~95k#b)4 and Jebel

Irhoud ~300 kda}s.

12 Image from: Stringer and Calwsitham 2017, 212, Figure 1
13lmage from: Wilet al2005, 33, Figure 1

14]mage from: Scereit al2018, 583, Figure 1

15]mage fromStringer and Calwdyitham 2017, 212, Figure 1

104



3.1.1.2Probable Mutation Effect
One theory proposed to account for the rednstiin tooth size recorded

among the past 40,000 years and documented worldwide, is the probable
mutation effec{Brace 1964, Braeeal1987, Calgmo and Gibson 1988)he
Probable Mutation Effect (PME) states that selection pressures relax when
structures are no longer functionally required. When these selection pressures
relx it allows for mutations to accumulate within the population reducing the
size of the structures that are no longer functionally reBiesg 1964)A
proposed example of the PME model includes the loss of eyesight and
pigmentation among cave fish that live in near total dafkodissvay 1966)

In humans it has been suggested dizatiofaciareduction is the result of
technological advances in food processing, which have reduced the functional
masticatory requirement€alcagno and Gibson 1988his reduction in
functional requirement of the masticatpparatus led to a relaxation of the
pressure for large dentition allowing for an accumulation of mutations causing a
reduction of theraniofaciastructures and in the dentition it8lface 1964,
Calcagno and Gibson 1988wever there are several strong criticisms against
the PME model as it is not supportedtmarchaeological, genetic and dental
evidencdBailit and Friedlaender 1966, Calcagno and Gibson 1988, Holloway
1966, Ritteet al2009) For example, the PME model makes several genetic
assumptions which Calcagno and Gibson (1988) argue are invalid. The PME
model requires high levels of mutations per generation, arourtyl l2owEver
estimates of the average mutation rate in humans is around 20 to 200 times
smaller than thi®\wadallat al2010, Cahgno and Gibson 198800 genome
consortium 2010, Lynat al2016) Furthermore if these changes result from

the accumulation of a large number of mutations witipalations in the
absence of selection pressures, it is argued that this would result in an increase
in variability within populationscadoes not account for the consistent trend

in dental reduction seen over time among ABHilit and Friedlaender 1966)
Moreover rather than the argument that larger teeth are no longer advantageous
and therefore selective pressure is reduced Calcagno and Gibson (1988) argued
instead that natural selection is mikedy to account for this reduction as
proportionally larger teeth have been found to have a deleterious effect on

human healtiQueket al2003, Saglam and Tuzum 2083)such, it is argued
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that large teeth may have been selected against after a reduction in mandible
morphologyCalcagno and Gibson 1988)

3.1.1.3Selection for reduced besigein males
An alternative explanation for the reduction in dentition and increased

gracilisation of the crania is that this was the result of changes in the sexual
division of labour between the Palaeolithic, Mesolithic and Neolithic periods
(Frayer 1980)This theory states that advancements in hunting technologies are
related to a decrease in robustness among (Fagsr and Wolpoff 1985,
Frayer 1980) It is hypothesisethat during the Upper Palaeolithic hunting
required more robust phenotypes among males to compensate for limited
hunting technologies. When hunting technologies became more advanced
during the Mesolithic, this arguakelguced the selective advantage of increased
robusticity among mal@sayer 1980, Hi#llt al2017) Therefore, this observed
decrease in sexual dimorphism gued to be evidence that the activities
performed by males and females overlapped. This theory was supported by an
ethnographic study which found that among hunter gather populations there
was a greater degree of sexual dimorphism compared to agstulturali
(Murdock and Prowt 1973) However there are several problems with this
theory Thefirst is that it has been suggested that the greatest decrease in sexual
dimorphism occurred between tbpper Palaeolithic and Mesolittkcayer

and Wolpoff 1985, Stulp and Barrett 2014, Vick 2808)that modern levels

of sexual dimorphism were feat at least 150 ky&uff 2002) While
technological developments occurred between these periodsithergedence

for significant changes in subsistence strategies. A review of 50 different
subsistencéehavioursamong 185 human populatioreported thatthe
activities most consistently shared among males and females were associated
with agriculturalispopulations such as crop planting, harvesting and milking
(Murdock and Provost 1973s such it would be expected that during the
Neolithic when subsistence strategies changed from -¢pathtening to
agriculture one would expect to see the most marked reductions lin sexua
dimorphism but this was not observetidditionally sexual dimorphism has
been demonstrated to be influenced by other environmental as well as genetic
factorg(Pereand Monteiro 2009, Silventoinen 2003, ®teg3i1999, Ubelaker

and DeGaglia 20173uch as nutritiofFrayer and Wolpoff 1985, Gray and
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Wolfe 1980, Greulich 1951, Stinson 19@6pulation genetio¥erez and
Monteiro 2009, Ubelaker and DeGaglia 2GiW pathologyUbelaker and
DeGaglia 2017)

3.1.14 Masticatoryunctional hypothesis
When considered in the coronal plane, the modern human faoeen0

50% smaller than that of AH. Some proportion of this reduction is said to be
epigenetic and attributable to the reduction in masticatory strain brought about
by a softer more processed (lietberman 2008)hese changesaraniofacial

and dental morphology among the lddimeagéavealso been associated with

a reduction in masticatory demands brought about by changes in diet as well as
cooking and food processing methods.gRobinson 195M8race

1991 Wranghanet al1999 Liebermaret al2004 Ungaret al2006 Zink and
Lieberman 20)6During the Palaeolithic when gradual facial reductions were
recorded there is the earliest evidenceooking in the form of hearths
(Goldberget al2001, James 1989, Lieberman 2@0f) the Mesalitc and
Neolithic whercraniofaciateductions became more pronounced is associated
with the advent and increased development of agriculture which is considered
to have resulted in a significantly softer and more proces@iédtdedtal2017,

von CramorTaubadel 2011)

The MasticatorfFunctional Hypothesis (MFH) proposed by Carlson (1974)
states that advancements in food processing technologies resulted in a softer diet
which did not reqee as much time or force to mastiq@arlson and Van

Gerven 1977, Varrella 19908)andible growth and morphology has been
demonstrated in several clinical and animal studies to be associated with
masticatory activitythis isdiscussed further gection4.4.1 and 4.4.@Barber

d al.1963, Enomotet al2010, May2013, Watt and Williams 1950he MFH

therefore argues that by reducing this strain over time through technological
dewlopment, the size of the masticatory apparatus decreased and that this
resulted in the other cranial changes that typify modern humans since the Upper
Palaeolithic. Dental reduction is considered by the MFH to be a secondary or
tertiary development, reddt to the reduction of the dimensions of the
masticatory apparatus. There is considerable archaeological, animal and clinical

support for the role of masticatory strain in the gracilisation of the modern
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human crania and the MEBlenest al2018, Katet al2017, Kufleyt al2017,
Martin and Danforth 2009, Nogueataal2009, Renaud 2010, Tuomieeal.
1993, Watt and Williams 1951, Yamada and KimmeMif@&1i pre discussed
further inChapter 4 section4.4

The MFH was originally developed based on the observation of significant
craniofaciallifferences between Nubian populatores time which represent
huntergatherer, incipient agricultural and fullicalural population&arlson

and Van Gerven 1977, Carlson 1904)the 16craniofaciameasurements

taken from the samplgél were found to be significantly different among the
subsistence groups. Nine of the significant measurements repres@nt crani
structures considered to be directly related to masticatory f(@atison and

Van Gerven 1977RAlthough there are a number of criticisms associated with
the earlier studies that provide support for the MFH, incluiiagtow
Mesolithic sample size, reliance on just 16 cranial and mandibular linear
measurementsy the assumption that the samples employed by Carlson and
Van Gerven (1977) represent a biologically continuous population. Despite this,
recent studies contie to provide support for an association between diet,
mastication and cranial morphol@i¢gtz et al2017, Rudney and Greene 1982,

von Cramorlaubadel 201%allandet al2016,Watsonet al2018) During

human evolution widespredittary changes have been recorded that are
generally considered to have reduced masticatory strain which are consistent

with thecraniofacialeductions present in the fossil record.

While there is considerable suppartMFH with regard to reductions in the
masticatory complex among modern human populdiRamioet al.2014,
Stansfielekt al2018, Varrela 1992, von CrarT@ubadel 201bther studies

have alssuggested that the human masticatory apparatus has evolved for
increased mechanical efficiency allowing for the productiay dfite forces

with low muscular effort among modern humé®gencerand Demes
19930 6 C o renalQ05 Lieberman 20082011 Wroeet al201Q Eng et al.
2013Ledogaet al2016). For instance, Wreteal(2010) arguithat the human
cranum has adapted to produce higher masticatory forces based on finite
element analysis of modern human, extant ape and fossil Australopithecine
crania. Wroet al(2010)reportedthat modernhumans had a more efficient

feeding apparatus. This high bite fétegerage among humans contrasts with
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theories that there has been a relaxation of the selection forces that favour high
bite force(e.gBrace 1991.iebermaret al2004 Ungaret al200§. However,

results from a study by Stansfeldi(2018) did not support the notion that the
mandible of modern human populations are better adapted to generate and
withstand mechanical loading. Instead they argue that facial reduction and
retracton resulted in increased biting efficiency and was not driven by the need
for increasedite forces. The reduction in size and robusticity of the mandibles
of modern populations is suggested to reflect underdevelopment rather than
adaptation to dietary cigeqStansfieleét al2018) Finally, this model fails to

fully explain the selective festhat resulted in a reduction in size of dentition
among individuals with a smatiemiofacialimension a gap which the Mixed

Model attempts to explain.

3.1.15 Mixed Model: biomechanical and natural selection
An adaptation or development of the MBkhie Mixed Model which combines

the biomechanical aspects of the MFH with natural selgdEdgnak 1989)

This theory states that technological advancements with regards to food
processing led to a softer diet that required lower masticatory strain levels which
subsequently reduced the size and robusticity of the maddikéxer, the

Mixed Model then diverges from the MFH by arguing it is this decrease in
mandibuladimensions increases the prevalence of malocclusions because the
teeth are too large to fit the jaws. The-ok@wvding of the dentition is suggested

to resulin an increased prevalence in dental pathology which due to the negative
affect on human health selects for smaller denfytiedynak 1989, y'Edynak

and Fleisch 1983)s discussed in thection3.1.1.4bove there is considerable
evidence to suggest that a reduction in biomechanical demands may be
associated with &duction in the dimensions of the masticatory apparatus
(Kiliaridiset al1995, 1989, Odman and Kiliaridis 1$9iaTuniset al2018,
Toro-Ibacachet al201§, and a correlation has been recorded in the prevalence
of dental impaction and mandibuliémensions (Kayet al2010). However,

there is little evidence in favour of selection pressure for smaller dentition being
related to increased malocclusion and/or dental path@l&glynak 1989)
Furthermorethis model ignores the prominent role of dietary composition in
the prevalence of dental pathology. Although ttesajence of both

malocclusion and dental pathology have increased since the advent of
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agriculture, substantial changes in dietary composition have also been recorded
Increased reliance on dietary carbohydoatmsred during this transition,
which are well documented to be associated with the developcemnidus
lesions(Green and Hartles 1966, TouDecker and van Loveren 2Q003)
Moreover, if the driving force for a decrease in tooth size was the deleterious
effect of dental pathology (sucltasous lesiop®n human healthig argued

that teeth which are morphologically less complex would be more advantageous
than smaller teefiCarlson and Van Gerven 19D&ntal impaction however,

has been argued to result in infecfieyemiet al2016, AlHansabwet al.

2011, Frazee 200Quek et al.2003,Rentonand Wilson 2016Saglam and
Tuzum 2003)and has been suggestobe associated witental crowding
resulting from a mismatch between jaw and tootliNozemandoet al2016)

A high prevalence of dental crowdiag been recorded among modern humans
(Dachi and Howell 1961, De Soetral2008, Dish&t al2017, Normandet

al. 2016) Comparativelyamong fossil ancestors malocclusion and dental
crowdinghas been rarely recorded (Brace, Ba@8e and Mahler 197 with
prevalence ofmalocclusion increasing during the Holocene among
agrialturalists (Gibson and Calcagno 198R)eover dental crowding has

been suggested as an evolutionary force in the agenesis of third molars and
individuals with agenesis of the M3 were found to have less crowding and a
lower prevalence of dental pathol(igsanand Schepartz 201Keene 1964
Trakinieneet al2018. Agenesis in turn is argued to be related to a reduction in
general tooth siz&bu-Husseinet al2015,Azzaldeeret al2017,Gan et al.

1963 Higashihoret al2018, Wrighét al2016.

These are just a few of the models proposed to account tratiafacial
evolution amondMH, with new theories still being proposed. A more recent
theory argues thatraniofacialgracilisation among AMH is related to
behavioural modernity and social cooperation necessary for increases in
population densit{Cieriet al2014) This theory proposes that the gracilisation

of the craniofaciaregion is the result of feminisation brought about by a
decrease in testosterone or androgenvigaigtiargued to relate to higher levels

of social tolerand€ieriet al2014) As the morphology of the crania is critical

for several functons ncl udi ng ocognition, vocal

t hermoregulationd (Lieberman 2008,
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gracilisation of modern humaraniofaciaktructures is hardly unexpected.
There is however, sufficient evidence forast fe partial role of reduced
masticatory strain in reduction of the masticatory apparatus over human
evolution(von CramonTaubade?011, 20142017 Mooreet al1968, Randet

al. 2014, Varrela 1992fFurthermore, among more recent archaeological
assemblages Medievh and PosMedieval periods there is evidence for a
continued reduction associated with large dietary transitions such as
industrialisatio(Mooreet al1968, Randet al2014) As such the morphology

of the masticatory apparatus may be used to infer changes in masticatory strain
and detary consistency. While the MFH relates large dietary transitions and
innovations with the increasingly gramieiofaciatomplexamong modern
humans, smaller dietary changes recorded in recent British history discussed in
Chapter 2 may also result in sufficient alterations in masticatory behaviours to
influence morphological chaaga thecraniofaciatomplex, specifically the
mandible through bone remodelling. In order to further consider how mandible
morphology is altered by meatory forces it is necessary to first consider how

bore remodel in response to mechanical stimuli.
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Over t he c o ulifespanbonkes aee suybjected to meEtmnical forces
and physiological influencésatsimbri 2017)In order to prevent micfo
damage or fractures associated with this mechanical strain thrersedistéo

adapt in terms of bone mass, trabecular architecture and bone morphology
(Katsimbri 2017, Lanyon 1992Bpne remodelling facilitat@daptationn

bone structure, strengthening bones against mechanical strain and preventing
damage from occurring as a result of loading @€esimbri 2017, Martend

Seeman 2008)Vhile the general shape of each bone is genetically determined
and will form in the absence of functional mechanical strapatadogical
conditions, bnoear chi t ecture is influenced by
functional load bearing and will not form fully without this stCairter 1987,

Lanyon 19924,992b, 1996An understanding of the influence of mechanical
strain on bone morphology can be traced back to'tleedftiry when Galileo
inferred a relationship between mechanical strain and bone mombbitapy

that body weight and physical activity were related to skelé@ditere1984,

Stolket al2001) During the 19 century a number of researchiageloped
theories regarding the relationship between form and function with regards to
the skeleton and these are discussed furtisection 3.2.3.1(Carter 1984,

Stolket al2001)

This section is divided into four ssdctionsSection 3.2.1provides a brief
background of skeletal anatomy and bone cells which are necessary to provide a
foundation for bone remodelling the@sction 3.2.2details bone remodelling
including the history of bone remodelling theory which examines how research
has pogressed over time. Thene remodelling process is then discussed on a
cellular and macroscopic levedaantion 3.2.3followed by a discussion of the
factors which have been demonstrated to influence bone remodelling and which
needs to be considerecearaneous factors when inferring behaviour/activity
from bone remodelling. Finakgction 3.2.4examines how bone remodelling

is stimulated by activity and reviews previous studies which have examined this
relationship and how this research has pregressr time detailing why this
present study uses analysis of 3D GMM variation of macroscopic bone

morphology.
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3.2.1Skeletal Anatomy

The skeletal system has two primary functions: structure and metabolism. The
structural function of the skeletal systestudes the support and protection of
internal organs and muscle attachment for locom@@arter 1984)The
metabolic function of the skeletal system involves providing a reserve for
calcium and phosphate required for homeogktesigidakisand Androulakis

2006, Henrikseat al2009, Sherman 201Remodelling is a vital process for

both these functions by repairing injuries to the bone, modifying structure and
morphology to maintain support as well as a means of releasing the calcium and
phosphorus stored in the skeletal sygtéawljidakisand Androulakis 2006)

When considering bone remodelling in response to methstram it is
necessary to first briefly discuss skeletal anatomy, specifically the different bone
cells and tissues that comprise the adult human skeleton. This section will discuss
the cellular components of bone and different bone tissue in reldimmet

remodelling.

3.2.1.Bone Cells
Bone is a mineralised connective tissue comprised of four types of cell which

are involved in bone remodelling. The main cells are osteoclasts and osteoblasts,
although osteocytes and bone lining cells are alseedthwolthis processs
illustrated ifigure 3.2.1(FlorencieSilvaet al2015, Katsimbri 2017)

Osteoclasts

Osteoclasts are large multinucleated cells which are derived from mononuclear
precursor cells of the macrophages/monocytes lineage and are the only known
cell which is capabbf resorbing bon@-lorencieSliva et al2015, Katsimbri

2017) Due to the role of osteoclasts in bone resorption, an abnormal increase
in either osteoclast activity or formation leads to bone diseases such as
osteoporosis where a decrease in bone density results from bonerresorpti
exceeding formatiginderseret al2013, Crane and Cao 2014, Florefitva

et al.2015) Osteoclasts are regulated through their lifespan which is
approximately 12.5 dayKatsimbri 2017) Cases where the lifespan of
osteoclasts is extended increases the number of osteoclasts and pathological

conditions such as Pagets disease @<aisimbri 2017)
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Osteoblasts are specialised bone forming cells which are derived from
mesenchymal stem cellBlorencieSilva et al. 2015, Katsimbri 2017)
Osteoblasts are located along the bones surfacé%naof4he bone surface is
comprised obsteoblastéFlorencieSilvaet al2015) The primary function of
osteoblasts is to form new bone through the synthesis and secretion of Type |
collagen which comprises the major bone matrix pr@g€asimbri 2017,
Kenkre and Bassett 2018Additionally ostdalasts mineralise newly formed
bone osteoid through the excretion of phosphates from ostetdslastl

matrix vesicles within the oste@{@tsimbri 2017)

Osteocytes are the most abundant bone cell and com@ti @@ the total
number of bone cell§lorencieSilvaet al.2015, Katsimbri 2017While
osteoblasts and osteoclasts are defined by their fustBonytes are defined

by their location and morpholo@lorencieSilvaet al2015) Osteoclasts are
located in the lacunadhim mineralised bone and are derived from osteoblasts
which have undergone terminal differentiation and have been engulfed by un
mineralised osteoid during bone formafkatsimbri 2017)Osteocytes also

have the longest lifespan of any other bone cell of up to 25Hjeanscie

Silvaet al2015) After being engulfed in the bone matrix ast@siose over

70% of their organelles and cytoplasm and acquire long dendric processes
resulting in a star shaped appearargehws significantly different from
osteoblast@atsimbri 2017)t is these dendritic presses that extend into the
canaliculi of the bone matrix and interact with other osteocytes and osteoblasts
on the bone surface forming a lacwozaralicular network which detects
mechanical strain ahe bone(Katsimbri 2017, Kenkrand Bassett 2018,
Prideauxet al2016) Osteocytes regé osteoblast activity and as such can
stimulates bone remodelling in response to increased mechanical strain
(Katsimbri 2017, Prideaux Findktyal.2016) Osteocytes also respond to
metabolic signals which are suggested to be associated with increased bone
remodelling and reduced bone mass in response to(kaagfisignbri 2017,
ManolagaandParfitt 201Q)
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Bone lining cells

Bone lining cells are flat shaped osteoblasts located in the bone surface. When
viewed under an electron microscope they appear assaahminof non
mineralised matrix. This thin layer of bone lining cells are thought to act as a
membrane that separates bone from the interstitial fluids preventing the direct
activity between osteoclasts and bone matrix when bone resorption should not
occur(FlorencieSilvaet al2015, Wein 2017Additionally bone lining cells are

also involved in osteoclast differentiafielarencieSilvaet al2015)

Hem atopoietic Mesenchymal
Stem Cells Stem Cells

T Lymm

-
Lining cells

Csteoblastic Osteoblast
Stromal cell Precursor

Figure 3.2.2: Bone remodelling.Diagram illustrating the different bone cells and their
precursor cellThe interaction of these cells with each other during bone remodelling
is shown illustrating the role of each cell and the scaleelutiteasize of osteoclasts
relative to the other bone ce(l8irst 2019).

3.2.1.Bone Tissue
In the mature skeleton there are two types of bone: trabecular and cortical. While

these tissues are identical in their chemical composition they diffeadroth m

and microscopical(idadjidakismndAndroulakis 2006Approximatef 80% of

bone mass is comprised of cortical bone which is dense and compact. Cortical

bone forms the external ©O6sheldake of bones
2008) The function of cortical bone is to provide structure and strientté

bone; it has a slow turnover rate and high resistance to bending and harsion.
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remaining 20% of the adult human skeleton is composed of trabecular bone
which is a honeyconlixe network of trabecular platéSlarke 2008)
Trabecular bone is located on the inside of long bones and vertebral bodies as
well as other irregulaomes or large flat bones. Compared to cortical bone,
trabecular bones are comparatively less dense and more elastic with a higher
turnover rate. The primary function of trabecular bone is metabolic although
trabecular bone still contributes to the mechksupport of the skeletal system
(HadjidakisndAndroulakis 2006yWhenconsidering the external morphology

of bone, it is the cortical bone that is being analysed, and as such it is important
to understand how biomechanical forces interact with cortical bone.

In addition to providing support asthbility, the musculoskeletal system allows
organised movement through the interaction of bone, muscles, cartilage,
tendons and ligaments. Skeletal muscles act on bone via connective tissues such
as tendons and ligaments which attach to bone at inséesocalled entheses
(Asaharat al2017, ZatsiorskgndPrilutsky 2012, Zelzet al2014) Entheses

allow for the transmission of contractile forces generated in muscles to the
respective skeletal attachment site and may be divided into fibrous and
fibrocartilaginous enthesélastrated irfigure 32.2. A fibrous enthesis may

either be a bony attachment where the tendons insert directly into the bone or
periosteal where tendons insert into the periogtesamharat al2017, Rabey

et al2015, ZatsiorskgndPrilutsky 2012Fibrocartilaginous insertion sites are

the most common form of enthesis and aaeacterised by fibrocartilage at the
tendon bone interfac@\postolakoset al.2014) Skeletal muscles therefore
impart forces on bones and changes to the force producing capacity of muscles
have been demonstrated in several studies to correspond to changes in the
propertes of bondéAvin et al2015, SartoendSandri 2015)
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Muscle

Figure 3.2.2: Enthesis. Diagram illustrating the different formsenthesis illustrating
the differences between a fibrous (left) and fibrocartilaginous enthesi@{raght)
2019)

3.2.2Bone Remodelling

The skeleton undergoes continuous remodelling which is necessary to repair
damaged bone and maintain mineral betasis and the same bone
remodelling process occurs in response to biomechanical(Birskgyand

Posner 2018, Chat al2015) This section will discuss bone remodelling from

a cellular leveand will then focus on biomechanically stimulated bone

remodellingaindthe historical and current theories regarding this.

3.2.2..Bone Remodelling Process
Bonesare constantly being remodelled through the coupled action of osteoclasts

and osteoblasts with old bone being resorbed and replaced with n@wilbone
andOrth 1998, SimandGooi 2008) Bone remodelling occurs throughout life
asynchronously at anatomically distinct sites throughout the skeBzsia in
MulticellulatJnits(BMU) sometimes referred tdBasmeSructuralunits (BSU)

or Bone RemodellingCompartments (BRGANderseret al2014, Kulaet al.
2012, Sherman 2012he BMU consists of four unitssteoclasts resorbing
bone, osteoblasts replacing bone, osteocytes wéHhiorie matrix and bone

lining cells which cover the bone surfdtadjidakisand Androulakis 2006,
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Kularet al2012, MartimndSims 2005, SimmadGooi 2008, WangndSeeman
2008) At any ongooint c20% of bone is undergoing remodelling. Individual
BMUs are suggested to be locally controlled as they are geograptically
chronologically separated from each ¢tfidrand Orth 1998, Sims and Martin
2014) Bone remodetig consists of a four stage procéiss resorption,
reversal, formation and termination/resting ph#sis and Orth 1998,
Katsimbri 2017)lt is important to understand the phases of bone remodelling
as each stage is influenced by different factors some of whietai@d to
mechanical loading and others whichha&reesult oExtraneous factors.

The bone resorption phasellustrated irfigure 3.2.3- involves the removal

of both the mineral and organic constituents of bone matrix throuagttitme

of osteoclasts which are aided by osteolfleatsimbri 2017, Kenkrand
Bassett 2018, Rabetyal2015) This phase begins with the dissemination of
osteoclast progenitors from hemopoietic tigsube bone. The osteoclast
progenitors then differentiate into osteoclasts through interaction with
osteoblast stromal celikatsimbri 2017, Prideaakal2016, Rabesgt al2015)

The bone liningells which prevent osteoclast activity are renfimradhe
mineralised osteoid layer through the production of proteolytic enzymes
including matximetalloproteinases, collagenase and geléatsmbri 2017,
KenkreandBassett 2018, Prideaatxal2016, Rabegt al2015) The removal

of these bone lining cells allows the oaftists access to the underlying
mineralised bone. The osteoclasts are then activated by ostiaaaststed
osteoclasts resorb the bone through the production of hydrogen ions and
proteolytic iongHill andOrth 1998, Kenkre and Bassett 2018, Rettz3015)

The resorption phas is terminated when the osteoclasts ultimately undergo
apoptosigHill andOrth 1998, Katsimbri 2017)
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Hematopoietic
Stem Cel l s

Figure 32.3: Bone Resorption Diagram illustrating the removal of bone lining cells
and proliferation of osteoclasts for bone resorpfibis illustrates the process by
which osteoclasts remove bone through the production of diffaeblytic
enzymegHirst 2019)

After the maximum depth of bone resorption has been achieved during the
resorption phase there is a revgrisate which lasts approximatehe days

(Hill andOrth 1998, Katsimbri 201 RaggatindPartridge 2010puring this

phase osteoclasts disappear from the bone surface and madif@pteitpeare
present(Abdelgawaakt al.2016, Hilland Orth 1998, Katsimbri 2017The
mechanism which arrests osteoclast activity and stimulates osteoblast activity is
poorly understady but it has been suggested thate macrophadjke cells

may release factors which inhibit osteoclasts and stimulate os{étlbkstls

Orth 1998, Katsimbri 2017, Kenkaed Bassett 2018, Raggand Partridge

2010)

Bone formatior® illustrated irfigure 3.2.4- results from the proliferation of
mesenchymal cell8lthough the processs not yet fully understood, it is
suggeted that the procesghich attracts the osteoblasts precursor cells to the

site of the defect ressifrom a chemostatic reaction mediated by local factors
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produced during the resorption ph@empsteandRaisz 2014, H#ndOrth

1998, Katsimbri 2017, RaggeutPartridge 2010, SiddiguidPartridge 2016)
Osteoblast precursor cells then differentiate into mature ostecht&sts
differentiation of osteoblast precursors may be dextbrough a number of
bonederived growth factors althoutjte precise growth factors invoheas

not been determine(Hill and Orth 1998, Katsimbri 2017, Siddiguid
Partridge 2016Yhe osteoblasts then secrete osteoid, an unmineralized bone

matrix for whichType 1 Collagen comprises 9@6skeyand Posner 2018,
Brickleyandlves2008, Kulaet al2012)

Figure 3.2.4: Bone formation Diagram illustrating the differentiation of osteoblasts
from osteoblast precursor cells, which then secrete unmineralized bor(&linsatrix
2019)

The terminatiophase illustrated irfigure 3.25 - begins abduw30 days after

the formation of new osteoid and ldstsapproximatel90 days for trabecular

bone and 130 days for cortical b@atsimbri 2017, Raggaind Partridge

2010) During the termination phase, newly formed osteoid is minevalised
requires calcium and phosphorus in the extracellular fluid and occurs-within 10
15 day¢BoskeyndPosner 2018, Bricklagdives 2008, Katsimbri 201&jter
mineralisation the bone returns to a dormant phase when osteoblasts undergo
apoptosis and are either embeddeckingiwly mineralised matrix or remain on

the surface as bone lining césskeyand Posner 2018, Katsimbri 2017,
RaggatandPartridge 2010)
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Figure 3.2.5: Bone resting phaseDiagram illustrating the mineralisation of osteoid
through the addition of calcium and phosphorus fromextracellular fluid. The
osteoblasts are then either imbedded in the newly mineralised jnatrder@o
apoptosis (b) or remain as bone lining cells on the surface of the fingt @()19)

3.2.3Bone Remodelling and Physical Stimuli

Boneremodellig occurs for several reasamsesponse to trauma, to maintain
homeostasis and in response to biomechanical stimuli. For the purposes of this
thesis,bone remodelling will refer tmomechanically stimulatedanges in

normal bone turnover resulting ither hypertrophy or atrophy and significant
alterations to bone mass, morphology, size amdeh®alarchitecture of bone

(Carter 1984, Stolt al2001) Mechanically adaptive bone remodelling is a
homeostatic mechanism which regulates fuathone strains at each location
throughout individual bones and the skeleton as the functional demands of a
bone vary throughout the elemghianyon 1996)This form of lmne
remodelling is influenced by a feedback mechanism which maintains bone strain
levels at an optimum level by increasing bone mass when bone strain is increased
and reducing bone mass when strain levels are de{@aasett 1968, Lanyon

et al1982, Lanyoet al1976, Pauwels 1978) number of terms relevant to

bone remodelling theory are definethlre 3.2.1

3.2.3.Bone Remodkng Theory
The association between bone morphology and biomechanical activity can be

dated back to the 1 Zentury with Galileo, and later in 1741 wK&olas
André stated thabone morphology may be altered by external fokoesé
1741 ee and Taylor 199%jowever it was not until the late"18entury that

these theories really took form. While the theory of bone remodelling is generally
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attributed to Julius Wolff who coined the term bone remodelli8y @) the

internal and exteal morphology of bone in relation to mechanical loading was
described by Ward (1838), Meyer (1866) and Culmann (1867). In 1838 Ward
investigated the mechanical properties of bone and described the morphology

of trabecular bone in the head of the femurralated this to its mechanical

function. This work was continued by Meyer in 1866 and Culmann in 1867.
Meyer (1867) observed thi@tbeculae within bone abgnith the principal

direction

t hat

~

was Cul mannos

mechanical St(¥8&ss i s

C r afiguee 3. RothchteWolff larglgt based r at e d

the law of bone remodelling upon which states:

"alterations of the internal architecture clearly observed and following

mathematical rules, as well as secondary alterations of the external form of the

bones following the same mathematical ndest as a consequence of primary

changes

n

t he

shape (Wolifd98& 1)r essi ng

Table 32.1 Bone remodelling terms. Definitions for termsrelevant to bone

remodelling theory.

Term

pl a
observations led Wolff to develop his theoryefttd | aw of bone transf
(Koch 1917, Pauwels 1954, Roux 1885, Turner 1992, WolfHIBvV&Yer it

Definition

Bonestresstrain

Straifloadingycle

Dynamic strain

Static strain

Microstrain

Mechanotransdu

The mechanical stimapplied to bone from the musc
or external environmergsulting in deformation of tt
bone(Commiss@t al2018 Turner and Burr 1993
The repeatednechanicastrairs or loadingplaced or
bone during repetitive movements or stimulnyon
1987, for instance during mastication one cycle wou
the strain exerted during the opening and closing
jaw (Commisset al2018)

Strain or stress placed on bone that ceangéherthe
force, position or direction or the strain, such as we
or chewing

A constant strain placed on bone, for instance w
bearing without motion

The unit used to express strain calculated as the «
in length of a material as a ration to the unaffected |
(Turner and Burr 1993

The process by which cells convert mechanical <
into electrochemical activihcNamarandPrendergas
2007 Parker Parker PearsamdLieberman 2004)
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The law of bone remodelling as descriiedVolff however is significantly

different from our current understanding of the process by which bones remodel

in response to biomechanical fotegandTaylor 1999)For instance, Wolff

focussed on static loading and rejected the notion that bone resorption played a

role in bone remodelling. From a strict thae mat i c a | sense Wol ffo
largely been discredit@Ruff et al2006) Over time, however, a more general

I nterpretation of WVthaté bordeformlsanfluefteds been ac
by responses to mechanical s{Ramker Parker PearsamdLieberman 2004)

It has been argued that the mmdkern conce
of Wilhelm Roux who introduced the concept of functional adaptation in to

Wol ffds static | oading bone remodelling
dynamic functional stimuli shaped bones through bone remodelling and it is
Rouxds wor k keepirgytwithiow madernm wnderstanding of bone

remodelling theory. Significant advances in molecular, cellular and the systemic

biology of skeletal tissue have occurred since these theories were developed and

bone remodelling theories wdeger further refined by the Mechanostat

Hypothesis introducdxy Frost in 196Q0Anderseret al2014, Frost 1987, 2001,

2004, Marciaat al2014, MartirmndBurr 1989)The Mechanostat Hypothesis

assumes that osteoblasts are the principal bonéicklisvsensitive to bone

strain and that osteoblasts possess an absolute strain set point which differs
depending on their location allowing a localised response to bone strain (Lanyon

1996). The Mechanostat Hypothesis states that there is an uppereand lo

threshold for mechanical loading and that if the physical strain on a bone is

above the upper threshold then bone mass is increased through remodelling
Whenphysical strain on bone is below the lower threshold bone mass decreases

- whereby 100D¥° resilts in a change in bone length of O(Méarcianet al.

2014)I n bet ween these two thresholds there
whereby bone remodelling is not influenced and bone mass is maintained
(Christeret al2014) These theories however have continued to develop and it

is now generally considered that octeocytes are the bone cells that respond to

mechanical strain astimulate bone remodelling.

16Mi c r o sé&is tleiumt com@only used for measuring the elastic deformation of bone in
response physical forces (Maretzad2014
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Figure 326 Cul mann&6.sCut maneaeds Crane illTustration
morphology of trabecular bone in the proximal femur is compared to the structure of
a crane or support beams for a street ligltadTaylor 1999102, Figure)l

3.2.3.How mechanical loading stimulates bone remodelling
While it is well known and supported that bone remodelling is influenced by

physical loading on the bondeere is considerable debate and uncertainty

regarding hownechanical loading stimulates bone remodelling. Several theories

have been proposed but none universally accepted. Mechanical strain stimulates

bone remodelling through the process of mechanotransdtioti@mocess by

whichcells convert mechanical stinmto electrochemical actiif)cNamara

and Prendergast 2007Rarker Parker Pearsoand Lieberman 2004)
Mechanotransduction has been suggested to occur through multiple stimuli and
mechanisms involving the interawiof cytokines, hormones, growth factors

and physical load bear{hgnyon 199@&arker Parker PearsamdLieberman

2004) Previous studies which have attempted to determine the mechanical

stimuli which mechanosensitive osteogenic esfisnd to have investigated

possible influence of fluid flow, matrix strain and matrix dgiMatamara

andPrendergast 2007T) has however generally agreed that osteocytes are the

best candidate for detecting mechanicah strel microdamage in the bone
(GarciaAznaretal2005) |t has been hypothesised that
receptors and transducersdé (Marotti 1996
which are |l ong processes that radiate aprt

every direction creating a connectedlaelhetwork and communicate via
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transmitter proteins with adjacent osteocytes in the periosteal and endosteal
membrane@_anyon 1993 arker PearsandLieberman 20047 he osteocyte
canaliculi are filled with a fluid that is displatkgthg bone deformation
creating a change iniflyressure which stimulates prostaglandin and nitric
oxide productior{fParker Pearsosnd Lieberman 20045everal studies have
investigated how changes in fluid flow and pressure timajate bone
remodellingdHambi andKourta 2015, KlekNulendet al2015Parker Pearson

and Lieberman 2004An in vitrostudy of osteoblast activity found that
osteocytes producing a pulsatile or steady fluid flow resulted in a greater
osteoblast response compared an oscillating flow (Saatt#98) While the

process of mechanostransductiemains incompletelynderstoodthere is
considerable research investigating the relationship between strain and bone

remodelling response (Jacebal1998 Parker PearsaandLiebernan 2004)

3.2.3.Ftrain Type
When considering the potential for bone remodelling to reflect biomechanical

activity it is necessary to consider how variations in mechanical stimuli influence
the bone remodelling process. The influence of mecharagalostrbone
remodelling has been demonstrated to vary between skeletal ¢&amtents

1984, Stolket al.2001) While the reason for these discrepancies are
multifactorial, it has been suggested that the type of mechanical strain bones are
subjected to influences bone remode{lig et al1996, Turner 1998 is
thereforamportant to consider the variation in the mechanical loading of bones

in order to understand the skeletal response to activity. Physical strain on bone
can be broken down into a number of components which have each been
suggested based on experimental anirdassta differentially influence bone
remodelling; these are strain distribution, strain magnitude, strain rate and strain
changdlLanyon 1996, RubandLanyon 1987)This section will discuss these

aspects of strain in relation to the mandible and mastication.

While Wolffds bone r e mocdsgdin(Rufiregal.t heory f c
2006) Turner argued that bone remodelling is governed by dynamic strain
instead of static loadifgjurner 1998)The importance of dynamic strain in

bone remodelling is supported by several animals and hudes (sinyon
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1987 LanyonandRubin 19841985, Roblingt al2001, Rubih.anyon1984,
Sugiyama 20L8Nhen bone was exposedivao a short period of dynamic
mechanical strain a proportional increase in the metabolism of osteocytes and
periosteal dslwas recordg@kerryet al1989) Furthermore, static loads have
been found to have no or a minimal effect on bone remodelling while dynamic
loads stimulates bone remodellifhiganyon 1992b) For instance, bone
formation in rabbits was found to be stimulated by dynamicinssetsd of

static loads(Liskova and Hert 1971, Turner 1998When considering
mastication, it is clear that this results in dynamic strain and as such is more likely
to result in bone remodelling and morphological changes compared to static
strain Shimada&t al2012 201%.

When mechanical loads and the number of strain cycles are constant, the
frequency of strain cycles has been found to significantly influence bone
remodelling. When strain frequency increased {BthH¥' the threshold for
boneremdel | ing was found to®@u@dlenetalase fr om
2001, Qiret al1998) Furthermore, studies have argued that even very low levels
of mechanical strain 18 microstrain) are sufficient to stimulate bone formation

at high strain frequenci@iidexandRubin 2010l.ad et al2016Rubinet al.

2001) High strain rates have also been argued to be more effective in stimulating
bone remodelling compared to low strain rates in animals (Sudreg 1997)

During mastication, strairequency has beeecorded at around 1.57fPoet

al. 2011) for a comparisom humans walking stri@eOHz,while a cheeta s
(Acinonyx jubgteprintingstride has been recordedatr Hz (Hudsonet al.

2012 PachandJi 200k

Strain magnitude and rate have been suggested as the primary mechanical
variables influencing bone remodelling response to g&leynfieldet al.
2004) In human studies, bone mass has been found to be greater among athletes

competing in high power sports such as power lifting and gymnastics where

17hertz
18 microstrain
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these activitiesselt in higher levels of force on the skeleton which results in a
higher level of bone formatigi€ullenet al.2001) This is supported by
experimental animal studies which have found that a force applied to bone
showed gositive correlation with increase in bone rf@Gskenet al2001,
Rubinand Lanyon 1985, 1987for instance, periosteal bone formation was
found to be greater among rabbits subjecte8DM-° of strain compared to

25N, with mineral apposition 60% greater among individuals with 30N strain
magnitud€Cullenet al2001) Furthermore studies have argued that above 30N
bone formation increases linearly with strain mag(@utienet al2001, Rubin
andLanyon 1985)During mastication strain magnitudes of around 300N have
been recorde(Koc et al2010)as suctwhile previous studies have typically
focussed on activity of the limb bones the force produced during mastication is

clearlysufficient to result in bone remodelling.

Several studies have also found that both the numbedinglogcles and the
stress magnitudggnificantly influenced bone mass although stress magnitude
was argued to be of greater influence compared to number of loading cycles
(Whalenet al.1988) It was argued by Lyon and Rubin (1984) that cyclic
loading was essential for maintaining bone(reasgon 1984)The number of

strain cycles habeen found to influence bone remodelling when strain
magnitude remained constant and above the minimum strain thi€sheid

et al2001) For instancealbit tibise were loaded with 25N or 30N for the same
time and cycle spegeriosteal bone formatiobservedo increase witktrain

cycles greater than 40 for both strain magnitudes. Although with a higher strain
magnitude (30N) there was a greater sern@abone formation with strain
cyclegCullenet al2001) However beyond a certain point the increased duration
or number of strain cycles has been fowido yield a proportional increase

in bone densitynstead bone formation tends to saturate with increased strain
cycles as bone cells lose responsiveness to repetitive mechani¢austienuli
1998) Rubin and Lanyon (1984) found that at a high strain magnitude a low

number of loading cycles was sufficient to optimise osteogenic response while

19 newtons
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increasing loading cycles as nasthntimes was not determined to increase

the osteogenic respor(8#oomfieldet al2004, RubimndLanyon 1984)This

Is supported by an experimental animal study involving rats jumping 40cm down
five times a day which was shown to result in increaisednassincreasing

the loading cycle tenjumps a day was not found to greatly increase bone mass
above that produced by 5 junfpsnemuraet al1997) Research has suggés

that because bone cells lose sensitivity to mechanical strain, a recovery period is
required between exercises in order to restore mechanical s@éRsibilitget

al.2001) Sudies have found that rats subgttemechanical strain in multiple
sessions during the day showed a greater increase in bone mass compared to rats
who experienced the same magnitude of strain and number of cycles in a single
sessior{TurnerandRobling 2003Mastication changes resulting from dietary
congstency have been shown to significantly influence the number of chewing
cycleqvan der BilandAbbink 2017and as such dietary changes that increase

the number of chewing cycles will arguably result in changes in bone

remodelling.

The maprity of previous studies investigating bone remodelling in response to
activity have focussed on high strain magnitude activities, and have therefore
focussed on the lower and upper lindgs Cardosoand Henderson 2010,
HagiharandNara 20161awkeyandMerbs 1995, LaindLovell 1992|_ amet

al.2016, Maggianet al2008 Mays 1999leyeret al2011, Nikiteet al2011,

Rabeyet al2015,RhodesandKnusel 2005Shawand Stock 2009Stockand
Macintosh 20165tockand Pfeiffer 2001,2004,Weiss200&, 2003p 2005
Wescott 2006, Wesco#ind Cunningham 2006 When considering the
biomechanical strain that occurs during mastication it is clear that this strain is
dynamiqSunet al2004)with a high frequendgtanford and Brand 19%8)d

number oftrain cycléSunet al2004) Therefore although the strain magnitude

is lower compared to previous research whawl principally investigated
weight bearing activities there is considerable evidence to suggest that changes
in masticatory forces will influence bone remodelling and result in macroscopic

morphological changdhis is discussed furtheiGhapter 4
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3.2.3.4Factors Influencing Bone Remodelling
Bone remodelling is a complex process which is influenced by a number of

extraneous factors including systemic hormones and locally produced growth
factors. These factors influence bone remodelling and tlyefablibnes to

respond to mechanical stin(till andOrth 1998, Woznegt al1990) While

in experimental animal dies some of these factors may be controlled, in
archaeological studies this is not possible and instead it is necessary to discuss
these factors and consider their potential influence. This section will discuss the
extraneous factors which directly imfigethe process of bone remodelling on

a cellular level.

Hormones may influence bone remodelling through their action on osteoblasts,
osteoclasts, or cell differentiation. Hormones which have been found to
influence bone remodelling include polypeptide, steroid and thyroid hormones
(Matsuo and Irie 2008) Oestrogen has been suggested to regulate
osteoclastogensis andtomgen deficiency increases bone remod@ieakers

et al.2000, Rosendakt al.2017) It has been suggested thatong post
menopausal or amenorrhoeic women weight bearing exercise do not
significantly increase bone n{ak et al1989, Rodan 1991, Sinetkal1989)

In experimental animal studies kaére found to have decreased activity related
bone remodelling after an oophorectSmympared to control caggéfumeet
al.1989, Rodan 199X linical studies have found that bone mass among post
menopausal women has been found to decrease25% 0lartinand Sims

2005, Schiesst al1998) Furthermore, blocking the oestrogen receptor has
beenshown to diminish the bone remodelling response to mechanical strain
(Bloomfieldet al2004) Additionally growth factors, which are polypeptides that
regulate the replication and the déffiiated function of cells, are present in the
bone matrix at significant quantities, and have been demonstrated to influence
the growth properties and function of bone aeNstrdCrane and Cao 2014,
Wozneyet al1990) When the production of growth factors is inhibited this has

20 Surgical removal of one (unilateral) or both (bilateral) ovaries, the ovaries produce oestrogen
ard individuals who undergo a bilateral oophorectomy will no longer produce oestrogen, while
a unilateral oophorectomy has been associated with an earlier age of menopausee{Rosendahl
al.2017)

129



been directly linked to bone remodelling. For instaaseular endothelial

growth factors (VEGF) are associated with bone remodelling and mice with

l i mited expressi on eckeletdl B€yHaites sdichvae | op mul
reduced bone mineralisation, defects in osteoblast proliferation and activity

(Deckerset al2000)

Several vitamins are critical for skeletal homeostasis and nutritional deficiency

has been associated with a reduction in bone remo@&lirkgeandBassett

2018, Williamsoet al2017) Calcium insufficiency reduced the effectiveness of

mechanical strain to stimulate bone remodelling increasieg rass

(Bloomfieldet al2004). Moreover Vitamir*Beficiency has been demonstrated

to have a detrimental effect on bone remodgviliamsonet al.2017)

Additionally several metabolic bone diseases may influence bone remodelling

including: osteomalacia, hypogphataemic syndromes, hyperparathyroidism,

renal osteodystrophy, (Shemamd0i2)r osi s and P

While the osteogenic response to bone strain is maintained into old age, studies
have suggested that the bones responsiveness to strain(8eclimexiand

Burr 1993, Lanyon 1996juscle mass hascateeen demonstrated to decrease

with aging, which has been suggested to account for the reduction in bone mass
and mineral densifBurr 1997)However it has been claimed that age related
bone mass occurs prior to a decline in muscle mass and @ttangib 1995)

Other theories have argued that the mechaniosemditvitye decreases over

time with older individuals requiring high strain magnitudes to initiate the same
bone remodelling response as younger indiviba®net al.2005) For

instance, at 19 months of age rats were found to be less responsive to mechanical
strain compared toine month old rat§Duan et al.2003) Despite this, the
analysis of cultured human bone cells found no evidencec¢hatwsensitivity

to mechanical strains decreased over(filnilborget al2003) Furthermore,

other studies have found contrasting results with older individuals having either
an increased, decreased or ndfisigmt change in bone responsiveness between

old and young individuglSaxoret al2005) Bane remodelling in response to

activity is suggested to be more responsive during childhood and adolescence
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and provides a protective function against bone loss latefHarkir Pearson
andLieberman 2004Furthermore exercise related bone mass acquired during
childhood has been argued to be maintained into adu(Bloodhfieldet al.

2004) Exercise has been showmtyease bone mass among young individuals,
and maintain or reduce bone loss among elderly indifMasékilde 1995)

3.2.4Bone Remodelling Response

When mechanical strain placed upon bone exceeds the upper thoeshold
remodellingis stimulated resulting in an increase in bone prodatohn
subsequentlgortical thickness and overall strength of the femst 1987,

Hillam and Skerry 1995, Ranad al.2014) This isillustratedby numerous

clinical and experimenaimalstudes.These studies have found that when
levels of mechanical loading are altered this results in changes in bone mass,
mineralisation and morpholo@khteret al1998, Lamberst al2011, Schulte

et al2013) For example, whereBra fistaresubjected to physical exercise using

a swim tunneén increase in bone mineralisation and mass after founweseks
observed(Akhter et al.1998, Suniagat al.2018) Similarly five minutes of
mechanical strain on the cauealebra®f a juvenile rat was found to result in

a significant increase in bone formgii@mowet al1998) MoreoverWooet al.

(198) recordech 17% increase femur thickness among exercised compared

to unexercised pig8Vvoo et al.1981) Furthermore, athletes who experience
hightintensity mechanical loading have higher muscle mass and increased bone
mass, mineralisation and robustigityimaeet al2018, Lambentt al2017,
XiongandYu 2017, Yinglingt al2017)

In contrastwhen strain placed upon the bone drops below the lower threshold
this mechanism stimulates bone resorption, reducing cortical bone thickness and
as such the overall strength of bgReost 1987, Randet al.2014) The
importance of functional loading on the final form of these skeletal elements can
be seen among indivitkiavhere injury or disease has prevented functional
loading(Lanyon 1992aY hese studies illustr#t@tthe osteogenic response to
mechanical stimus vital in loadbearing bones attaining their normal fédmm.

order for bones to remodel and adapt to functional lg&ding cells reqara
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mechanism for assessing direct and indirect functional strains upon the tissue
(Lanyon 1987)

3.2.4.1Analysing Bone Remodelling in Archaeology
Due to this relationship between muscle activity arel reamodelling, bone

morphology has been used in archaeological research as a means of inferring
activity and behaviour among past populations since the "laten2ary
(Amtmann 1971, BroandRuff 1988, Ruff 1987Previous investigations of

the relationship between physical activity and bone remodelling has taken severa
different approachgsither focussing on changes in bone mass or density in
relation to loading/activity, microscopic analysis of trabecular and cancellous
bone, morphology of muscle insertion sites, cross section geometry and
macroscopic cortical bomorphologyHawkeyandMerbs 1995, Liebermah

al. 2004, Nicholsomand Harvarti 2006Parker PearsoandLieberman 2004,
Whaleret al1988) This section will compare these methods and detail why this
study is employing 3D GMM.

Activity and exercise have been argoette the predominate factor in
determining the bone mass and density of weight bearing or heavy loading bones
(Lanyon 1996, Witenet al1988) Human and animal studies have consistently
demonstrated that functional loading is positively associated with location
specific changes in bone massmyon 1996Moreover extreme inactivity and
reduction of mechanical strain has been shown to result in up to 40% loss of
bone mass and increase in bone mass by up to 40% is assititietectases

in athletic activitfSmith and Gilligan 1991)Bone mass was found to be
significantly higher among adults who jogged >9 times a month compared to
cohorts who jogged less frequefidlpomfieldet al2004, Mussolinet al2001)
Furthermore, several studies have determined2handnths of moderate to

high resistance training was associated with a significant increase in bone mass
(Bloomfieldet al.2004). Conversely letgrm immobilisation has also been
linked to a reductian bone mass and mineralisati@r.instance when normal

load bearing of the calcanei of animals is prevented for a 12 week period 25%
of bone mass was IdSkerry 1997Decreases in bone mass or mineralisation

have been reported amohgmans who have been imnlisbd during
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spaceflight and those with quadriplégiarawadandSitaraman 2016, Uhthoff
andJaworski 1978, ViemdHargens 2018)

Bone mass and mineralisation have been employed in archaeological studies as
a means of inferring behavigBloomfieldet al2004) For example, among
agriculturist and huntgatherers from the Holocene the potentially more
sedentary agriculturalists had a lower bone density compared to the more active
huntergatherergChirchiret al2017 Macintostet al2014 Marchi et al201).

In other cases, significant reduction in bone density of individual or specific
bones have been used to infer injury or illness which compromises mechanical
function (Battles 2009)Two individuals from the Medieval Croatian sites of
Zadar and Virje were found with atrophy and shortening of the limbs thought

to indicate that they lived with triplegia and plegia for several years before

their death(Novak et al.2014)Bone mass or bone mineralisation however,
provide a limited means of inferring activity among past populations and it is
difficult to relatethese changes to specific activityditionally the
microstructure of cortical and trabecuane is considered t@dapt to
mechanical strgiand as sudhasused to infer behaviour/ activifiyerrettiet

al.2003, Skedrat al1999) For instance the distribution afie mass within
trabecular bone has been found to be associated with physical stressors on the
bone(HayesndSnyder 1981} his however, requires either destructive analysis

of skeletal remainsr the use of expensive imaging equipment such as micro

CT scanning.

Muscular skeletal markers

One of the methods employed to infer specific behaviour and activities among
past populions is the use of muscular skeletal markers (MSM) which are sites
on the skeleton where a muscle, tendon or ligament inserts into the periosteum.
Bone remodelling in response to biomechanical strain is said to result in
pronounced hypertrophy at theskssi Because these markers are muscle
specific it is argued that the analysis of the robusticity of MSM can be used to
infer habitual activities based on which muscle experienced the greatest
biomechanical stra{ffawkey and Merbs 1995, Peterson 1888ykey and

Merbs (1995) used MSM as a means of inferring habitual activity among two
archaeological First Nation assemblages in Hudson Bay, Canada. They observed

that significant changes to Ms&ddécurred over time and between the sexes,
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arguably indicating sexual division of labour and changes in subsistence
strategies over time. Other studies have gone further to infer very specific
activities such as the use of hand held projectile weapons andNalviag

2005) However serious concerns regarding the validikdSbfshave been
raisedGoddeet al2018) For instance, the scoring of muscle markings is known

to be highly subjective and influenced by both the researcher and the general
robusticity andsize of the skeletal remains (Wilczak 1998). Furthermore,
inferring specific activities from MShMyve been criticised as muscles work in
complex groups and inferring specific behaviours is arguably reductionist
(Kennedy 1998, Robb 1998, Stirland 1989Bp factors such as age
Oumaouiet al1987, Niinimaki and Sotos 2012, Weissb2088x, genetics,
hormones, body siz@Neiss 2007, Weigt al.2012, Wilczak 199&)nd
pathological conditionssuch as diffuse idiopathic skeletal hyperostosis and
osteoarthritigeshedet al2004, Lieverset al2013, Lieverset al2009, Milella

et al2012havebeen demonstrated to influence MSM. The use of MSM to infer
habitual activity among past populations appears to have declined over recent
years although despite this there are still a number of recentehidiasg

to infer specific behaviours sucthase ridingDjukicet al2018)and archery
(Tihanyiet al2015) When considering mastication there are very fevg dSM

the mandible, and those muscle markings which are pressgibaseused for

sex estimatiormandmay not bexn appropriate methodrfmferring changes in

masticatory strain.

Cortical Thickness/Cross Sectional Morphology

Several bone remodelling studies have focussed on changes in cortical bone, and
traditionally this has focussed on cortical bone thicknes®sssectional
morphology of long bones in relation to actij$halenet al.1988) The
diaphyseal crosgction morphology of lodmaring long bones has been found

to be influenced by mechanical st(Rittwegeret al2000) For instancehe
dominant arm of tennis players undergo greater hypertrophy compared to their
nortdominant arnfBuskirket al1956, Jonext al1977) Jonest al(1977) found

that diaphyseal cortical thickness was significantly greater on the dominant
humerus of mfessional tennis players by 34.9% among males and 28.4% among
femalegJonest al1977) Crosssectional geometric morphometric properties

have been used for several years as a means of matengasfregarding the
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mechanical adaptation of long bones. Early archaeological studies typically
focussed on investigating potential differences in-sgctgsnal geometry
between assemblagesff 2000) For example, Ruff and Hayes (1983) analysed
crosssectional geometry of the tibia and femora from 119 umlvitrom

Pecos Pueblo, New Mexico. When compared to studies of modern samples the
crosssectional shape of the tibia and femur were significantly different among
the Pecos sample, thought to reflect the increased biomechanical strain
experienced by indinials from the Pecos Pueblo @Reff andHayes 1983)

A study conducted by Trinkaus (1999) analysedsexigmal geomegtrof

tibial remains from the Near Eastern Middle Palaeolithic which indicated a
reduction in mobility between late archaic humans and early anatomically
modern humangTrinkaus 1999)Furthermore, an analysis of tibial eross
sectional morphology revealed significaifferences between nomadic
pastoralists and sedentary agriculturalists from Sudaneft217).

More recent studies have compared -s@sonal geometry of archaeological
assemblages with modern populations of known assemblages. Mecahtosh
(2018 compared the humeral and tibial esgs$ions from Central European
female agriculturists and modern living females where habitual behaviour was
recorded. Results from this study indicated that during the first 5500 years of
agriculture humeral rigiddaynong females was greater than that among modern
athletes, arguably indicating that manual labour was an important component of
the behaviour of prehistoric femalekacintoshet al2017) The relationship
between mechanical strain and the morphology of long bone diaphyseal cross
sections, however, is not simffarke Pearsorand Lieberman 2004)n

addition to activity, body mass and shape has been demonstrated to influence
mechanical loading and weight bearing of skeletal elements and body mass has
been shown to significantly influence diaphyseatsetssn oflong bones

(Ruff 2000) Therefore studies which infer atgtifrom the morphometric
analysis of diaphyseal cresstions of long bones need to take into account the
influence of body siZ&uff 2000) While there have been some studies which
have analysed cresectional geometry of the mandidaeglingand Grine

1991) these have only analysed the mandibular body which has been
demonstrated to be less influenced by masticatoryestrgpared tethe gonial

angle, condyle or coronoid process.
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Geometric Morphometrics

As disassed there are problems associatednfetining mechanical strain or
specific behaviour from the cr@estional geometry, bone density and MSMs,
specifically when considering the mandible and masticatory begRariair
PearsorandLieberman 2004Dther methods have focussed on macroscopic
analysis of cortical bone morphology, traditionally this involved taking linear
measurements although this later included -dimesnsional geagtric
morphometrics (3D GMM) analysis of bone morphology. Methods for
measuring and analysing the interaction between mechanical loading and bone
remodelling and morphology have subsequently improved greatly advancing the
field of study(Bertram and Swartz 1991) Technological deancements
increasing the precision and availability of 3D surface scanners as well as
statistical advancements has led to a large number of (Budiksonet al.

2017, Hackner 201 #laruda2017,White 2015)eg:BenitcCalvoet al2018,
Boehlerand Merbs 2004Evin et al.2016, Karasik and Smilansky 2008,
Kuzminskyet al2016, Otarol&astilloet al2018, Pantet al2017,Perezand
Monteiro 2009 Sholts et al.2010, Wilson et al.2017 investigating 3D
morphological variation in skeletal elements. While principally this developed
for the craniometric analysis of modern human variation or evolution, these
methods are being increasingly utilised for a wider range of studies including the
analysis of biomechanics and bone remod@hiergzCriadoet al2017) One

of the benefits of GMM is that analysis focusebapesvhichmay te defined

as Othe geometrical properties of an ob
transl ati on, @orgelroetralg002hjdAs suohtgaometra n 6
morphometi¢ analysisas advantages over tradalomorphometrics which are
heavily influenced by sizg&osasand Bastir 2004) Additionally, e
reconstruction of missing or distorted elements of the human skeleton is a
challenge which is shared by the fields of begaidgyy, palaeoanthropology,
forensics, orthodontics dmmedicing(Benazziand Senck 2011, Guret al.

2009) Another benefit of GMM is th#tis possible toeconstrucor estimate

missing landmarks in GMM studiBenazzi and Senck 2011)

As discussed @hapter 2diet in Britain has changeder time with a gradual
increased in food processiagd tle consumption of softer stickier foods

resulting ira reduction in masticatory stress. Furthermore, aanatamically
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modern human history similar dietary changesplieated in theraniofacial
reductions evident in the human linedbes studyaimsto fill in the gap in
current research focussing a GMM analysis of human mandible morfthology.
is therefore necessary to consider maxidible morphology and masticatory
muscles as wellasthe previous literature that has investigated changes in
mandilbe morphology in relation to diet.
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Chapter4
The Mandible

As demonstrated irChapter 3, biomechanical stressors influence bone
remodelling and subsequently bone morphology. In order to determine to what
extent masticatory stressors influence mandible morphology, it is first necessary
to consider mandible morphology and mastication. Titevérsections of this

chapter will discuss the form and function of the mandible detailing the different
regions of the mandible and the masticatory muscles. This is important to
consider as bone remodelling is stimulated by muscle activity and yrincipall
affects mandible morphologyte#semuscle attachment sites. The third section

of this chapter will discuss the animal, clinical and archaeological evidence for a
relationship between mandible morphology, masticatory muscles and dietary
changes. The folving two sections will detail the factors which have been
found to influence mastication, as well as those mihiglnfluence mandible
morphology directlyncludingpopulation historyas this is necessary in order

to understand hovargescalenigratons and occupatiomsayhaveinfluence

mandible morphology in Britain.

The mandible is both the largest and strongest facial bocenanel broadly
divided into two portions, theurved horizontal body and two perpendicula
vertically ascending ramAn@elopoulosand Scarfe2018, Vadganmand Patel

2017 WhiteandFolkens 2005 Themandibular bodwlso known as the corpus

and horizonal ramus a thick kLshaped portion of the mandible whicluses

the lower dentitiorAt the anterior aspect of the mandibular body located along
the sagittal phe is the mental protuberance which varies in size and robusticity
and is an identifying featureAdH (Hall et al2010VadgamandPateR017
WhiteandFolkens 2005The ascending ramus is a thinner portion of bone that
rises vertically from the mandibular body, above the line of the dental arcade
and articulates with the cranial baksdl ét al2010,WhiteandFolkens 2005

Two projections extend vertically from the ramus, the coronoid process to the
anterior and the condyle to the posterior. The coronoid process is a thin

triangular bony projection which varies individuatig between males and
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femaleswith regards to the shape and robustieig et al2010,White and
Folkens 2005The mandibular condyle is a large, rounded articular prominence
and forms the lower component of the temporomandibular jointefill
2010,LangleyandTersigniTarrant 2017Sakulet al2018, WhitendFolkens
20().Thegonial angle or mandibular angle is the rounded intersection between
the mandibular body and the ascending ramus at the pasterior border

of the mandible.

Theprimary function of the mandible is masticatdnch idacilitated by four
muscles: the masseter, medial pterygoid, lateral pterygoid and temporalis,
described further isection 4.2 These muscles work in combination to move
the jaw up and down, pivagi at the condyle and sidesidein both a hinge

and sliding actio(Ginsztet al2017, Nishet al2017, Stonand Stone 2012,

Van Eijderet al1997. The main components and landmarks of the mandible,
as well as the attachments sites fofotlmemasticatory muscles are illustrated

in figures 4.1.1and4.1.2below.

Coronold process Condyle

TEMPORALIS—

Rewer g

Mental .
protuberance” k-

| e
Groove for external
wmaxiliury artery
Figure 4.1.1 Line drawing of the lateral view of the mandibleillustrating the
mandibular body, ascending ramus, gonial angle and the condyle and coronoid
processes. The attawint for the temporalis muscle on the lateral surface of the
coronoid process and the masseter muscle on the lateral surface of the ascending ramus
and the gonial angle are outlined in(@dy 1918Figure 167image taken from:
https://www.bartleby.com/107/44.htl
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Figure 4.1.2 Line drawing of the medial view of the mandibléllustrating the
mandibular body, ascending ramus, gonial angle and the condyle and coronoid
processes. The attachment for the temporalis muscle oedie surface of the
coronoid process and lateral pterygoid on the coronoid neck and medial pterygoid on
the medial surface of the gonial angle are outlined ®regdl918Figure 1774mage

taken fromhttps://www.bartleby.com/107/44 .htil

The movenent of the mandible during mastication occurs at the
temporomandibular joint (TMJ) a bilateral synovial joint where the mandible
articulates with the craniyklomaret al2007, Carpeeret al1988, Fujitat al.

2001, HintorandCarlson 1979 A densdibrocartilaginous disc separates the
TMJ into the superior and inferior cavity, and acts to cushion the joint and
absorb stress. The TMJ @irrglymoarthrgdiat which means that is moves in
both rotation as a hinge action and translasam slidig action(Alomaret al.

2007, Carpeniat al1988, Fujitaet al2001 StockstilandMohl 2015%. Both

TMJs function together in a coordinated movement of the jaw, and neither can
act independently of the other. Rotation at the TMJ allows for the opening and
closing of the mouth, a movement which typically resaR€-26mm opening

(figure 4.1.3 (Hellend 1980Sakukt al2019 StockstilandMohl 2015)During

large movements of the mouth a sliding (translation) movement is also required,
where the condyle slides out of the glenoid fossa anteriorly to the articular
eminence, as such two joiygtem are involved in this movemégti(e 4.1.4
(Nagataet al.2001, Sakukt al.2019) The TMJ isalso protected by three

functional and two accessory ligaments which act to restrain movement of the
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joint to prevent damagiscussed further gection4.3.1(Helland 1980, Sakul
et al2019.

Glenoid

cavity Articular
disc

Figure 4.1.3 Hinge movement of the TMJ.Diagram illustrating thEMJ from the
lateral viewvith the anterior of the mandible towards the shbiving thgosition @
the condyle, articular disc and glenoid cavity durihgntieerotation movement of
the TMJ that allows the mouth to open28@hm The articular disa dense
fibrocartilaginoudiscwhich separates the mandibular corfdyhe theglenoid fossa
is shown in purpl@Hirst 2019)

Mandibular
condyle

Figure 4.1.4 Sliding action of the TMJ.Diagram illustratingMJ from the lateral
viewwith the anterior of the mandible towards the ghbtvingthe position of the
condyle, articular disc and glenoid cavity durirglidiveg-translationmovement of
the TMJ which allows the mouth to open >25ittm® articular dc is shown in purple
(Hirst 2019)

141



When investigating dietary adaptations of the mandilsleimportant to
considerthe biomechanical functioduring mastication and the muscles
involved There are founajormusclesnvolved in masticatiothe temporalis,

the masseterandthe medial and lateral pterygoid mus@Bessztet al2017,

Nishi et al.2017,Ulrich 1959, van Eijdeat al.1997) In addition to the
masticatory muscles that move the mandible, the muscles that tomgube
arealsoinvolved intheoral processing of foddbd-EI-Malek 1955, Lowand

Johnston 197%andersand Mu 2013, Sauerlarahd Mitchell 1975)This

section will discuss the insertion and attachment sites of these muscles and their
role in mastication.
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4.2. 1Temporalis
The temporalis muscédso known as the temporal mysele broad fan shaped

muscle on the lateral side of the crarhi@ temporalis muscle arises from the
temporal fossa and descends through the zygomatic arch beforeafdinioing
tendon that inserts at the coronoid process on the marfdjole @.2.)
(Alomar 200/StoneandStone 2012, van Eijdehal1996, Washburn 1947)
The function of the temporalis muscle can be divided into the anterior and
posterior portios (Stoneand Stone 2012)The anterior portion acts to move
the mandible anteriorly in protrusion, while the posterior part of thes muscl
moves the mandible postelyon retrusion. The action of both portions
together moves the mandible dearanially; as such the strength of the
temporalis muscle is associated with a strong jaw ¢llsumar 2007, van
Eijdenet al1997)

Figure 4.2.1 Temporal Muscle Diagram illustrating the anatomy of the temporalis
muscle and insertion into the coronoid process of the manoiate taken from:
https://www.kenhub.com/en/videos/temporahuscle
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4.2.2Masseter
The masseter muscle originates atzyfgopmatic arch and inserts on the

mandible The masset@onsists of two portionthe superficial and the deep
portion. The superficial portion of the masseter muscle inserts at the masseteric
tuberosity on the lateral surface of the gonial @tglee ad Stone 20)2The

deep pdion of the massetemuscle inserts on the lateral surface of the
mandibular ramus and into th&J (figure 4.2.9 (Stoneand Stone 2012,
HannamandWood 1989, van Eijdext al1997) As with the temporaimsuscle
themasseter muscle functions to move the mandildiecdamiallyto cloethe

jaw; italso acts to stabilise the articular capsule dMi¢Bakkeet al1992,
StoneandStone 2012/itti andBasmajian 19).7

Figure 4.2.2 The Masseter Muscle Diagram illustrating the massdgrownin
green)from the lateral view (abovepsterior view(below) showing the superficial
portion on the left and the deep portion on the rigimage taken from:
https://www.kenhub.com/en/videos/masseteuscle
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4.2.3Medial Pterygoid
The medigbterygoid musclariginate$rom the sphenoidtthe pterygoid fossa

and pterygoid processid inserts at the pterygoid tuberosity on the medial
surface of the gonial angk illustrated ifigure 4.2.3(Carpentieet al1988,
Stoneand Stone 2012 In combination with the masseter musitie medial
pterygoid forms a sling around the posterior and inferior of the mandible
(Carpentieret al.1988, Stonend Stone 2012Wilkinsonand Chan 198p
Contraction of the medial pterygoid moves the mandiblectanglly, and
anteriorly in protrusiofvan Eijderet al1997, VittandBasmajian 1977)

! yf')\‘; l('ﬁ
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)

Figure 4.2.3 The Medial Pterygoid Diagram illustrating the medial pterygoid
(shown in greerfjom thelateal view (above) and thesterior viewbelow)showing
the deep head on the left and the superficial head on themege taken from:
https://www.kenhub.com/en/videos/medigiterygoidmuscle
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4.2.4l ateral Pterygoid
The lateral pterygoid hagtorigin pointsand can be divided into the large and

small head. Themall head of the lateral pterygoid originates from the intra
temporal crest of the sphenoid and inserts aartiwilar disc of the TMJ
(Carpentieet al1988, McNamara 1973, Stone and Stoné. A0i2large head

of the lateral pterygodatiginates from the pterygoid process of the sphenoid
and inserts at the lateral portion of the mandibular coaslyllestraed in
figure 4.24 (Carpentieet al1988,Fujitaet al2001,McNamara 197%tone

and Stone 201,2Widmalmet al1987. The function of the lateral pterygoid
differs from that of the other muscleswdstication as it acts to open the jaw.

Additionally, the unilateral activation of the lateral pterygoid also acts to move
the mandible laterally during masticgtbitti andBasmajian 1977, Woetal.
1986, Mahaat al1983)

Figure 4.2.4 Lateral Pterygoid.Diagram illustrating the lateral pterygsitbwn in
greenjfrom the posterior view above with the superior head on the left and the inferior
head on the right. Below are the same muscles from the lateral view with the superior
head on the left and the inferior head on the .righage taken from:
https://www.kentub.com/en/videos/latergbterygoiemuscle
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4.25 The Tongue
One of the most important muscle groups involved in mastication, and yet least

understood, are the muscles of the tongue, which consists of the intrinsic and
extrinsic muscless illustrated ifigure 4.25 (Abd-El-Malek 1955 anderand

Mu 2013, Takemoto 200Ijhe tongue is attached ttee mandible at the
superior surface of the mental siiiNed-El-Malek 1955Gerardet al2003)

The size and development of the tongue has been demonstrated to be associated
with mandible morpholog¥he tongueis alsoarguedo be elemental in the
development and maintenance of normal mandibular ontogeny amatglost
growth and developmeiiHutchinsonet al.2014 Hutchinson20173. For
instance, mandibular gttmbetween 20 weeks ama years of age has been
found to be directed by the growth of the tongdetchinson 201).
Furthermorea geometric morphometistudyof the tongues anchandibles

from cadaversleterminedhat the mandible and tongue are intrinsically linked
with regards to size and shépetchinsoret al2014) There has however been
limited research concerning the activity of the tongue in mastication and
mandible morphology among adults, and previous studies havedadeatifio

which regions of the mandible are infludhgethe deglopment and function

of the tongue.

Figure 42.5: The tongue. Diagram of the muscles of the tongue and attachment to
the mental spine on the mandii@dbertet al2008 4071, Figure)2
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4.3Growth, development and the influence of thenuscles
Postnatal growth of the mandible occurs through a process of displacement,

whereby bone is resorbed and deposited at opposing sides of growth centres. It
was Hunter (1771) who first reported that growth of the mandible occurs in a
posterior dire@on towards the base of the skull, as opposed to growth through
the elongation at the mental eminexxc#lustrated ifigure 4.3.1(Enlowand

Hans 1996). This theory was proved nearly 200 year later in an experimental
animal study conducted by Humphne}964 where metal rings were place

the anterior and posterior margins of the mandible of growing pigs. The rings
that were placed on the posterior of the ramus became more deeply embedded
in the mandible over time, while those in the anterior shaéindible at the

mental eminence were released during growth (Humphrey 1964).

Figure 4.3.1 Growth of the Mandible. Diagram illustrating regional growth and
remodelling in the mandible through bone resorption and deposition. Black arrows
indicate of boneesorption and white arrows areas of deposition (Enidans

1964, 43, Figure 17
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The mandible is a complex morphological stru¢haeis composed of
different developmental unitghich share a morphological functias such

each unit is constrainéa part by the other§RosasndBastir 2004)here are

six functional matrixes in the mandible which determine growth and
development. These regions function individually and includéodie
alveolar process, coronoid process, goni@aadibular angle, condyles and
mental eminenc&ach of these regions have their own influencing factor that
determimes growth (Mossand Rankow 1968)The influencing factor of the
alveolar process is the dentition, this relationship is mostadeaolystrated

in cases of antemortem tooth loss which has been shown to result in significant
morphological changes and bone resorption at the alveolar process
(Margvelashvigt al2013, Mays 2014, Patral2017. The condyles exhibit a

more complicaid growth pattern through proliferation of the condylar cartilage
the mandible grows longer higher and wider (Sicher 1945). For the other regions,
the influencing factors are primarily the muscles.cdtomoid processs
influenced by th@emporalismusct and the gonial/mandibular angle is
influenced by the masseter and medial pterygoid r(Mss&and Rankow

1968) Finally, he mental eminence is influenced by the digastric muscles which
attach at the mental spinetbe posterior surface of the meetainence, while

not one of the principal masticatory muscles, the digastric muscle is involved in
movement of the mandible and hyoid when swallo®inigozaket al2017,
Spornset al2017

Thesefunctional matrixes have been recorded to be more gridagiyced by
masticatory demands and bite force, compared to other regions. For instance, in
experimental human and cadaver sttiokesgscending ramus and mandibular
(gonial)angle were determined tothe regions which wemost associated

with increaed development of the masticatory mugdiesnamand Wood

1989 Kasaiet al.1994,Mays 2013, Raadshetral.1999,Sasaket al.1989,
ThrockmortonandDechow 1994)Thereforgin order to investigate mandible
morphology in relation to mastication and diet it is necessary to further consider
the function otheseregiors, along with thalveolar process, coronoid process,

condyles and mental eminerce howfunctionis reflected in form.
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4.3. IMandibular Condyle
The mandibular condyle articulates with the inferior surface of the articular disc

that rests in the glenoid fossa of the temporal bone, together forming the
moveable osseous portion of tamporomandibular joint (TM@liyawaket
al.2001) Five ligamentattached to the mandibular condyle act to protect and
support the TMJThese ligaments act to limit movement of the joint in order to
prevent damag@lomar 2007, Yatate¢ al1997, Osborn 1993y addition to

these ligaments, thdarior and superior lateral pterygoid muscles attach to the
mandibular condyles. The function and morphology of these muscles are
discussed igection 4.2 The mandibular condyiesubjected to significant
mechanical strain during masticafiufley et al2017,Smithet al1983. As

such he morphology of the mandibular condyle and kh&is influenced by
mastication and di@urusuet al2009, Oweret al1991,Throckmortonand
Dechow 1994, WaaindWilliams, 1951As dietary consistency influences the
mechanical strain placed upon the mandibular condyles this arfjuabbes

bone remodelling.

Several animal studiglsave recordedsignificant variation in condylar
morphology between species, this variation has been attributed directly to
variation in diet and masticatory strat@gthwalet al.2013, Anthwal and
Tudker 2012, Bouvier 198Bsborn 1987, Michawt al2007 Rosset al2012)
Furthermore, studies have recorded remodelling and alterations to the
morphology of the mandibular condyle associated with dental attrition within
speciegKufley et al2017) Moreovey the condylar morphology of AOman
females demonstrated a significant association with occlusal force, whereby low
occlushforce individuals had smaller condydexis 2018, Enomotet al.
2010Kurusuet al2009, Yonemitset al2007) Additionally ats provided with

a soft diet had a decreased barleme and length of the condyle neck, while

hard diet rats showed an increased volume and (leegtset al2018)

Evolutionary changes in the mandibular condyle among extinct hoan@oids
considered to reflect changes in diet and food processing beli@sbara

1987) Additionally, previous studies have recorded chartgesmorphology

of the mandibular condyle over time among modern humans, which is suggested
to be the result of significant dietary transit{iBaglovaet al2013, Hintorand

Carlson 197X r a nejt dl2012 Randoet al2014,Sardiet al2006,Trinkaus
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et al.2003. For instance morphological differences in the mandible of
Mesolithic and Po#tlesolithic Nubiangererecorded by Gallaret al(2016).
Huntergatherer Nubians from the Mesolithic had a longer mandibular condyle,
compared to Pod#lesolithic agricultural populations, these morphological
differences are suggested to relate to subsiskamggsThisis supported by
previous studgewhich have illustrated a relationship between TMJ morphology
and diet{ Koppeet al2007 Mongini, 19740sborn and Baragar 199ye to

the previous literature supporting a relationship between morphology of the
mandibular condylnd masticatory stress this study will utilise four landmarks
on the mandibulaoadyle, these landmarks are illustrateeciion5.55table

5.52

4.3.2The Coronoid Process
Compared to the condyle there has been very limited research regarding the

relationship between the morphology of the coronoid process and
diet/masticatory behaviour. While it is known that the coronoid process and
mandibulanotch experiences high levdlstrain(PérezBarberiandGordon

1999) and that morphology of the coronoid process varies between species in
relation to dietary adaptatididogueiraet al2009) this is normally treated as

an extension of analysis of the condyle. There are however a few studies which
have detailed changes in the carbpoocess in relation to known dietary
transitions. For instance a taller and more angled coronoid process was recorded
among agriculturalists compared to hegaéiners who had a comparatively
short proceséron CramorTaubadel 2a). Moreover, Neanderthals who are
generally considered to have produced a greater bite force compkted to

also had a comparatively taller coronoid prédesmlsonandHarvati D06)
Furthermore, an experimental animal study antdysads who had their right
temporal muscle removed at€eksold. The cats weffed a normal diet until

16 months of age when they were sacrificed, and morphology of the coronoid
process waxaminedAvis 1959 It was found that on the right hand side, in

the absence of mechanical strain from the temporalis muscle the coronoid
process was slightly shorter, and the shape was significantlyt (ifesen

1959)
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4.3.3Mandibular/Gonial Angle
Themandiblarangle is formed by the posterior border of the mandibular ramus

and the inferior border of the mandibular b@gttiéet al2009). The size of

the mandibulaangle has been suggested to relate to masticatory stressors, due
to the location of masticatory muscle attachmesdstion 4.2. This is
supported by several experimental animal studies that haverelagadythe
morphology of thenandibulaangle with théiomechanical functions of the
superficial masseter and itternal pterygoid musdl&vis 1961 Hichijo et al.
2015,Lee et al.2017. These studieseportedthat a smaller, less robust
mandibular angl@asassociated with reduced masticatory f¢@etléet al.

201. For instance, the rerawfthe superficial masseter and internal pterygoid
muscles 0of30 rats, resultedin significant morphological reductdn the
mandibular anglafter 843 dayqAvis 1961) This is further supported by
clinical studies of individuals with myotonic dystfémifythe masticatory
musclesPatients with myotonic dystrophy were found to hiags arominent
mandibular angland reduced mandibutamus and condylesmpared to the
control groupKiliaridiset al1989, Leet al1972) Moreover, an analysis of a

15" century Finish and Norwegian human skedssgmblageound that
individuals with marked tooth wear had a smaller more acute mandibular angle
(KrogstadandDahl 1985Varrella 1990While there is extensive support for

the relationship between the mandibular angle and mastication, tife lack
distinct landmarks on the gonial angle makes 3D GMM of the mandible difficult
Despite this, three landmarks on the gonial angle will be utilised in this study

seesection5.55.

4.3.4Mental Eminence Region
It has been suggested that the protruding morphology of the mental eminence

of the human mandible is also influenced by masticatory stress, related to dietary
consistencyCoquerellet al20122013 Daegling 1993 uominenet al1993)

However, there remains a number of unresolved questiocexring the

mental region of the human mandible, and there is a lack of previous research

concerning its growth, development and evolyBaguerelleet al.2013

21 g genetic disorder that results in pronounced atrophyrotifoées
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Stringeret al1984) Despite thigiesearch conducted by Coquestli(2012)

did indicate that the developnht of the mental prominence/eminence is
influenced by the activity ofiasticatory muscleadditionally,the mental
eminence is a frequently used feature for sex estimation, with males having a
larger more robust mental eminence compared to femalesasndigure
4.3.2(BuikstraeandU b e | a k e r e1d@2008. As nialesrhave been found

to on average haaehigher bite forc@liscussed further gection4.5.9 (Koc

et al2013, Modesto de Abretial2014, Peyroat al2004, Tamuet al2012,
Youssetkt al1997) the sexually dimorphic nature of this feature may provide
further support to the role ohasticatorynuscles irthe developmenof the

mental eminencEvolutionary researgwtentially provides further suppiant

this as resarch (discussed@mapter J indicates tha reduction in tooth size
hasinfluence the morphology athe mental eminencwer human evolution
(Coquerelleet al. 2013, Riesenfield 1969¢onsidering thepurported
relationship between masticatory stress, mandible morphology and tooth size
(section 3.1.], more research isecessaryo understandhe relationship
between thenorphology of the mental regibath in terms of adaptation and

evolution.

imal expression Maximai expressia

Figure 4.3.2 Sex estimatimm from the mental eminence Diagrams of the mental
eminence used for sex estimation, number one shows the mase fexpiressioand
numberfive the most masculine with a large and robust mental emBeikst&régand
Ubelaker 19940.

4.3.5Mandibular body
It has been suggested that the morphology of the mandibular body is influenced

by dietary changéSallandet al2016, Katzt al2017,Martin and Danforth

2009 Randcet al2014. Both the width and breadth of the human mandible has
bea observed to change significantly over time, with a decrease in width and an
increase in length resulting in a longer thinner more gracile mandible, which is

arguably theesult of reductions in masticatory stfléaifu 199, Lavelle 1972,
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MartinandDanforth 2009Randcet al2014. Whilemasticatorgtress is directly

applied to the mandibular body via the telihing normal mastican this

stress is distributed acrossdeatal arcade. Therefocempared to the other
regions where force is applied via muscle insertion sites, masticatory stress is
thought to be more distributed across the mandibular(bedgt al2017)
Furthemore, an experimental animal study observed that morphological
differences resulting from changes in dietary consistency were less marked in the
mandibular body compared to other regions such as the goni@f amgiéa
andKimmel 199]). This study howevesinalysed microscopic changes in bone
remodelling and as such resudiiay not apply to macroscopic analysis of
mandibular morpholodyyamadandKimmel, 1991)Several landmarks along

the mandibl&odywereutilisedin order to investigate how width, breadth and

height has changiever timen Britain.

Mechanical strain placed on the mandible influences growth and development
(Jaharet al2010, Macand Nah, 2004)As the masticatory muscles are the
strongest muscles in the skull, they are the primary muscles which create in
mechanical strain on the mandible, and conseaigntilate bone remodelling

and morphological changes to the mandiBendoet al2014) Animal and

human studiesavedemonstrated relationship between higher bite fance

size of the masticatorynusclesand increased mandibular robusticity
(Hutchinsonet al2014,Mays 201 Xiliaridiset al1995 Kiliaridiset al1989
OdmanandKiliaridis 1989Toro-Ibacachest al2016. Thesestudies further
determined that increased robusticity was most prominent at the posterior part
of the mandible arttlat asmaller mandibular angtegre angular coronoid and
condylar processes as well as an anterior growth rotation pattern were all
associated with increased bite f(daridiset al1995Mays 2013, Ringqvist

1973, Sondanegt al.2003,Throckmortonet al.2000,Tircoveluriet al2013,
Yonemitsuet al2007) In order to understand the relationship between diet,
masticatory behaviour and human mandibular morphology, this section will
discuss experimental animal studies which have inedstigstrelationship.

This will then be built upon by clinical human studies which have recorded a

correlation between masticatory behaviour and masticatory muscles as well as
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betweenmasticatory muscles and mandible morphology. Finally, previous
archaeolgical studies which have investigated changes in mandible morphology

among past population associated with dietary transitions will be discussed.

4.4.1Animal Studies
Cranial and mandibular morphology varies substantially between mammalian

species due to the requirements imposed by theirCdrtivores and
herbivores, for instance, haastlydifferent masticatory requirementsch is
reflected in both themasticatory muscles and mandible morphadttagykén

andHall 1993Watsonet al2018). Carnivores require jaws with a fast closing
capacity, reduced lateral movements and high levels of force directed posteriorly
in order to resist anterior forces of gyling prey. As suctihey have large
temporalis muscles, a high coronoid process and low mandibular condyles.
Conversely herbivores require large lateral masticatory movements in order to
efficiently break down tough celluloBeesdateramovements regrealarge
masseter and pterygoideus muscles, and a high mandibular Aottlyddet

al.2013, AnthwadndTucker 201ZlankenandHall 1993, Watsoet al2018).
Furthermore, variation in masticatory stress and mechanical loads has arguably
resultedin significant morphological variation even among closely related
speciesAnapolandLee 1994DaeglingandMcGraw 2007, Meloret al2017

Ray and Kim 20)5Among eight species@bsely relatgalatyrrhine monkey
significant differencegere reportgin mandible and dental morphology occur

in relation to observed dietary differences (Arayohlee 1994). Furthermore,
significant differences present in the mandible morphology between Bornean
orangutansRongo pygmaeus wamibBumatran orangutgf®ngo abediie
suggested to be the result of differences in diet. While both species consume
similar diets, théornean orangutans spsral larger proportion ofime
consumindpard foods including bark, seeds and vegefatiglor 2006y ogel

et al2014).

In addition to between species differenogsrienental animal studies have
consistently observed that among-noman animals including mice, rats, and
monkeys, changes in dietary consistency have resulted in significant changes to

mandible morphology, as well as reduced bone mineral density. Such
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morphological changes are arguably the result of the reduction in masticatory
stress brought about by this dietary ch@@aberet al1963, Denest al2018

Ito et al1988, Kikuta 1985, kiridiset al1988, Kuflewt al2017, McFaddest

al. 1986,Watt and Williams 1951, Yamada and Kimmel 199d) example,
among studieswhererats were fedoft or hard diets, the soft diet grouwpre

found to have reduced f® mass as well as thinner cortical bone in the
mandibular condyles, ramus and alveolar process based on radiographic analysis
(Bresinetal. 1999, Tsaet al2011) Similar results have been recorded among
northuman primates. For instanfety-three squirrel monkeys waand to

vary significantly betweéard and softlietary groups, with the hard diet
monkeys having a more robustndible compared to the soft diet group
(Beecheet al1983) These results are further suppolige 3D geometric
morphometric study which investigated mandibular shape @mogg rats

(Kono et al2017) It was reported thaatsfed either a soft powdered diet or a

hard diethadsignificantifferences ithe posterior of the mandibular body and

the coronoid and condyddtersix weekdased on analysis of mi€d scans

(Kono et al2017)

Additionallyin cases where animals have been artificially prevented from normal
masticatory activity a reduction in bone mineral density, masticatory muscle size
and significant changesnmandible morphologyaveall been recorded-or
exampleSatoet al(2005)preventedats from bitingthrough thesurgically
inserton of a metal plateto their jaw between the maxillary and mandibular
incisors After four weeks a decline of bone mihatansitywas recorded,
compared to a control gropatoet al2005. After six weeks of masticatory
hypofunction bone mineral destiny had declined significantlya ¥it6%
decrease in bone density the buccal side and 16.7% on the lingual. The
gredest decline in bone mineral density occurred at the root apex (Sath%)

et al2005) Moreoverstudies haveeportedthat injections of botulinufinto

the lower jaw of rats, resulted in a reduction in muscle volume as well as cortical
bone thickness, specifically at attachment sites for the masticatory muscles, as
well as alterations to the overall morphology afrtr@ofaciabone structure

compaed to the control groufMaticet al2007,Moon et al2015,Tsaiet al.

22which prevents muscle activity
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2009,2010g 2010b, 2015 These studies indicate that among-monan
animalslterationsn both dietary consistency and masticatorglenfusiction
can result in significant changesraniofaciainorphology within a relatively
short time period.

4.4.2Clinical Studjes
Among humans there are several studies which have demonstrated a relationship

between bite force and mandible morpho(&gpHarunis et al2018 Toro-
Ibacacheet al.201§. Torolbacacheet al.(2016) analysed tleeaniofacial
morphology of 20 adult humai4 female andinemalesand compared this

to the crossectional area (CSA) of the masticatory muscles. A large CSA for
the temporalis muscles was found to correlate with an elongatedilarandib
ramus and low set coronoid process. This study however, focussed on the
craniofacianorphology and only four landmarks were placed on the mandible
as the posterior and inferior portion of the mandible were frequently absent
from the CT scandoro-lbacachet al2016) A study conducted by Sdllanis

et al.(2018) analyse@T scans obixtytwo human mandiblesnandibula
morphology was analysed using landrbaded GMManalysis. Analysis
revealed a significant association between mandible morphology and the CSA
of the masticatory musclésrger masticatory muscles were associated with a
wider ramus, larger coronoid amdnore rectangular bodyloreoverlittle
correlation was reportedbetween linear mandible measurements and
masticatory muscle siikustrating that the relationship between mandible
morphology and masticatory activity is not readily identified throegh i
measurements, and the relative superiority of landmarkn@thddySella

Tuniset al2018)

Clinical human studies haskso demonstrated that increased masticatory
activity resulted ianincreased bite forcevhich in turnwas associated with
increasednasticatory muscle siggutchinsonet al2014, Tordbacachest al.
2016, Kiliaridist al1995, OdmaandKiliaridis, 198Xiliaridiset al1989. For
instanceyoung adult$ollowing a regime afystematic masticatory activities
involving a hardhewing gunshowed an increase in maximal bite force after
one month of exercigKiliaridiset al1995) The use of similar masticatory

training exercises walsosuggested to have a positive effect on patidats
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presented with an tmior open bifé illustrating that these increases in
masticatory strain are associated with changes in mandible morphology
(Ingervalland Bitsanis 1987Spyropoulos 1985Additionally, patients with
myotonic dystrophy have lower maximal bite forces and higher rates of
malocclusion, and theairaniofaciabnd mandible morphaly was found to

differ from the control samp(Kiliaridiset al1989 OdmanandKiliaridis 1989)

These studies therefore sugdesth that masticatory activity influences
development of the muscles of mastication, and that tlod gizse muscles
correlate with specifazaniofacisnd mandibular morphological differences.

4.4.3Archaeological Studies
As demonstrated, there sabstantiakvicence supporting the relationship

between masticatory behaviour, size of the masticatiscles and mandible
morphology among human and faman animals. These studiesvever,

have looked at the extremes in masticatory changes and as such results are not
necessarily representative of natural dietary changes, such as those that have
occured in human history. However, previous archaeological investigations
have demonstrated significant changes in mandible morphology associated with
major dietary transitionsuch as thégriculturaland IndustrialRevolution.

This section will detail some of the previous studies that have analysed
morphological differencé@s the mandibles a means of investigating dietary

changesan overview of these studies are providedie 4.41

4.4.3.1 The Advent éfgriculture
Paschettaet al(2010) analysedaniofacialariatioramong357 individuals from

archaeological assemblages dtiveggricultural transition in the Ohio Valley.
Sgnificant difference were recorded in the morphology of the mandibular
corpus and ramusetwveen huntegatherer and agriculturi¢§Baschettat al.

2010. Unfortunately, due tthe preservation of the mandible, this study
primarily utilised landmarks on th@aniofacial bones Furthermore

morphologicalifferences between the growpsre not describe Similar

233 form of malocclusion where the front teeth do not touch and there is not overlap between
the upper and lower incisors
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findings havéeen recorded by CarlsamdVan Gerven (1977) among ancient
Nubians, suggesting that the transition to agriculture corresponded with a
significant decreasetlrerobusticity of thecraniofaciatomplex, specifically the
mandible(Carlsonand Van Gerven 1977b)Among hunter gatherers and
agriculturalists in the Levamsimilar reduction in the masticatory funetion
complexhasbeen recordebly Pinhaset al(20073. While overall mandible size

was not significantly different, the ramus breadth and anterior height of the
mandibular body were both significantly reduced amgoisglturalistginhasi

et al2007) Furthermore, an analysis of human mandibular morphology during
the terminal Pleistocene period in the Levant revealed a significant reduction in
the size of the mandible over time, suggéstbd related to dietary changes
which occurred during this periadd resulted ineduced masticatory stress
(Mayet al2018) These studies however, relied on linear measurements and as
such represent changes in size of the mandible rather than necessarily reflecting
shape changé€Sarde al.2006, GonzaleZoseet al2005)

4.4.3.2 3D Geometric Morphometrics
A few studies have utilised 3J@ometric morphometric analy8isvhich

explores shape rather than sieenvestigate changes in mandible morphology
during the agricultural transiti@@allandet al2016 von CramorTlaubadel

2011, Katz et al.2017) For instance, when comparing hugtgherer
populations with different agriculturists, significant morphological changes were
detected in theraniofaciatomplex(von Cramorlaubadel 2011, Ka& al.

2017. Among the agricultdrgroups individuals had a taller coronoid process,
narrower ramus and lower projecting mental eminence. These differences were
found to be more pronounced among the dairy agriculturists as opposed to
cereal farmers which was argued to be the resulimofeapronounced
reduction in masticatory stress among dairying popul@getzet al2017)
Furthermore, a global analysis of mandibular shape and s@bsist@onmy,
determined that while morphological variation in the cranium did not reflect
dietary changgsignificant changes did octtween subsistence groups
mandible morphology. Hunigatherer and agricultural archaeological
assemblages were coredaamond 1 populations and mandilarand cranial
morphology were analysed using landmark GMM. Results determined that

agriculturalists typically had a relatively short and broad mandible, with a tall
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mandibular ramus and coronoid procasd wide gonliangle. In comparison

the huntemgatherer populations had a low and narrow mandible with a short
ramus and coronoid proceasd narrow gonial andlon CramosTaubadel
2011) These shape differences ammilar - albeit less extreme to the
morphological changes which have been reportetheinclinical and
experimental animal studies discussesation 4.4.1 supporting previous
claims that diet among gagricultural populations was harder requiring
stronger mastiaaty muscles comparedthe agriculturasts

4.4.3.3ndustrialisation
While clear changes were observed across the transition to agaicathee,

notable dietary shift that has been previously studied is the Industrial Revolution
(Bosman 20l16Randoet al.2014) These studies have recorded significant
differences in mandible morphology betwkklieval andPostMedieval

skeletal assemblag@s3D geometric morphometrics analysis of mandible
morphologywhichcompared individuals from archaeologited sf Alkmaar
(14841574AD) and Middenbeemster (:8886AD)reported thaMedieval
individuals had significantly larger mandtle However, morphological
differences were only recorded among males in this(Bogipan 2016)

Similar analysis has been conducted on British archaeological assemblages from
Medieval an®ostMedievaperiods in London. Ran@mdHillsonet al(2014)
analysed 279 mandibles and determined a significant reduction in several
mandibular measuremeataongPostMedieval individuals. This reduction in

size was more prominent in areas of the mandible associated with masticatory
muscle attachments, such as the gonial angle, ramus height, ramus width as well
as bigonial and beondylar breadtfRandoet al2014. These studies support

the archaeological and historical evidence that the diet comsuimgthe
PostMedievaperiod wasofter, requiring less masticatiddditionally, more

recent changes in mandible morphology have been recorded in a aompariso
between early 20century individuals from the Terry and Hamann Todd
collection and later 2@entury individuals from the Forensic Anthropology
Database in TennesgikartinandDanforth 2009 Analysis revealed that there

were statistically signifitdifferences in the width and length of the mandibular

body and bigonial breadth, supporting previous research that over time
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mandible morphology has become longer, narrower and more(igiatite
and Danforth 2009)

4.4.3.4 MukPeiod Analysis
While many previous studies have only compared two time periods thereby

focussing on a single dietary transition, there have been two previous studies
which have investigated changes in mandible morphology across multiple time
periods in Britain. Mooedal.(1968) analysed changes in mandible morphology

- based on linear measuremertetween Neolithic, Bronze Age, Romano
British, AngleSaxon, Medieval, 17th and' t@ntury assemblages 571)

The most significant changes between assemblages weite tmaur in the
mandibular ramugMoore et al.1968) Similarly, Lavelle (1972) recorded
significant differences in mandible morphology between R&nasio,
Anglo-Saxon and Y&entury British assemblag#hile t was determined in

this study that RomasBritish and AngkSaxon mandibles both showed
significant separation from nineteenth century assemblages, it could not be
determined if thee changesvere the result of shedrm dietary changes or
longterm evolutionary factoré/hile these studiggrovide evidence for long

term morphological changesBnitain, they failed to describe in detail the
morphological changes which occurred or the regions of the mandible which
were principally affectefgurthermoresince these studies morphometrics has
advanced considerably aBid geometric morphometric analylseés been

shown tobe superior to linear measuremerdggeahg more information
(Cardini2013.

As discussedhere is evidence supporting the link between masticatory
behaviour and mandible morphology both among experimental animal studies
(section4.4.) and human clinical stud{ssction4.4.3. Furthermore multiple
bioarchaological studies have reporwgdnificant morphological changes
occurring in the mandibteat areassociated with major dietary transitions.
Despite this, other studies have found a comparatively weak relationship
between mandible morphology and diet, arguing that mandible morphology
cannot be used to infer di@rineand Daegling 2017Moreovermany of these
previous studies have typically relied on small samplegizage and Goose

(1997 n = 36 Bosmar{201§ n= 87, Gallanett al(2016) n = 9,representing
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five assemblagesand linear measuremer(esy: Kaifu 199, Martin and
Danforth 2009Mays 2015Viay et al2018 Mooreet al1968 and have not
investigated how smaller dietary changes may influence mandible morphology.
As such larger longitudinal studies incorporating several time periods and
utilising 3D geometric morpmetric analysis is required in order to understand

the sensitivity of the mandible to dietary changes
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Table 4.41 Previous Studies Mandible morphology and Diet Table detailing the previous studies which have compared mandible
morphology among two or neohuman archaeological assemblages in order to investigate how dietary differences may have influenced
morphology, of the 14 studies dinkg of these were 3D GMM studies, none of which had more that 33 landmarks and the largest sample was
534 individuals

(Bosman 2016. Medieval (n=37) and Pdddieval from th¢ 3D GMM study, 27 Medieval individuals were folto have large
Bosman er a/. 2017) Netherlands (n=51) assemblages landmarks anaine curves more robust mandibles among males, wit
of semi landmarks significant differences recorded among fer

(Katz et a/.2017) Global sample of 24 groups gfeindustria 3D GMM, 22 landmarks a Cranial and mandibular differences betv

forager and farmer (n=534) these populat the mandible the subsistence groupslicate a reduction
were divided based on their diet, the die masticatory stress as indicated by a reducl
groups studies were dairy, cereals and mi mandibular size among the agricult

assemblages
(Galland et a/.2016) 5 periods in Lower Nubia (n=97), Mesolit 3D GMM, 33 landmarks ¢ Significant morphological differences reco
(11,0068,000 BCE) n=18, froup (3,300 the mandible, crania al between huntegatherer and agricultul

2,800 BCE) n=21,-Group(2,3001,800 BCE’ included groups. Mesolitb Nubians had a larger a
n=27, Pharanoic (1,580070 BCE) n=23 an more robust mandible compared to I
Meroitic (100 BCE350 CE) n=8. groups

(Bejdova et al.2013) Analysis of Czech populations over ti 3D GMM, 27 landmarks Sexual dimorphism in mandible size incre
including Early (n=B and High Middle Age over time, no clear pattern in morphology.
(n=53), early modern ages (n=64) and Mo changes in female mandibles wheoeght to
(2Z' century) Czech populations (n=92) better reflect environmental conditions. W

not the focus of this research temporal cha
were evidemmodern individuals did appeat
have a more gracile mandibkthough
statistics are no available for this.
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(von Cramon 295 mandibles from a global samplelb 3D GMM, 33 landmarks Compared to the crania mandible morpho
Taubadel 2011) populations of agricultural and hurgatherer reflected substance economy more
populations neutral genetic patterns. Hunter gathers t
longer narrower mandible compared
agriculturalists
(Paschetta et al Hunter gatherer and agricultural assemb 3D geometric Significant differees in the mandible corp
2010 from the Ohio Valley n= 357 morphometric analysis and ramus. Only described the amoun
variation between groups and majority
landmarks were located on the crania.
(May et al.2018) Comparison of assemblages from 15 linear measurements ¢ Reduction in mandible size over time, witl
Pleistocene and Holocene in the Levant, r crosssectional areas a ongoing reductiorbetween the Chalcolith
Natufian huntemgatherers, n=28 ppottery four angular measuremen and modern sample
Neolithic, n=13 Chalcolithic farmers anc
modern control sample n=61

(Hoover and 165 individuals Jomon period in Ja 7 mandible measurement Mandible morphologyaried between regior
Willaims 2016) including foraging, fishgatherers an diets, subsistence patterns were found to t
maritime foragers explain variation compared to temporal tre
or biological sex
(Mays 2015) PostMedieval comparison of n=64 individu 9 linear measurements ¢ Mandibles from Zwolle were smaller than
from Zwolle Netherlands 1€ and Wharran the gonial angle Wharram Percy particularly in the gonial
Percy, Egland 16-19"C ramus region
(Rando et al.2014) 279 Medieval (n=135) and PRPbwdieval 11 mandible measuremer Significant reduction in the majority
(n=144) British skeletons mandible measurements among the -}
Medieval assemblage
(Martin and 407 mandibles from the Terry Collecti 9 mandible measurement Significantdecrease in mandible body wi
Danforth 2009) Smithsonian and Hamaifondd, Clevelan: and bigonial breadth and an increase in
Museum of Natural History compared to ' length over time
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(Kaifu 199)

(Frake and Goose
1997)

(Lavelle 1972)

(Moore et al. 1968)

(Pinhasi et al.2007)

(Carlson and Van
Gerven 1977b)

mandibles from the Forensic Anthropolog
Database

284 individuals froneight time periods ir 21 mandible measuremer Mandibular differences recorded otiere,

Eastern Japan between 4000 BCE to 195

36 mandibles medieval and moderfi-{87
century) British assemblages

5 linear
dimensions

mandibl

RomaneBritish, AngleSaxon and Y&entury 10 mandible measuremer

British assemblages (n=210)

517 mandibles from Neolithic, Bronze A

Romano British, AngiBaxon, Medieval, "I measurements

and 19 century England

Linear

mandible

and

angule
of tf

242 individuals acrossix periods in the 9 mandibular dimensions

Levant, Early, Middle and Late Mid
Agricultural and Prgottery Neolithic A, E
ard C
Hunter transitiol

gatherer  (n=12),

16

craniofacia

agriculture (n=52) and fullyagricultural measurements

assemblages (n=188)

165

premodern and modern groups showe
significant reduction in the areas assoc
with masticatory muscles

Medieval individuals from Liverpool &
Sarborough were similar in size and Ig
than 17-18" century individuals

There was a reduction in the majority
mandiblar dimensions, while the mandibi
angle increased over time. Although (
showed no significant differences betw
Roman and Angi8axon samples while bc
differed significantly with the " %entury
sample

Mandible size decreased over time, sugc
to relate to diary changes such as
replacement of rye with wheat as a key ¢
and refinement of cooking processes
Significant reduction in ramus breadth
anterior height of the mandible as well |
reduction in the dentition.

Reductions in the size and robusticity of
maxillamandible complex



(Rock et al.2006)

(Luther 1993)

30 individuals from a Black Death cemete 20 measurements fro Reductions in the dimensions of the cre
London, 54 individuals from the Mary R cephalometric radiograms and mandibular measurements

and 31 modermdividuals

31 medieval individuals from a black d 4 2D indices based ¢ A more gracile mandible morphology
cemetery in London and 32 mod radiographs more obtuse gonial angle was associatec
individuals modernindividuals
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Masticatory patterns are known to vary between individuals, anéhsensial

and extrinsic factors, beyond simply the length of chewing and the relative
hardness of the food souare known to influeneeasticatiorfKoc et al2013,
Miocheet al2004b, Mioheet al2004a, Regt al2007, Van der Bilt 2002,
Vinyardet al.2008) Therefore, in order to understand temporal changes
mandible morphology, the external and internal factors which may influence
masticatory pattesmeed to be considered. Masticatory efficiency (ME) and
masticatory performance (MP) relates to the ability to reduce food into small
particles for consumptioME and MP have been suggested to influence
mandible morphology and subsequently factorsniaifigeME and MP need

to be considered for their potential impact on mandibular morphological
variation (Helkimo 1978) Several interconnecting factoase knownto
influence ME and Mncluding bite force, occlusigsalivary activity, tongue
movement and mandibular kinemaiesdicioet al2008, Farias Gomes al.

2010 Helkimoet al1978,Modesto de Abreat al2014. Hatchet al(20M)
analysed th®IP of 631 individuals between 37 and 80 years .oM&ge/as
analysed byeighing the macerated food that will pass through a screan after

standardised amount of tirtleewing Theseresultssupported the notion that

oOoémasticatory perf or mance i s t he out co

i nterrelationships among p(Haickatall ogi c al
2000645).This section will discuss some of the factors identified in édatich
(2000) study, as well as other studies which have been found to influence

mastication

4.5.1Food texture
The material properties of food have been demonstrated to alter thedway foo

is processed within the oral cafftysteret al2006 Koc et al2013) Texture as
it relates to mastication has been highly studied, and food hiardngsably
the most frequently studied aspect. Increased hardness ofsfbedrnéound
to result irnincreased chewing time, muscle activity and jaw moyEastet
et al2006,Koc et al2013, Peyroat al2002) Other factors relating to texture

such as moisture release, cohesiveaebesiveness, particle size and
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factorability have all been shown to influence masticatory @dcoatgt al.

2013) While it is not possible to estimate these diffferent food textures among
archaeological assemblages it is important to realiskethgt changes in
masticatory patterns do not simply relate to the relative hardness of food.

4.5.2S5exDifferences
Hatch et al.(2000)noted that sex was the predominate influencing factor

affecting bite force, with females having a lower maximurforo#é¢MBF)
compared to males. The influence of sex on mastication is further supported by
the results obtained from a clinical study conduct&dmytet al(2012) ME

was assessathong males and females based on the amount of masticated test
food whid passed throughsgeve(Tamutet al2012) It wasdetermined that

males hadh significantly higher MBBut lower ME ompared to femes

Similar findings have been reportedMoyglesto de Abreet al(2014 who
analysed the ME and MBF among 27 men and 28 women with normalrocclusi
Moreover electromyography activity and larger vertical movements were also
reported among males compared to females during masti¢atienal2013,
Peyronet al2004, Youssedt al1997) This indicates that the activity of the
masticatory muscles may vary both in force and pattern between males and

females.

4.5.3Age
Age hasalsobeen argued to influence oral physiology and neuromuscula

activity during mastication, which results in changes in masticatory patterns
(Mioche et al.2004b) An i ndi vidual 6 sn ta gftuendea s been
masticatory patterns, even when controlling fomamtiem tooth los$2eyron

et al(2004)analysedhe mastication of 8idividualsaged between 25 and 75;

all had complete dentition and were regarded as having no influencing dental
pathology. The number and frequency of masticatory cycles, as well as the
electromyography activity from the right ant reisseter and temporalis

muscles were analysed while the subjects chewed food models of varying
hardnessAposi ti ve correlation between the su

masticatorycycleswasreported Overall, Peyromet al.(2004) founda mean
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increge of 0.3 cycles per year of life. In addition to this, the frequency of
masticatory cycles was found to decrease witReggeret al2004) It cannot

be determined, however, if the frequency and duration of chewing has a
significant effect on mandible morphol@gythis increased frequency has been
suggested twompensate foeduced masticatory fofddiocheetal.2004b)As

older individuals hawedecreasktotal muscle mass and muscle famsevell

as aeduction in chewing velocity and smaller amplitude of vertical masticatory
movementslt is therefore argued that tcompensate for these reductions in
masticatorjorce older individuals hawas increasesumber of chewing cycles

(Koc et al2013, Miochet al2004b, Miochet al2004a Peyronet al2003.
However, Hatclet al(2000) found conflicting results arguing that age does not
have a statistically significant effect on MP.

4.5.40cclusal Area and Antemortem Tooth Loss
The amount of dentition present and diegreeof occlusal contact has been

reportedo influence ocbwing patterns and efficien8yoss of occlusal contact
either as a result ahtemortem tooth log&MTL) or malocclusiohas been
found to alter chewing patterns and decrease masticatory efftaighsiiet

al. 2002 Ikebeet al2006, 201, XKoc et al2013. AMTL has consistently been
found to have a significant influence on ME in clinical stiMizggdy 1951,
ManlyandBraley 1950, Schutz 19p2Z#n experimental study which raised the
bite of individuals through the insertion of adaynapparatus resultedan
reduction to both the occlusal areaMRdvhen chewin@Schutz 199). These
results are further corroborated by Manly (1951) who conducted chewing tests
using peanuts and carrots and asskB3edth a sieve method similar to Hatch
et al(2000). Resulsiggestethat occlusal area was the most significant factor
affectingViP (Manly 1951)

Furthermoreit was argued by Schutz (1922) that the occlusal surface of a tooth
was the principal factor relating to the value of that tooth in mastication. The
influence ofAMTL thereforevaries depending on the missing tqMianly

1951, Schutz 1922Jhe first and second molhave beerdetermined in
experimental studies to be gliwalent value NP but aretwice as effective

as premolar@anly 851, Schutz 19224 clinical study which measured ME
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when chewing raw peanuts found that individuals with all molar dentition
present had an average performance of 88%, while performance dropped to
78% among individuals missing their third mdlads/iduals with only their

first molar in occlusion average performance was onl{MEb#y and Braley

199). The effect oAMTL upon ME however, varies between type of food
items consumedhereforestudies which analyse M&sed oone type of food
provideslimited informatiopand results may not be applicable to natietary
behaviour(Sheihanet al.1999) MoreoverAMTL has been shown among
modern populations to influence dietary chg¢idesget al2003,2005.

4.5.5Pathology
The presence of certain pathological conditions affecting the denétion

influence masticatory patterns, due to associated pain during mastication
(Harperet al2000) An experimental study conducted by Sveretsal1997)

found that pain inthe masseter muscles inddcby bilateral injections of
hypertonic saline resulted in statistically significant changes is masticatory
patterns, with reduced EMG activity when closing the jaws, and increased EMG
activity when opening the jaws during masticéieenssoet al1997) Pain
associated with TMJ wémas also bediound toresult ina reduced range of
masticatory movemenmthen pain was alleviated during treatthemtinge of
movement was found tacreasgMazzettoet al2010) These findings are
further supported by Hansdotéind Bakk€2004) who determined that leng
standing TMJ pain was associated with impaired masticatory function, which
affected theluration & masticatory cycledosng velocity andhaximum bite

force (MBF) (HansdottirandBakke 2004Furthemore, among children with
juvenile rheumatoid arthritis, patients compromised Ntieito avoid pain

during masticatiofHarperet al2000) This was determined based on reduced
MP among patients with rheumatoid arthritis compared to a control group,
when chewing a test material for 20 masticatorg tyertunately, this study

did not analyse masticatory patterns or bite force and as such it could not be

determined in what wayPMvas compromisdtiarperet al2000)

Additionally the presence oflental pathologyncludingcarious lesionsnay

alter masticatory behaviour and food selecdiatinical study conducted by
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Decerleet al(2013) suggestethat among individuals with multiple untreated
caries, masticatory performance wdsaedDecerleet al2013, Hixoret al.
1962) Whileprevious studies have mstablished relationship between pain
associated with oral pathology and mandible morphaitigyation in
masticatory patterns in response togssnciated with pathology may influence
mandible morphologyHatchetal.2000)

It has been made clear in the previous literature that a number of intrinsic and
extrinsic factors may influence mastication, and subsequently mandible
morphology. Where possible these influencing factors will be taken into
considering durgthis research and are discuss® sample requiremeirts
section5.1 While it is not possible to account for all of these influencing factors
among archaeological studies, it is necessary to consider the potential influence

of these factorehen interpreting results.
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As withall bonesthe morphology of the mandiblanfiluencedoy a complex

web of interlinking factors and morphological variation cannot be reduced down
to simply genetic®r biomechanical/masticatory factors. It is therefore
important to consider the factorbigh have been determined in previously
published literature to significantly influence mandible morphotbggnsider

the potential effect of these factors on the current study.

4.6.1Dental Pathology
Dental pathology is known to influence the foonadnd resorption of bone

in the mandible, either directly wordirectly by influencing masticatory
behaviour. Pathological conditions which are known to affect bone morphology
include dental abscess osteosarcomasmdosteoarthritiof the TMJ(Chang

et al2015 MartinonTorreset al2011 SmithandFarman 1977, Yamaegal.

2004.

4.6.2 SexDifferences

Sex differencegpresent in the skeleton atentrolled by hormonal and
endocrine growth regulatord)ichdevelop fully during pubeligejdoveet al.

2013, Lothand Henneberg 1996, Vodanowt al.2006) In the mandible,
sexually dimorphic changes predominantly associated site differences

as well as specific muscular differen@slting in males having larger
mandibles with more prominent muscle attachments, whilledemaae a
smaller, smoother, more gracile man@Beglovaet al2013,Sikkaand Jain

2016 \Veleminskeat al2012Vodanoviet al20(®). These differences are argued

to be most prominent in the attachment sites of the coronoid process and
gonion regior(Bejdowa et al2013, Rosast al2002, Vodanoviet al2006)
Forensic and archaeological sex estimation techniques often tineolve
assessment of several mandibular landmarks due to the sexual dimorphic nature
of the mandibl¢Bejdoveet al2013 Franklinet al200&, 2006p2007 Hunter

and Garn 1972, Schmittb@tlal2002, Steyn and Iscan 198X estimation
methods involving the mandible have been estimated to be aqrior&eé 1%

of the time(Schmittbuhlet al.2001,2002) Furthermoresexual dimorphic
variation in the mandible has been shown to vary ovéBejdevaet al2013,

Garvin and Ruff 2012For exampld&ejdovaet al(2013onducted a geometric

morphometric analysis of human mandibular variation, analysing sexual
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dimorphism in the mandible between four time peradyMiddle Ages,

High Middle Ages, early modern ages and modefh c2mtury Czech
populationsandnoted that sexual dimorphiincreased over tinjBejdoveet
al.2013) While tie \ariation in degree of sexual dimorphism recorded may be
influenced by dietary changes over. tWieeeoveseual dimorphic variation is
arguably expressed more strongly among populations with better nutrition,
health and living conditio(Bettléetet al2009) It is important to consider the
potential sexual dimorphic influence within this study, as well as how sexual

dimorphism may changeer time

4.6.3Antemortem Tooth Loss
Antemortem tooth loss (AMTL) is a common occurrence among archaeological

assemblages, and the prevalence of AMTL has been found to increase over time
and isassociated with the increased consumption of sugars and complex
carbohydratg®lays 2013,dhenandKraneCramer 2007AMTL reduces the
available occlusal surface, and as such reduces the mechanical strain placed on
the mandible during masticat{dhays 2013As a result, AMTmay result in
subsantial remodelling of the mandjlaledsignificant morphological changes.

The extent of bone remodelling een found to vary between individuals,

with some peoplexperiencinglight bone resorption and others extensive
resorption and osteoporosis aftss of dentitiofKingsmillandBoyde 1998)
Moreover, the degree of bone remodelling and morphological changes
associated with AMTL has been found to vary depending on the dentition lost
(Helkimoet al1977 Mays 2013)or instance, molar dentition whiemerates

high MBF among humans has been associated with the most significant
morphological change after AM{KingsmillandBoyde 1998As such both

the presence and location of the AMTL need to be considered wisimgnal

mandible morphology.
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4.64 Geographic variation in mandible variation
While mandible morphology has largely been argued to reflect biomechanical

rather than genetic facto(sCl eaver 193& ,von Brardoni L k a
Taubadel 20)1somestudies have maintaindeat significant geographical
patterningoccurs inmandilbe variationwithin specieslt is suggested that
geographic variation in mandible morphoiegglated telimatic and cultural
variation influencing diet and masticatory behaviour of these popdatibns

as such only weakly reflects pajan historyKangaset al2017, Nicholson

and Harvati 2006)or instance, Kangat al(2017) analysed the mandible
morphology of moosé\[ces alyexcross different geographic regions. Results
from a landmark based GMM analysis revegjeiicant geographic changes

in mandible morphology. Such changes were consistent between males and
females, and principally affected regions associated with the attachment of
masticatory muscles. There was only a weak association between morphological
variation and population genetics, and as such morphological variation was
thought to be associated with tougher diets consumed by higher latitude
populationgKangast al2017) Furthermore, a GMM analysis of the skull and
mandible of the punaré rafThfichomys apergofdesd that mandible
morphology varied significantly with latitude, this variation is suggested to result
from differences in vegetation in these regions, and subsequently the diet of the
punaré rafMonteiroet al2003)

Similarly, geographic variation in mandible morphology have also been recorded
among human@lylander 1977, Humphrey al1999,Nicholson and Harvati

2006) Among humans, there have been several studies which have recorded
significant differences in mandible morphology between populations
(Humphreyet al1999, Smith 280von CramosTaubadel 2011kor instance,

the analysis of 13 linear mandibular measurementd #d&urdpean and Zulu
modern humasconductedy Humphret al(1999determmned that74.3% of
individuals couldbe correctlyclassifiednto one of ten population categories
based on discriminant function analysiseif3 measured variableewever,

when these results are compared to similar studies of ra@piablogyless
intraspecific variation was recorded in the mar{tiblaphreyet al1999) In

contrast to previous woik 3D GMM study of nine mandibular landmarks

among a sample representing nine modern human populations determined no
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significant correlation between mandible morphology and population history
(Smith20@).

Genetic differences have abs®n suggested to influence the response of the
mandible to dietary changésstudy coducted by Corruccirgt al.(1985)
suggestetthat the consumption of soft processed foods associated with modern
diets are related to a decrease in facial width, among white North Americans
These differencefowever,were not consistent among otlpapuhtions
experiencing the same dietary shith as Northern Indian and Chinese
Populations. Therefgrekeletal morphological changes associated with dietary
variation may not be consistent among diff@g@mulationsand the potential
influences of migtions needs to be considered within this study. It is possible
however, that these results reflect differences in dietary transitions between these
populationgCorrucciniet al1985) Several studieshich reportedsignificant
geographical patterns in modern human mandibular variation, argaesd that
with nonhuman animalsuch variation reflects climatic and functional dietary
speciatation while only weakly reflecting population his(biigholsonand
Harvarti 2006, von Cramdraubadel 201150r instancgistinct facial features

and mandibular morphology of North Americatic@populations are thought

to reflect functional demands of a teerghet as well as pamaastiatory dental
activity(Anton 1996a, Hylander 19RicholsonandHarvati 2006)Mandibular
morphology among Atic populations is dedzed as being large and robust
with a large gonial angle and wide bicondylar br&detbe morphological
features have been associated with generating exceedingly large vertical bite
forces, andsupport the notion that morphological differenaesult from
functional masticatory specialisafidnderson 1998Anton 1996b, Hylander
1977. These inferences angpported by studies which have recorded a greater
bite force among Atic populations compared to American or Scandinavian
populationgHylander 197¥Vaugh 1937Jurthermorestudies have found that

the anterior temporalis muscle, whsdssociated with increased molar biting
force is more developedmong Actic populationsvhen compared to other
populationgAntén, 1996b)As such, it is argued that geographic variation in
human mandible morphology is associated with climatic and dietary factors and
may notstronglyreflect population historflowever,Nicholson and Harvati

(2006) conducted a 3GMM study investigating modehuman mandible
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variation, results revealed significant geographic variation in mandible
morphology, suggested to relatively weakly reflect both population history as
well as climatéNicholson and Harvati 2006\hen analysing dietary changes

in mandible morphologyhédse limatic factorsan be mitigatdaly employing a
sample from a restricted geographic region, such as British archaeological
assemblages (Bejdetal2013)

All of these factors need to be considered when investigating how diet may
influence mandibular morphology in relation to dietary changes. The next
chapter will incorporate the background research detadledpiers 2to 4
whendiscussinthe materialsna methods that will be utilised for this research

in order to address the research questions pcssadion 1.1
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Chapter5
Materials and Methods

To address the research questions discusskdpiter 1 section 1.1andto
investigate theelationship between mandible morphology and dietary changes
in Britain a variety of analytical methods were empkoyea large sample of
skeletahssemblagaepanninghe periods fronthe Neolithic to Pog¥ledieval
Britainwas utilisedThis chapter Wifirst discuss theampleequirements for

this study based on the research questions posed. Following this the skeletal
assemblagesill be discusseds well ashe sex estimation and dental wear
analysigzinallythe data collection and analyticahoes for the both thimear
metricand 3Dgeometrienorphometric analysball be discussed

Each question was evaluated to determine the material and methodological
requirementgprevious research that has appredsimilar topicsvasutilised

for the purposesf methodologicalomparison.

In order to understand how mandibular morphology has changed over time in
Britain it isimportantto include a large salmpof mandibles from British
archaeological assemblagg®mwvever it was necessary to compromise the
sample size with time and financial constraints as well as considering the
preservation and availability of archaeological material from these periods.
Fewer skeletal assemblageeavailable for the earlier time perj@aklitionally

access to this material is atsore restricteddue to the preservation and
availability making it both in more demand and subject to stricter constraints
regarding handlingand researchPrevious research analysing mandible
morphology between periotisis range substantially in the sample sizes
employed with some as lowesghtindividuals for earlier time persoahile

studies of modern forensic collectionehauludedip to 407595 individuals

from each collection (studies detdiletherin chapter 4 section 4.4table

4.41).
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In order to analyse sexual dimorphism in Britain and compare dimorphism over
time it will be necessary to estimate sex among the skeletal assemblages
employedSex estimation methods employed will include previously published
methods for estimating sex dd®n the morphology of the crania, pelvis and
long bone measuremerdsscussed irsection 5.2.8 While methods are
availablefor estimating sex from mandibular morphology this will not be
included to avoid tautologipue to the preservation requiremeiits the
mandible having sex estimation a requirenvemild greatly limit the sample

size and analytical potential of this rese&dvious studieghich have
compared mandible morphology between temporal periods have not restricted
this analysis to betare sex estimation groyeg:Gallandet al2016, Mat al.

2018, von Cramenaubade?201). Von Cramofilaubadel (2011fpr instance,
reported that significant sex differences were not present hoslyapEA and
therefore did not conduct separatelyaisa of sex estimation grouphen
comparing subsistence grauipswas decided that in order to maintain a
sufficient sample for the primary research question a similar approach would be
taken. Whereby for temporal analysis sex estimation groups will be combined

after confirming there are no significant differences bettvezen

In order to analyse social status difference in manabphology known

status assemblages werereqlirede s kel et al assembl age of
and cemetelig known to represent two socioeconomic groups, with high status

groups buried in the priory and low status from the cerfidiekgandHicks

2001, Miszkiewicz 2@, Miszkiewicz and Mahoney 20I®e social status

sampled detailed further wection5.2.3

In order to determine if mandible morpholegsies in retion to dental wear
it is necessary to create dental wear groups tdallstatistical comparison.
Dental wear groups were calculated based on the mean wear of the M1 and

grouped into three categories: low wear, moderate wear and higk wita
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sex estimation dental wear was not a sample requirementdigussised

furtherin section5.3

In addition to the British archaeological assemblage aglabggsample of
skeletal remairege requiredh order to comparéé morphological variation
that has occurred over time in Britain with ttia global geographic sample
detailed irsection5.2.2

5.1. 1SpecimenRequirements
As discussed ithapter 4 section 4.5and4.6there are several factors which

have been shown to influence mandible morphology and masticatory function,
such factors need to be considered when determining the sanmelmeads
and exclusion criteria ftre material used heféherefore when determining

which individuals were included the following factors were considered:

51.1.1Antemortem tooth loss
Antemortem tooth loss (AMTLlgduceglental occlusiowhichresults in an

alteration in the biomechanical forces acting upon the mankiiblaliteration

to masticatory forces and behavieyrarticularlymportantwhen occlusion is
reduced irthe molar region of the mandible where maximum bite forces are
generted (Helkimo et al1977 Mays 2013)Amongarchaeological material a
high prevalence of antemortem tooth loss has been reespaethllpmong
olderadult individualandmore recent archaeological assemhlBgathwell

1963 Cohenand KraneCramer 20Q7Mays 2013, Steckeind Rose 2002,
Robers and Cox 2003 Due to the highprevalenceof AMTL among
archaeological assemblages it was detertmitt@&dvould not be possible to
exclude all mandibles with missing dentition from the study, as this would
markedly decrease the number of potengairepns available. Instead it was
decided, based on previous research (Joreasd®018, Parret al2017, Small

et al2016), that mandibles should not be included in the study if there were more
than two cases @fMTL, or any cases of consecutive AMTL. Individuals with

congenitally missing teeth were not included in the sample as it is unknown how
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this may influence mabé morphology and several of the landmarks utilised
in this study were dependant on the location of the dentition.

51.12 Age
Upon maturity, there is little or no significant change to the overall morphology

of bone unless subject to changes in muswilaity(Bastiret al2006, Goose
andAppleton 1982, Humphrey 1998, O'Connor and Lanyon. T9&2gfore
only adult individuals wereluded in this study. Individuals determined to be
juvenile, basexh open or incomplete fusion oétbpiphyses of the pasanial
skeleton (Buckberry 2018, Cunningbtai2016, Rogers 2016) were excluded
The absence of M3 was not considered to be sufficient evidence that the
individual was a juvenile, as ¢bagenitahbsence of MBasincrease@ver
timeamong moderhumanpopulationgCarter 2016, GuateBiieinberg 2016)
Beyond confirming individuals are adwate will not be estimated due to
generally poor preservation of the skedd¢ahents utilised in age estimation
methods among adultdoreover the sample requirements for AMTL already

acted to restrict the age range of individuals with a preference to young adults.

51.1.3Sex Estimation
Mandibular morphology is known to vary between males and females, a point

which is illustrated by the inclusion of mandibular morphological features such
as the mental eminence and gonial angle in sex estimation (ke d964
Steyrand Iscari998) This is detailed further gection 4.5.2 Therefore when
analysing morphological changes in the mamdibtetimeit is necessary to
account for the potential influence of sexual dimorphism as an increase in the
proportion of males in a time period could present as an increase in mandibular
robudicity and incorrectly be interpreted as a change in diet or masticatory
behaviour. Sex was estimated from macroscopic visual analysis of the cranial and
postcranial skeleton (seection’5.2.3, the mandible was not included in sex
estimation methods order to avoid tautological results as differences in sexual
dimorphism as well as dietdifferencemay influence sex estimatiom the
mandible However, it was not always possible to make a confident sex
estimation of individuals due to skeletagkation, and so in order to achieve

a sufficiently large sample size individuals of unknown or indeterminate sex were

also included in the sample.
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5.1.1.4Dental Pathology
Any individuals that exhibited pathological lesions which may have affected the

form or function of the mandible were excluded from this study. This primarily
included individuals with abscesses. In addition, remains which exhibited
antemortem fractures to the mandible or osteoarthritis of the
temporomandibular joint (TMJ) were remdvech the study. Even if one side

of the mandible was unaffected by the pathology, the mandible was excluded
because such injuriesyalter dietary behaviour which would affect results
(discussed further gection 4.5.%5 Exclusionary pathology was daditvy the

criteria outlined itable 5.1.1below.Additionallyjndividuals who had a crania
present, evidence of trauma or pathological lesions on the facial bones were also
excluded .

Table 51.1: Pathological conditions which alter mandible morphology Table
detailing the pathology excluded from this study, including a description of the
pathological lesions.

Pathology Definition

Abscess The presence of a smooth walled cavity which r
from chronic infections with an accompanying fistule
inflammatory bone reaction (Hillson 2002).
Mandibular A discontinuity in the form of the mandible wh
Fracture evidence of bone remodelling is present (Waldron :
Osteoarthritis TM The primary defining criteria for OA of the TMJ
eburnation, marginal or joint surface osteophytes
porosity /pitting and alterations to the joint contc
Although porosity/pitting on its own should not
considered indicative of OA. Eburnationleviidicative
of OA is rare in cases in the TMJ. In the absen
eburnation both porosity and joint surface or mar
osteophytes should be present for a diagnosis o
Finally, only marked alteration to the joint contour &
condyle and/or artidar eminence should be conside
indicative of OA, slight changes to the joint con
should not be considerdignostiof OA (Rando anc
Waldron 2012)

Cleft Palate A congenital condition that results in incomplete fL
of the palate resulting inrpal or complete separation
the maxilla (Anderson 1994, Coetial1%9).
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In total,991 specimens were analysed for the purposes of this project. These can
be divided intawo subgroups (British Archaeologieald Geographical) and
are described in full below.

5.21British ArchaeologicalMaterial
To investigate theelationship betweeimanging dietary behaviour overetim

British archaeological assembladgged to between the Neolithic and Post
Medieval periodvere utilisedPalaeolithiand Mesolithianaterialwere not

included due to the low number of individuals excavated in &rndeime poor
preservation othe remainsrom these period@shton 2016Charltonet al.

2016, Cummings 2017, Orschiedt ROA&haeological assemblages were
chosen based on the number of individuals, preservation of remains and the
amount of informatioravailable from both historical texts and previously
published archaeological research. An opportunistic sample strategy was
employed with skeletal assemblages included from all known archaeological
collections were at ledsn individuals could be acaegsor in the case of
Neolithic assemblages three individu@scause many archaeological
assemblages do not advertise their human remains collections in order to achieve
a sufficient sample size specialist museocouty museumsychaeological

trusts and universitiesn Britain that teach courses oibiological
archaeology/anthropology courses were contagéecemail to determine
presence of skeletal collectigksites that responded to requests and indicated
the presence akeletal assemblages that met the minimum requirements for
study were included in this reseavehe accesse@ne exception to this was

the Museum of Manchester where preservation of material upon arrival was
found to be lower than expected and only afieidual was included from this

site. It was not possible to access any more skeletal material for inclusion in this
study either due to the limited preservation, lack of site information or cases

where access was not granted by curators/ collection reanage

A total of911archaeologicahandible were analysed whigkere from150
different archaeological sjtdeese sites are detailed furtheppendix 3. To
aid later analysis the material was groupedixperiods: Neolithic, Bronze

andlron Age,Roman, Angksaxon, Medievaind PosMedieva(seeChapter
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2 for further details of these time period$tailed intable 5.21 The
archaeological assemblages were dated prior to this reldagmethods
when known are discussed in the site ovemvigppendix 3. As methods for
dating variethetween siteamnd inmanycases were unknoyBronze and Iron

age individuals were grouped togeiftes was due toultiplesitesvhich were

only datedto between these two periods, amthout further information
regarding dating methoals well as many sites being active between these two
periodst was not possible separate these two periddsing analysisor the
assemblagegheredating was praded in years or as a range these assemblages
were allocated to a period based on the dates detaibde $121. An overview

of the skeletal assemblages utilised during this study and a more detailed site
summanare shown itable 5.22 andfigure 5.21below.

Table 5.21 Time periods in Britain. Time range included in each general time period
categoryAltick 1973, Barras 2016, Bishop 2015, Cleeaig012, Cunliffet al2004,

Dargie 2018Fllis 2018, Fowleand Wilkin 2016, Goodman 200&%eake 1994,
Haselgrove 20081aselgroveind Pope 2007Hughes 1998, Karkd®©99, Lockyear
andGaunt 2018, McLaughlet al2016, Morris 1994, Peck 2013, Pitts Z88@i&rd

2008, Pollard 2018, Poole 2013, Redfern 2010, Riotte 2007, Seaman 20031Spencer 20
SimmsandSmith 1984, Thornton 2015, Yates 2007)

Time Period Time Range

Neolithic 40008 2500 BCE

Bronze and Iron Age | 2500-800 BCE 800 BCES0AD
Roman 43410 AD

AngleSaxon 5001066 AD

Medieval 10661540 AD

PosMedieval 15401901 AD
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Figure 52.1: British archaeological skeletal assemblages by peridslar Graph
illustratingthe archaeologicalimber ofindividualdrom each time period in Britian

which were included in this study. This graph illustrates the increase in skeletal
assemlbges which werelliged over time, with the highest number of individuals from

the Medieval and Peadledieval periods.

As the material analysed in this study was acquired from a variety of
archaeological sites it is important to also consider posogiaghic variation
in the material analyselhble 5.22 and figure 5.22 below illustrates the

locationof the archaeological sites included in the analysis
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Table 5.22: British archaeological sites and locationsArchaeological collections,
site and location information from the skeletal assemblages included in this study.

Site Name

Hampshire
Archaeological Trust
Duckworth

National Museum of
Wales

National Museum of
Scotland

Manchester
Hampshire
Archaeological Trust

Duckworth

Andover Museum
National Museum of
Wales

National Museum of
Scotland

Site
Nutbane

Birsay Orkney
Dinnington
Lanhill

Littleton Drew
W. Monkton
Penwrylod
Pipton

Culver hole Cave
Tyddyn Bleiddyn

Tulloch
Skara Brae
Doureay

GOP Wales
Walworth Barrows
Twyford Farm
Kempshott Park
Easton Lane
Easton Down

Cherry Hinton
Aldwincle
Amesbury Barrow
Barrow Burials
Bratton Down
Brewery Field
Burwell Fen
Chippenham
Crichel Down
Grimthorpe
Kennet Hill
Littleport
Londash Lane
Mor gands
Normanton Wilt
Northton Isle

Pin Farm
Shepherds Shore
St Neots

Staxton East Riding
Tallington

Tooth Caver
Wandlebury
Waterhill Farm
Winterbourne
Danebury
Dinorben

Barry Island
Llandow

Craig Y nos Ogo
New House Farm
Pwill Swil

Orchid Cave
Castle Ditches
Caerwent
Juniper Green
Boatbridge Quarry
Dryburn Bridge
Gullane Links
Broxmouth
Bruntonwireworks

Location
Penton Mewsey, Hampshire

Mainland, Orkney
Dinnington, South Yorkshire
Lanhill long barrow, Wiltshire
Littleton Drew, Wiltshire
Monkwon, Wiltshire

Powys, Wales

Powys, Wales

West Glamorgan, Wales
Denbighshire, Wales

Caithness, Scotland
Mainland, Orkney
Caithness, Scotland

Trelawnyd, Wales
Andover, Hampshire
Winchester, Hampshire
Kempshott, Hamphshire
Winchester, Hampshire
Winterslow, Wiltshire

Cambridge, Cambridgshire
Aldwinckle, Northampshire
Amesbury, Wiltshire
-unknown

Bratton, Wiltshire
-unknown

Burwell, Cambridgeshire
Chippenham, Wiltshire
-uknowr

Grimthorpe, Yorkshire
Avebury, Wiltshire
Littleport, Cambridgeshire
Framptom, Dorchester
Morgan Hill, Wiltshire
Normanton, wiltshire
Northton Isl, Scotland
Gazeley, Suffolk
Wansdyke, Wiltshire

St Neots, Cambridgshire
East Riding, Yorkshire
Tallington, Lincolnshire
Gower Pen, Wales
Wandlebury, Cambridgshire
Chippenhamiltshire
Winterbourne, Dorset
Danebury, Hampshire
Conwy, Wales

Island of Barry, Wales
Llandow, Vale of Glamorgan
Swansea, Wales

St Fagins, Wales
Bridgend, Wales
Maeshafn, Wales
Llancarfen, Wales
Monmouthshire, Wales
Edinburgh, Scotland
Thankerton, Scotland
Innerwick, Scotland

East Lothian, Scotland
East Lothian, Scotland
Inverness, Scotland
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Period

Neolithic

Bronze and
Iron Age

Number of
Individuals
1
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Site Name

National Museum of
Scotland

Hampshire
Archaeological Trust
Chichester
Hampshire
Archaeological Trust

Duckworth

National Museum of
Wales

National Museum of
Scotland

Bedford Museum
Bradford University

Chichester

Royal College of
Surgeons
Hampshire
Archaeological Trust

Sheffield University

National Museum of
Wales

University of
Bournemouth

National Museum of
Scotland

Bedford Museum
Bradford University

Site

Longniddry

Near Meikle Ken
Seacliff

Dunbar

Keis

Kingoodie
Micheldever Wood

Needlemaker
Westham Playing
Fields

Owslebury
Suddern Farm
Hurstbourne Priors
Arbury Road
Ashwell Guilden
Bletsoe

Combe Down

God Manchester
Grange Road
Great Casterton
Isleham Fen
Maxey Northampt
Melbourn War Ditch
Norton East Riding
Poundbury Dorset
Spittisbury Dorset
WhiteHorse Hill
York

Llantwit Major

Bulmore New Farm
Ely Racecourse
Cowbridge

Galson

East Hill

Bedford

Baldock

Villiers St
Kingsholm

Apple Down
Breedon on the hill

Droxford

Shavards farm
Sharvards Lane
Winchester Street
Breamore

United Reform
Portway East
Black Gate

Llanbergoch
Eggardon
Wetness
Isle of May
Colonsay

Bedford
St Peters

Eccles
Raunds

Location

East Lothian, Scotland

Angus, Scotland

East Lothian, Scotland

East Links, Scotland
Caithness, Scotland

Longfergen, Scotland

Hampshire

Chichester, West Sussex

-unknown

Owslebury, Hampshire

-unknown

Witchurch, Hampshire

Arbury, Cambridge

Ashwell, Hertfordshire

-unknown
-unknown
-unknown
-unknown

Rutland, East Midlands
Isleham fenCambridgeshire
Maxey, Northamptonshire

-unknown

Norton, Yorkshire
Poundbury, Dorset
Spetisbury, Dorset

Uffington, Oxfordshire

York, Yorkshire
Glamorgen, Wales

Great Bulmore, Caelean Wale:

Cardiff, Wales
-unknown

East Ayrshire, Scotland

Dunstable, Bedfordshire
Bedford, Bedfordshire
Baldock, Herefordshire
Sunderland, Tyrnd Wear
Kingsholm, Gloucester
Chichester, West Sussex

Breedoron-the-hill,
Leicestershire
Soberton, Hampshire

-unknown
-unknown

Winchester, Hampshire
Breamore, Hampshire

-unknown
Andover, Hampshire

NewcastleiponTyne, Tyne anc

Wear

Llanbergoch, Anglesey

Eggardon, Wessex
Rousay, Orkney

Fife, Scotland

Colonsay, Islay, Scotland
Bedford, Bedfordshire
Wolverhampton, West

Midlands

Eccles, Kent

Raunds, Northamptonshire
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Period

Bronze and
Iron Age

Roman

Anglo-Saxon

Number of
Individuals
1

1
3
1
1
1
1
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Site Name Site

University of Kent St Gregory
St Gregory
Chichester Stocklund
St Andrews
Hampshire Brighton Hill South

Archaeological Trust = Selbourne Priory

Church Close

Durham university St
Fishergate House
York Barbican
George Street

Sheffield University
York Archaeological
Trust

National Museum of
Wales

Museum of London

Llandough

Medieval Guildhall
Yard

Surrey Archaeological  Guildford Friory
Trust

Bradford University Wetwang Slack
Blackfriars
Boxlane
Hereford

Towton

Coach Lane
Bow Baptist
St Brides

Durham University
Museum of London

Chelsea Old Church

Sheffield University Coronation Street

Carver Street

Bournmouth Quaker Burial,
University Kingston
Museum of London BPPO8

Surrey Archaeological GW85
Trust

Bradford University Hickelton
Helmsley
Chichester

National Museum of Eyemouth

Scotland

Gut hl ac

Location Period

Canterbury, Kent Medieval
Canterbury, Kent

Chichester, West Sussex

Chichester, West Sussex

Basingstoke, Hampshire

Selbourne, Hampshire

Andover, Hampshire

Hereford, Herefordshire
York, Yorkshire
York, Yorkshire
York, Yorkshire

Llandough, Glamorgen, Wale:
London
Guildford, Surrey

Wetwang slack, East Yorkshire
Blackfriars Gloucester
Pontefrac, West Yorkshire
Hereford, Herefordshire
Towton, North Yorkshire

North shields, Yorkshire
London

London

London

South Shield®urham
Sheffield, Yorkshire
KingstorruponThames,
London

London

London

Hickelton, Yorkshire
Helmsley, Yorkshire
Chichester, West Sussex

Eyemouth, Scotland Unknown
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PostMedieval

Number of
Individuals
10

23

24

17

41
19

15
51

17

16

10

56



Figure 5.2.2: Map of British archaeological siteS his map illustrates the loca
of each British archaeological sithere location could be reasonably pinpce
where skeletal remains utilised in this study were excavated.
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5.2.2Geographical Analysis Sample
During British historyhere has been a number of invasions andsleafge

migrations many of whittave altered culture and diet in Britain which may in
turn have influenced mandible morpholobyerefore,it is necessary to
consider the potential genetic influence of sualggam movements. Multiple
studies have reported geographic variation in cranial morphoto@yamon
Taubadel 201 Herreraet al.2017,Nobackand Harvati 2015 while these
studies report less geographic influence on mandible morpGtdaggr 1937
CramorT aubadel 20 lalthe inAfuentd of Midadion int® Bridain

at the sites analysed in this study needs to be conSitieredorphological
variation occurring within Britain over time stiateforebe compared to
geographic variation mandible morphology from a global sam@ample
sizes for the geographieaklysisvere chosen based on previously published
studies of modern human variati@800 Genomes Project Consortium 2010,
2015, Cramoitaubadel 20)4whereby larger sampleesi were taken from
continents with higher levels of recordedetic and craniometwariation.
Unfortunately, it was not possible to obtain larger numbers from either Oceania
or the Americas as many collections had repatriated individuals fromabese are
The geographicalateriaivas mostly accessed from the Duckworth Laboratory
in Cambridge, although two individuals from the ManchMasseunwere also
included In total 80 individuals from outside of Britagre scanned for this
researchAn overviar of the geographinaterials detailed itable 5.23, while

table 5.24 provides further information concerning the geographic location for
each individualvhichare alsdlustrated irfigure 5.23.

Table 5.2.3: Geographic sample overview bgontinent. Overview of geographic
materialliustrating a higher proportion of individuals from Africa and Asia

Continent Number of Individuals
Europe 7
Africa 26

North America
South America
Asia 21
Oceania 17
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Table 52.4: GeographicSample Detailed.Table detailing the geographisaterial
analysed in this study.

Collection Continent LocatidRopulation #
Duckworth Africa Somalia 1
Duckworth Africa African Bantu, Upper Mobank 1
Duckworth Africa African Guinea 1
Duckworth Africa African Surinam 1
Duckworth Africa South Africa 2
Duckworth Africa Ashanti 1
Duckworth Africa Bantu 1
Duckworth Africa Carbouger Surinam 1
Duckworth Africa East African Yao 1
Duckworth Africa French Congo 1
Duckworth Africa French Zouare 1
Duckworth Africa Tenerife 1
Duckworth Africa Haya 1
Duckworth Africa Kenya 3
Duckworth Africa Madagascar 1
Duckworth Africa South Africa, Malay 1
Duckworth Africa North of Ivory Coast 1
Duckworth Africa Senegal 1
Duckworth Africa Somalia 1
Duckworth Africa Surinam 1
Duckworth Africa Turkana 2
Duckworth Africa Nigeria 1
Duckworth Asia Andaman Islands 3
Duckworth Asia Asian Arab 1
Duckworth Asia India 1
Duckworth Asia India, Bengal 1
Duckworth Asia India,Chabra 1
Duckworth Asia Nicobar Islands 2
Duckworth Asia Pakistan 2
Duckworth Asia Peshwar Pathan 1
Duckworth Asia Philippines 1
Duckworth Asia Sarawak 2
Duckworth Asia Siberia 1
Duckworth Asia Sri Lanka 4
Duckworth Asia Vedda 1
Duckworth Europe Austria 3
Duckworth Europe France 1
Duckworth Europe Italy 1
Duckworth Europe Russia 2
Duckworth North America Jamaica 1
Duckworth North America lroquois 1
Duckworth North America Ketchipawan 2
Duckworth North America Vancouver Island 1
Duckworth North America Zuni 1
Manchester Mus Oceania Australia 1
Manchester Mus Oceania New Zealand 1
Duckworth Oceania Australia 4
Duckworth Oceania Maori 2
Duckworth Oceania Maroiri 2
Duckworth Oceania New Britain 1
Duckworth Oceania New Caledonia 1
Duckworth Oceania New Guinea 2
Duckworth Oceania Rotuma 1
Duckworth Oceania Torres Straits 1
Duckworth Oceania Vanuata 1
Duckworth South America Patagonia 1
Duckworth South America Peru 2
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Figure 5.2.3: Geographic sample mapap illustrating the locati
of the geographicalateriabnalysed
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523 Sex Estimation Methods

Sex was estimated using standard osteological methods which included the

analysis of the pelvis and crania as wellasimments taken from the long
bones These methods are detailedainles 5.25, 5.36 and5.27 below.Sex
was estimatefr all individuals with sufficient preservation ofctlamia and

pelvis, when cranial or pelvic features were ambiguous or indeterminate

measurements of the long bonedhlé 5.26) were used. Results of sex

estimation for the entire sample is detailed for each peattki®.28 with a

site break dowprovidedin table 5.29.

Table 525 Sex estimation from thepelvis. Pelvis sex estimation description
information obtained from-érembaclet al1980 Krogman and Iscan 1986, Phenice
1969, Schwartz 1995)

Landmark Female Description MaleDescription
Overall Female - slight muscl Male - large muscl
Shape/Structure attachments, low and broac attachments, tall and narrc

Greater Scie
Notch
Ventral Arch

Subpubic Conca

Inferior Ramus

Female -Wide angle an Male - Sharp angle ar

symmetrical asymmetrical
Female Present Male-Absent
Female Present Male-Absent
Female Ridge presen Male- ridge absent

Table 526: Sex estimation from the articlar measurments.Table demonstrates
articular sex estimation methiodlormation obtained from Ferembaathal(1980) and
Krogman and Iscan (1986).

Measurement Male Female
Distal Femur Diameter >78mm <72mm
Distal Radius Diameter >36mm <33mm
Femoral Head Diameter >48mm <43mm
Humerus head diameter >47mm <43mm
Radial Head Diameter >21mm <21mm
Scapul®iameter of Glenoid fos >28mm <26mm
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Table 52.7: Sex estimation from the craniaSex estimation characteristics of the
cranium excluding the mandible, information obtained from Krogman and Iscan
(1986), Ferembaei al(1980) and Schwartz (1995).

Landmark Male Description Female Description
Overall Shape/Struc Robust anéngular Gracile and rounded
Glabella Profile Prominent Smooth and gracile
Orbital Margin Rectangular with thic Rounded with shar
edges edges
Mastoid prominence Larger and extenc Smaller and mor
breadth inferiorly rounded
Nuchal Lines Robust and prominent ~ Smooth
Occipital Protuberar Large and protruding, m. Small and gracile
be hooked
Temporal Line Prominent Smooth and gracile

Table 5.28: Period summary of sex estimation resultSummary of the number of
individuals and sex ratio organised by archaeological period

Period Total Number Males Females Unknown Sex
Neolithic 19 5 6 9
Bronzandron Age | 90 38 24 28

Roman 119 49 49 20
AngleSaxon 186 74 54 51

Medieval 256 114 84 55
PosMedieval 241 99 86 55

Totals 911 379 303 218
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Table 5.29: Detailed sex estimation resultsThis table illustrates site details for all
sites within this study including the period, number of individuals and sex ratio.

Period Site Name Total Males Females Unknown
Neolithic Nutbane 1 1 0 0
Birsay Orkney 1 1 0 0
Dinnington 1 1 0 0
Lanhill 2 0 1 1
Littleton Drew 2 0 1 1
W. Monkton Wiltshire 2 0 1 1
Penwrylod 2 0 0 2
Pipton 2 0 1 1
Culverhole Cave 2 1 0 1
Tyddyn Bleiddyn 1 1 0 0
Tulloch 2 0 0 2
Skara Brae 1 0 1 0
Douneay 1 0 1 0
GOP Wales 1 0 0 1
Bronze and Iron Walworth Barrows 2 0 0 2
Age Twyford Farm 4 3 1 0
Kempshott Park 1 1 0 0
Easton Lane 2 2 0 0
Easton Down 1 0 1 0
Cherry Hinton 2 0 2 0
Aldwincle
Northampshire 1 1 0 0
Amesbury Barrow 2 1 1 0
Barrow Burials 4 3 1 0
Bratton Down 1 1 0 0
Brewery Field 3 1 2 0
Burwell Fen 1 0 0 1
Chippenham 1 1 0 0
Crichel Down 2 2 0 0
Grimthorpe 1 1 0 0
Kennet Hill 2 2 0 0
Littleport 1 0 1 0
Long Ash Lane 1 0 1 0
Morgands H1 1 0 0
Normanton Wilt 2 0 2 0
Northton Isle 3 3 0 0
Pin Farm 1 0 1 0
Shepherds Shore 1 0 1 0
St Neots 1 0 1 0
Staxton East Riding 1 1 0 0
Tallington 2 1 1 0
Tooth Caver 2 1 0 1
Wandlebury 1 1 0 0
Waterhill Farm 3 1 2 0
Winterbourne 1 1 0 0
Danebury 4 1 3 0
Dinorben 2 0 1 1
Barry Island 1 1 0 0
Llandow 1 1 0 0
Craig Y nos Ogo 1 0 0 1
New House Farm 1 0 0 1
Pwil Swil 1 0 0 1
Orchid Cave 1 0 0 1
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Period Site Name Total Males Females Unknown

Bronze and Iron Castle Ditches 0 1

Age Caerwent
Juniper Green
Boatbridge Quarry
Dryburn Bridge
Gullane Links
Broxmouth
Broxmouth
Brunton wireworks
Longniddry
Near Meikle Ken
Seacliff
Dunbar
Keis
Kingoodie
Micheldever Wood

Roman Needlemaker
Westham Playing Fiel
Owslebury
Suddern Farm
Hurstbourne Priors
Arbury Road
Ashwell Guilden
Bletsoe
Combe Down
God Manchester
Grange Road
Great Casterton
Isleham Fen
Maxey Northampt
Melbourn War Ditch
Norton East Riding
Poundbury Dorset
Spittisbury Dorset
White Horse Hill
York
Llantwit Major
Bulmore New Farm
Ely Racecourse
Cowbridge
Galson
East Hill
Bedford
Baldock
Villiers St
Kingsholm

Anglo-Saxon Apple Down
Breedon on the hill
Droxford
Shavards farm
Sharvards Lane
Winchester Street
Breamore
United Reform
Portway East
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Period Site Name Total Males Females Unknown

Anglo-Saxon Black Gate 41 19 15 7
Llanbergoch 2 0 0 2
Eggardon 3 2 1 0
Wetness 11 8 2 1
Isle of May 2 1 1 0
Colonsay 1 0 0 1
Bedford 3 1 1 1
St Peters 17 6 8 3
Eccles 5 0 2 3
Raunds 32 23 9 0

Medieval St Gregory 10 3 2 5
St Gregory 40 8 19 13
Stocklund 11 0 0 11
St Andrews 4 0 1 3
Brighton Hill South 2 1 0 1
Selbourne Priory 1 0 1 0
Church Close 1 1 0 0
St Guthlac 3 3 0 0
Fishergate House 22 15 5 2
York Barbican 22 12 8 2
George Street 35 14 16 5
Llandough 17 8 6 3
Medieval Guildhall 23 12 8 3
Yard
Guildford Friory 1 1 0 0
Wetwang Slack 24 9 12 3
Blackfriars 5 3 0 2
Boxlane 8 7 1 0
Hereford 17 10 5 2
Towton 7 7 0 0

Postmedieval Coach Lane 41 20 16 5
PAY05 19 0 1 18
St Brides 9 6 3 0
Chelsea Old Church 15 6 7 2
Coronation Street 51 30 11 10
Carver Street 2 0 0 2
Kingston 17 6 11 0
BPP0O8 16 7 6 3
GW85 3 0 0 3
Hickelton 10 4 5 1
Helmsley 1 0 0 1
Chichester 56 20 26 10

Unknown Eyemouth 3 2 1 0
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5.24 Social Status
Skeletal collections curated by the University of Kent, CantBdoarybt

Gregoryods Cemetery and Priory were incl
morphological variation in relation to social stéhis collectiorwas included

due tothe highpreservation of the material as well as the-scormmical

division between the cemetery and priory collec@i&newn from historical
evidencéHicksandHicks 2001Miszkiewicz 2@, Miszkiewicz andlahoney

2016. This sample is illustrated@ble 5.2.10

Table 5.2.0: Social status sampleTabl e detailing the individual
cemetery and priory used for social status comparison.
Total Male Female Unknown
Priory ‘ 10 3 2 5
Cemetery ‘ 40 8 19 13
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Dental wear is created via tooth on tooth contact during normal masticatory
movement as well as pamnasticatory behavioufalt et al.1998) It is well

known that dental wear is influenced by diet; rough, hard fibrous diets are
associated with high levels of dental (Esatassaeat al2009 Scott and Turner

1988, Watsoat al2011) For most of human history, high levels of dental wear
have been a common feat(ishedet al2005 Kaifu et al2003,Smith 1984).

For instancénigh levels of dental attrition have been recorded among hunter
gather populations, suggesteletieelated to the consumption of fibrous plants

and food processing techumegbe which introduce grit into the digishedet

al. 2005 Haasand Llave, 2015Sariget al.201§. Conversely a soft, highly
processed diet tends to result in low levels of(seassaat al2009, Scott

and Turner 1988, Watsehal2011) For instance posbdustrial populations

with soft processed diets are associated with reduced levels of wear when
compared to earlier agricultural populat{itasfu et al2003, Molnar 197.2)
Althoughdental wear has been used to infer dietary changisat significantly
influenced byhe ageof an individualas illustrated in the inclusion of dental
wear for age estimation meth@dgison 20@). Moreover, dental wear is greatly
influenced by the presence of abrasive material in the diet, which may result from
grit introduced into food during fopdocessing rather than solely the intended

dietary constituen{daworskinet al2017, Fiorenzet al2018)

In addition to macroscopic dental wear, microvieer been used in
reconstructing diet in archaeology. Microscopic pits and scratches on the dental
enamel have been used to infer broad diet and subsistence (Ra&ants

2016, GrinandKay 1988)For instance, analysis of microwear has been used

to distinguish grazers and brow@Rrgalset al2012) However, microwear has
typically been used to investigate dietary differences between species and there
have been few dental microwear studies among modern human assemblages
(DeSantis 2016

Dental wear is therefore included in this study as an indicator of behavioural
differences between groupental weamwasrecorded usinga macroscopic

visual analysis meth@imith, 1984)where detal wear is assigned a numerical
value betweeane andeightbased on written descriptions outlinedalvie

5.31 and diagrams which are illustratedigare 5.31 (Smith 1984. This
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method was utilised due ltoth the standardisation provided by written and
visual descriins of stages and the efficiency of the methathermorghis
method has been widely used in bioarchaeolsggealctwhich allows for

potential comparisons with previous studies.
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Figure 5.3.1 Dental wear visual descriptionslmages illustrating tooth wear stages

1-8 for different tooth form (Smith 198416 Figure 36 Di agr ams of crown sur
used to score tooth wear. Bars between outlines connect common variants of patterns

and degree of wear allowed in a staged.

D @

STAGES OF WEAR
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Table 53.@ Dental wear descriptions. Wear descriptionsor stages -8
incisor/canine,premolarsand molars Take from Table 2(Smith 1984 45
O0Descriptions

Stag¢ Incisors and Canine Premolar

of sdbage of occlusal

Molars

0
1

2

Tooth is mising/ cannot be coded

No visible wear to slightly polished surface, dentin is not visible

Small dentir
exposure point of
hairline

Thick line of dentint
is exposed

Moderate dentin
exposed does ni
appear as aline

Significant  dentin
exposure, comple
enamel rim
Significant  dentin
exposure, 50% loss
enamel ring

Majority of enamel
ring lost, significar
dentine exposure

Crown surface is los
no enamel prese
and the crown surfac
takes on theroot
shape

Cusps moderate Cusps moderate
worn with a bluntinc worn no more thar
effect two pinpoint cases ¢
dentineexposure
Cusps removed ar Cusps removed ar

potential moderat pinpointmoderate
dentin exposure i dentine exposure
patches

A large patch o Several large denti

dentine exposure or patches

at least one cusp

Two large patches At least two dentin

dentine exposure  patched on the cusj
have merged

patche Three four dentine

togethe patches merge!

enamel island prese

in the centre

Dentine
merged
enamel ring intact

Dentine fully expose Dentine is  fully
and enamelring islc exposed and th
on at least one side enamel ring is large

intact
Crown height significantly reduced, and
crown surface takes on the root shape
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5.3 1Dental Wear Groups
In order to analyse the relationship between mandible morphology and dental

wearit is necessary to group individuals by dental wear in order to preserve
statistically viable group sizes for analysigtal wear of the M1 was used to
groupindividualsnto three categories low waaoderatevear and high wear.

Low wear included individuaisstages-B, moderate wear stagesahd high

wear groups were individuals with M1 wear in ste§jeResults from this
grouping are detailedtaible 53.2 andfigure 5.3.2below.This demonstrates

a low percentage widividualsn the high wear group (11%) with the majority

of individuals being in thrmoderatavear group (52%Significant difference

was reported in dental wdsatween the time periods analysppendix 4

table 4.3.5 and 4.36as such CV scores were analysed to determine possible
influence from dental wear, in all sex and period comparisons were reported in
CVA results.

Table 5.3.2 Dental weargroups and sex estimationTable detailing the number of
peoplein each dental wear group separated by time period and sex estimation.

Number of Individuals

Period Sex Low Wear Moderate Weal High Wear
Neolithic Male 3 2 5
Female 2 2 1
Bronze anc Male 8 30 8
Iron Age Female 15 16 1
Roman Male 10 24 4
Female 17 28 1
AngloSaxon Male 9 32 9
Female 10 12 3
Medieval Male 20 41 14
Female 22 26 1
PostMedieval Male 47 86 6
Female 34 32 6
TOTAL 197 278 59
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Percentage of individuals in each wear group by time period

100%
90% 11 19 30 =
80% 5
70%

60%
50%
40%
30%
20%
10%

0%

Neolithic IronBronze Roman AngloSaxon Medieval Postmedieval
Age

Percentage of individuals from the period

Period

m1.00 m2.0003.00

Figure 5.3.2 Dental wear groups.Stacked bagraph illustrating the percentage of
individuals with an M1 present in each dental wear group for all time periods analysed.
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5.3.2 Dental Wear Ratio
As discussedmasticatorybehaviour has been shown to influence the

masticatory musclaadsubsequentipandible morphologyHutchinsoret al.

2014 Mays 201 XKiliaridiset al1995, Kiliaridist al1989, Odman and Kiliaridis

1989, Tordbacacheet al.201§. It is thereforenecessary when comparing
mandible morphology over such a long time p&yiodnsider anghanges in
masticatorpatterns in terms of the way in which people use their t@dtlth

may influence resultBental wear patterngere analysed to determine if
significant differences occurmcer time in Britainn terms of the relative use

of different teeth duringhasticationAny significant changes in dental wear
pattern may indicate a behavioural or dietary change that alstreatona
patternswhich may influence mandible morpholoBgcause of the dental
eruption sequence on dental wear, tooth wear as a proportion of the wear of the
M1 will be analysed. The wear ratio will be calculated as (tooth wear + M1
wear)x100Mherebyeeththathave a wear ratio scoreothave the equivalent

wear as the first molar while teeth which are less worn will have a wear ratio <1
and teeth which are more worn than the M1 will have a wear ratio >1 (Clement
2007, Clemerdt al.2009).

No sgnificantasymmetrin dental weawvasrecordedand as such left and right
mandibular dentition were combined for analysis. Overall the results were
consistent with the expected pattern of dental wear, with dental wear ratio score
correlating with eruption sequence. Dental wear ratio was then aoalysed
determine how this varied among time periods and between sex estimation

groups reflecting dietary differences between these assemblages.

For dental wear analysis data were collected and input into a Microsoft Excel
spreadsheet, the data was then caxédransferred to an SPSS document for
statistical analysishe following functions in SPSS (IBM SPSS statistics 24)
were used: crosstabs, frequencies, ANQ@WAter analysindt-test These
statistical tests are detailed furth&abie 5.33. To analyse variation in dental

wear ratios among the sample box plots were produced inR&8Hgrom

the detal wear ratio analysis is detailed béelt. mean was utilised for
statistical comparison after a Shaylii& test and € graphs indicated thees

data were normally distributed and could therefore be treated as as a

Opopul ati ond. Difference i n mean was
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test andwhere applicahlANOVA and Bonferroni tests. The aim of these
analyss was to determinedéntdwear ratio wasgnificarly differentbetween
periods or sex estimatidnstatistically significant difference regsrtedvhen
the pvalue was less than 0.05 (<5%), wisithegenerally accepted value for

significant results.

Table 5.33: Statistical functions. Statistical functions used in SPSS for dental wear
ratio analysis.

Test Function

ANOVA | A oneway analysis of variance (ANOVA) determines if the
significant differences between the means of three or
independentgroups. Requires the sample to be norr

distributed

t-test Compares the means a continuous variable betwee
independent groups. Requires the sample to be nc
distributed

Bonferror An extension of the ANOVA a Bonferroni test compares eg
the independent groups from an ANOVA to determine ar
which groups significant differences in means occur.

5.3.2.1Sex estimation: how dental wear ratio vary between males and females,
within each time period?

There were not enough individuals of tified sex with dentition present to
include Neolithic individuals in this analysis. AmonBrihreze and Iron Age
individuals, there was a similar pattern in dental wear ratios between sex
estimation groups with an increase in the wear of the antetitivrdesiative

to the M3(figure 5.33 and5.34). Among males however there was a slight

difference with PM4 having a lower wear ratio, although this was not significant.

In general, among Roman, Argkxon, Medieval and Rastdieval
individuals maseappear to have less variation in tooth wear ratios between
anterior and posterior dentitiffigure 5.3.55.3.12 Among femalewhile the
anterior dentition and premolars typically had similar dental weathextos

was a greater decline in wetiosdor the molar dentition. Pastedieval males

had both I1 and canine wear ratiost were higher than among females.
Because it was difficult to discern clear differences in the dental wear ratio

between males and females based on the Box and \pluitkestatistical
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analysis was conducted in SPSS to investigate if the mean dental wear ratio for
each tooth varied significantly between males and females. Mean dental wear
ratios were analysed between males and females for each time period with the
excgtion of the Neolithic, and independent sarf#st(table 5.3.9 revealed

that statistically significant sex differences were only presentrerangio-

Saxons fothe third molarMedievalor first incisor&nd among Poshedieval
individualdor fourth premolarganines and first incisors
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Figure 5.3.3: Dental wear ratioBronze and lron Agefemales.Box plot illustrating

the dental wear ratio for mandibular dentition arBoogze and Iron Agiemales.

The purple line illustrates the wear level of M1, as such in general the M1 was the most
worn tooth among this grolwhiskers illustrate the standardran dental wear ratio.
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Figure 53.4: Dental wear ratioBronze and Iron Agemales.Box plot illustrating

the dental wear ratio for mandibular dentition arBooigze and Iron Agmales. The

purple line illustrates the wear level of M1, as such in general the M1 was the most worn
tooth among this grouf/hiskers illustrate the standardreim dental wear ratio.
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Figure 53.5: Dental wear ratio Roman female®ox plot illustrating the dental wear

ratio for mandibular dentition among Roman females. The purple line illustrates the
wear level of M1, ascduin general the M1 was the most worn tooth among this group.
Whiskers illustrate the standard error in dental wear ratio.
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Figure 53.6: Dental wear ratio Roman maledBox plot illustrating the dental wear
ratiofor mandibular dentition among Roman males. The purple line illustrates the wear
level of M1, as such in general the M1 was the most worn tooth among this group.
Whiskers illustrate the standard error in dental wear ratio.
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Figure 53.7: Dental wear ratio AngleSaxon femalesBox plot illustrating the
dental wear ratio for mandibular dentition among A&ton females. The purple line
illustrates the wear level of M1, as such in general the M1 was the most tworn toot
among this groupVhiskers illustrate the standard error in dental wear ratio.
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Figure 53.8: Dental wear ratio AngleSaxon malesBox plot illustrating the dental

wear ratio for mandibular dentition among A&glea males. The purple line
illustrates the wear level of M1, as such in general the M1 was the most worn tooth
among this groupVhiskers illustrate the standard error in dental wear ratio.
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Figure 53.9: Dental wearratio Medieval females.Box plot illustrating the dental

wear ratio for mandibular dentition among Medieval females. The purple line illustrates
the wear level of M1, as such in general the M1 was the most worn tooth among this
group.Whiskers illustratbeé standard error in dental wear ratio.
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Figure 53.10: Dental wear ratio Medieval maledox plot illustrating the dental

wear ratio for mandibular dentition among Medieval males. The purple line illustrates
the wear kel of M1, the mean wear for the 11 was therefore found to be similar to the
wear of M1Whiskers illustrate the standard error in dental wear ratio.
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Figure 53.11: Dental wear ratio Pod¥ledieval females.Box plot illstrating the

dental wear ratio for mandibular dentition amongMedieval females. The purple

line illustrates the wear level of M1, as such in general the M1 was the most worn tooth
among this groupVhiskers illustrate the standard error in dentakratear
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Figure 53.12: Dental wear ratio PostMedieval males.Box plot illustrating the
dental wear ratio for mandibular dentition among€Wedieval males. The purple line
illustrates the wear level of M1, [1at@ the canines were therefore found to have a
wear score similar or higher to that of theWHiskers illustrate the standard error in
dental wear ratio.
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Table 5.3.4 t-test for sex difference in dental wear ratio by periodndependen
samples-testshowing the significant differences recorded in mean dental wear ratios
between males and females for each time period analysed.

Levene's Test f
Equality of Variance:

Period F Sig. t df Sig. (Zailed)

AngloSaxon Equalvariances 13.25 .001 285 42 .007
assumed

m3

Medieval Equal variances 7.40 .008 -2.43 86 .017

) assumed

il

PostMedieval Equal variances 5.03 .027 -2.36 119 .020

pm4 assumed

PostMedieval Equal variances 9.09 .003 -3.37 97 .001
assumed

c

PostMedieval i1Equal variances 8.79 .004 -2.97 90 .004
assumed

211



5.3.2.2Sex estimation: how does dental wear ratios vary among males and
females over time?

When dental wear ratios were analysed over time, there weappaosat
differences in wear patterns among males compared to females. An ANOVA
(table 53.5 was conducted which further supported this as among females
there were only significant differences reported 8 and pm3 between
periods. While among malesiicant differences were present in M3, M2,
canines and I1. Bonferronitest was conducted to determine among which
time periods significant difference were present for both females and males.
Among females there were only significant differences cecoddmtal wear

ratios among M3s between females from the Roman andSamgloperiods.
However, among males there were significant differences recorded in individual
period comparisons for canines and M2s. For canines there were significant
differencesn dental wear ratios among Rdsdieval males amfonzé Iron

Age Roman, Angksaxon and Medieval males. Among the dental wear ratios
for the second molar, significant differences were recorded bEwsten
Medievamales an@ronzé Iron Age Roman andnglo-Saxon males, as well

as between Medieval males and Roman and3agia males.

212



Table 5.3.5: ANOVA differences in dental wear ratio over time for males and
females. ANOVA llustrating thatamong maleshere was a greater number of
dentition showig significant differencés dental wear ratidsetween time periods
(m3, m2, canine and first incisminpared to femalés3 and third premolar)

Sum o
SexEstimation Squares df Mean SquarF Sig.
Female m3 Between Grouf.21 5 0.04 2.3 0.06
Within Groups 1.9 109 0.02
Total 2.5 114
pm3 Between Grouf0.45 5 0.09 2.3 0.03
Within Groups 6.5 184 0.4
Total 7.03 189
Males m3 Between Groufl.5/ 5 0.31 25.9 0.00
Within Groups 2.10 168 0.01
Total 3.67 173
m2  Between Groufl.66 5 0.33 13.8  0.00
Within Groups 5.6 227 0.02
Total 7.1 232
c Between Grouf2.12 5 0.43 3.4 0.00
Within Groups 2250 198 0.11
Total 24.61 203
i1 Between Groufl.87 5 0.37 2.43 0.4
Within Groups 27.4 176 0.15
Total 29.01 181
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5.3.2.3Time period: how do dental wear ratios vary over time among all
individuals?
Dental wear ratios were then analysed over time combining both males and

females. By combining males and females as well as incluséxgdun
individuals it was possible to include the Neolithic period in this analysis.

Among Neolithic individuals themas greater wear on the first incisor. While
mean wear was similar to the M1, the range in dental wear ratio for this tooth
was greater and exceeded the wear of M1, suggesting increased use of the
anterior dentition. The third molar still had the lowest & wear which is
expected ai$ is the last tooth to come into occlusi@igure 5.3.13 Among

Bronze and Iron Agmdividuals dental wear ratios for the anterior dentition
were similar for incisors, canines and premolars, alttftmrghwas a large
difference in dental wear ratios for PM3 and PM4 andvibdnd M3 had a
significantly lower dental wear ratio comptréde other dentition@igure

5.3.3). Among Roman individuals there was a similar pattern in dental wear
ratios although there was no significant difference in M2 and PM4 as was also
the case with AngiBaxon and Medieval individu#tpure 5.3.5-17. Among

the PostMedieval individuals there is once again increased wear on the first

incisor(figure 5.3.8B).

The mean dental wear ratios were further analysed to determine if significant
differences occurred over time and an ANOVA revealed thatvibere
significant differensen dental wear ratio between periods for the molars,
canins andfirst incisors A Bonferroni test was conducted which shows that

for the M3s significant differences in wear ratio occurred betwdeosthe
Medievaperiod and thBronzé Iron Age Roman and AngiBaxon periods, as

well as between Medieval individuals and the Roman andSAxgio
individuals. For the M2 significant differences were recorded bPwmgten
Medievaindividuals and the Romans, as well as betweennizm$fand the
Neolithic individuals. Finally, among the first incisor there were only significant

differences between tRestMedievahnd Medieval individuals.

214



2.0
1.8
169
14

|

1.0

0.8

I R

0.2

Dental wear ratio

0.0

M3
M2
P4

Dentition

Figure 5.3.13 Dental wear ratio Neolithic. Box plotillustrating the dental wear ratio

for mandibular dentition among Neolithic individuals. The purple line illustrates the
wear level of M1, the mean wear for the 11 was therefore found to be similar to the
wear of M1Whiskers illustrate the standard arratental wear ratio.
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Figure 5.3.14 Dental wearBronze and Iron Age Box plot illustrating the dental
wear ratio for mandibular dentition amd@rgnze and Iron Ageindividuals. The
purple line illustrates the weaelef M1, as such in general the M1 was the most worn
tooth among this grouvhiskers illustrate the standard error in dental wear ratio.
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Figure 5.3.15 Dental wear ratio Roman.Box plot illustrating the dental wear ratio

for mandibular dentition among Roman individuals. The purple line illustrates the wear
level of M1, as such in general the M1 was the most worn tooth among this group.
Whiskers illustrate the standard erroemtal wear ratio.
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Figure 5.3.16 Dental wear ratio AngleSaxon.Box plot illustrating the dental wear
ratio for mandibular dentition among Anrgbkxon individuals. The purple line
illustrates the wear level of M1sash in general the M1 was the most worn tooth
among this groupVhiskers illustrate the standard error in dental wear ratio.
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Figure 5.3.17 Dental wear ratio MedievalBox plot illustrating the dental wear ratio

for mandibular dentition among Medieval individuals. The purple line illustrates the
wear level of M1, as such in general the M1 was the most worn tooth among this group.
Whiskers illustrate the standard error in dental wear ratio.
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Figure 5.3.18 Dental wear ratio Postmedieval.Box plot illustrating the dental wear
ratio for mandibular dentition among Rdsdieval individuals. The purple line
illustrates the wear level of M1, the mean wear for the |1 was therefore faund to b
similar to the wear of MilVhiskers illustrate the standard error in dental wear ratio.
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Table 53.6 ANOVA differences in dental wear ratio over timeResults from an
ANOVA llustrating that wer time there were significant differences beiper@mus
in mean tooth wear ratio for M3, M2, canines, and 11

Sum of Squaredf Mean Square F Sig.
m3 Between Groups0.82 5 .16 9.05 .00
Within Groups 6.4 359 .01
Total 7.29 364
m2 Between Groups0.55 5 1 4.43 .00
Within Groups 14.% 590 .03
Total 15.10 595
o Between Groups0.98 5 20 2.3 .04
Within Groups 42.5 501 .08
Total 43.23 506
i1 Between Groups1.28 5 .26 2.43 .03
Within Groups 48.% 456 1
Total 49.33 461

It was determined that there were no abnormal dental wear ratio patterns
recordecbver time in Britaimas such it is concluded that masticatory patterns
did not differ significantly between perj@dssuch mandible morphology can

be analysed amotime periods without further consideration of dental wear

ratios.
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Previous studies have typically relied on measurements of the mandible to
analyse changesnmandibulamorphology between assemblagesllowfor
comparisons between the results from this research and previously published
studiesit wasdeemeahecessary to includemestandaraneasurements the
analysisThese measurements waititionallype used to compare ta#icacy

of linearmeasuremesivith 3D GMM. Seven measurements were taken using
sliding callipers, teemeasurements are describadbie 5.4andillustratedn

figure 5.4below results were then input and analysed in SPSS. To

ensure results were consistent and accurateaalirements were takleree

timesto the neare€l. 1millimetreand the mean measuremeas nwecorded

An intraobserver error study wasnductedwherethree mandibles were
measuredive times. Mean mtraobserver errowvas recordeetweerd.1l-1mm
(seeappendix 4figure 4.3.). Aninter-observer error study walsoconducted,

five archaeology PhD students with a background in ostewdogyrovided

with written descriptionsandwere asked to measuheee mandiblesMean
interobserveerror was determined to be betwe&d 2.8mm (seeappendix

4 figure 4.32). Both the inter and intrabservererror was considered
acceptabld.he mean was utilised for statistical comparftesrasshapirdVilk

test and @Q graphs indicated these data were normally distributed and could
therefore be treated as a O6popul ationo.
independent sampleest and where applicable ANOVA and Bonferroni tests
(seetable 5.3.3. The aim of these ana@ysvas to determine rifiandible
measurements wesggnificarly different between comparison groups. As
discussed@statistically significant difference regsrtedvhen the pralue was
less than 0.05 (<5%).
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Table 54: Mandible measuements. Table describing the measurements taken in this
study(ArsdaleandLordkipanidz012 Franklinet al2008 Freidlineet al2017 L opez
et al2017 McNamarandBryan1987, Trinkaus 2003

Measurement Description
Mandibular Distance from the posterior superior surface of
Length 1 mandibular condyle amufradentale the superior poin
(L1) on the alveolar bone at the interdental space betwe
I*incisoryMcNamarat al1987, Trinkaus 2003)
Mandibular Distance from the posterior superior point on
Length 2 coronoid process andinfradentale (Arsdaleand
(L2) Lordkipanidz&012, Freidlinet al2017)

Body Length
(BI)

Distance from the posterior inferior point where
mandibular body joins the ramus anfladentaléLopez
et al2017)

BiondyldBreadt| Distance between the superior lateral point on
(ConB) mandibular condyl¢sopezet al2017)

Bicoronoid &ifth Distance between the superior point on the corc
(CorB) processs(Lopezet al2017)

Ramus Height
(Rh)

Bodyeight
(Bh)

Distance between the gonial angle and the superio
point on the mandibular condyleranklinet al.2008,
Lopezet al2017)

Distance between thmfradentaleand the inferior mos
point of the mandibular ramus along the sagittal
(Franklinet al2008)
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CorB

Figure 5.4Mandible measurementsDiagrams illustrating the linear measuremnets
taken on the madnible with calipers, the left image shows a mandible from lateral
positionwith the L1, L2, Bl and Rh meassurments and on the right the mandible from
anterior view showirtge CorB, ConB and Bh measurments.
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Geometric morphometrics is the study of size and shape through the
multivariate analysis of Cartesian coordinates. This allows for groups and
individual shape differences toviseialised providing a superior representation

of the shape of a specimen compared to more traditional measurements
(Nicholsonand Havarti 2006006 Hi g g 1).nThere 2afe Geveral types of
geometric morphometrics, however this research will fotarsdomark based
geometric morphometrics. Landmark bgsesnetric morphometrics employs
either 2D or 3D Cartesian landmark coordinates in order to summarise
biologicalshapes (Bookstein ®ryden and Mardia 1998Websterand
Sheet2010. A benefit of ladmark based geometric morphometrics is that the
resulting graphical representations of special differences are visually, appealing
intuitiveand allows for complex changes in biological shapes to be visulaised
The following steps are required when cdirdpa landmark based geometric

morphometric study, which will be discussed in this section:

~ Data acquisition 1: Scanning the specisestidn 5.53) ~ 40
minutes per mandible

~ Data acquisition 2: Clean and align scawsidn 5.5.9 ~ 15
minutes per maiiale

~ Data acquisitio: Landmarks pladen a computer model of the
specimen and coordinate data extracectign 5.5.5 ~ ten
minutes per mandible

~ Estimate missing landmarksction 5.5.2.9

~ Format the coordinate data for the entire sample st that
can be read in Rection 5.5.9

~ Data registrationPerform Generalised Procrustes Ana({aizA)
to isolate the shape dataction 5.5.9

~ Data reduction of the GPA coordinate matrix, this is done through
either Principal Component analysis@anonical Variate Analysis
(section 5.5.9

~ Analyse data using multivariate statistics and visualise shape changes
using Evan Toolbofsection 5.5.9.
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5.5. 1L andmark Requirements
Landmark based GMM involves the simplification of a biological shape in terms

of da constellation of discrete anatomical Eathdescribed by- or 3
dimensionalCar t esi an (Webster dnd rSlacete 2040, .164)s

requires the placement of cetesit and reliable landmarks to generate a discrete
representation of the 3D object. Landmarks are homologous points that must
be present among all samples and consistent between samples while at the same
time landmarks must be relevant to the area gf(8adkstein 199 Bouteret

al.2010)

Despite tle recent expansion of 3OMM research there has been a dearth of
studies investigating mandible morpho{&gymotoet al2010) The relative

lack of 3D GMM studies investigating mandible morphology may in part be due
to the nature of GMM which relies on the consistent placement of homologous
landmarks on all individualgfie studyfWebsteandSheets 201.0fompared

to the cranium, for which there is an overwhelming number of GMM studies,
the mandible has very few true biological landmidrghree GMM studies

with the largest sample sitgch analysed the mapidi only included 22, 27,

and 33 landmarks respectively (Ka&t2017, Bejdovet al2013, von Cramen
Trabadel 2011). Previous studies which have analysed morphological changes in
the mandible are further detailedsaction 4.4.3 Converselyraniofacial
studies frequently include sé¢emidmarks and may have over 100 landmarks,
with Mitteroeckeet al(2005) having 191 anatomical and-&Esrdmarksin
thispresenstudy it was deembahly important to incorporate a large number

of landmarks and to ensure these landmarks fitted the requirements of GMM

analysis which are:

- Consider t he O0bi ol ogi cal guestiond
(Webster and Sheets 2010)

- Landmarks neea tbe placed reliably and consistently on the entire
sample, which can be tested through an-abserver error study
(Webster and Sheets 2010)

- Landmarks need to be able to be placed consistently on the entire
sample, if an individual is missingt jone landmark, they cannot be
included in the studyVebster and Sheets 2010)
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5.5.1.IThe Biological Question
When deciding landmarks for a GMM study it is first necessary to consider the

biological question that is being agsediteret al2010) After considering the
relevant background literature it was noted that the key areas where
morphological variation should occur are the condyles,aadgenial angle,

this is discussed furthersection4.2 This was considered when deciding the
landmarks to include within this current analysis. However, due to their nature
these areas were also the regions where the majority of variation ocathired, wh
makes the placement of consistent homologous landmarks problematic.

5.5.1.Reliable and consistent placement of landmarks
To determine if landmarks could be consistently and reliably placed among the

specimens, intra and inter observer error stweddes conducted. Only
landmarks which could be consistently placed with <3 mm of error were utilised.
In order to determine if the landmarks chosen were reliable an inter and intra

observer error study was conducsedt{on 5.5.2

5.5.1.3 andmark Consistey
One limitation of landmark basé®IM is that all the data used in the analysis

must have the same set of landmarks. Therefpecimens with missing
landmarks either the result of taphonomic damagproblems arisinduring
dataacquisition must be excluded from the analgAgamset al2004) To
determine if the landmarks chosen would likely be present on a large enough
sample to allow for valuable statistical anaysisi study wa®nducted Full

details of this study are detaitesection’5.5.2.1 It was determined based on
results from this study thateservation of the archaeological mandimetl

not be sufficient to achieve a large enough sample size when requiring all 46
landmarks to be present. Hower@ssing landmarksan be reconstructed
bilaterallyacross the plane of symmaethich allows for a larger sample size to

be achievedhis study demonstrated the need for such methods especially for
time periods with lowdevels of preservatipthese methods are discussed

further insection 5.5.2.4
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5.5.2 Method Development Studies
To ensure that the landmarks chosen, fit the requirements of GMM analysis a

number of method development studies were conduCiginally 52
landmarks were chosand tested fotheir repeatability and reliability, after
analysis 46 landmarks were determined to fit the requirements detailed in
section5.5.1and were used in this research.

5.52.1 Method development stuéyeservation Analysis |
A limitation of landmark based GMM is that allahdmarks must be present

on the entire sampleherefore, specimens with missing landmarks, festimer

the result of physical taphonomic damage to the specimen or during the data
acquisition stage, must be excluded from this hadynset al2004) To
determine if the landmarks utilised would be present on a large enough sample,
an initial presendeabsence study was conducted. 50 mandibies tifre
Duckworth collection and 50 mandibles from the St Grggasy and
cemetery were utilised for this studydline Andmarks were recorded as
present or absenandthe bilaterallandmarks were recorded as present 1,

present 2 or absent.

Results fm this mini stud$ shown intable 5.5.1 indicated that among 91%

of mandibles the minimum number of required landmarks were present,
although only on 55% of mandibles were all symmetrical landmarks present.
Preservation of the archaeological material ihh St . Gregoryos
Cemetery was significantly lower compared to the Duckworth collection, with
only ninemandibles having all landmarks present and 28 mandibles having the

minimum landmark requirements for inclusion.

Table 5.51 Landmark presence/absenceTable detailing the mandibles which are
complete, posses the minimum number of landmarks and wahéclhebs than the
minimum number of landmarks

Complete Minimum Absent Total
Duckworth ‘ 21 29 6 50

St. Gr 6‘9 28 13 50
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It was determined from this study that the chosen landmarks would be present
on enough mandibles, however, someéssing landmarks must be
estimated/reconstructed using methods discussedtion 5.52.4 in order to
achieve an adequate sample size.

5.52.2 Method development study: Intlaserver error
To ensure landmarks are placed consistently anlséaver error study was

conducted. The sample includgd scans from20 mandibles from the
Duckworth collection where all landmarks were presandlilbfes were chosen
from different continents order to increase morphological variation for this
analysisLandmarks were placedszans oéach mandible once a weekédar
weeks, descriptions and diagrams illustratetiion 5.55 were used when

placing landmarks, to ensure consistency.

Before considering the results of the 4dobserver error study it is first
necessarto briefly discuss the problems with invesiigabbserver error in
geometric morphometric studi@bere are currently no standardised methods
for calculating error or suggested thresholds for the acceptable level of error
(Hirst et al.2018,von CramorTaubadelet al.2007 White et al.2018.
Furthermore the level of observer error reported by some published [gapers
unfeasibly lofeg:Fuessingest al2018G u y o m atral20dh For insance
Fuessingest al(2018 reported measurement error as low as 0.001mm for some
landmarksvith a mean error of 0.3mFurther research is necessary in order

to establish methods for estimating observer error and determine an acceptable
level of errorUntil then it was determined for this study to take two appsoache
The first was to analyse the coordinate data after&jfAration and PC

While there are numerous issues with investigating error in PCA aligned
coordinates(Chapmari990Q von CramorTaubadelet al2007 Zelditch et

al.2012 thisapproachs frequently taken by previous papersHagklinet
al.200&, 2007 Kraniotiet al2009 Lockwoodet al2002 Terhuneet al2007.

The first level of analysis determined that when analysed through GPA and PCA
the meanProcrusteslistance between the repeated sampling wésaletgse
Procrustes distance between individuals.-dbs@rver error fothe raw
landmarkcoordinateswas then analysed individualySPSS The mean

standard deviatiom X Y and Z coordinateand the combined error in
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millimetresvas evaluated@he results from this second analysis showed that 15
of the landmarkisadhigher levels of errassociated with thefa2mm).
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Figure 5.5.1 Intra-observer error resultsBar graph illustrating the mdatra
observer error in mm for each landmark.

Because of this analysis it was determined necessary to remove 13 landmarks
from the study and altewo landmarks. This resulted in a lack of data which
reflected mandibular shape in the gonial angle fmwrirborder of the
mandibular body. To compensatdfiathree new landmarigere introduced.

These were tested using the same method as(blefstrated irfigure 5.5.)

and it was determined that error levels were sufficienf{lylldmm), allowing

these landmarks to be incorporated.

5.52.3Method development study: In@bserver Error
A study was also conducteddetermine if these landmarks could be placed

consistently by other researchers, while these results do not impacityhe valid
of the current study it is important for future research as a lowhsézver

error would allow the same methodology to be employed for future studies
allowing direct comparisons with the landmark data collected in this study. For
the interobservererror studyfive PhD students from the archaeology
department at UCL with a background in osteology were selected. The
participants were given a brief tutorial on how to use the Landmark Editor
softwarg(Wileyet alND) and provided with written descriptiotable 5.52)

and diagram$éigure 5.517and 5.518 of the landmarks employed in this study.
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Additionally, a previously landmarked mandible was includechfmarison as

some of landmarks are difficult to interpret on 2D images. Participants placed
landmarks orscans fromthree complete mandiblé®m the Duckworth
collectionand the raw landmark coordinates were extracted for comparison, as
with the intraobserver error study landmark accuracy was analysed based on
Procrustes aligned coordinates and raw landmark data.

Landmarks had to all be placed in the same order which led to confusion among
the participants, as such prior to analysis all landmarks eskedciind the

order of landmark placement but not the position was changed in these cases.
This type of error is immediately evidehen conductinGPA andPCA As
expectedinterobserver error was higher than the {obrserver error study
however staratd deviation did not exce@hm 0 for accumulated error
between X,Y and Z coordinatésr any of the landmarks as illustratdidjure

5.52. FurthermoreProcrustes distance betweendiblesvas greater than the

variation irparticipanerrorfor eat individual.

Inter-Observer Error
3.50
3.00
2.50
2.00
1.50
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1 3 5 7 9 11131517 1921232527 29 31 33 3537 3941 43 45
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Standard deviation (mm)

Figure 5.52: Inter-observer landmark errorBar graph illustrating the amount of
meanstandard deviatiqmm) for each of the landmarks in this study.
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5.52.4Method development study: Reconstruction Study
As discussed isection 5.5.3.1preservation of the mandibles from British

archaeological assemblages was not sufficient to acquire a large enough sample
for each period if only completandibles could be included. As such methods

for reconstructing/estiating missing landmarks were evaluated for their
efficacy for this sample. The following five methods were compared in this
study:

R1: Manual simplistic mirroring across a bp&eeal mid

A plane of bilateral symmetry is estimated from the mean XoVdahe
midsagittal landmarks, the missing landmarks are then reconstructed using the
Y and Z coordinates from the corresponding original landmarks, and the X
coordinate for the missing landmarks are estimated by calculating the distance
along the X axiseween the original landmark and the midsagittal plane and
reflecting this distance across the midsagittal plane to get the X value for the

missing landmark.
R2: TPS reconstructgeoimorph (estimate.missing(TPS))

Missing landmarks are estimated byguBPS to interpolate specimens on a
reference specimen to estimate the locations of missing landmark. Here, a
reference specimen is obtained from the set of specimens for which all
landmarks common to both are present. Finally, the TPS is used te #stimat

location for the missing landmarks in the target specimen.
R3: Multivariate regression mgatwaiph (estimate.missing(Reg))

Missing landmarks are estimated for incomplete specimens, for the multivariate
regression method each landmark isssggleon all other landmarks for the set

of complete specimens, and the missing landmark values are then predicted by
this linear regression model. Because the number of variables can exceed the
number of specimens, the regression is implemented on knuydbeafirst

set of PLS axes for the complete and incomplete blocks of landmarks.
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R4: Mirroring across an empirical midpighe (fixLMmirror)

For this method, the configurations are mirrored and the relabelled version is
matched onto the original, using a-filate spline deformation. The missing
landmark is then estimated using its bilateral counterpart.

R5: TPS reconstructioorpho (fixtps)

Missing landmarks are estimated by deforming the sample average or a weighted
of the configurations most similar onto the deficient configuration. The
deformation is performed by a Hpiatespline interpolation calculated by the
available landmarks

While the results from the previous preservation study indicated that
reconstruction of incomplete mandibles would be regitinsdnecessary to
further understand the pattern of preservation isddened mandiblesh&h
consietring reconstruction methods, it is important that the proposed methods
have high rates of accuracy among the landmarks which are most frequently

missing.

Analysis of the entire sample revealed that 410f3dé&hdiblesvere complete
whileonly2.3184% had the minimum number of landmarks for inclusion in the
study, and the remaining 55.796% mandibles were incomplete but had at least
25 landmarks present. Further analysis was conducted to determine the mean
number of missing landmarks for theat®ample and among the different
regions of the mandible, the results from this analysis is incliigiec i5.5.3
and5.5.4below. It was determined that the most frequently absent landmarks
were 3540 and 4318, which are the landmarks located orcdimelyle and
coronoid. These results are consistent with expectations, as these are the regions
of the mandible which project from the body of the mandible, and as such are

more susceptible to taphonomic factors.
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Figure 5.5.3 Percentage of missing landrarks. Bar graph illustrating the
percentagef missing landmarks

Six landmarks had a significantly higher percentage of absence, these were the
superior, lateral and medial points on the condyle, the condylar neck and the
superior and anterior pointst@ coronoid were absent from over 14% of the
sample, the majority of the other bilateral landmarks were only absent from
approximately 6% of the population.

Frequency of Missing Landmarks
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Figure 5.5.4 Frequency of missing landmarksBar chart illustrating the frequency
of missindandmarks among the sample.
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It is clear from these results that the condyle and coronoid are the most
frequently missing landmarks and therefore it is important that reconstruction
methods are accurate for these landmarks. Additionally, as the mearmhumb
missing landmarks is 4.5, reconstruction methods need to be capable of
reconstructing at leate landmarks with a high degree of accuracy, which
would allow the reconstruction of 55.6% of the incomplete mandibles.

Raw landmark error, the numdrididference between tliginal (O) and
reconstructe¢R) coordinates for methods fRb were directly compared. The
mean error was calculated to analyse the efficacy of each method. For the first
level of analysis 50% of the bilateral landmarks werestracted, which
involved reconstructing the entire left hemisphere of the mandible. However as
only 2.31% of the mandibles in this study were missing an entire hemisphere
further analysis will be conducted to analyse the efficacy of these methods for
onlyreconstructing the most frequently missing landmarks. This second analysis
will only involvd R2R5 reconstruction methods as the results from the R1
method were determined not to be influenced by the number of missing

landmarks.

Mean error RR5
40
35
30
€ 25
£
~ 20
S
g 15

1

S R

1 234567 8 9 111315171921232527293133353739414345474951
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Figure 5.55. Mean error for estimating missing landmarks RR5. Mean
difference between reconstructed and original coordinates for each landmark, method
R3 is not included due to extreme levels of error which warranted its exclusion.
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A significantly greater level efror was producedn the R3(Multivariate
Regressionpethodas such this method was not included for further analysis
The Rt and RSeconstructiog while lowem errorthan R3 is still greater than

the RLand R reconstructions. To evaluate the asfahe R4 and R5 methods

it is therefore necessary to analyse them separately from the high error R2 and
R3 methoddt was decided from this study tttzt mandibles would not be
included if only half of all bilateral landmarks were present.

Mean error for R1 and R2
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Figure 5.5.6: Mean error for estimating missing landmarks RR2. Mean error in
R1 and R2 methods, showing that it varied between landmarks as to which method is
the most accurate.
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Whenreconstructing only the most frequently missing landmarks methods R4
and R5 had the lowest level of error. Method R2 still resulted in the
reconstruction of the present bilateral landmarks and produced the highest level
of error after R®&igure 5.5.7. Maghods R4 and R5 had the lowest level of error
were compared separatdigufe 5.58). Both R4 and R5 reconstruction
methods had under 3.5mm of error for all landm&hesR4 reconstruction
method was more accurate, with error not exceeding 2mm for ey of

reconstructed landmarks
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Figure 5.57: Error in estimating most frequently missing landmarks RZR5. Bar

graph illustrating the error between reconstructed landmarks using the R2, R4 and R5
methods compared to the original landmark valietisod R3vas excluded from the
comparison due to very high levels of error.
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Figure 5.58: Mean error R4R5 frequently missing landmarks.Error in estimating
most frequently missing landmarksR84Bar graph illustrating the error between
reconstructed landmarlkusing the R4 and R5 methods compared to the original
landmark values.
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Levels of error were low enough that it was determined individuagttth
missing landmarks would beconstructedusing method R4, however any
individualsvith more tharightmissing landmarks would not be reconstructed.
While further research would be valuable to determine how landmark position
influenced error when reconstructing a lower numbé&ndfmarksThese
0frequent !l y mi s s itheglandmarksdassacrated vith thee r e
highest level of error when reconstructing all bilateral landmarks and error level
was still under 3mntherefordor the purposes of this study this method was
determined acceptable.

Reconstruction and estimation methare frequently usedGMM studiesas

the nature of the requirements of GMM combined with the preservation of
archaeological materials can greatly reduce sample siagslendnalysis
(Arbour & Brown 2013, Hirstt al 2018) These methods typicalgiyr on
exploiting bilateral symmetry and as such when large numbers of missing
landmarks arestimatedthese methods may act to reduce the asymmetry of a
data set. As such estimation methods should not be utilised in studies which
focus on the analysis agdymmetry among the sample. However, in this study
with a maximum of eight missing landmarks being estimated per individual and
error levels associated with these methods being lowerdhahsatver error

studies it is unlikely that such methodshaile any influence on these results.
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5.5.3 Scanning Method
The quality and definition of the scan needs to be considered for GMM studies

as consistent placement of landmarks is unlikely to be achievable among poor
guality scan@Vebster and She&t10) Thereforeto ensure adequate coverage

of the mandible three scans were téixeaach specimen. Ttabows the full

form of the mandible to be captured while limiting the total number of scans,
thus both reducing the amount of time taken per mandible as well as reducing
the amount of processing required to align the scans which reduces the potential
error creted in this processAll together the scanning process took
approximately 40 minutes per mandible, for the entire sample of 911 mandibles
this meant a scanning time of around 607 hours.

GRBDNae

Figure 55.9: Next Engine Scanner Photograph of a Next Engine HD snar
conducing a 360° scan of a human crania using the tufiaitde201542, Figure 1

Mandibles were scanned using a Next Engine HD scanner (illustigted in

55.9) using the high definition settifigh e f i r st scan was a 360E
mandible positioned at an angle with the posterior infnitace of the

mandibular body and gonial angle on a polystyrene block approximately 1 %

inches in height anfive inches in length so that both gonial angles are

positioned on the blogdhown in figure 510and 5.5.1
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Figure 5.51Q Diagram for 360 scan.Diagram illustrating the positioning of
mandible for the 1st 36Gcan image modified fronGray 1918 Figure 16°
https://www.bartleby.com/107/44.html.

The second scan was a tleieed brackescan designed to captutres t
morphology of the inferior surface and the anterior lingual surface of the
mandibular body as well as the posterior inferior surface of the mandibular
ramus. This involved positioning the mandible witlinttisalsurface offe
incisorsand canineglaced on top of &inch-highby 1-inch wide block so that

the superior surface of the mandibular condyles is supporting the mandible on
the turntablesshown infigure 5.5.11and5.5.8

Figure 5.5.1: Diagram for bracket sca. Diagram illustrating the positioning of
mandible for the 2nd bracket scanage modified fronGray 1918Figure 16
https://www.bartleby.com/107/44 .html.
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The third scan taken was a single scan designed to ¢teggupettior surface

of the dentition, retronolar space, superior surface of the mandibular condyles
and the coronoid process. For this scan the mandible was positioned at a steep
angle resting on the inferior anterior surface of the body at the mandibular
symphysis and the posterior inferior surface of the mandibular angle positioned
against the vertical place of a large llpgtoximatelywo inches high anfire

inches wideso that the mandible is at an approximate angt sifiown in

figure 55.22.

Figure 5.5.2: Diagram for single scanDiagram illustrating the positioning of
mandible for the 3rd single scamage modified fronGGray 1918 Figure 16
https://www.bartleby.com/107/44.html).
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Figure 5.5.13: Raw mandible scansin Scan Studio Screen shots of the 3600 scan
(top) bracket scans (bottom)

5.5.4Data Processing Method
Once the thredifferert scans were complete, they were combined to form a

single 3D model wusi n gloantextrabeausategah 6 pr oc e s ¢
such as the positioning props wen@oved from the scan. This process is

illustrated irigure 5.5.8 and5.5. 5, with the final scan showrfigure 5.516.

It took approximately 15 minutes per mandible to complete the glaadin

aligning process taking o227 hours for the entire sample. The 3D models

once complete weexported as a PLY file.
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Figure 5.5.%: Scan studio cleaning scansScreenshot illustrating the process of
removing the props used to supportrttandibles and hold them in position.
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Figure 5.5.5: Scan Studio align modelsScreen shots of the alignment process,
alignment could be conducted in either the blue modetaf@wvifich was better for
identifying surface detail or in the full coleewnpottom lefj) which was particularly

useful in cases were the mandibles had writing on them, although in some instances the
colour was not successfully captured in the scan as sbttam (ighj.
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Figure 5.516: Final complete scan in Scan Studidcreen shot of a final completed
scan for mandible in both blue surface detail Viefivar{d middleand colour detail

(right).

5.5.5 Landmarks

Landmarks were then placed using the free software Landmark/iAtEieat

al ND) (as illustratedbelow in figure 5.519), the coordinates were then
extracted as text files. Based on the results from the method development studies
(section 5.5.3, 46landmarksnvere chosen to include in analyisse are
described itable 5.5.3and illustrated ifigure 5.517 and5.518 below.When

landmark data were missing these coordinates were estimated in R as per the
reconstruction study detailed section 53.3. The landmark process took

approximatel{enminutes per mandible totalling 152 hours.
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Table 55.2: Landmark descriptions Landmark numbers, names and descriptions

# Landmark Description
1 1st incisor labial surface Superior position on the alveolar bahéhe labial surfac
below the interproximal surface between the 1stincis
2 1st incisor lingual surface Superior position on the alveolar bone at the lingual s
below the interproximal surface between the 1stincis
Canindabialsurface Superior position on the alveolar bone at the céatiral
surface below the canine
56 | Lingual surface 1s Superior position on the alveolar bone at the céngnadl
premolar surface below the 1st premolar
7 Mental eminence Most anteriorpoint of the mental eminence along
mandibular symphysis
8 Superior to mente Most posterior depressed point on the anterior surfa
eminence the mandible body along the mandibular symphysis
9-10 | Mental Foramen Mental foramen
1112 | Buccal surface M1 ane Point on the alveolar bone on the buccal surface be
PM4 the M1 and PM4
1314 | Buccal surface M1 and v Point on the alveolar bone on the buccal surface be
the M1 and M2
1516 | Buccal surface M2 and v Point on the alveolar bowa the buccal surface betwe
the M2 and M3
17418 | Lingual surface M1 ar Point on the alveolar bone on the lingual surface be
PM4 the M1 and PM4
1920 | Lingual surface M1 and M Point on the alveolar bone on the lingual surface be
the M1 andvi2
21- Lingual surface M2 and N Point on the alveolar bone on the lingual surface be
22 the M2 and M3
2324 | Inferior mandibular bod Along the inferiomost lateral surface of the mandibi
parallel with point 223 body inferior to point 15 ari®b
2526 | Inferior mandible bod' Point along the inferior surface of the mandibular k
parallel with mandibule directly inferior to the mandibular notch and symmetr
notch bisecting the ramus
27-28 | Superior to gonial angle « The most anterior point along posterior edge of
posterioramus mandibular ramus, superior to the gonial angle and ir
to the mandibular condyle
2930 | Posterior condyle neck  Neck of the condyle on the posterior surface
31-32 | Superior condyle Most superiopoint on the mandibular condyle
3334 | Lateral condyle Most lateral point on the mandibular condyle
3536 | Medial condyle Most medial point on the mandibular condyle
37-38 | Mandibular notch Most inferior point along the superior edge of
mandibular ramus between the mandibular condyle a
coronoid process
3940 | Superior coronoid The superior point of the coronoid process
4142 | Anterior coronoid Most anterior point along the anterior edge of
mandibular ramus inferior to tloeronoid process an
superior to the retromolar space
4344 | Anterior Inferior ramus  Most posterior point along the anterior edge of
mandibular ramus inferior to point 29 and superior tc
retromolar space
4546 | Gonial Angle Gonial angle
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Figure 5.5.17Mandible landmarks lateral viewimage modified froi@ray 191
Figure 16Mttps://www.bartleby.com/107/44.html).
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Figure 5.5.18 Mandible landmarks medial view image modified frorsray 191!
Figure 17 Mttps://www.bartleby.com/107/44.html).
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Figure 55.19: Landmarks placed in Landmark editor. Screenshots of the
landmarks when placed in the programme Landmark @diteyet alND) from the
anterior view (left), occlusal view (centre) and the posterior view (right).

During the landmarking and reconstruction process several individuals were
removedd due to either error in processing scans or resolution of the scans
being insufficient for confident landmark placerddndm the sample. The

final GMM sample is detailedtable 5.53.

Table 5.53: Final sample for 3D geometric morphometric analysi§.able detailing

the number of individuals where landmark datiee available for 3D geometric
morphometric analysis.

Period Total Males Females Unknown
Neolithic 14 5 4 5
Bronze and Ir 84 29 36 19

Age

Roman 94 37 38 19
AngleSaxon 153 54 39 67
Medieval 215 67 92 56
PosMedieval | 217 88 99 30

Total 777 280 308 196
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5.56 Geometric Morphometrics. Statistical Analysis
Once landmarks were placed on all of the mandible Huveses data were

exportedfor analysis in Rn order to analyse shape variation the coordinate
data had to beegisteredsgction 55.6.1) and reducedéction 5.6.%usingfor

GPA and PCA/CVA analysighis analysis was conducted in R, the functions
used forthese analysese detailed itable 5.54, the R script used for this
analysis is provided Appendix 6. As with dental wear analysis and mandible
measurements the mean widsedfor stdisticalcomparisorafter a Shapiro

Wilk test and € graphs indicated these data were normally distributed and
could therefore be treated agpopulatio® Difference in mean was analysed
using an independent sampletest and wherepplicableANOVA and
Bonferronitests. The aim of these analysis was to determine if centroid size or
canonical variates significant differed between comparison gAsups.
previoushdiscussed statistically significant differem@sreported whethe
p-value was less thard5(<5%).
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Table 5.54: R packages and functions used in GMM analysis

Package
RGL

Morpho

geomorph

Function
deformGrid3d

substr

CVA

class

plotRefToTarget

read.morphologiks

gpagen

coords.subset

plotTangentSpace

Description

Adds a reference grid tc
RGL plot

Extract  or replac

substrings in a charac
vector

Performs Canonic:
Variate Analysis

classification resul
based on posterirc
probabilities. Leawene
out cross Vvalidatio
analysis

Plot shape difference
between a reference an
target specimen

Obtains 3D
data and  specime
information from a
Morphologika file
Performs Procruste
analysis of 3D landma
data

Subset
coordinates
grouping factor

landmar

landmat
via

Plots Procrustesligned
specimens in tange
space along their princig
component axes

Use

Used to subse
specimen data
CVA
Leaveoneout
cross validatiol
analysis
lllustrate shap
differences
between PCA

CVA and groug
means
Import data intdR

GPA

Used to subse
coordinate data s
that groups can b
analysed separate
Principal
component
analysis

556.1 Data Registratio&eneralised Procrustes Analysis (GPA)
In order to compare shape differences between specitaedmark

configurations need to be registered into a common coordinate system (Slice

2005 von CramorTaubadelet al.20073. Procrustes analysis is the most

commonregistration method which remowestshape dataMitteroecker and

Gunz 200906 Hi g g(q, Rolslf 199Y The term Procrustes comes from the
Greek myth of Procrustesa bandit in Atticavho had an iron bed which he

made his victims lan. If the victim was shorter than the bed Procrustes would

stretch them by hammering or raking their bodgake them fjtand f they

werelonger than the bed Procrustes would cut of theinBegyclopaedia

Britannica N.D, Gower 1975)Procrustes analysis acts in a similar way to the
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Attican bandit, whereby size and rotation effects of landmark data are removed
allowingshape to be directly compai@dneralised Procrustesalysis (GPA)

is argued to be the most valuable and frequently used data registration method
for shap# correspondeng&oodall 1991)GPA allows analysis of variation in
shape by aligning shapes through isometrigystanslation and rotation while
preservingheactual shape of elemefistteroecker and Gunz 200Monteiro

et al2000 Rohlf 1999)After GPA was performed using ti®morph package

in R the registered coordinates are referredRmesistes shape coordinates
Procrustes coordinates amahtroid sizevas exported, arldese data were used

in subsequent statistical analysis such as principal component analysis (PCA) and
canonical variate analysis (CVA) (see below).

556.2 Data Redction:Principal Component Analysis (PCA)
After registration of the raw coordinate dig@ Procrustes coordinates were

analysed using two differelata reduction techniquése first of which is the

most commonljoundstatistical process in geometrarphometricgrincipal

component analysis (PCA) (Mitteroecker and GunzQ@® i ggi ns 2000, Sl
2005). PCA converts the GPA covariance matrix into eigenvedsored to

as Principal Components (PCds) and eigen
(Mitteroeker and Gunz 2009)CA is particularly useful in 3D GMM analysis

because it reduces large data sets into the dimensions which represent the

greatest variation or principal components. This allows shape variation among
specimens to be plotted onewfdimensions and illustrates the amount of

variation explained by each principal component. However, such shape changes

may not necessarily correspond to biologically meaningful changes and it is
necessary to visualise the shape variation explainedh IBCec order to

determine if this is a meaningful difference. Typically, studies will focus on the

first few PCO6s as these represent the mo
however the cuff point varies between studies and therasiyetno

standedised approacfvon CramonTaubadel 200Hirst et al2018. For the

24 Shape refers to the geometrical attributes which are unchanged when the figure

is translatd, rotated and scaled
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purposes of this research, when using PCA all principal components which
explain >5% of total variation will be investigated. This is because in this study
mandible morphological vaiget was found to beepresented by a large
numb er ,eadhonlPatdunt for a relatively small proportion of variation

in the sampleWhile previous studies have principatijsed PCA it was
determined during a pilot study tR&¥A produced largenumber of PC scores

that representeglach representirgglow percentage of grospapevariation

which combined with littldiscerniblaifference between groups for the first

five PC scoreit was concluded that PCA would not be sufficieanadyse
morphological variation in the mandible for this s#yslysuch PCA analysis

was only used to compare the amount of morphological variation that occurs in
the geographic sample to the British archaeological sample.

556.3 Canonical Variate Analy$CVA)
Canonical Variate Analysis (CVA) is the second data reduction technique that is

included in this studythe purpose ofCVA) is to simplify the differences
between group&ampbell and Atchley 1981, Zeldétkal2012) There are a
number of similarities between PCA and CVA, in that a new coordinate system
is constructedowevein the case of CVA these are canonical vadatesch

et al2012) While PCA is used to describe the differences between individuals,
CVA isusedto describe differences between group means. Furthermore CVA
utilises the patterns of witkgnoup variation to scale the axes for the CVA
coordinate system, as such distandg¥Anare not equivalent to distances in
PCA or the original coordinate syst@elditchet al2012) The major benefit

of CVA compared to PCA is the ability to determine the number of significant
dimensions between two or more groups and to calculate the 95% confidence
intervals for each groupor the majority of analysis CVA will be usethis

research focusses on investigating group differences.

55.64 Analysing GMM
In addition to convex hull and box plots to illustrate group differences in PCA

and CVA, these data Mok analysed in SPE8ntroid sizés the measure of
size used in GMM, this is calculated as the square root of the sum of squared
distances for all landmarks from their cent@eatroid size will be analysed in

SPS afterit was confirmed that centroid size was normally distritnesel
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differencesn means were analysed usitegs, ANOVA and Bonferroni (see
table5.4.3. In addition to centroid siZ8Vs were analysed in SPSS to confirm
that no significant differencegre present between sex estimation or dental
wear group@-testand ANOVA)provided inappendix 5

5.5.7 Data Presentation
Finally, to illustrate these data PAST was used to create scatter graphs and

convex hulls for the PCA and CVA resUltss softwee was utilised because

it allows for the creation of coloured convex hulls to illustrate group differences.
Additionally, box and whisker graphs were also used to compare groups when
analysing a single CV. This was both in cases where only one CV showed
ggnificant differences between the groups analysed as well as to clarify
morphometri’’ ar i at i on i n c amals EvaniToohBoxwas t i pl e CV
used to create 3D illustrations to show exaggerated shape variation represented
by the principal compones and canonical variaté&fiesevisualisationare

created by warping the &ibdelof a mandibléo a set ofandmark coordinates

which repesent chosen canonical variate s¢eest5 CV and5 CV) the
landmark configurations are prodliceR using the package morpéied the

function cvvis
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Chapter6
Results

This chapter details the results from gleemetricmorphometric analysis
conducted to investigate hdwvman mandibulanorphology has changed
Britain from the Neolithic to the Pdgiedieval periadVlandible measurements
(section 6.} and 3D geometric morphometric res(gesction 6.2 will be
discussed separately to answer the research guestied inchapter 1
section 1.1 For the purpose of these results it will be necessaryeto
abbreviations in tables and grafitesse are detailed belowahle 6.1

Table 6.1: Abbreviation for discussion of result¥able detailing thebbreviations
and descriptions that will be used in graphs and tables throughout the results section

Code Description Code Description Code Description

N Neolithic NF  Neolithic females NM Neolithic males

I Iron/ Bronze IF Iron/ BronzeAge IM  Iron/ Bronze Age
Age females males

R Roman RF Roman females RM Roman males

A AngloSaxon  AF  AngloSaxon female: AM  AngloSaxon males

M Medieval MF Medieval females MM Medieval males

P PostMedieval PF PostMedieval PM PostMedieval

females males

Previous studies which have recorded significant differences in mandible
morphology have mostly focussed on size differences, and calliper
measurements. To allow for comparisons with these previously published
studies as well as to compdhe analytical potential of MM with low cost

and time methods such as calliper measuremestsven mandible
measurements were taken with manual callipers. Based on a\Bhkajeisd

and QQ plots it was determined that mandible measurements waedlynor
distributed and as such using the mean for these measurements was considered
appropriatefor analysigAppendix 4. Among the total sample, condylar
breadth had the largest mean measurement, followed by mandible length 1, while
body height was the allest mandible measurement. Mandible measurements
were analysed among sex estimation grcupsiological periods adental

wear.
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6.11 Time period. how do mandible measurements vary over time
among males and females?
Mandible measurements were analysedetermine how measurements

changed over time among males and females, as calliper measurements have
been found in previous studies as well as in this present study to vary significantly
between sex estimation groups it is not possible to invesfigagmaks in

mandible form over time without considering males and females separately.

6.11.1 Females
Among femalesiandible measurements were found to be normally distributed

(appendix 4 table 4.2)1 An ANOVA was conducted to determine if significant
differences were present over time among females from this sample, which
determined that there were only significant differences for body length.
Mandibular body length was lowest among theMmleval period and highest
among Roman individuglsble 6.1.1 figure 6.1.1.and appendix 4 table

4.2.2. A Bonferroni poshoc test revealed that there were only significant
differences in body length between{Rt=tdieval and the Roman, An§laxon

and Medieval individuglseeappendix 4, table 4.2.4 and tde 4.2.9. There

were also nearly significant differences (p=0.052) in body height over time, but
no significant differences or nearly significant differences in body height
occurred between individual period comparisons.

Table 6.1.1ANOVA differences baween time periodsfor females ANOVA table

detailing theomparisorof mearbody length among fematasr timeshowing that
there is a significant differerfpe<0.00) in body length between time periods.

ANOVA
Sum of Mean
Squares df Square F Sig.
Females Body Between Groups756.01 5 15120 5% .000
length

Within Groups 6743.0 247 27.30
Total 7499.10 252
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Body length over time among females
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84.00 I 1 ]

€ 82.00

< 80.00

(@)]

[

9 78.00
76.00

74.00
N B R AS M PM

Period

Figure 6.11 Body length among females over timeBar graplilustrating that while
significant differences were recorded among feovaiesmefor body length based
on an ANOVA there is still a considerable overlagtandard error for most of the
periods Results were compared among each time periNeolithic), 1B (Iron and
Bronze Age), R (Roman), AS (Argixon), M (Medieval) and PM (Rdstievalthe
error barsllustrate the standard error.

6.11.2Males
Among malesmandible measurements welso found to be normally

distributedappendix 4 table £.7. An ANOVA was conducted to determine

if significant differences were present over time among males from this sample,
whichillustratedthat there were significant differences for coronoid breadth,
condylar breadth, body length and body hémjie 6.1.2figure 6.1.25 and
appendix 4 table 4.2 4 However, these measurements didisptay a similar
patternover time while mean cogthr breadth increaseder timefrom the
Neolithic through to the Roman period, there was then a rapid decrease in size
among Angl&axon and Medieval individuals. Mean coronoid breadth however
was lowest among tlBronze and Iron Agenales and greatesh@ng the

Roman males, after the Roman period coronoid breadth decreased, and among
PostMedieval males mean coronoid breadth was very similar toBrororey

and Iron Aganales. Mean body height and body length however did show a
similar trend over time merally decreasing from the Neolithic through to the
Medieval period before increasing slightly among théMPdistval males
(appendix 4 table 4.2

A Bonferroni poshoc test revealed that there were significant differences in

coronoid breadth betwe¢he Roman and tligronze and Iron Agand Post
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Medieval males. In body length significant differences were only recorded

among Medieval arBronze and Iron Agendividuals, and for body height

between Medieval and Andaxon individuals while for coraydreadth there

were no significant differences between individual pé@apundix 4 table

4.2.5.

Table 6.12: ANOVA differences between time period$or females Results from
an ANOVA detailing that among males there were significant diffépsi@c@S)ver
time in the mean measurement for Coronoid Breadth, Condylar Breadth, Body Length

and Ramus Height.

Sum o Mean
Sex estimation Squares df Square F Sig.
Male CorB Between Groups 1093.69 5 218.4 3.5 .008
Within Groups 104370 155 67.3
Total 11530.8 160
ConB Between Groups 712.2 5 142.% 25 031
Within Groups  8199.8 146  56.16
Total 8912.8 151
Bl Between Groups 401.@ 5 80.20 2.67 .022
Within Groups  9338.31 311 30.8
Total 9739.33 316
Bh  Between Groups 208.78 5 41.6 3.61 .003
Within Groups  3664.8 317 11.56
Total 3873.2 322
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Coronoid breadth over time among males
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Figure 6.12: Coronoid breadthamong malesover time. Bar graph illustratirthe
differences recorded among males between time periods for coronoidResatith

were compared among each time period N (Neolithic), IB (Iron and Bronze Age), R
(Roman), AS (Angidaxon), M (Medieval) and PM (Pdstlievdl whiskers illustrate

the stadard error.

Condyle breadth over time among males

128.00
126.00

= 124.00
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Figure 6.13: Condyle breadthamong malesover time. Bar graph illustrating the
differences recorded among males between time periodadgle breadtliResults
were compared among each time period N (Neolithic), IB (Iron and BronZe Age),
(Roman), AS (Angi®axon), M (Medieval) and PM (Pdstlievg| whiskers illustrate

the standard error.
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Body length over time among males
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Figure 6.14: Body length among males over time. Bar graph illustrating the
differences recorded among males between time peribddyféengthResults were
compared among each time period N (Neolithic), IB (Iron and Bronze Age), R
(Roman), AS (Angidaxon), M (Medieval) and PM (Pdstlievdl whiskers illustrate

the standard error.

Ramus height over time among males
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Figure 6.15: Ramus heightamong males over time. Bar graph illustrating the
differences recorded among males between time peri@asdsheighResults were
compared among each time period N (Neolithic), IB (Iron and Bronze Age), R
(Roman), AS (Angi®axon), M (Medieval) and PM (Pdetlievd| whislers illustrate

the standard error.
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6.1.2 Sex estimation: how do mandible measurements vary between
males and females, within each time period?
Overall females had a lower mean compared to males for all mandibular

measurements and this was consisteygsaalt time periodappendix 4 table
4.1.2and 4.2.9. However, there was considerable variation between periods as
to the significance of this difference. In general, it was found that over time the
number of mandible measurements which were sighjfidiffierent between

males and females increased.

6.12.1 Neolithic
Among individuals from the Neolithic, males had a higher mean for all mandible

measurements compared to females, however an independenttdasiples
revealed that there were only spmt differences in mandible measurements
between males (mean = 66.9, SD= 4.7) and females (mean = 60.1, SD= 2.25)
for ramus height (t(10)3.24, p= 0.009figure 6.1.6andappendix 4 table

4.2.3. Despite the lack of significant differences in mandédsurements a

cluster analysis revealed that sex estimation could be correctly classified 81.8%
of the time. The sample size for the Neolitioeveverwas very small,
particularly for certain mandible measurements that were more prone to
taphonomy damageuch as the condyles and coronolds.illustrate the
distribution of males and females for each mandible measurement histograms

were produced which are showfigaore 6.1.7

Neolithic Body Height

Female Male
Sex estimation

Figure 6.1.6 Sex differences in Ramus Height among Neolithic individualsBar
graph illustrating the differences in ramus height between males and females among
individuals from the Neolithi¢/hiskers illustrate the standard error.
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Figure 6.1.7:Neolithic mandible measurements histogramsMales are shown in
green and females in blue for coronoid breadth (CorB), length 1 (L1), body hgeight (Bh)
length 2 (L2), condyle breadth (ConB), ramus height (Rh) and body length (BI)
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6.12.2Bronze and Iron Age
Among individuals fromBronze and Iron Agassemblages an independent

samples-testrevealed that there were only significant differences in mandible
measurements between males and females for condylar breaet?Zi(27)
p=0.35), body length (t(63)773, p=<0.00) and ramus height ({8332,
p=0.01)appendix 4 table 4.2 3with males having a larger mean measurement
compared to femalemlple 6.1.3andfigure 6.1.8. While more measurements
were significantly different between males and femalgmrednto the
Neolithic individuals, classification accuracy fd@ribreze and Iron Ageeriod

was lower, with only 58.1% of the individuals being correctly classified as either
male or female. As such, Bronze and Iron Agé ndi vi dual 0s
measum@ents were found to be only slightly better than chance for estimating
sex.To illustrate the distribution of males and females for each mandible
measurement histograms were produced which are sHigurei6.19.

Table 6.13: Mean measurements with significant sexual dimorphism fddronze

and Iron Age individuals. Table describing the mean measurements and standard
deviation for mandible measurements that were found to be significantly different
between males and femaleswaigthat the mean for these measurements were higher

among males compared to females.

MeasuremerSex EstimatioiN Mean Std. Deviation Std. Error Mean
ConB Female 11 114.75 12.3 3.3
Male 18 123.82 9.54 2.5
Bl Female 25 82.52 5.2 1.02
Male 38 88.34 650 1.05
Rh Female 26 60.80 5.99 1.18
Male 36 66.69 6.8 1.13
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Iron and Bronze Age Mandible Measurments
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Figure 6.1.8 Sex differences in mandible measurements amoBgonze and Iron
Age individuals. Bar graph illustrating the significant differences redoeti®den
males and females for condyle length, body length and ramud\eagkers illustrate
the standard error.
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Figure 6.19: Bronze and Iron Agemandible measurements histogramsMales

are shwn in green and females in blue for coronoid breadth (CorB), length 1 (L1),
body height (Bh)ength 2 (L2), condyle breadth (ConB), ramus height (Rh) and body
length (BI).
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6.12.3 Roman
Among Roman individuals all mandible measurements, with the exafeptio

condylar breadth, were found to be significantly different between males and
females, based on an indepentésttillustrated irtable 6.15. Males again

had a higher mean for all measuremtatite (6.1.4andfigure 6.1.1D Males

and females were also found to be correctly classified for 65% of cases, while
this is higher thalBronze and Iron Ag¢his classification accuracy is still lower
than accepted standards for estimating biologicalTeexlustrate the
distributionof males and females for each mandible measurement histograms

were produced which are showfignre 6.111

Table 6.14: Mean measurements with significant sexual dimorphism for Roman
individuals. Table detailing the mean and standard deviation fomaheible
measurements that were found to be statistically significant, showing that mean
measurements were higher among males for all measurements.

Measurement Sex EstimatioN  Mean Std. Deviatior Std. Error Mee

CorB Female 28 98.44 8.666 1.638
Male 21 106.91 10.128 2.210
L1 Female 39 107.00 7.209 1.154
Male 41 11278 9.108 1.422
Bl Female 40 83.64 6.935 1.096
Male 41 86.77 5.145 .803
Bh Female 46 31.26 3.432 .506
Male 43 3290 3.229 492
Rh Female 38 62.85 6.572 1.066
Male 39 66.37 5.771 924
L2 Female 42 79.17 8.055 1.243
Male 42 84.46 7.682 1.185
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Table 6.15: t-test results for Roman sex differencefkesults from an independent
samples-testshowing that only Length | did not have equal variance, and that for all
measurements (with the exception of condylar breadth ambit included in the
table) there was a significant difference between males andjieD&l8p

Levene'Jest for Equality

Variances

Measurement F Sig. t df Sig. (Zailed)

CorB Equal variance.09 .76 -3.5 47 .003
assumed

L1 Equal variance7.@ .01 -3.14 78 .002
assumed
Equal variance -3.16 75.% .002
not assumed

Bl Equal variance2.(8 .15 -2.31 79 .023
assumed

Bh Equal variance.21 .65 2.3 87 .022
assumed

Rh Equal variance.33 .57 250 75 .014
assumed

L2 Equal variance.08 .78 -3.8 82 .003
assumed

Roman Mandible Measurments
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Figure 6.11Q0 Sex differences in mandiblemeasurements among Roman
individuals. Bar graph for Roman individuals showing differences between males and
femaleswhich are statisticallignificant based on an independent satripls
whiskers illustrate the standard error.
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Figure 6.111 Roman mandible measurements histograms$viales are shown in
green and females in blue for coronoid breadth (CorB), length 1 (L1), body height (Bh),
length 2 (L2), condyle breadth (ConB), ramus height (Rigdynkength (BI)
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6.12.4 Early Medieval/ Anglo Saxon
Mean mandible measurements were higher among males for t&#afoglo

Early Medieval individuals as illustratédjure 6.112 andtable 6.16. Length

I, body length, body height, ramus height and length Il were all found to be
significantly differeftetween males and females from ABglwon sites, based

on an independent sampieestillustrated intable 6.17. Individuals were
correctly classified for 69.7% of cases. As with the proceeding periods.
illustrate the distribution of males and fesn@eeach mandible measurement
histograms were produced which are showguire 6.13.

Table 6.16: Mean measurements with significant sexual dimorphism for Angto
Saxon individuals. Table detailing the mean mandible measurements for the
measurements which were found to be statistically sigritameen males and
females

Measurement  Sex N Mean Std. Deviation Std. Error Mean
L1 Female 36 106.29 10.21 1.70
Male 45 113.04 8.62 1.2
Bl Female 37 83.44 4.8 0.75
Male 48 86.62 4.59 0.66
Bh Female 37 30.66 3.6 0.60
Male 48 33.39 3.29 0.48
Rh Female 35 63.10 5.5 0.89
Male 50 67.96 4.8 0.69
L2 Female 35 79.91 6.12 1.8
Male 45 83.13 6.05 0.90
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Table 6.17: t-test results for AngloSaxon sex differencedndependent sampte
testfor the mandible measurements that were significantly different between males and
females.

Levene's Test for Equality

Variances

Measurement F Sig. t  df Sig. (Zailed

L1 Equal variances0.29 .59 -3.237¢€.002
assumed

BI Equal variances0.31 .58 -3.178:.002
assumed

Bh Equal variances0.47 .49 -3.6:8:.001
assumed

Rh Equal variances0.54 46 -4.38:.000
assumed

L2 Equal variances0.13 .72 -2.317€.021
assumed

Anglo-Saxon Mandible Measurments
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Figure 6.112: Sex differences in mandible measurements among Ang&axon
individuals. Bar graph illustrating the quartiles for mandible measurements determined
to vary significantly between males and females for theSaxglw'Early Medieval
period whiskers illustrate the standard error.
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Figure 6.113 Anglo-Saxonmandible measurements histogramsgviales are shown
in green and females in blue for coronoid breadth (CorB), length 1 (L1), body height
(Bh), length 2 (L2), condyle breadth (ConB), ramus height (Rigdynieéngth (BI)
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6.12.5 Medieval
As with the Anglk&Saxon individuals among the medieval individuals from this

sample, length I, body length, body height, ramus height and length 1l were all
found tobesignificantihigher amongalescompared tdemals (table 6.1.8

table 6.1.9and figure 6.1.1% Classification accuracy of these mandible
measurements was also similar among Medieval individuals with 62.8% of
individuals correctly classified as either male or fehoaldlustrate the
distribution of mies and females for each mandible measurement histograms

were produced which are showfignre 6.115

Table 6.18: Mean measurements with significant sexual dimorphism for
Medieval individuals. Table detailing the mean and standard deviatiomafatible
measurements among males and females from Medieval sites.

Measurement Sex N Mean Std. Deviation Std. Error Mean
L1 Female 59 106.62 6.07 0.79
Male 84 111.13 8.8 0.3
Bl Female 61 82.04 4.76 0.61
Male 87 84.90 5.0 0.4
Bh Female 61 29.92 2.% 0.38
Male 91 31.37 3.46 0.36
Rh Female 58 63.07 5.79 0.76
Male 87 66.29 5.71 0.61
L2 Female 61 79.63 4.87 0.62
Male 85 83.12 6.19 0.67
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Table 6.19: t-test results for Medieval sex differenceslable showing the results
from an independent samptdsstillustrating that for Length I, body length, body
height, ramus height and length II.

Levene's Test
Equality of Variances

Sig. (z
Measuraments F Sig. t df tailed)
L1 Equal variances 6.3 .01 -3.49 141 .001
assumed
Equalvariances not -3.70 14049 .000
assumed
Bl  Equal variances 0.11 .74 -3.8 146 .001
assumed
Bh Equal variances 2.24 14 -2.68 150 .008
assumed
Rh Equal variances 0.46 .50 -3.30 143 .001
assumed
L2 Equal variances 0.80 .37 -3.66 144 .000
assumed
Medieval Mandible Measurments
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Figure 6.114: Sex differences in mandible measurements among Medieval
individuals. Bar graph illustrating the difference in range for mandible measurements
determined to be significantly different based omapendent samphkest whiskers
illustrate the standard error.
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Figure 6.115 Medieval mandible measurements histogramsViales are shown in
green and females in blue for coronoid breadth (CorB), length 1 (L1), body height (Bh)
length 2 (L2), condyle breadth (ConB), ramus height (Rh) and body length (BI)
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6.12.6 PostMedieval
Mandible measurements among -Rtestieval individuals were as with all

preceding periods greater than the mean measurements for females, as illustrated
in table 6.110 and figure 6.1.16 For PosiMedieval individuals all
measurements weli@ind to be statistically significavith the exception of
condylar breadtibetween males and females based on the results of an
independent samptetesttable 6.111 Classification accuracy amétasgt
Medievaindividuals was higher than all otheopistiwith the exception of the
Neolithic individuals where sample size was very low, with 75.9% of individuals
correctly classified as either male or fefrmibustrate the distribution of males

and females for each mandible measurement histograrmpsodeced which

are shown ifigure 6.117

Table 6.110 Mean measurements with significant sexual dimorphism for Post
Medieval individuals. Table illustrating the mean mandible measurements and
standard deviation for males and femalessiMedieval sites in Britain.

Measurement Sex N Mean Std. Deviation Std. Error Mean
CorB Female 50 97.16 8.8 1.14
Male 55 101.04 8. 1.0
ConB Female 45 117.08 9.29 1.3
Male 49 120.17 7.6 1.09
L1 Female 84 104.22 6.13 0.67
Male 87 109.58 7.73 0.83
Bl Female 83 79.35 4.92 0.54
Male 87 85.28 5.8 0.64
Bh Female 84 29.66 2.87 0.31
Male 87 32.56 3.42 0.37
Rh Female 84 62.64 5.2 0.57
Male 89 67.67 5.2 0.63
L2 Female 80 79.33 5.97 0.67
Male 86 83.93 6.63 0.72
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Table 6.111 t-testresults for PostMedieval sex differenceslndependent samples
t-test showing that between males and females mean differences in mandible
measurements were significantly different.

Levene's Test for Equa

of Variances
Sig. (z

Measurement F Sig. t df tailed)

CorB Equal variances 0.01 .94 -2.46 103 .016
assumed

L1 Equal variances 6.52 .01 -5.a 169 .000
assumed

Equal variances n -5.8 162.8 .000
assumed

Bl Equal variances 1.2 .26 -7.38 168 .000
assumed

Bh Equal variances 2.67 .10 -5.99 169 .000
assumed

Rh Equal variances 0.47 .49 -5.92 171 .000
assumed

L2 Equal variances 0.06 .8l -4.69 164 .000
assumed

PostMedieval Mandible Measurments
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Figure 6.116: Sex differences in mandible measurements among Pddedieval
individuals. Bar graph illustrating the difference in range for mandible measurements
whiskers illustrate the standard error.
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Figure 6.117: PostMedieval mandible measurements histogramsMales are
shown in green and females in blue for coronoid breadth (CorB), length 1 (L1), body
height (Bh)length 2 (L2), condyle breadth (ConB), ramus height (Rh) and body length

(BI).
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6.12 7. Sexual Dimorphism
Sexuatlimorphism was calculated as a percentage using the formalan show

figure 6.118 below. It was determined that among the entire saampies
height and body height were the most sexually dimorphic measufeuents (
6.119). When sexual dimorphism nmandible measurements was compared
across time periods considerable variation was appagere 6.120.
Neolithic measurements showed the greatest amount of variation in sexual
dimorphism between measurements, which was expected due to the low sample
gze of sexed Neolithic mandibles. There was no obvious pattern between the
measurements with any one period having consistently higher or lower sexual
dimorphism for all measurements. Instead it is apparent that sexual dimorphism
varied considerably ovene.
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Figure 6.118: Calculation used for sexual dimorphis (S Hillson, personal
communication 2018)

Sexual Dimorphism

Length 2
Ramus Height
Body Height
Body Length I
Length 1 I

Mandible Measurments

Condyle Breadthn———
Coronoid Breadth m

0 1 2 3 4 5 6 7 8
Sexual Dimorphic Index

Figure 6.119: Sexual Dimorphism mandible measurementshis graphllustrates
that the highest sexual dimorphism was recorded in aachumdyheight and the
lowest sexual dimorphism in condyle breadth.
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Sexual Dimorphism Time Periods
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Figure 6.120. Sexual Dimorphism in mandible measurements for each time
period. This graph illustrates theg¢xual norphism varied over time and between
measurements.
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6.13 How do mandible measurements vary between dental wear groups?
Mean mandible measurements were found to vary significantly between dental

wear groupéappendix 4.319 4.3.9, however this is likely heavily influenced

by the decrease in dental wear over time which was recorded among the periods
analysed. As such further analysis was conducted to determine if mandible
measurements differed significantly between dental weer \gh&m analysed

by period and sex estimation group.

An ANOVA (table 6.1.1pdetermined that there were significant differences in
wear groups within the Roman, MedievalRoeiMedievaperiods for both

males and females. It was found that it was@eathe mandible measurements
that varied significantly with wear group, for instance among Roman females
Length | and ramus height were significantly different between wear groups,
while for Roman males condylar breadth, coronoid breadth, ramus height and
Length | were all significantly different. Among Medieval individuals condylar
breadth for females and Length | for males varied significantly between different
wear groups. While for Pédedieval individuals coronoid breadth for females

and condylar brdth for males differed significantly with wear group.
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Table 6.1.2: ANOVA dental wear groups and mandible measurement&NOVA

table detailing the mandible measurements which were found to be significantly
different between dental wearup® when analysed within time periods and sex
estimation group®<0.05)

Period Sex  Measurement Sum of df Mean F Sig.
Squares Square
Roman Female L1 Between 962.79 8 120.5 3.37 .009
Groups
Within 928.16 26 3570
Groups
Total 1890.8 34
Rh Between 644.6 8 80.58 3.8 .015
Groups
Within 691.2 26 26.4
Groups
Total 1336.8 34
Male CorB Between 1373.0 8 171.68 4.0 .025
Groups
Within 376.2 9 41.88
Groups
Total 17499 17
Rh Between 483.89 8 60.9 3.8 .018
Groups
Within 459.2 23 19.99
Groups
Total 943.2 31
ConB Between 89354 7 127.6 3.3 .021
Groups
Within 606.6% 16 37.2
Groups
Total 1500.19 23
L1 Between 1710.88 10 171.0 3.2 .003
Groups
Within 2658.7 50 53.16
Groups
Total 4369.6 60
Medieval
Females ConB Between 893540 7 127.6 3.7 .021
Groups
Within 606.6 16 37.2
Groups
Total 1500.2 23
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Period

Post
Medieval

Sex

Males

Female CorB

Males

Measurement

L1

ConB

Between
Groups

Within
Groups
Total

Between
Groups

Within
Groups
Total

Between
Groups

Within
Groups

Total

Sum of df

Squares

1710.88

2658.7

4369.6
1100.8

1759.3

2860.17
746.9

1222.9

1969.9

277

10

50

60

29

36

37

46

Mean
Square
171.@

53.16

157.2

60.68

82.99

33.05

F

3.2

2.3

251

Sig.

.003

.033

.024



As the previous sections have illustrated there is evidence of dietary change in
Britain over timeAdditionally, traditional measurements have shown that there

were significant changes in mandible size over time.

3D geometric morphometric analysis was conducted to determine if these results
further support evidence that mandible morphology has chamgeohne in

Britain. This analysis is separated into size determined by centroid size, and
shape which will be analysed by Canonical Variate Analysis (CVA). While the
majority of previous geometric morphometric studies only utilise Principal
Component Angbis (PCAyvhenanalysing more complex shape changes and
when investigating group differences CVA has been suggested to be more
valuablgMacLeod 20)8When PCA and CVA were analysed in this present
study PCA was found to be ineffectivinatstigating shape differences in the
mandible, producing a large number of principal components each representing

minimal shape changes that were difficult to observe and qualify.

6.21 Time period: how does mandible morphology vary over time
among males and females?
Among females centroid size was found to vary significantly between time

periods, however among males there was no such significant difference in
centroid sizehown intable 6.2.Xappendix5 table 5.1.55.1.3) A Bonferroni

post hoc tet was conducted to determine among which periods there was
significant variation in centroid esigable 6.2.2. This revealedhat Post
Medievalemale$iad a significantly smaller centroid size compardenviles

from the Neolithic, Roman and Andaxon sitegappendix 5 table 5.14

5.17. Despite the lack of significant differences in centroid &zeeane

out cross validatioanalysis showed a high accuracy rate for classifying time

period among both males and females as shaai€6.23 and6.24.
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Table 6.21: ANOVA illustrating female differences over time. ANOVA table
illustrating that among females there was as significant difference in centroid size
between time periods<0.00)

Sex Sum of Squardf Mean SquareF Sig.

Female Between Group<6016.9 5 1203.8 4.9 .000
Within Groups 63506.3 259 24520
Total 69522.8 264

Table 6.22: Bonferroni illustrating female differences over timeResults from a
Bonferroni test showirthat significant differences in centroid siceurrecbetween
females from th€ostMedieval period and females from N@®lithic Roman and
Anglo-Saxomperiods

95% Confidence Interva

Mean
Difference (4 Lower Upper
() Period  (J) Period J) Std.ErrorSig. Bound Bound
PostMedievaNeolithic -25.8F 7.99 .02 -49.59 2.4
Iron/ Bronze -6.53 3.5 .69 -16.17 3.12
Age
Roman -10.® 3.05 .01 -19.83 -1.74
Anglo-Saxon -9.30 3.02 .04 -18.26 -34
Medieval -4.9 2.55 .78 -12.% 2.8

Table 6.23; Leaveone-out cross validation analysis time periods for males.
Results from &eaveoneout cross validatioanalysis with an overall classification
accuracy: 84.5% for centroid size among malesdifferant time periods.

Neolithic Bronze/lror Roman Angle  Medieva Post

Age Saxon Medieva
Neolithic 5 0 0 0 0 0
Bronze/lron A¢ O 34 1 0 1 0
Roman 0 0 34 1 2 1
AngleSaxon | 0 0 2 39 2 4
Medieval 0 4 1 3 73 11
PosMedieval | O 1 0 1 14 83

Table 6.24: Leave-one-out cross validationanalysis time periods for females.
Results from &eaveoneout cross validatioanalysis with an overall classification
accuracyd7.9%for centroid size among femdlesn different time periods.

Neolithic Bronzefon Roman Angle Medieval Post

Age Saxon Medieval
Neolithic 4 0 0 0 0 0
Bronze/lron Ag¢ O 25 1 0 1 2
Roman 0 0 36 0 1 0
AngleSaxon | 0 0 0 33 1 5
Medieval 0 0 0 1 57 9
PosMedieval | 0O 1 1 0 4 82
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CVA was conducted to analyse morphological differences between time periods
for males and females separat®igong males CV1 decreases from the
Neolithic through to the Roman males, before increasing again among Anglo
Saxon males, Pddiedieval males hatle highest CV1 score, which was
significantly greater than tBeonze and Iron AgeRoman and AngiSaxon
malegfigure 6.2.1andfigure 6.2.3. CV2 score shows a gradual increase over
time apart from the Roman period which has the highest CV2 scores and
significantly higher than all other periddsire 6.21 andfigure 6.2.4.

CV3 mostly acts to separate out the Neolithic malesBwdrilee and Iron Age

and Medieval individuals have a very similar CV3 score and Roman-and Post
Medieval males haviagimilar CV3 scofigure 6.22 andfigure 6.25). There

was less variation in CV4 score between males from different time periods with
the highest score among Neolithic &rdnze and Iron Ageéndividuals,
followed by PosMedieval males, while Roman, Af®daon and Medieval

males had a very similar G¢dre(figure 6.22 andfigure 6.26).

Finally, CV5 mostly separates out males from the Neolithic which have the
highest CV5 score, significantly greater than all other periods, aAsiakonglo
males which had the lowest CV5 score which was also signifiderent

(figure 6.27).

280



vz

CIneotrithid
DBr onze an

Roman
DAng—SBmxon

DMedi eval

DPo-MEdi ev

Figure 6.21 CVA for males over time(CV1l and CV2) Convex hullgraph
illustrating CV4representing 30.8% of total variatiem) CV2(representing 19.2%

of total variationamong males for each time periodyaedl This shows that among
males, Roman individuals showed the greatest separation for CV1l and CV2
Visualisations are superimposed on the scatter graphs which show mandible
morphology at +15 and5 for the Canonical Varia{@eolithic= red, Bronze and

Iron Age = orange, Roman = yellow, AR§axon = green, Medieval = blRest
Medievak purple/indigo).
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Figure 6.22: CVA for males over time(CV3 and CV4) Convex hullgraph
illustrating CV3representing 18.7 % of total variatemmj CV4(representing 15.7%

of total variationamong males for each time period analysed. This shows that among
males, Neolithic individuals showed the greatest separation for CV3 and CVA4.
Visualisations are superimposed on the scatter graphs which show mandible
morphology at +15 and5 for the Canonical Varia{@eolithic= red, Bronze and

Iron Age = orange, Roman = yellow, AR§axon = green, Medieval = blRest
Medievak purple/indigg.
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Figure 6.23: CV1 for males over timeBox and Whisker graph illustrating the CV1
score(representing 30.8% of total variataampng males from each time period, with
PostMedievalmales having the highest CV1 score and Roman males the lowest.
Visualisations are superimposed on the scatter graphs which show mandible
morphology at +15 anedl5 for the Canonical Variates and whiskers illustrate the
standard error in CV score.

A high G/1 score such as that of the Rdstdieval males was associated with

a more gracile mandible, a wider gonial angle, shorter mandibular body, taller
ramus, deeper mandibular notchatebs curveahterior and posterior border

of the ramus. Conversely gateve CV1 score is associated with a more robust
mandible with a taller mandibular body, more prominent gonial angle, shorter
and wide ramus, shallow mandibular notch and curved anterior and posterior
border of the ramusigure 6.2.3.
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Figure 6.24: CV2 for males over timeBox and Whisker graph illustrating the CV2
score(representing 19.2% of total variatampng males from each time period, with
Roman males having the highest CV2 score and Neolithic malesvebie lo
Visualisations are superimposed on the scatter graphs which show mandible
morphology at +15 anedl5 for the Canonical Variates and whiskers illustrate the
standard error in CV score.
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Period

Roman males with a high CV2 score generally had a mahidiblead a wider

gonial angle, more prominent mental eminence, taller coronoid and narrower
ramus, with Neolithic males with a low CV2 score typically had a shorter

mandibular body, wider ramus more anteriorly projecting coronoid process and
taller condd (figure 6.24).
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Figure 6.25: CV3 for males over timeBox and Whisker graph illustrating the CV3
score(representing 18.8% of total variatianjong males from each time period,
Neolithic males had the highest C\(8esgvhildMedievahndBronzé Iron Agemales

had the lowesWisualisations are superimposed on the scatter graphs which show
mandible morphology at +15 afi$ for the Canonical Variates and whiskers illustrate
the standard error in CV score.

A low CV3 sore is associated with a more gracile mandible, that has a shorter
mandibular body, wider although still prominent gonial angle, shorter and wider
ramus which flares laterally. While a high CV3 scores of the Neolithic males is
associated with a more rabomandible, with a deeper mandibular body, taller
and straighter ramus, narrower gonial angle, and deeper mandibular notch
(figure 6.25).
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Figure 6.26: CV4 for males over timeBox and Whisker graph illustrating the CV4
score(representing 15.7% of total variatianjong males from each time period,
Bronzé Iron Agemales had the highest CV4 score and Medieval males had the lowest
score.Visualisations are superimposed on théesagaiphs which show mandible
morphology at +15 anedl5 for the Canonical Variates and whiskers illustrate the
standard error in CV score.

A low CV4 score corresponds to a wider mandible, which a narrower gonial
angle, wider ramus, wider coronoid psoaad a prominent gonial angle. A low
CV4 score such as tBeonze and Iron Agmales had a wider gonial angle,
narrower mandible, narrower and more gracile ramus and deep mandibular
notch(figure 6.26).
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Figure 6.27: CV5 for males over timeBox and Whisker graph illustrating the CV5
(representind.5.4%6 of total variationycore among males from each time period,
Neolithic males had the highest CV5 score while -8aglimn males had the lowest.
Visualisations arsuperimposed on the scatter graphs which show mandible
morphology at +15 anedl5 for the Canonical Variates and whiskers illustrate the
standard error in CV score

ASM

A low CV5 score corresponded to a mandible shape where the coronoid process
projects ant@rly away from the condyle creating an increased distance between

these two landmarks, small condyles and generally a wide mandible while high
CV5 score is associated with a narrow more angular mandible, wide condyles

and smaller distance between thermd and condyiigure 6.27).
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Figure 6.28: CVA for females over time (C\VCV2). Convex hulgraph illustrating

CV1 (representing 29.2% of total variaram®] CV2(representing 25.1% of total
varianceamongemales for each time periadalysed. This shows that among females,
Neolithic individuals showed the greatest separation for CV1 andisiNdHsations

are superimposed on the scatter graphs which show mandible morphology at +15 and
-15 for the Canonical Varia{dkeolithic= red, Bonze and Iron Age = orange, Roman

= yellow, AngleSaxon = green, Medieval = bIRestMedievak purple/indigo).

When mandible morphology was analysed over time among the females from
this study there is less of a clear pattern in convex hulls farddD3 2{figure

6.2.9. Among females CV1 decreases over time, with Neolithic individuals
having the highest CV1 score, significantly different from all of the other
periods. From thBronze and Iron AgeéV1 decreases gradually over time, with

no significandifferences between adjacent periods hotmrerare significant
differences in CV1 score betweenadjacent time perioffigure 6.2.10)For
instance, the CV1 score fBronze and Iron Agéemales is significantly
different from AngleéSaxon and lat periods, but not from the Roman females.

CV2 shows significant differences occurred between@argla and Medieval
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