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	Abstract	

 Early  life  is  a  time  of  heightened  vulnerability  to  stress  which,  due  to  the  high 

 phenotypic  plasticity  which  characterises  the  period,  shapes  life-course  trajectories.  For 

 dependent  offspring,  mothers  play  a  crucial  role  in  mediating  stress  (e.g.,  by  contributing 

 to  immunity  and  nutritional  provisioning  in  utero  and  in  later  breastfeeding)  and  the 

 effects  of  their  influences  during  development  impact  later-life  outcomes.  Investigating 

 early-life  stress  and  the  mother-child  nexus  bioarchaeologically  has  proven  challenging. 

 However,  as  first  permanent  molars  (M1s)  form  during  early  life  without  remodelling, 

 stress-induced  deviations  to  symmetry,  known  as  fluctuating  asymmetry  (FA),  can  be 

 evaluated to explore this critical time. 

 In  this  thesis,  FA  was  quantified  through  geometric  morphometric  (GM) 

 techniques  so  that  early-life  experience  could  be  investigated  and  relationships  with 

 later-life  outcomes  identified.  It  was  found  that  skeletally  immature  remains  were 

 associated  with  significantly  higher  FA  than  mature  individuals,  and  within  the  immature 

 cohort  there  was  a  significant  positive  correlation  between  FA  and  age-at-death.  Higher 

 FA  was  linked  to  markers  of  active  and  systemic  infection  and  a  proinflammatory 

 physiology,  while  childhood  stress  was  associated  with  growth  deficits.  Thus,  stress 

 experience  at  different  periods  was  connected  to  specific  outcomes.  Elevated  early-life 

 stress  appears  to  have  increased  frailty  and  decreased  resilience,  contributing  to  mortality 

 risk  and  delayed  somatic  development,  but  may  also  have  been  associated  with 

 phenotypic  programming  that  promoted  short-term  survival,  supporting  the  Thrifty 

 Phenotype  Hypothesis.  Despite  significant  between-site  differences  in  childhood  and 

 later-life  stress,  site-based  differences  in  FA  were  largely  insignificant,  suggesting  that 



 mothers  successfully  mediated  contextual  stressors  for  offspring  in  early  life  and  that 

 within-group differences reflect variance in maternal health. 

 These  findings  are  the  first  to  demonstrate  the  viability  of  GM  assessed  M1  FA  as 

 a  proxy  for  early-life  stress  and  successfully  reveal  connections  between  formative 

 experiences, maternal influences and life-course trade-offs in past lives. 
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 Figure  6.7  Atlas  used  to  estimate  the  age  of  LEH  defect  formation  from  Primeau  et  al. 
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 morphological  features  are  associated  with  PD;  the  trough  is  indicative  of  progression  to 
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 healed lesion.  145 
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 2016: 368; Zelditch  et al.  2012: 123; Dryden and Mardia  1998: 261; Bookstein 1997).  1  59 
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 through  which  the  maxillary  artery  and  the  inferior  alveolar  vein  pass  (b).  The  plaques  of 
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 Figure  8.23  Plots  of  left-right  differences  in  the  location  of  the  first  landmark  in  M  1  (a) 
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 Figure  8.26  The  relationship  between  M  1  and  M  1  scores  with  a  line  of  best  fit  plotted.  𝑎 
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 Regression tests inferred a positive linear connection between scores.  2  30 
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 Figure  8.30  M  1  (a)  and  M  1  scores  (b)  contrasted  between  mature  and  immature  𝑎 
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 Figure  8.31  Diagnostic  plots  of  residuals  from  the  regression  analysis  in  which  sex, 
 PNBF,  PD  and  the  interaction  of  the  latter  two  variables  were  employed  to  model  age  in 
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 the  two  have  been  used  to  predict  age  among  skeletally  immature  individuals.  Residual 
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 have  been  used  to  predict  age  among  skeletally  immature  individuals.  Residual  variance 
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 Figure  8.36  A  comparison  of  scores  between  individuals  with  active/mixed  (AM)  and  𝑎 

 𝑝 

 inactive, healed (H) PNBF.  2  56 
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 Figure  9.2  Increasing  agricultural  production  and  environmental  degradation  (i.e., 
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 the  14th  century.  Image  from  the  Luttrell  Psalter  available  from: 
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 Figure  9.9  An  image  from  the  medieval  Topographia  Hibernica  (available  at: 
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 Figure  9.11  The  length  of  DNA  strands  is  disproportionate  to  cell  size  and  so  they  are 
 organised  around  several  proteins  (chromatin  and  histones).  Stress-induced  modifications 
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 influences  later-course  outcomes  (Vaiserman  2015;  D’Urso  and  Brickner  2014;  Aalto  and 
 Pasquinelli  2012;  Choi  and  Friso  2010;  Kim  et  al.  2010).  Image  available  from: 
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	Chapter	1:	 	Introduction	

	1.1	 	The	Role	of	Bioarchaeology	

 Bioarchaeology  can  be  defined  as  the  study  of  remains  from  archaeological 

 contexts  to  investigate  the  interaction  of  biological  and  cultural  factors  in  the  past 

 (Agarwal  2021;  Cheverko  et  al.  2021;  Buikstra  1977).  Although  bioarchaeology  may 

 encompass  the  study  of  any  archaeologically-recovered  biological  materials,  it  has  almost 

 become  synonymous  with  the  study  of  the  human  skeleton  (Appendix  1)  to  reconstruct 

 past  lifeways  and  frequently  incorporates  social  theory  as  well  as  contextual  and  historical 

 data  (Agarwal  2021;  Cheverko  et  al.  2021;  Larsen  1997).  As  skeletal  tissues  have  the 

 capacity  to  reflect  and  preserve  the  influences  of  both  biological  and  cultural  factors,  they 

 offer  an  unparalleled  opportunity  to  investigate  forces  that  shaped  both  individual  lives 

 and  societies  more  broadly  (Cheverko  et  al.  2021;  Agarwal  2016).  Moreover,  while  a 

 great  deal  is  lost  due  to  the  vicissitudes  of  archaeological  survival,  skeletal  remains 

 endure  in  the  majority  of  temporal  and  geographical  contexts  and  in  many  cases 

 constitute  the  only  artefacts  through  which  most  people  are  represented  (Cheverko  et  al. 

 2021;  Larsen  1997:  2-3).  The  recovery,  recording  and  description  of  human  remains 

 followed  by  bioarchaeological  investigation  therefore  has  the  capacity  to  play  a  key  role 

 in understanding and informing human experience. 
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	1.2	 	The	Importance	of	Early	Life	

 Life-course  outcomes  in  growth  and  development  as  well  as  morbidity  and 

 mortality  are  impacted  by  prior  stress  experience  (Gowland  2015;  Barker  2012).  Stress  is 

 a  term  that  describes  any  exogenous  stimuli  that  places  a  demand  upon  the  body  to 

 readjust  itself  to  maintain  homeostasis,  thereby  causing  a  reduction  in  the  efficient 

 deployment  of  physiological  resources.  Stress  is  therefore  non-specific  and  the  nature  of  a 

 stress-inducing stimulus is in some ways immaterial (Escós  et al.  2000: 331; Selye 1973). 

 Clinical  research  has  shown  that  the  first  1000  days  of  life  are  especially 

 stress-sensitive  as  well  as  important  in  defining  life-course  trajectories.  Mothers  are 

 critical  to  offspring  survival  and  developmental  homeostasis  during  this  period.  For 

 instance,  through  transplacental  transmission  and  breastfeeding,  mothers  provide 

 nutritional  support,  transfer  immune  factors  (thereby  protecting  immunologically  naive 

 foetuses/infants),  and  facilitate  colonisation  of  the  offspring’s  intestinal  microbiome  (e.g., 

 through  foetal  ingestion  of  amniotic  fluid)  (Kapourchali  and  Cresci  2020:  387;  Chong  et 

 al.  2018:  3;  Pannaraj  et  al.  2017;  Simon  et  al.  2015).  Due  to  the  demands  placed  upon 

 mothers  and  the  dependence  of  offspring,  the  mother-child  dyad  is  exceptionally 

 vulnerable  to  environmental  stress  with  the  late-foetal  and  early-postnatal  periods  being 

 particularly  sensitive  (Barker  2012).  For  example,  among  famine  survivors  it  has  been 

 found  that  those  exposed  to  severe  deprivation  in  late-gestation  had  higher  mortality  rates 

 up  to  50  years  of  age  than  foetuses  exposed  earlier  in  gestation  or  conceived  after  the 

 famine  (Roseboom  et  al.  2001:  95).  As  can  be  surmised,  maternally-mediated  stress  plays 

 a  disproportionately  significant  role  in  influencing  life-course  trajectories  and  later-life 

 outcomes. 
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 Developmental  stage  can  be  determined  from  skeletal  remains,  facilitating  the 

 discussion  of  the  life-course  and  the  impact  of  stressors  across  it.  The  following 

 definitions  were  employed  (Table  1.1).  Broadly  speaking,  skeletons  were  divided  into 

 immature  and  mature  groups.  In  this  instance,  maturity  references  skeletal  development 

 and  mature  skeletons  are  those  with  both  fully  formed  and  erupted  dentition  and  among 

 whom  long  bone  epiphyses  are  fused  and  further  skeletal  growth  is  not  possible.  More 

 specific  terms  are  also  used  to  describe  the  immature  cohort  which,  broadly  speaking, 

 includes  the  remains  of  individuals  whose  somatic  development  and  growth  was 

 incomplete  at  time-of-death.  Firstly,  the  term  early-life  is  employed  to  describe  the  period 

 of  late-foetal  to  early-postnatal  development  (approximately  until  the  end  of  the  first  year 

 of  life).  Earlier  stages  of  foetal  development  are  omitted  as  the  skeletal  structure  only 

 begins  to  ossify  after  the  second  to  third  months  in  utero  and  therefore  archaeological 

 remains  do  not  survive  prior  to  this  point  (Lewis  2017:  113;  Schaefer  et  al.  2009;  Scheuer 

 and  Black  2000).  When  discussing  maternal  dependence  ,  reference  is  being  made  to  the 

 period  encompassed  by  foetal  growth  and  breastfeeding  (i.e.,  when  offspring  are 

 physiologically  dependent  on  their  mothers).  The  time  between  the  end  of  the  first  year 

 and  twelfth  is  termed  childhood  ,  while  adolescence  describes  the  time  between  the  end  of 

 childhood  and  the  attainment  of  skeletal  maturity.  Although  some  of  the  vocabulary  is 

 specific  to  this  thesis  and  reflects  the  intended  scope  of  the  project  as  well  as  parameters 

 associated  with  the  methods  employed,  the  thresholds  are  consistent  with  and  comparable 

 to past research (e.g., Newman 2016: 15; Raynor  et  al.  2011: 27; Lewis 2007). 

 Terminology  Definition 
 early life  late-foetal – <1 year 
 childhood  >1 year – <12 years 

 adolescence  >12 years – skeletal maturity 
 skeletally mature  Skeletal growth is complete and epiphyses fused. 

 Table  1.1  Periods  of  the  life-course.  While  a  plethora  of  terms  has  been  used  in  previous  research,  these 
 categorisations  are  made  to  facilitate  the  discussion  of  themes  relevant  to  this  thesis.  Chronological  ages  are 
 approximate to reflect the accuracy of available methods for determining skeletal age-at-death. 
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	1.3	 	The	Bioarchaeology	of	Early-life	Stress	

 It  is  not  possible  to  measure  stress  in  skeletal  remains  directly,  but  proxies  can  be 

 employed.  A  variety  of  stress  markers  persist  in  skeletal  remains  which  reflect  the  impact 

 of  environmental  perturbations  to  normal  physiological  processes  and  the  ability  of  the 

 skeletal  system  to  mitigate  change,  make  adaptations  and  endure  despite  environmental 

 instability  (Escós  et  al.  2000:  331;  Graham  et  al.  1998:  2;  Selye  1973;  Waddington  1957). 

 Importantly  for  a  life-course  approach,  for  some  markers  (examples  below)  the  timing  of 

 stress experience can be estimated approximately. 

 Skeletal  remains  can  provide  a  great  deal  of  information  pertaining  to  stress 

 experienced  during  childhood,  for  instance  (Figure  1.1).  Defects  in  the  imbricational 

 enamel  of  the  permanent  dentition  and  porosity  in  the  orbits,  known  as  linear  enamel 

 hypoplasia  (LEH)  and  cribra  orbitalia  (CO)  respectively,  form  during  development  in 

 response  to  stress.  While  bone  remodelling  can  obscure  CO,  LEH  are  a  remarkably 

 durable  record  of  childhood  stress  events  (Brickley  2018:  899;  Primeau  et  al.  2015). 

 Moreover,  as  pubertal  development  and  the  final  stages  of  skeletal  growth  are  affected  by 

 influences  experienced  during  adolescence,  long  bone  lengths  and  pubertal  tempo  can  be 

 assessed  to  infer  the  impact  of  stress  during  later  development  (Lewis  et  al.  2016; 

 Gowland  2015).  In  contrast,  the  presence  of  bone  growth  upon  the  outer  cortical  surface, 

 referred  to  as  periosteal  new  bone  formation  (PNBF),  evidences  either  a  localised  or 

 systemic  stress  response;  as  these  deposits  can  remodel  and  become  lost  over  time,  they 

 provide  information  about  morbidity  closer  to  time-of-death  (Weston  2008).  Moreover, 

 pathologies  such  as  periodontal  disease  (PD)  can  be  employed  to  track  irreversible 

 degenerative changes in mature skeletons (Ogden 2008). 
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 The  assessment  of  stressors  affecting  early  life  in  most  archaeologically-recovered 

 skeletons  is  difficult,  however.  For  example,  aside  from  the  challenges  associated  with 

 assessing  fragile  bones  that  are  often  poorly  preserved  and  highly  fragmented,  difficulties 

 can  be  encountered  when  trying  to  distinguish  between  normal  growth  and  abnormal 

 changes  which,  due  to  the  higher  rate  of  modelling  in  foetal/infant  bones,  may  be  quickly 

 obscured  or  lost  (Hodson  and  Gowland  2020:  54;  Lewis  2017:  115).  As  such,  the 

 identification  of  skeletal  pathologies  is  exceptionally  difficult  in  foetal  and  infant  remains. 

 Furthermore,  although  the  deciduous  dentition  forms  before  most  permanent  teeth, 

 extending  the  period  over  which  stress-related  perturbations  can  be  explored  to  include 

 the  early  stages  of  in  utero  development,  as  deciduous  teeth  only  remain  in  a  small 

 number  of  “non-survivors”  (i.e.,  individuals  with  short  lives)  their  evaluation  is  limited  to 

 an  unrepresentative  subset  of  the  population  under  study  (DeWitte  and  Stojanowski  2015: 

 416-418; Wood  et al.  1992: 349). 

 Figure  1.1  A  graphic  illustrating  the  approximate  association  between  stress  indicators  and  specific  periods 
 of  the  life-course.  Note  that  LEH  specifically  refers  to  those  occurring  in  the  permanent  dentition.  Growth 
 (i.e.,  of  skeletal  elements)  and  PNBF  are  linked  here  to  childhood  stress  and  later  as  foetal  remains  survive 
 poorly  in  the  archaeological  record  and  periosteal  reactions  are  difficult  to  differentiate  from  normal  bone 
 deposition in foetal/infant bones (Hodson and Gowland 2020: 54; Lewis 2017: 115). 

 5 



 Given  the  importance  of  the  early-life  period,  bioarchaeologists  have  been 

 encouraged  to  both  refine  and  go  beyond  the  traditional  suite  of  stress  markers  to  explore 

 early-life  stress  more  fully  in  past  populations  (Agarwal  2016;  Gowland  2015;  Klaus 

 2014).  One  potential  opportunity  is  the  analysis  of  stress-induced  deviations  from 

 symmetry  in  bilateral  structures,  known  as  fluctuating  asymmetry  (FA),  which  form 

 during  the  critical  early-life  period  (Klingenberg  2015;  Graham  et  al.  2010;  Van  Valen 

 1962).  As  first  permanent  molar  (M1)  occlusal  morphology  (Figure  1.2)  is  determined 

 during  early  life  and  M1s  endure  in  the  remains  of  survivors  and  non-survivors  (Lynnerup 

 and  Klaus  2019:  52;  Antoine  and  Hillson  2016;  Harris  2016:  145;  Jernvall  and  Jung 

 2000),  it  is  hypothesised  that  M1  FA  provides  a  means  to  evaluate  stress  experience 

 during early life and the influence it has on later-life outcomes in skeletal samples. 

 Figure  1.2  A  maxillary  M1.  Symmetric  development  between  left  and  right  sides  is  sensitive  to  stress  and 
 can  therefore  be  explored  to  measure  stress.  Moreover,  as  M1s  develop  during  foetal  and  early-postnatal 
 growth  and  are  morphologically  complex,  morphometric  assessments  of  M1  FA  should  act  as  a  proxy  for 
 early-life stress. 

 6 



	1.4	 	Research	Questions,	Aims	and	Objectives	

 To  guide  the  investigation  and  the  discussion  of  its  findings,  a  set  of  questions  was 

 formulated.  To  facilitate  answering  those  questions,  three  research  aims  and  a  series  of 

 objectives were also developed. 

	1.4.1	 	Research	Questions	

 1.  Is  dental  fluctuating  asymmetry  a  sensitive  indicator  of  early-life  physiological 

 stress? 

 2.  In  past  populations,  to  what  extent  did  early-life  stress  determine  life-course 

 trajectories in growth, development, morbidity and mortality? 

 3.  Is  it  possible  to  infer  which  factors  and  dynamics  created  disparities  in  stress 

 experience? 

	1.4.2	 	Research	Aims	

 1.  Develop  a  statistically-valid  and  precise  method  of  quantifying  M1  FA  in  the 

 dentition of archaeological human remains. 

 2.  Use  the  data  generated  under  aim  1  to  examine  exposure  to  stress  during 

 early-life. 

 3.  Explore  the  impact  of  early-life  stressors  on  life-course  trajectories  and  later-life 

 outcomes. 
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	1.4.3	 	Research	Objectives	

 1.  Review  past  research  so  fluctuating  asymmetry  and  its  relation  to  developmental 

 stress  can  be  better  appreciated  and  utilised  to  inform  subsequent  investigation 

 and discussion. 

 2.  With  a  preliminary  sample  of  teeth  1)  develop  a  methodology  for  data  collection, 

 2)  refine  the  process  to  ensure  its  viability  for  a  larger  scale  project  and  3)  explore 

 methodological  reliability  and  quantify  the  contribution  of  error  to  overall 

 variance. 

 3.  Define  the  statistical  techniques  necessary  to  analyse  M1  FA  and  compute  an 

 individual  index  of  fluctuating  asymmetry  which  can  be  compared  to  osteological 

 markers of later-life stress experience and outcomes. 

 4.  Establish  the  osteological  markers  which  enable  the  reconstruction  of  stress 

 experience over the life-course in skeletal remains. 

 5.  Collect  dental  and  skeletal  data  from  the  Black  Gate,  South  Shields,  Warwick  and 

 York  Barbican  osteological  collections  so  that  the  impact  of  contextual  factors  on 

 stress experience can be assessed. 

 6.  Using  descriptive  and  inferential  statistics,  identify  differences  between  groups  in 

 stress  experience  and  the  connections  between  different  stages  of  the  life-course 

 and  use  this  data  to  construct  models  illustrating  the  relationships  between  1) 

 developmental  stress,  2)  contextual  and  biological  influences  (e.g.,  environment 

 and sex) and 3) later-life outcomes (e.g., morbidity and mortality risk). 

 7.  To  critically  evaluate  the  methods  employed  and  their  potential  future  application, 

 explore  the  pathways  through  which  stress  is  embodied  skeletally  and  how  this 

 affects assessments of stress in cross-sectional archaeological samples. 

 8 



	1.5	 	Thesis	Outline	

 To deliver research aims and objectives as well as answer the questions posed here, 

 this thesis is organised according to the layout described below. 

	Chapter	2:	A	Life-Course	Approach	to	Development	

 This  chapter  begins  by  discussing  environmental  and  genetic  explanations  of 

 health  and  development  to  establish  the  knowledge  gap  this  thesis  fills.  Following  this, 

 life-course  theory  is  introduced  and  the  means  through  which  a  life-course  approach  can 

 be  applied  in  an  archaeological  sample  is  reviewed  along  with  potential  complications. 

 Next,  the  Developmental  Origins  of  Health  and  Disease  (DOHaD)  Hypothesis  is 

 discussed  to  illustrate  that  the  engagement  of  life-course  theory  in  clinical  and 

 bioarchaeological  research  has  led  to  more  nuanced  understandings  of  health  in  past  and 

 present  populations  (Gowland  2015;  Barker  2012).  Finally,  evolutionary  perspectives  on 

 early-life plasticity are discussed. 

	Chapter	3:	Dental	Development	and	Morphology	

 Firstly,  a  general  introduction  to  the  descriptive  conventions  employed  by  dental 

 anthropologists  as  well  as  a  discussion  of  the  timing  of  dental  growth  is  provided.  This 

 develops  into  more  specific  descriptions  of  M1  morphology  and  the  stages  of  dental 

 development.  Next,  the  Patterning  Cascade  Model  (Salazar-Ciudad  and  Jernvall  2002; 

 Jernvall  and  Jung  2000),  which  it  is  theorised  explains  stress-induced  variations  in  dental 

 development,  is  reviewed.  Finally,  amelogenesis  is  described  in  order  to  illustrate  how 

 early-life  dental  morphological  variation  is  preserved.  The  aim  of  the  chapter  is  to 

 establish  that  M1  morphological  variation  reflects,  and  can  act  as  a  proxy  for,  stress 

 experienced during early life. 
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	Chapter	4:	Evaluating	Dental	Morphology	

 Initially,  the  non-metric  method  of  assessing  dental  morphology  is  critiqued. 

 Following  this,  geometric  morphometric  (GM)  methods  are  reviewed  with  examples 

 given  of  how  different  techniques  (such  as  Eigenshape  and  Fourier  analysis)  have  been 

 applied  to  dental  materials.  From  this,  it  is  proposed  that  Procrustean  methods  are  best 

 suited  to  quantify  dental  morphology.  Next,  different  types  of  asymmetries  are  introduced 

 with  focus  placed  on  the  significance  of  fluctuating  asymmetry.  Finally,  the  methods 

 through  which  FA  has  been  assessed  in  past  research  are  summarised.  This  encompasses 

 bioarchaeological  projects  which  have  utilised  linear  measurements  of  teeth,  but  ends  by 

 providing  examples  (drawn  largely  from  ecology)  that  have  employed  GM  methods.  The 

 overall  purpose  is  to  demonstrate  1)  that  asymmetries  can  be  detected  in  human  teeth,  2) 

 the  utility  of  GM  methods,  3)  and  that  more  work  needs  to  be  done  to  link  FA  with  other 

 markers of health. 

	Chapter	5:	Materials	

 The  Black  Gate,  South  Shields,  Warwick  and  York  Barbican  skeletal  assemblages 

 are  introduced  and  contextualised  in  this  chapter.  This  includes  reviews  of  historical, 

 archaeological  and  osteological  data.  Thus,  practical  problems  (e.g.,  fragmentation  and 

 preservation)  and  observations  from  whole-assemblage  analyses  are  introduced  alongside 

 data  pertaining  to  sociocultural  and  environmental  setting  which  can  be  employed  to 

 explain patterns identified in the Results. 

	Chapter	6:	Methods	–	Osteological	

 This  chapter  begins  by  describing  the  methods  used  to  estimate  sex  and  age.  Next 

 proxies  employed  to  explore  childhood  and  adolescent  stress  experience  are  detailed  (e.g., 

 linear  enamel  hypoplasia,  cribra  orbitalia  and  long  bone  lengths).  The  recording  criteria 
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 for  lesions  associated  with  a  later-life  proinflammatory  physiology  (PNBF  and  PD)  are 

 provided. Finally, a description of the diagnostic process for specific conditions is given. 

	Chapter	7:	Methods	–	Geometric	Morphometric	

 Initially,  GM  data  acquisition  is  described  (i.e.,  imaging  and  digitisation  of 

 morphological  features  and  outlines).  This  is  followed  by  a  review  of  the  process  through 

 which  coordinate  configurations  are  handled  to  isolate  differences  in  M1  shape  (i.e,  by 

 sliding  semi-landmarks  and  subjecting  configurations  to  a  Generalised  Procrustes 

 Analysis).  Next  the  results  of  a  pilot  study  are  presented  to  justify  decisions  taken 

 regarding  the  number  of  replicate  measures  and  outline  points  employed  as  well  as  to 

 demonstrate  that  methodological  error  is  low.  Details  of  how  fluctuating  asymmetric 

 variance  is  identified  in  the  sample  through  a  Procrustes  ANOVA  and  individual 

 measures  of  FA  are  computed  are  also  provided.  Finally,  the  statistical  methods  used  to 

 compare  M1  FA  between-groups  and  evaluate  to  what  extent  M1  FA  (as  a  proxy  for 

 early-life stress) can predict later-life outcomes are detailed. 

	Chapter	8:	Results	

 The  results  are  divided  into  three  sections.  The  first  describes  patterns  in  the 

 osteological  data  (e.g.,  the  demographic  composition  of  the  sample  and  overall  patterns  in 

 stress  marker  prevalence).  The  second  section  focuses  on  M1  FA,  its  contribution  to 

 overall  M1  morphometric  variation  and  the  effects  of  size  on  asymmetry.  Differences 

 between  groups  (e.g.,  site  and  sex)  are  also  contrasted.  The  last  section  evaluates  M1  FA 

 scores  as  predictors  of  later-life  outcomes  to  imply  the  extent  to  which  early-life  stress  is 

 responsible for shaping the life-course. 
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	Chapter	9:	Discussion	

 Several  themes  for  discussion  emerge  from  the  Results,  including  1)  the  factors  that 

 define  life-course  trajectories,  especially  the  role  mothers  played  in  mediating 

 environmental  stressors,  2)  the  impact  stressors  experienced  during  critical  periods  have 

 on  specific  life-course  outcomes  and  their  potential  adaptive  significance,  3)  the 

 developmental  mechanisms  through  which  early-life  stress  is  embodied  and  4)  the 

 limitations  in  the  method  developed  for  this  project  and  potential  means  through  which  it 

 could be improved. 

	Chapter	10:	Conclusion	

 The  research  objectives  and  questions  are  revisited  here  to  summarise  the 

 important  points  raised  throughout  the  thesis  and  suggestions  are  given  for  future 

 research. 
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	Chapter	2:	 	A	Life-Course	Approach	to	Development	

	2.1	 	Introduction	

 Growth  and  development,  as  well  as  morbidity  and  mortality,  can  be  considered 

 functions  of  genetic  predisposition  and  environmental  pressures.  However,  a  more 

 nuanced  appreciation  of  the  complex  variation  observed  between  individuals  and  groups 

 has  been  achieved  through  the  adoption  of  a  life-course  approach  which  posits  that 

 outcomes  are  also  influenced  by  the  accumulation  and  coalescence  of  stress  experiences 

 at  critical  times  (Cheverko  2021;  Gowland  2018;  Hendricks  2012).  To  assess  the  value  of 

 a  life-course  approach  to  bioarchaeology,  key  life-course  concepts  (i.e.,  timing,  context, 

 linked  lives  and  personal  agency)  are  presented,  followed  by  a  discussion  of  the  means 

 through  which  stress  experienced  at  specific  periods  of  the  life-course  can  be  evaluated  in 

 skeletal  remains  (Cheverko  2021;  Gowland  2018;  Gowland  2015;  Elder  1994).  Then, 

 previous  research  from  both  living  and  past  populations  is  reviewed  to  demonstrate  that 

 the  paradigm  can  clarify  the  relationships  between  life-course  stress  experience  and 

 outcomes  (Jacob  et  al.  2019;  Doyle  et  al.  2018;  Mishra  et  al.  2010b;  Kuh  et  al.  2003). 

 Finally,  the  evolutionary  theories  advanced  to  explain  the  hypothesised  adaptive  benefits 

 to  phenotypic  adaptations  during  periods  of  heightened  plasticity  are  introduced 

 (Gluckman  et al.  2010; Skinner 2008; Kuzawa 2007;  Jablonka  et al.  1995). 
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	2.2	 	Genetic	and	Environmental	In�luences	

 This  section  briefly  highlights  the  extent  to  which  genetic  and  environmental 

 factors  have  been  employed  to  explain  outcomes  in  health,  growth,  morbidity  and 

 mortality.  The  unexplained  variation  in  outcomes  is,  however,  utilised  to  provide  the 

 rationale for investigating alternative approaches. 

	2.2.1	 	Genetics	and	Environment	

 Environmental  factors  and  genetics  have  long  been  acknowledged  as  vital 

 determinants  of  development,  disease  susceptibility  and  longevity  (Davey  Smith  2011; 

 Peters  et  al.  2001).  Much  research  has  shown,  for  example,  that  deleterious  environmental 

 stimuli,  such  as  exposure  to  toxicants  or  impoverished  environments,  can  provoke  rapid 

 and  damaging  changes  in  affected  individuals  and  populations  (Davey  Smith  2011:  537; 

 Kuh  and  Ben-Schlomo  2004).  In  contrast,  genomic  alterations  caused  by  mutations, 

 genetic  drift,  stochastic  processes  and  selective  pressures  usually  occur  more  gradually 

 over  a  longer  period  of  time  and  produce  relatively  stable  growth  and  disease  profiles 

 (Stinson  2012:  9;  Wright  1982).  Cumulatively,  environmental  and  genetic  explanations  of 

 growth  and  development  as  well  as  morbidity  and  mortality  can  account  for  many  of  the 

 short  and  long-term  variations  in  ontogeny  and  pathology  in  past  and  present  populations 

 (Buikstra  2019:  14;  Agarwal  2016:  131;  Stinson  et  al.  2012:  19;  Barker  2012:  187;  Davey 

 Smith 2011: 537). 

 The  archaeological  application  of  this  understanding  has  been  inconsistent, 

 however.  The  interrogation  of  genetic  mutations  and  hereditary  transmission  of  disease  in 

 past  populations  has  only  recently  become  feasible,  and  is  still  inhibited  by  the  technical 

 difficulties  in  extracting  aDNA  from  diagenetically  degraded  materials  (Willmott  et  al. 

 2020:  189;  Stone  and  Ozga  2019:  183-185)  and  it  is  rarely  possible  to  distinguish  kinship 
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 groups  in  skeletal  samples  using  other  methods  (Voong  et  al.  2017).  The  focus,  therefore, 

 of  many  bioarchaeological  investigations  has  been  on  the  impact  of  environmental 

 factors  .  Contextualising  palaeoepidemiological  explorations  with  environmental 

 observations  began  in  the  early  20  th  century  (Buikstra  2019:  14;  Waldron  1994:  1-4; 

 Hooton  1930),  but  the  scope  of  such  projects  expanded  after  the  publication  of 

 Paleopathology  and  the  Origins  of  Agriculture  (Cohen  and  Armelagos  1982).  This 

 influential  study  collated  global  analyses  of  osteological  stress  markers  with  the  aim  of 

 assessing  whether,  and  if  so  to  what  extent,  the  transition  to  an  agricultural  economy 

 affected  disease  prevalence  rates.  It  demonstrated  that  the  agricultural  transition,  with  its 

 concomitant  transformations  of  social  and  physical  environments,  negatively  impacted 

 childhood  development  and  evidenced  a  widespread  and  sustained  decline  in  health 

 (Klepinger 1983; Cohen and Armelagos 1982). 

 Many  subsequent  bioarchaeological  investigations  also  focused  upon  how 

 differences  in  environments  affected  health.  For  example,  “  The  Backbone  of  History. 

 Health  and  Nutrition  in  the  Western  Hemisphere”  (Steckel  and  Rose  2002)  and  “  The 

 Backbone  of  Europe.  Health,  Diet,  Work  and  Violence  over  Two  Millennia”  (Steckel  et  al. 

 2019)  explored  the  health  of  skeletal  samples  derived  from  a  variety  of  temporal  and 

 social  settings.  Again,  a  suite  of  osteological  variables  was  used  to  document  stress 

 experienced  from  childhood  through  to  maturity  and  produce  individual  indices  of 

 “health”  which  could  be  collated  for  comparisons  between  samples  (Steckel  et  al.  2019; 

 Steckel  et  al  .  2002).  Environmental  pressures  were  investigated  by  considering  variables 

 such  as  climate,  socially-influenced  patterns  in  activity  and  settlement  complexity.  In  the 

 latter  study,  each  sample  was  also  placed  into  a  broad  time  bracket,  from  pre-medieval 

 (300-500  BC)  through  to  the  Industrial  (1800-1900)  period,  so  that  trends  in  health 

 (which  generally  declined)  and  socio-economic  complexity  could  be  charted  over  circa 
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 two  millennia  (Steckel  et  al.  2019:  5-6;  Steckel  and  Engel  2019).  However,  interactions 

 between  formative  stressors  and  later-life  outcomes  were  not  always  fully  explored  and, 

 consequently,  an  “adult  lifestyle”  model  of  health  has  often  prevailed  in  archaeology  in 

 which  deleterious  outcomes  are  often  perceived  as  a  result  of  later-life  stressors  and 

 unrepresentative  of  health  for  the  majority  of  life  (DeWitte  2010;  DeWitte  and  Wood 

 2008: 1436; Kuh  et al.  2003: 778; Wood  et al.  1992)  (Figure 2.1). 

 Figure  2.1  Eburnation  on  synovial  joint  surfaces,  shown  above  on  the  vertebral  superior  articular  facets  (a) 
 and  distal  radius  and  ulna  (b),  is  diagnostic  of  osteoarthritis.  The  high  prevalence  of  degenerative  conditions 
 such  as  osteoarthritis  in  archaeological  samples  has  contributed  to  the  “adult  lifestyle”  model  of  health  in 
 past research (Waldron 2019: 719-729; Kuh  et al.  2003:  778; Ortner 2003: 557-558). 

	2.2.2	 	Alternative	Perspectives	

 It  has  not  always  been  accepted  that  genetics  or  adult  environments  were  entirely 

 responsible  for  growth  and  development  as  well  as  morbidity  and  mortality.  Even  in  the 

 late  19  th  century,  for  example,  there  was  notable  resistance  to  this  idea  in  the  scientific 

 community.  In  1899  the  Edinburgh-based  physician  J.  W.  Ballantyne  proposed  in  “  On 

 Antenatal  Therapeutics”  that  the  diets,  environments  and  stressors  affecting  pregnant 

 mothers  (which  included  physical  labour,  industrial  toxins  as  well  as  absinthe  and 

 cocaine)  left  their  children  “antenatally  wounded,  crippled,  and  diseased”  (Reiss  1999; 

 Ballantyne  1899:  889).  Meanwhile,  the  psychiatrist  H.  Maudsley  described  F.  Galton’s 

 views  on  genetic  determinism  as  reductionist  and  incapable  of  accounting  for  the  vast 
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 array  of  variation  observable  in  humans,  stating  that  explanations  of  development  must 

 “go far deeper” (Davey Smith 2011: 545; Galton 1904; Maudsley 1904: 8). 

 More  recently,  a  body  of  clinical  literature  has  demonstrated  that  genetics  and 

 environment  can  be  poor  predictors  of  later-life  outcomes  (Davey  Smith  2011).  For 

 instance,  an  extensive  twin  study  quantified  the  genetic  component  to  cancer  risk, 

 estimating  genetic  predisposition  on  a  scale  of  0  (no  genetic  component)  through  to  1 

 (genetically  predetermined).  The  doubt/certainty  associated  with  those  estimates  was 

 articulated  through  confidence  intervals  (CIs)  which  express  the  range  of  values  estimates 

 are  expected  to  fall  between  if  a  population  is  re-sampled  (Lichtenstein  et  al.  2000: 

 79-80).  Even  though  it  was  found  that  there  was  a  greater  concordance  of  risk  in 

 monozygotic  versus  dizygotic  twins,  estimates  of  genetic  predetermination  and  their  CIs 

 were  low.  Prostate  cancer  had  the  highest  estimate,  for  instance,  but  only  reached  0.42 

 [95%  CI:  0.29,  0.50],  while  for  several  cancers  it  was  estimated  that  genetics  played  no 

 part  in  susceptibility  (Davey  Smith  2011:  541;  Lichtenstein  et  al.  2000:  82-83).  Moreover, 

 when  Vineis  and  Fecht  (2018)  explored  the  environmental  influences  on  carcinogenesis, 

 they  suggested  that  overall,  only  16%  [95%  CI:  7%,  41%]  of  cancer  deaths  are  the  result 

 of  environmental  exposures.  Even  after  accounting  for  methodological  differences  and 

 possible  error  (Davey  Smith  2011:  544;  Heinzl  et  al.  2005),  these  results  suggest  that 

 genetic  and  environmental  explanations  in  isolation  incompletely  explain  morbidity  and 

 mortality and other factors must be at play. 

 17 



	2.2.3	 	Summary	

 Genetics  and  later-life  environment  cannot  fully  explain  or  predict  later-life 

 outcomes  (Vineis  and  Fecht  2018;  Davey  Smith  2011;  Lichtenstein  et  al.  2000).  Many 

 long-held  understandings  about  growth  and  development  as  well  as  morbidity  and 

 mortality  in  past  populations  are  therefore  likely  to  be  incomplete  (DeWitte  and  Wood 

 2008:  1436;  Wood  et  al.  1992;  Klepinger  1983;  Cohen  and  Armelagos  1982).  The 

 following section examines the potential of life-course theory to address this problem. 

	2.3	 	The	Life-Course	Approach	

 The  life-course  approach,  though  originating  in  sociology,  has  led  to  new 

 understandings  that  can  bridge  the  gaps  in  explanations  of  ontogeny  and  pathogenesis 

 (Hodson  and  Gowland  2020:  45;  Gowland  2015;  Barker  2012;  Kuh  et  al.  2004).  This 

 approach  focuses  on  assessing  the  cumulative  effects  of  experiences  and  their  relation  to 

 social,  historical  and  cultural  setting;  the  individual,  both  in  terms  of  their  biology  and 

 social  identity,  represents  the  sum  total  of  these  contextually  defined  experiences 

 (Agarwal  2016:  131;  Giele  and  Elder  2013:  22;  Mayer  2002:  2).  The  following  section 

 discusses  the  development  of  the  life-course  approach  and  identifies  the  paradigm’s 

 salient features. 

	2.3.1	 	Life-course	Factors	

 The  life-course  approach  has  its  origin  in  early-  to  mid-20  th  century  longitudinal 

 cohort  studies,  and  though  developments  in  the  field  have  not  led  to  a  unified  theory, 

 several  points  of  consensus  have  emerged  (Cheverko  2021:  60-61;  Hendricks  2012:  226; 

 Mayer  2009:  2-3;  Macmillan  2005:  4;  Crosnoe  and  Elder  2004:  645).  It  is  generally 

 accepted,  for  instance,  that  life-course  trajectories  are  shaped  by  experiences  grounded  in 
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 four  factors:  context  ;  links  to  other  s;  personal  agency  and  timing  (Cheverko  2021:  61; 

 Jacob  et  al.  2019;  Giele  and  Elder  2013:  9-10;  Hendricks  2012:  229;  Shanahan  2000; 

 Elder 1994; Giele 1988) (Figure 2.2). 

 Figure 2.2 Theory suggests the timing of experiences is key to outcomes (Giele and Elder 2013: 11). 

 Context,  or  the  specific  setting  inhabited  by  an  individual/sample/population,  has 

 been  repeatedly  shown  to  pattern  life-course  trajectories.  Factors  such  as  historical  milieu, 

 geographic  location,  cultural  behaviours  and  technological  sophistication  all  therefore 

 contribute  to  the  character  of  a  person’s  life  (Cheverko  2021:  61;  Giele  and  Elder  2013: 

 9-10;  Hendricks  2012:  229-230).  Meanwhile,  although  the  concept  of  “linked  lives”  was 
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 initially  used  to  suggest  that  people  acquired  behavioural  cues  and  access  to  resources 

 through  social  interactions,  as  life-course  theory  has  permeated  into  other  disciplines  the 

 impact  of  biological  connections  has  become  an  area  of  interest  (Cheverko  2021:  61; 

 Gowland  2015;  Giele  and  Elder  2013:  10;  Hendricks  2012:  229;  Kuh  et  al.  2004;  Elder 

 1994).  In  contrast,  personal  agency  refers  to  the  ability  of  individuals  to  adapt  in  order  to 

 achieve  advantageous  outcomes,  sometimes  despite  their  environment  or  connections  to 

 others  (Cheverko  2021:  61;  Giele  and  Elder  2013:10;  Shanahan  2000:  670-671).  While 

 evaluating  rehabilitation  and  recidivism,  Laub  and  Sampson  (2003)  illustrated,  for 

 example,  that  though  the  effects  of  early  experiences  could  usually  be  tracked  over  the 

 life-course,  they  did  not  always  predetermine  later  attainments  or  exert  a  continuous, 

 unmodifiable  pressure;  through  autonomous  choices,  developmental  trajectories  could  be 

 altered and even reversed (Laub and Sampson 2003: 10). 

 The  timing  of  life-course  events,  while  acknowledged  as  important,  has  become  a 

 subject  of  debate  (Jacob  et  al.  2019;  Hendricks  2012:  228)  Some  scholars  emphasise  that 

 early-life  events  exercise  a  disproportionate  force  in  shaping  life-course  trajectories  (e.g., 

 Gowland  2015).  Others  are  more  sceptical;  Hauser  and  Sweeney  (1997)  went  so  far  as  to 

 state  that  “there  is  scant  evidence  that  the  direct  effects  of  poverty  last  beyond  entry  into 

 adulthood,”  and  suggested  that  any  effects  that  formative  events  have  on  later-life 

 outcomes  are  indirect  and  filtered  through  subsequent  experiences  (Hendricks  2012:  228). 

 Giele  and  Elder  (2013:10),  in  contrast,  propose  that  the  other  three  life-course  factors 

 coalesce  through  the  “funnel  of  timing”  with  critical  periods  ,  or  times  at  which 

 experiences  or  stress  exposures  provoke  the  greatest  responses,  being  particularly 

 important.  Even  though  not  all  sociologists  agree  upon  the  relative  significance  of  the 

 aforementioned  factors,  it  is  clear  that  they  are  to  a  greater  or  lesser  extent  interdependent 

 (Cheverko 2021: 60-61; Giele and Elder 2013; Hauser and Sweeney 1997). 
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	2.3.2	 	Holistic	Pro�iles	and	Life-course	Models	

 Disentangling  the  interplay  of  factors  in  development  can  be  facilitated  by 

 considering  the  nature  of  the  experience  in  question.  Experiences  can  be  considered  as 

 causal  ,  mediating  or  modifying  factors  in  life-course  outcomes  depending  on  whether 

 they  directly  contribute  to  a  result  or  in  some  way  alter  or  transform  the  effects  of  a  causal 

 event/process  (Kuh  et  al.  2003:  779).  To  return  to  the  last  example,  Laub  and  Sampson 

 (2003)  reported  that,  when  operating  in  the  critical  period  of  childhood,  contextual  factors 

 such  as  socioeconomic  status  and  access  to  education  were  causal  factors  in  criminality. 

 The  effects  of  these  contextually  defined  factors  were,  however,  malleable;  in  many  cases 

 incarceration,  for  example,  either  moderated  or  entrenched  certain  behaviours.  For  some 

 individuals,  personal  agency  and  social  links  led  to  behavioural  modifications  that 

 completely  altered  their  lives,  with  familial  and  spousal  links  appearing  to  be  particularly 

 powerful  (Kuh  et  al.  2003;  Laub  and  Sampson  2003).  Life-course  outcomes  can  therefore 

 be  viewed  as  the  result  of  a  complex  coalescence  of  influences  that  operate  over  the  entire 

 life-course  rather  than  bounded  segments  of  it  (Giele  and  Elder  2013;  Mishra  et  al. 

 2010b; Kuh  et al.  2003). 

 Because  of  this  complexity  it  is  accepted  that  the  success  of  a  life-course  study  is 

 predicated  on  creating  “holistic”  and  multidimensional  profiles  (Crosnoe  and  Elder  2002). 

 Teasing  out  the  complex  interactions  that  occur  continuously  throughout  the  life-course 

 between  individuals,  groups  and  their  context  can  only  be  achieved  after  collecting  a 

 broad  range  of  variables  which  reflect  experiences  at  critical  periods  and  outcomes 

 throughout  life  (Gowland  2015;  Crosnoe  and  Elder  2002).  It  has,  however,  been 

 cautioned  that  the  magnitude  of  an  experience  affects  the  severity  of  outcomes  as  well  as 

 the  ability  of  investigators  to  detect  relationships  between  them  (Macmillan  2005:  8). 

 Events  such  as  the  Great  Depression,  for  instance,  variably  influenced  educational 
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 aspiration,  parenthood  and  marriage;  those  having  suffered  the  worst  showing  a  tendency 

 to  establish  families  and  seek  financial  security  earlier  than  those  less  severely  affected 

 (Giele  and  Elder  2013:  5;  Macmillan  2005:  8).  As  such,  the  variables  chosen  to  track 

 life-course  trajectories  must  be  sufficiently  sensitive  to  register  perturbations  in  order  to 

 avoid  generating  data  that  projects  a  distorted  view  of  life-course  dynamics  (Macmillan 

 2005: 8; Crosnoe and Elder 2002). 

 Models  are  another  useful  aspect  of  the  life-course  approach.  Models  can  illustrate 

 a  temporal  sequence  of  exposures  and  possible  interactions  between  factors  that  lead  to  a 

 later  outcome  (Jacob  et  al.  2019:  1-2;  Mishra  et  al.  2010b;  Kuh  et  al.  2003:  778).  They 

 can  consider  critical  periods  and  various  factors,  facilitating  clarity  when  attempting  to 

 disentangle  the  interplay  of  life-course  experiences  (Kuh  et  al.  2003:  779).  While  some 

 life-course  models  are  relatively  simple,  others  are  highly  sophisticated  and  attempt  to 

 explain  dynamic,  cumulative  and  synergistic  relationships  (Mishra  et  al.  2010b:  94;  Kuh 

 et  al.  2003:  779-781).  The  more  nuanced  models  predict  pathways  that  link  multiple 

 formative  exposures  to  an  outcome  that  reflects  an  accumulation  of  lifetime  experiences 

 (Ben-Shlomo  and  Kuh  2002).  Due  to  the  complexity  of  interrelationships  between 

 experiences  and  outcomes,  there  are  great  benefits  to  modelling  them  quantitatively 

 (Jacob  et  al.  2019;  Kim  2015;  Laub  and  Sampson  2013;  Kuh  et  al.  2003:  778).  For 

 instance,  Doyle  et  al.  (2018),  employed  Structural  Equation  Modelling  to  investigate  the 

 connections  between  racial  disparities,  interpersonal  relationships,  the  experience  of 

 discrimination  and  feelings  of  well-being  in  later-life  which  had  been  previously 

 identified  through  qualitative  research  in  order  to  infer  the  relative  significance  of  each 

 factor  to  later-life  health  (Doyle  and  Molix  2014;  Subramanian  et  al.  2005;  Amato  and 

 Booth 2001). 
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	2.3.3	 	Summary	

 By  employing  a  life-course  approach  it  is  possible  to  view  outcomes  as  the  result 

 of  experiences  associated  with  several  interacting  factors  operating  at  key  periods 

 (Cheverko  2021;  Giele  and  Elder  2013;  Laub  and  Sampson  2013).  The  paradigm 

 facilitates  the  disentangling  of  said  experiences  so  that  dynamic  processes  can  be  clearly 

 modelled  and  articulated,  but  the  success  of  a  life-course  approach  is  dependent  on,  and 

 possibly  limited  by,  a  researcher’s  ability  to  capture  the  effects  of  experiences  at  critical 

 periods  of  life  (Jacob  et  al.  2019;  Doyle  et  al.  2018;  Kim  2015;  Kuh  et  al.  2003;  Crosnoe 

 and Elder 2002). 

	2.4	 	An	Archaeology	of	the	Life-course	

 For  a  life-course  approach  to  be  applied  to  past  populations,  signals  from  specific 

 periods  of  life  must  be  identifiable  in  skeletal  remains.  This  section  explores  the  means 

 through  which  bioarchaeologists  conventionally  chart  stress  over  the  life-course  and  the 

 ramifications of frequently encountered interpretative problems. 

	2.4.1	 	Stress	Markers:	Osteological	Records	of	Experience	

 The  skeleton  can  yield  a  wealth  of  information  about  life  experiences  in  the  form  of 

 stress  markers.  The  information  stress  markers  provide,  however,  can  often  be 

 ambiguous.  Except  for  teeth  (Section  3.4.4),  bones  continuously  remodel  and  the  vestiges 

 of  stress  can  be  obscured  or  completely  lost  (Brickley  et  al.  2020;  Lynnerup  and  Klaus 

 2019).  There  is  thus  no  guarantee  that  what  is  evident  in  the  skeleton  is  a  full  and  accurate 

 record  of  the  stresses  experienced  during  life.  Thankfully,  several  stress  markers  can  be 

 linked  (with  varying  degrees  of  precision)  to  specific  periods  of  life  and  these  have 

 proven  to  be  essential  in  the  application  of  life-course  theory  (Cheverko  2021:  69-70; 
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 Gowland  2015).  However,  if  not  carefully  selected,  skeletal  observations  convey  more 

 information  about  the  consequences  of  events  and  processes  at  specific  periods  of  life  at 

 the  expense  of  others,  providing  an  unbalanced  record  of  stress  (Cheverko  2021:  69-70; 

 DeWitte and Wood 2008: 1436; Kuh  et al.  2003: 778). 

 Unfortunately,  the  period  of  early  life  is  difficult  to  assess  archaeologically;  the 

 fragile  bones  of  foetuses  and  perinates  survive  poorly  in  the  archaeological  record  and 

 constitute  a  biased  sample  of  non-survivors,  while  the  most  durable  tissues  that  develop  in 

 in  utero  –  deciduous  teeth  –  are  exfoliated  in  childhood,  so  are  not  present  in  skeletally 

 mature  remains  (Halcrow  et  al.  2018:  85;  DeWitte  and  Stojanowski  2015:  416-418; 

 AlQahtani  et  al.  2010;  Wood  et  al.  1992:  349).  On  the  other  hand,  stress  experience  in 

 infancy  and  childhood  is  preserved  through  CO  and  LEH  (Figure  2.3).  CO  is  caused  by 

 an  expansion  of  the  red  blood  cell-producing  diploe  (i.e.,  red  marrow)  at  the  expense  of 

 the  outer  table  which  is  resorbed  leading  to  a  sieve-like  appearance  (Brickley  2018:  899; 

 Walker  et  al.  2009:  111).  Diploic  expansion  is  an  attempt  to  produce  more  functioning  red 

 blood  cells  when  deficiencies  in  key  constituent  parts  (e.g.,  iron,  vitamin  B12  and  folic 

 acid)  mean  there  are  insufficient  red  blood  cells.  As  red  marrow  turns  to  yellow  during 

 later  childhood  and  becomes  less  capable  of  producing  red  blood  cells,  CO  is  indicative 

 of  stress  experienced  prior  to  approximately  10  years  (Brickley  2018:  898-899;  Walker  et 

 al.  2009:  111).  Unlike  CO,  which  can  only  be  associated  with  childhood  generally  and 

 becomes  obscured  in  later-life  due  to  bone  turnover,  horizontal  LEH  result  from  an 

 alteration  to  normal  enamel  mineralisation  leading  to  “depressed”  perikymata  which,  as 

 permanent  teeth  develop  throughout  infancy  and  childhood  without  later  remodelling, 

 form  a  sequential  record  of  stress  events  to  circa  the  twelfth  year  (Bereczki  et  al.  2019: 

 175;  Kinaston  et  al.  2019:  753-756;  Guatelli-Steinberg  2016;  Holt  et  al.  2012;  AlQahtani 

 et  al.  2010;  Smith  et  al.  2010;  AlQahtani  2009;  Reid  and  Dean  2006).  Both  lesions  have  a 
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 variety  of  causes.  LEH  are  linked  to  episodes  of  systemic  stress  caused  by,  inter  alia  , 

 undernutrition  and  malnutrition,  economic  transitions  and  disease  (Bereczki  et  al.  2019: 

 175;  Kinaston  et  al.  2019:  753-756;  Guatelli-Steinberg  2016;  Hillson  2005:  170;  Hillson 

 1996:  167-166),  while  CO  is  connected  to  genetic  predisposition,  haemorrhage, 

 prolonged  dietary  insufficiency  or  an  inability  to  digest  the  dietary  factors  needed  to 

 maintain  a  healthy  balance  of  red  cells  (Papathanasiou  et  al.  2019:  198).  Thus,  both  can 

 be  regarded  as  strong  indicators  of  childhood  stress  but,  given  the  multiplicity  of  potential 

 causes, they are non-specific. 

 Figure 2.3  LEH (a) and CO (b) evidence childhood stress. 

 Growth  deficits  and  delays  to  qualitative  skeletal  changes  can  also  be  used  to 

 explore  the  long-term  consequences  of  stress.  Although  individuals  can  exhibit  rapid 

 catch-up  growth  before  epiphyseal  end  plates  fuse  and  prevent  further  growth, 

 developmental  deficits  may  persist  into  maturity,  potentially  as  a  result  of  endocrine 

 reprogramming  leading  to  an  insensitivity  to  growth  hormones  or  an  incapability  to 

 produce  these  hormones  in  sufficient  volume  (Agarwal  2016:  134;  Sharma  et  al.  2016; 

 Vaiserman  2015;  Liu  et  al.  2009:  740).  In  a  modern  population,  Hwang  (2014),  for 

 example,  found  that  10-15%  of  subjects  that  experienced  intrauterine  growth  restriction 
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 did  not  compensate  for  reduced  early-life  growth  postnatally.  It  is  likely  that  the  larger 

 bones  of  the  lower-limb  (which  grow  over  a  longer  period)  are  especially  sensitive 

 (Pomeroy  et  al.  2012;  Wadsworth  et  al.  2002).  Regarding  qualitative  changes,  stress  can 

 alter  the  age  of  initiation  and  subsequent  tempo  of  puberty  (Lewis  2020;  Hwang  2014). 

 Investigations  of  medieval  and  post-medieval  osteological  assemblages  have,  for 

 instance,  suggested  that  menarche  and  pubertal  completion  occurred  much  later  than  in 

 modern  populations  because  of  elevated  environmental  stress  (DeWitte  and  Lewis  2020; 

 Gowland  et  al.  2018;  Lewis  et  al  .  2016).  Differences  in  skeletal  growth  profiles  and 

 pubertal  tempo  have  therefore  been  utilised  to  investigate  the  long-term  impacts  of  stress 

 experienced  prior  to  reaching  skeletal  maturity,  especially  during  adolescence  (e.g., 

 DeWitte and Lewis 2020; Lewis  et al.  2016; Newman  2016). 

 Later-life  stress  can  be  explored  through  a  variety  of  skeletal  markers,  but  clinical 

 studies  linking  formative  stress  and  later-life  metabolism  and  inflammation  suggest  that 

 those  associable  with  an  underlying  physiology  are  especially  useful  for  a  life-course 

 approach.  To  illustrate,  inflammatory  conditions  such  as  PD  have  been  associated  with 

 several  metabolic  illnesses  (e.g.,  cardiovascular  disease  and  diabetes)  whose  origins  lie  in 

 developmental  stress  (Barker  2012;  Lockhart  et  al.  2012;  Andriankaja  et  al.  2010). 

 Making  similar  connections  in  skeletal  samples  is  difficult,  however.  While 

 bioarchaeologists  have  linked  PD  and  PNBF  (DeWitte  and  Bekvalac  2011;  DeWitte  and 

 Bekvalac  2010),  both  of  which  have  an  inflammatory  aetiology  (Roberts  2019;  Roberts 

 and  Buikstra  2019;  Steckel  et  al.  2019:  418;  Crespo  et  al.  2016:  145;  Ogden  2008:  288; 

 Weston  2008),  inferring  that  skeletal  stress  markers  can  be  employed  to  explore 

 underlying  physiology,  robustly  connecting  these  later-developing  lesions  with  prior 

 stress  experience  has  proven  challenging  and  remains  an  area  of  active  research  (Crespo 

 et al.  2021; Franklin and Nystrom 2021; Crespo  et  al.  2016). 
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	2.4.2	 	The	Osteological	Paradox	and	Heterogenous	Frailty	

 When  exploring  stress  experience  in  skeletal  remains,  the  Osteological  Paradox 

 must  be  considered.  First  formally  expounded  in  a  paper  by  Wood  et  al.  (1992)  and 

 reviewed  more  recently  by  DeWitte  and  Stojanowski  (2015),  these  works  highlight  a 

 profound  interpretative  dilemma.  Namely,  it  cannot  be  assumed  that  the  absence  of  a 

 stress  marker  is  evidence  of  an  absence  of  stress,  or  that  the  presence  of  a  stress  marker  is 

 evidence  of  ill-health.  In  fact,  it  can  be  just  as  plausible  to  argue  that  stress  markers  are 

 indicative  of  an  ability  to  endure  adversity  (DeWitte  and  Stojanowski  2015:  405;  Wood  et 

 al.  1992:  356-357).  One  way  of  mitigating  this  problem  it  to  explore  heterogenous  frailty  , 

 or  differences  in  susceptibility  to  risk  factors  that  increase  morbidity  and  mortality 

 between,  for  example,  sex  and  age  cohorts  (DeWitte  and  Stojanowski  2015:  399;  Wood  et 

 al.  1992: 357; DeWitte 2010: 8; Vaupel 1988: 277). 

 Exploring  differentials  in  frailty  between  sex  and  age  cohorts  present  quite 

 different  problems.  For  instance,  the  estimation  of  sex  in  skeletally  immature  remains  is 

 near  impossible  through  non-destructive  methods  and  technically  challenging  with 

 biomolecular  tests  (e.g.,  Inskip  et  al.  2019;  Stewart  et  al.  2017).  However,  though  there  is 

 a  growing  unease  within  the  field  concerning  the  use  of  binary  categories  with  arguments 

 being  made  that  they  reinforce  unquestioned  views  of  biological  normalcy  (DuBois  and 

 Shattuck-Heidorn  2021;  Eliot  et  al.  2020;  Gettler  2016),  sex  can  be  estimated  with 

 relative  accuracy  and  ease  in  mature  skeletons  and  provides  a  useful  and  accessible 

 parameter  through  which  to  explore  patterns  of  frailty  and  variation  (DeWitte  2010; 

 White  and  Folkens  2005:  385-397;  Loth  and  Henneburg  1996;  Schwatrz  1995;  Buikstra 

 and Ubelaker 1994: 15-20; Stinson 1985; Ferembach  et al.  1980, Phenice 1969). 

 In  contrast,  exploring  age  is  methodologically  challenging  in  mature  remains,  but 

 relatively  simple  when  assessing  immature  skeletons  due  to  the  strong  correlations 
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 between  chronological  age  and  developmental  changes  (e.g.,  AlQahtani  et  al.  2010; 

 Schaefer  et  al.  2009;  Hoppa  1992).  For  both  mature  and  immature  remains,  stages  of 

 age-related  skeletal  change  are  typically  interpreted  with  reference  to  known  age-at-death 

 samples  (e.g.,  Buckberry  and  Chamberlain  2002;  Brooks  and  Suchey  1990;  Todd  1920). 

 However,  for  mature  remains,  due  to  the  plethora  of  factors  that  can  affect  the  ageing 

 process  and  variously  impact  different  osteological  indicators  of  age,  it  is  more  common 

 to  take  a  multifactorial  approach  in  which  several  age-estimation  methods  are  applied 

 (Garvin  and  Passalacqua  2012;  Baccino  et  al.  1999).  It  is  then  customary  to  aggregate 

 results  and  place  individuals  into  broad  age-groups  (e.g.,  “18-25  years”,  “25-35  years”, 

 “35-45  years”  and  “45+  years”),  with  a  final  opened-ended  category  reflecting  the  fact 

 that  degenerative  changes  become  increasingly  influenced  by  factors  other  than  age 

 (Boldsen  et  al.  2021:  7-24;  O’Connell  2018;  Buckberry  2015:  327;  White  and  Folkens 

 2005:  384;  O’Connell  2004;  Kemkes-Grottenthaller  2002:  58-61;  Buikstra  and  Ubelaker 

 1994).  Unfortunately,  the  process  is  vulnerable  to  a  range  of  biases.  Osteologists,  for 

 instance,  have  a  habit  of  overpopulating  the  middle  age  categories  (Buckberry  2015:  327; 

 Gowland  2007:  158),  while  reference  samples  can  skew  results  through  a  phenomenon 

 known  as  “age  mimicry.”  As  many  samples  are  forensically-derived,  young  adults  are 

 over-represented  and  there  is  a  greater  probability  that  individuals  of  unknown  age  share 

 morphological  attributes  with  the  overrepresented  younger  cohort  (Milner  et  al.  2021: 

 142;  Buckberry  2015;  Hoppa  and  Vaupel  2002b;  Usher  2002;  Katz  and  Suchey  1986; 

 Todd  1920).  For  these  reasons  and  the  tendency  for  ageing  systems  to  end  with  a  “45+”  or 

 “50+”  category,  there  is  a  common  misperception  that  life  was  almost  universally  short  in 

 past  populations,  despite  primary  documents  (where  available)  demonstrating  otherwise 

 (Boldsen  et  al.  2021:  21-23;  Gowland  2007:  156-158;  Hoppa  and  Vaupel  2002b; 

 Molleson  et al.  1993;  Mackenzie 1827: 730-735  ). 
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 In  short,  the  traditional  approach  to  age  estimation  in  skeletally  mature  remains 

 gives  vague,  and  sometimes  debateable,  estimates  inhibiting  effective  explorations  of 

 age-related  frailty  (Boldsen  et  al.  2021:  7-24;  Buckberry  2015;  Konigsberg  and 

 Frankenberg  2013:  163-168;  Hoppa  and  Vaupel  2002b;  Bocquet-Appel  and  Masset  1996; 

 Konigsberg  and  Frankenberg  1992).  Given  that  age-at-death  itself  is  a  key  indicator  of 

 resilience  and  precise  age  estimates  underpin  a  life-course  approach,  bioarchaeologists 

 are  unsurprisingly  encouraged  to  adopt  more  sophisticated  methods  (Boldsen  et  al.  2021; 

 Cheverko 2021: 70; Buckberry 2015). 

	2.4.3	 	Summary	

 Assessing  stress  experience  through  skeletal  remains  is  possible,  but  beset  by 

 complicating  factors.  The  skeleton  reflects  stressors  from  different  times  of  life  to  varying 

 degrees  with  early-life  experience  and  later-life  physiology  particularly  difficult  to 

 discern  through  conventional  methods  (Cheverko  2021;  Halcrow  et  al.  2018;  Agarwal 

 2016).  Meanwhile  the  generation  of  robust  and  accurate  estimates  of  age  (or  lack  thereof) 

 determine  how  effectively  heterogenous  frailty  can  be  explored  (Boldsen  et  al.  2021; 

 Cheverko  2021;  DeWitte  and  Stojanowski  2015:  399;  Gowland  2015;  Wood  et  al.  1992). 

 Consequently,  bioarchaeologists  are  being  encouraged  to  employ  and  develop  innovative 

 solutions  to  circumvent  these  limitations  (e.g.,  Boldsen  et  al.  2021;  Cheverko  2021; 

 Buckberry 2015). 
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	2.5	 	DOHaD	and	the	Life-course	Approach	

 Despite  limitations,  the  life-course  approach  has  been  applied  with  great  success, 

 notably  in  the  formulation  of  the  Developmental  Origins  of  Health  and  Disease  (DOHaD) 

 Hypothesis  (Barker  2012).  This  section  reviews  and  evaluates  how  the  key  life-course 

 factors  previously  identified  have  been  employed  in  explorations  of  morbidity  and 

 mortality  in  past  and  present  populations  in  order  to  justify  the  continued  implementation 

 of the paradigm. 

	2.5.1	 	Timing:	The	Critical	Early-life	Period	

 DOHaD’s  foundations  lie  in  a  seemingly  counterintuitive  phenomenon:  the  rising 

 prevalence  of  chronic  diseases  in  populations  experiencing  increasing  prosperity  (Barker 

 and  Osmond  1986:  1077).  To  investigate  this  paradox,  Barker  and  Osmond  (1986) 

 contrasted  infant  mortality  between  1921-1925  with  adult  cause-of-death  between 

 1969-1978  in  specific  geographic  regions.  For  many  conditions  it  was  found  that  adult 

 morbidity  was  strongly  correlated  with  neonatal  mortality;  stomach  cancer,  for  example, 

 had  the  highest  correlation  coefficient  of  0.82  (Barker  and  Osmond  1986:  1077-1079). 

 Although  this  seminal  study  did  not  follow  specific  individuals  over  their  entire 

 life-course  and  instead  used  geographic  cohorts  (i.e.,  residents  of  a  particular  region)  from 

 a  time  characterised  by  increasing  population  mobility  (i.e.,  the  residents  of  the  regions 

 studied  changed  to  a  greater  or  lesser  extent  over  time)  (Bashford  and  McAdam  2014; 

 Bland  2006;  Hoppa  2002:  12),  follow-ups  rigorously  scoured  medical  records  to  link 

 early  and  later-life  data  in  the  same  individuals  and  related  groups  (Armelagos  et  al. 

 2009:  262;  Syddall  et  al.  2005).  Twin  studies,  for  instance,  have  reported  significant 

 within-pair  differences  in  later-life  outcomes  associable  with  differences  in  birth  weight, 

 despite  shared  genes  and  home  environment  (Armelagos  et  al.  2009:  261;  Poulter  et  al. 
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 1999),  while  analyses  of  Dutch  Famine  survivors  found  that  foetuses  exposed  to 

 undernutrition  in  mid-to-late  gestation  were  significantly  shorter  and  lighter  at  birth  and 

 in  later-life  had  a  higher  risk  of  cardiovascular,  respiratory  and  metabolic  morbidity  as 

 well  as  higher  mortality  rates  up  to  50  years  of  age  (Roseboom  et  al.  2001:  95;  Roseboom 

 et al.  2000; Lopuhaa  et al.  2000; Ravelli  et al.  1998). 

 Comparable  findings  have  been  reported  by  bioarchaeologists.  In  Japanese 

 Jomon-period  samples,  it  was  found  that  individuals  who  developed  LEH  earlier  acquired 

 more  defects  throughout  life  and  were  likely  to  have  died  younger  in  comparison  to  those 

 that  developed  their  first  defect  later  (Temple  2014:  541).  DeWitte  and  Wood  (2008) 

 further  reported  that  even  in  the  most  virulent  epidemics,  mortality  was  affected  by 

 childhood  stress;  they  estimated  that  during  the  Black  Death,  individuals  who  experienced 

 systemic  stress  between  the  ages  of  circa  1-6  years,  evidenced  by  mandibular  canine 

 LEH,  were  at  a  2.9  times  higher  risk  than  those  without  these  indicators  of  developmental 

 stress  (DeWitte  and  Wood  2008:  1438).  Overall,  these  findings  suggest  that  influences 

 experienced  during  development  can  alter  life-course  trajectories,  provoking  life-history 

 trade-offs  that  increase  morbidity  and  mortality  (Temple  2014;  Newman  and  Gowland 

 2016;  Temple  2012;  Temple  2007).  Although  difficult  to  investigate  in  skeletal  samples, 

 clinical  and  bioarchaeological  evidence  suggests  that  prenatal  and  early-postnatal  life  is 

 an  especially  sensitive  critical  period  in  which  environmental  stressors  can  significantly 

 influence,  or  programme,  later-life  phenotype  (i.e.,  there  is  high  plasticity  in  early  life) 

 (Barker  2012;  Armelagos  et  al.  2009:  262;  Barker  and  Osmond  1986:  1081;  Holland 

 Jones 2005). 

 More  variability  is  perhaps  evident  in  the  archaeological  record  than  the  clinical, 

 however.  Perinatal  and  immature  skeletons  at  archaeological  sites,  which  frequently 

 display  LEH  and  other  indicators  of  hardship  suggest  that  early-life  perturbations  may 
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 have  completely  circumscribed  the  life-course,  possibly  either  due  to  differences  in  the 

 levels  of  environmental  stress  experienced  or  the  relative  ineffectiveness  of  sociocultural 

 and  medical  buffering  systems  (e.g.,  Newman  and  Gowland  2016:  226;  Armelagos  et  al. 

 2009:  264;  White  1978).  Clearly,  clinical  analogues  cannot  substitute  or  replace  direct 

 interrogation of skeletal remains when investigating stress experience in past populations. 

	2.5.2	 	Linked	Lives:	The	Maternal	Lineage	

 The  investigation  of  links  between  mother  and  dependent  child  is  another  aspect 

 of  the  life-course  perspective  that  has  been  particularly  valuable.  It  is  also  being 

 increasingly  acknowledged  that  connections  with  grandparents  (and  potentially  beyond) 

 may  be  important  (Gowland  2018;  Gowland  2015).  For  instance,  Kaati  et  al.  (2002) 

 found  that  grandparental  access  to  food  was  a  predictor  of  diabetes  mortality  in 

 grand-offspring.  Meanwhile,  in  Guatemalan  communities,  infants  whose  grandmothers 

 received  nutritional  supplements  were  generally  better  developed,  having  higher  birth 

 weights  and  lengths,  than  peers  whose  grandmothers  did  not  receive  supplementation 

 (Susser  et  al.  2012:  579;  Stein  et  al.  2008).  Similar  patterns  can  be  seen  in  victims  of  the 

 Dutch  Famine,  as  women  who  were  themselves  unborn  foetuses  during  the  famine  gave 

 birth to smaller offspring (Susser  et al.  2012: 579;  Kuzawa 2007: 656; Lumey 1992). 

 The  fact  that  three  generations  can  be  negatively  affected  by  one  episode  of 

 deprivation  is  a  product  of  reproductive  life  histories.  In  the  reproductive  system  of 

 female  mammals,  gametogenesis  begins  and  ends  during  foetal  development,  with  all 

 primary  ova  formed  prior  to  birth  (Betts  et  al.  2017:  1294;  Thayer  and  Kuzawa  2011: 

 798;  Kierszenbaum  2006).  As  such,  the  stress  experienced  by  a  pregnant  female  also 

 affects  life-course  trajectories  in  the  gestating  foetus,  and  if  that  foetus  is  female,  the  cells 

 developing  in  the  foetal  ovary  (Susser  et  al.  2012:  579;  Gluckman  et  al  .  2007:  7).  An 
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 outcome  influenced  in  such  a  way  would  be  considered  a  manifestation  of  a 

 mitotically-stable  intergenerational  phenotype  (Thayer  and  Kuzawa  2011:  798;  Skinner 

 2008).  There  is,  however,  a  growing  body  of  experimental  evidence  to  suggest  that 

 stressors  in  the  maternal  line  can  produce  meiotically-stable,  transgenerational  (or 

 ancestral  )  phenotypes  that  are  perpetuated  through  sexual  reproduction  in  which  no  direct 

 exposure  to  an  environmental  stimulus  is  necessary  to  produce  a  phenotype  associated 

 with  that  stimulus  (Lu  et  al.  2019;  Van  Winkle  and  Ryznar  2018;  D’Urso  and  Brickner 

 2014;  Susser  et  al.  2012;  Thayer  and  Kuzawa  2011:  798;  Gluckman  et  al.  2010:  13; 

 Kierszenbaum  2006;  Jablonka  et  al.  1995;  Galler  et  al.  1994;  Galler  and  Seelig  1981). 

 Although  research  into  paternal  influences  on  health  and  disease  are  demonstrating  its 

 importance,  the  maternal  line  is  generally  considered  more  influential  (e.g.,  Soubry  2018; 

 Soubry  et  al.  2014;  Kaati  et  al.  2002).  Thus,  when  considering  linked  lives,  researchers 

 are  beginning  to  reflect  not  just  on  the  proximate  connections  suggested  by  Elder  (1994) 

 but  also  ancestral  links,  particularly  in  the  maternal  lineage  (Gowland  2018;  Gowland 

 2015). 

 Assessing  maternally-mediated  ancestral  influences  on  life-course  outcomes  in 

 bioarchaeological  samples  without  medical  records,  however,  is  challenging.  In  rare 

 cases,  such  as  historical  cemeteries  with  detailed  burial  registers  (e.g.,  Molleson  et  al. 

 1993:  123-130)  or  where  aDNA  analyses  are  available  (e.g.,Voong  et  al.  2017),  it  may  be 

 possible  to  identify  several  generations  of  one  family.  Yet,  in  general,  links  between 

 maternal  and  offspring  stress  experience  can  only  be  confidently  made  in  bioarchaeology 

 through  the  observation  of  osteological  markers  whose  occurrence  is  attributable  to  a 

 period  of  time  when  an  individual  is  developing  in  utero  or  breastfeeding  (Brickley  et  al. 

 2020:  34-35;  Newman  2016:  81;  Newman  and  Gowland  2016:  226;  Sibley  et  al.  1992), 
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 and  the  influence  of  the  ancestral  maternal  lineage  is  necessarily  more  tenuous  regardless 

 of their clinically and experimentally inferred importance (Gowland 2015: 534-535). 

	2.5.3	 	Context:	Environmental	Imprints	

 It  has  been  argued  that  environments  can  induce  specific  life-course  outcomes.  In 

 modern  populations,  such  as  the  Dutch  Famine  cohort,  in  addition  to  growth  deficits, 

 environmental  stress  was  linked  to  specific  pathological  sequelae  (e.g.,  cardiovascular, 

 respiratory  and  metabolic  disease)  (Roseboom  et  al.  2000;  Lopuhaa  et  al.  2000;  Ravelli  et 

 al.  1998).  Similarly,  a  bioarchaeological  comparison  between  the  low-status  and 

 highly-stressed  Cross  Bones  skeletal  assemblage  and  the  middle-class  Bow  Baptist 

 cemetery  found  that  despite  a  similar  prevalence  of  non-specific  stress  markers  (i.e., 

 LEH),  the  skeletons  at  Cross  Bones  had  a  far  higher  prevalence  of  scorbutic  lesions  and 

 evidence  of  infectious  disease  (Newman  and  Gowland  2016:  221-224).  In  fact,  the 

 distinctiveness  of  certain  patterns  has  led  M.  Skinner  and  colleagues  to  hypothesise  that 

 responses  to  environmental  stressors  are  unique  and  akin  to  a  fingerprint  which  persists 

 throughout life (Nilsson  et al.  2018; Skinner 2008). 

 This  increasing  appreciation  of  site-specific  responses  is  shaping  clinical  and 

 bioarchaeological  research.  For  instance,  in  Betsinger  and  DeWitte’s  (2020)  “  The 

 Bioarchaeology  of  Urbanization:  The  Biological,  Demographic,  and  Social 

 Consequences  of  Living  in  Cities”  authors  were  encouraged  to  explore  the  local  factors 

 that  contributed  to  variability  between  sites  and  even  create  their  own  definitions  of  rural 

 and  urban.  From  more  nuanced  comparisons  it  has  been  suggested  that  fluid,  transitional 

 contexts  are  potentially  more  impactful  to  health  and  development.  For  instance,  in  the 

 early-20  th  century,  heart  disease  was  more  prevalent  in  higher  socioeconomic  groups  than 

 lower  socioeconomic  groups,  before  the  situation  was  reversed  in  the  later-20  th  century 
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 (Marmot  et  al.  1978).  Barker  and  Osmond  (1986:  1081)  theorised  that  this  was  because 

 the  higher-status  groups  were  exposed  to  and  impacted  by  socioeconomic  transitions 

 earlier.  Meanwhile  in  skeletal  samples  it  has  been  found  that  stress  markers  are  more 

 common  in  rapidly  changing  contexts  such  as  those  experiencing  industrialisation 

 (Hodson  and  Gowland  2020;  Newman  2016:  249).  Consequently,  there  is  a  growing 

 move  away  from  employing  broad  categorisations  (e.g.,  urban  and  rural)  which  can 

 obscure  important  details  by  glossing  over  differences  in  favour  of  emphasising 

 commonalities. 

	2.5.4	 	Personal	Agency	

 Individual  agency  has  rarely  been  considered  by  clinical  epidemiologists  and 

 bioarchaeologists.  For  those  who  wish  to  understand  sickness  and  well-being  at  a 

 populational  level,  it  has  been  argued  that  individual  case  studies  are  of  limited  value 

 (Davey  Smith  2011).  Moreover,  when  utilising  skeletal  remains  it  is  unlikely  that  the 

 limited  range  of  osteological  reactions  possess  the  sensitivity  to  unambiguously  express 

 individualised  shifts  in  life-course  trajectory  (Wood  et  al.  1992;  Martin  and  Armelagos 

 1979:  571).  So,  even  though  personal  agency  has  been  shown  to  exert  sufficient  force  to 

 dramatically  alter  life-courses  and  case  studies  can  provide  illustrative  examples  (Chapter 

 8)  (Giele  and  Elder  2013:  9-10;  Davey  Smith  2011;  Laub  and  Sampson  2003;  Shanahan 

 2000:  670-671),  this  line  of  enquiry  is  infrequently  pursued  and  is  likely  only  available 

 through  the  collection  of  high-resolution  qualitative  data,  such  as  that  obtained  through 

 extensive  interviewing  or  the  construction  of  osteobiographies  (e.g.,  Roffey  et  al.  2018; 

 Mihanovic  et al.  2017; Laub and Sampson 2003). 
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	2.5.5	 	Summary	

 The  life-course  paradigm  has  added  novel  insights  into  the  understanding  of 

 health  and  development  with  timing,  context  and  linked  lives  proving  useful  interpretative 

 constructs  (Gowland  2018;  Gowland  2015;  Giele  and  Elder  2013;  Hendricks  2012). 

 When  bioarchaeologists  have  taken  a  life-course  approach,  these  tools  have  been  used  to 

 explore  the  interactions  between  stressors  operating  throughout  life  more  completely 

 (Klaus  2014;  DeWitte  and  Wood  2008:  1436),  which  represents  a  significant 

 improvement  on  previous  archaeological  investigations  which  at  times  struggled  to 

 integrate  data  relating  to  both  early-  and  later-life  stress  (Steckel  et  al.  2019;  Steckel  and 

 Rose  2002;  Cohen  and  Armelagos  1982).  Further  developments  may  be  forthcoming  if 

 stressors can be linked more substantively to the late-foetal and early-postnatal period  . 

	2.6	 	Evolutionary	Perspectives	

 The  maternally-mediated  intergenerational  and  potentially 

 ancestral/transgenerational  influences  on  life-course  outcomes  have  encouraged 

 explorations  of  the  evolutionary  significance  behind  early-life  programming  (Cheverko 

 2021;  Gluckman  et  al.  2007;  Kuzawa  2007;  Wells  2007;  Jablonka  et  al.  1995). 

 Evolutionary  models  are  generally  beneficial  as  they  enable  a  more  holistic  consideration 

 of  biological  factors  and  facilitate  hypothesis  generation  and  data  interpretation  (Agarwal 

 2016:  130-131;  Klaus  2014:  294;  Steadman  2018:  4;  Waldron  1994:  4-5).  This  final 

 section  briefly  describes  the  evolutionary  understanding  of  early-life  plasticity,  its  role  in 

 life-course trajectories and how this can be incorporated into bioarchaeology. 
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	2.6.1	 	The	Thrifty	Phenotype	

 One  of  the  earliest  attempts  to  explain  from  an  evolutionary  standpoint  the 

 increases  in  morbidity  and  mortality  associated  with  early-life  stress  was  the  Thrifty 

 Phenotype  Theory  (Hales  and  Barker  2013;  Hales  and  Barker  2001).  A  “thrifty” 

 phenotype  is  a  suite  of  outcomes  adapted  to  an  environment  in  which  resources  are  scarce 

 and  periods  of  nutritional  insufficiency  and  hardship  are  expected  (Armelagos  et  al.  2009: 

 264;  Gluckman  et  al.  2007:  2;  Neel  1962).  In  such  conditions  it  is  proposed  that  during 

 foetal  growth  and  early  infancy  the  development  of  vital  organs,  such  as  the  brain,  is 

 prioritised  while  long-term  investments  in  somatic,  endocrine  and  immunological 

 trajectories  are  reduced;  in  highly  selective  contexts  this  constraint  enhances  survival  of 

 early-life  adversity,  but  reduces  long-term  fitness  (Hales  and  Barker  2013:  1218;  Wells 

 2012:  230).  In  this  model  the  mother  acts  as  a  conduit,  through  intrauterine  provisioning 

 and  later  breastfeeding,  for  nutritional  and  hormonal  cues  (Pittet  et  al.  2017;  Gluckman  et 

 al.  2007:  3).  Phenotypic  responses  may,  however,  be  counterproductive  in  many  cultures 

 as  diet  and  activity  patterns  are  modified  for  pregnant  women  to  the  extent  that  they  often 

 do  not  accurately  reflect  normal  environmental  stressors  (i.e.,  there  is  low  fidelity  between 

 maternal  cues  and  environment)  and  so  adaptations  based  around  maternal  cues  may 

 prove  maladaptive  (Gluckman  et  al.  2010:  10;  Jablonka  et  al.  1995).  Temple’s  (2014) 

 bioarchaeological  study  supported  this  theory,  finding  that  earlier  experience  of  systemic 

 stress  (inferred  by  LEH  presence)  was  associated  with  earlier  age-at-death,  suggesting 

 that  survival  during  ontogeny  had  been  ensured  at  the  expense  of  longevity.  Despite 

 support  such  as  this,  the  theory  is  problematic.  Although  it  can  explain  the  increases  in 

 mortality  and  morbidity  noticed  by  Barker  and  Osmond  (1986)  in  populations  that  were 

 increasing  in  prosperity  with  reference  to  low  fidelity  between  the  developmental  and 
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 later-life  environment,  it  cannot  account  for  the  transgenerational  transmission  of 

 phenotype (Susser  et al.  2012; Roseboom  et al.  2001). 

	2.6.2	 	Constraint	and	Maternal	Capital	

 In  the  Thrifty  Phenotype  Model,  the  mother  plays  a  relatively  straightforward  role 

 as  a  medium  through  which  environmental  cues/stressors  are  channelled.  Alternative 

 theories  have  postulated  more  complicated  relationships  in  which  mothers  actively  shape 

 offspring  ontogeny,  even  to  the  point  of  constraining  offspring  growth  and  development 

 (Lu  et  al  .  21019;  Wells  2012;  Charnov  1997;  Charnov  1991).  The  Maternal  Capital 

 Model,  for  instance,  proposes  that  mothers  and  their  offspring  have  a  dynamic 

 relationship,  in  which  mothers  balance  investment  in  offspring  with  their  own  survival 

 and  continued  reproductive  success  (Wells  2012:  231-234;  Charnov  1997;  Trivers  and 

 Willard  1973).  As  such,  Wells  (2003)  theorised  that  when  resources  are  scarce,  mothers 

 constrain  provisioning,  causing  offspring  developmental  stress.  Constraint  may  be 

 behavioural  (Fujita  et  al.  2012),  but  can  also  be  physiological;  in  primates  the 

 composition  of  breastmilk  is  modulated  in  relation  to  maternal  nutritional  demands,  for 

 example  (Pittet  et  al.  2017).  On  initial  inspection  this  theory  projects  a  parsimonious  view 

 of  maternal  support,  but  maternal  signals  cueing  an  offspring  phenotype  that  is  tailored  to 

 a  level  of  investment  that  the  mother  can  provide  enhances  offspring  survival. 

 Furthermore,  if  maternal  signals  represent  a  lifetime  of  ecological  conditions,  they  may 

 buffer  against  short-term  environmental  deprivations  (Wells  2012:  232;  Wells  2007:  335). 

 Support  for  this  theory  in  human  studies  is  limited  (Fujita  et  al.  2012;  Cameron  and 

 Dalerum  2009),  however,  and  it  may  be  that  maternal  constraint  is  better  evidenced  in 

 non-human  animals  with  quicker  reproductive  cycles  and  multiple  offspring  per  birth  (Lu 

 et  al.  2019;  Pittet  et  al.  2017;  Robert  and  Braun  2012;  Sibly  and  Brown  2009;  Trivers  and 

 Willard 1973). 

 38 



	2.6.3	 	Predictive	Adaptive	Responses	

 The  Predictive  Adaptive  Response  (PAR)  Theory  states  that  phenotypic  alterations 

 can  either  be  immediately  or  predictively  adaptive  (Gluckman  et  al.  2010;  Gluckman  et 

 al.  2007;  Bateson  et  al.  2004).  Immediately  adaptive  reactions  to  stress  lead,  in  essence, 

 to  outcomes  similar  to  Hales  and  Barker’s  (2001)  thrifty  phenotype,  with  adaptations 

 maximising  the  probability  of  short-term  survival  (Gluckman  et  al.  2007:  3).  In  contrast, 

 predictive  adaptations  stem  from  a  “forecast”  of  environmental  conditions  (Bateson  et  al. 

 2004).  As  mothers,  to  a  large  extent,  sustain  offspring  on  energetic  reserves  accumulated 

 over  a  lifetime,  the  predictive  cues  offspring  receive  can  be  conceived  of  as  a  long-term 

 record  of  ecological  conditions,  stretching  back  to  when  the  mother  herself  was 

 maternally-dependent  and  influenced  by  her  own  mother’s  accumulation  of  experiences 

 (Gluckman  et  al.  2010:  9-11;  Gluckman  et  al.  2007:  4-7;  Wells  2007:  335).  Predictive 

 adaptations  are,  as  such,  compatible  with  the  idea  of  persistent  ancestral/transgenerational 

 phenotypes  (Susser  et  al.  2012;  Skinner  2008),  and  adaptively  beneficial  as  they  promote 

 outcomes  less  likely  to  be  influenced  by  seasonal  stressors  (Kuzawa  2007:  655). 

 Predictive  cues,  however,  could  result  in  a  phenotypic  “inertia”  that  produces  an 

 ancestral/transgenerational  phenotype  that  would  be  innately  maladaptive  in  rapidly 

 transforming,  unprecedented  contexts  (Gluckman  et  al.  2010:  10;  Kuzawa  2007:  655; 

 Jablonka  et  al.  1995:  133).  Although  phenotypic  inertia  may  explain  the  seemingly 

 paradoxical  phenomenon  of  poor  health  in  improving  but  transforming  contexts  (e.g., 

 Barker  and  Osmond  1986),  the  PAR  theory  is  generally  thought  to  be  characterised  by 

 overall  increasing  quality  in  phenotypic  outcomes  (Figure  2.4)  which  is  at  odds  with  the 

 picture  of  centuries  of  health  deterioration  in  European  populations  between  the  early 

 medieval to Industrial periods presented by Steckel  et al.  (2019). 
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 Figure  2.4  It  has  been  theorised  that  maternal-mediated  environmental  cues  provoke  phenotypic  adaptations 
 in  early  life  that  predict  later  conditions,  increasing  the  quality  of  later-life  outcomes  over  successive 
 generations (Wells 2012: 232). 

	2.6.4	 	Summary	

 Various  theories  regarding  the  evolutionary  significance  of  early-life  plasticity 

 have  been  proposed  (Wells  2012;  Gluckman  et  al.  2010;  Kuzawa  2007;  Jablonka  et  al. 

 1995).  All  have  merits,  but  also  limitations  in  their  capacity  to  explain  observed 

 phenomena  and  it  may  be  that  specific  theories  are  more  or  less  applicable  to  different 

 species  (Pittet  et  al.  2017;  Robert  and  Braun  2012;  Sibly  and  Brown  2009;  Trivers  and 

 Willard  1973).  The  Thrifty  Phenotype  theory  is  supported  by  several  human  studies,  both 

 clinical  and  bioarchaeological  in  nature,  but  the  PAR  model  best  accounts  for 

 transgenerational  outcomes  (Hales  and  Barker  2013;  Wells  2012;  Gluckman  et  al.  2010; 

 Kuzawa 2007; Jablonka  et al.  1995). 
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	2.7	 	Conclusion	

 This  review  of  the  literature  has  several  primary  conclusions  of  significant 

 relevance  to  this  thesis.  Firstly,  phenotypic  outcomes  reflect  adaptations  to  stressors  from 

 physical  and  sociocultural  environments  (Gowland  2015;  Susser  et  al.  2012;  Skinner 

 2008;  Selye  1973).  Hence,  in  order  to  understand  the  characteristics  that  define  an 

 individual  or  population  it  is  necessary  to  thoroughly  contextualise  study  samples 

 (Hendricks  2012;  Crosnoe  and  Elder  2002).  Secondly,  evidence  suggests  the  period  of 

 greatest  phenotypic  plasticity  is  relatively  short,  beginning  periconception  and  ending  in 

 the  first  years  of  life:  the  period  of  maternal  dependence  (Gowland  2015;  Agarwal  2016; 

 Barker  2012).  As  such,  the  mother  enacts  a  pivotal  role  in  conveying  physiologically  cues 

 that  encourage  alterations  to  phenotype  affecting  outcomes  in  growth  and  development  as 

 well  as  morbidity  and  mortality  (Barker  2012;  Kuzawa  2007;  Jablonka  et  al.  1995).  The 

 central  argument,  therefore,  is  that  maternally-mediated  environmental  influences 

 experienced  during  early  life  are  fundamental  to  life-course  trajectories.  It  is  hypothesised 

 that  through  a  combination  of  traditional  and  innovative  techniques,  it  will  be  possible  to 

 construct  multidimensional  osteological  profiles  to  explore  the  interactions  of  early-  and 

 later-life  stressors  and  contribute  to  the  archaeological  understanding  of  past  lives 

 (Gluckman  et al.  2010; Gluckman  et al.  2007). 

 41 



	Chapter	3:	 	Dental	Development	and	Morphology	

	3.1	 	Introduction	

 Teeth  are  complex  structures  whose  development  is  well-regulated.  Yet  it  has  also 

 been  demonstrated  that  subtle  differences  in  morphological  expression  –  especially  in  the 

 crowns  of  multi-cusped  teeth  –  can  result  from  environmental  stressors  which,  due  to  the 

 chronological  predictability  of  dental  growth,  can  be  linked  to  specific  developmental 

 periods  (Lynnerup  and  Klaus  2019;  Irish  2016a;  Brook  2009;  Hillson  2005;  Tucker  et  al. 

 2004;  Dempsey  and  Townsend  2001;  Scott  and  Turner  1997).  To  explore  these  themes, 

 this  chapter  first  introduces  basic  dental  anatomy  and  the  associated  descriptive 

 terminology  (Irish  2016a;  Ungar  2016;  Hillson  2005;  Scott  and  Turner  1997;  Carlsen 

 1987;  Wood  et  al.  1983).  Next,  distinctions  between  dental  fields  are  briefly  discussed,  as 

 is  the  timing  of  odontogenesis  (Cuozzo  2016;  Irish  2016a;  Lease  2016;  AlQahtani  et  al. 

 2010;  Smith  et  al.  2010;  AlQahtani  2009;  Hillson  2005;  Koppe  and  Swindler  2004).  From 

 this  it  becomes  clear  that  first  permanent  molars  develop  during  the  period  of  early-life 

 that  the  previous  chapter  hypothesised  was  critical  to  developmental  trajectories  (i.e., 

 from  the  late-foetal  period  through  to  the  first  postnatal  year).  Finally,  after  evaluating  the 

 patterning  cascade  model  of  molar  crown  development,  it  is  proposed  that  stress-induced 

 disruptions  ripple  across  the  multi-layered  molecular  networks  that  control  cusp 

 formation  to  produce  a  phenotype  embodying  genetic  and  environmental  inputs  which  is 

 then  preserved  through  enamel  formation  (Stojanowski  et  al.  2017;  Riga  et  al  .  2014; 

 Hunter  et  al.  2010;  Brook  2009;  Tucker  et  al.  2004;  Salazar-Ciudad  and  Jernvall  2002; 

 Dempsey  and  Townsend  2001;  Koppinen  et  al.  2001;  Jernvall  and  Jung  2000;  Jernvall 

 and Thesleff 2000; Jung  et al.  1998). 
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	3.2	 	Dental	Anatomy	

	3.2.1	 	De�initions	and	Terminology	

 Every  tooth  has  root  and  crown  elements  separated  by  a  constricted  neck  or 

 cervical  region  and  is  composed  of  three  different  hard  tissues:  dentine,  cementum,  and 

 enamel  (Lynnerup  and  Klaus  2019:  52;  Irish  2016a:  88;  Hillson  2005:  9;  Scott  and  Turner 

 1997:  20)  (Figure  3.1).  Dentine  is  highly  mineralised,  retaining  just  enough  elasticity  to 

 absorb  biting  forces  (Tang  et  al.  2016:  204;  Shahmoradi  et al.  2014;  Berkovitz  et  al. 

 2009).  In  the  root,  dentine  is  enclosed  in  an  avascular  cementum  layer  (Lynnerup  and 

 Klaus  2019:  53;  Lease  2016:  95;  Nanci  2013).  Cementum  is  slightly  less  mineralised  and 

 serves  as  an  attachment  site  for  the  collagenous  periodontal  ligament  which,  along  with 

 gingival  tissue,  anchors  the  root  in  the  mandibular  and  maxillary  alveolar  processes 

 (Harris  2016:  150;  Tang  et  al.  2016:  211;  Lease  2016:  95;  Irish  2016a:  88).  The  crown  is 

 dentine  capped  with  enamel.  Being  circa  96%  inorganic  apatite  crystals,  enamel  is  inert 

 (Lynnerup  and  Klaus  2019:  52;  Antoine  and  Hillson  2016:  223).  Crowns  are  an  interface 

 at  which  an  organism’s  skeletal  structure  directly  interacts  with  its  environment; 

 consequently,  crown  size  and  morphology  vary  greatly,  reflecting  a  variety  of 

 evolutionary  pressures  and  modifications  (Lynnerup  and  Klaus  2019:  52;  Ungar  2016; 

 Cuozzo  2016;  Delezene  2016;  Martinón‐Torres  and  Bermúdez  de  Castro  2016).  Within 

 each  tooth  there  are  also  two  border  areas  where  different  tissues  meet:  the 

 cemento-enamel  junction  (CEJ),  located  at  the  neck,  is  the  point  of  contact  between  root 

 cementum  and  the  crown  enamel;  and  the  dentino-enamel  junction  (DEJ),  within  the 

 crown,  where  the  enamel  cap  abuts  the  underlying  dentine  (Lease  2016;  Irish  2016a:  88). 

 At  a  tooth’s  centre  is  a  pulp  chamber  housing  blood  and  lymphatic  vessels,  as  well  as 

 nerves  that  reach  into  the  dentine;  the  soft  tissues  in  the  pulp  chamber  make  a  tooth  a 
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 functional  and  sensory  organ  (Lynnerup  and  Klaus  2019:  52;  Legge  and  Hardin  2016: 

 191; Irish 2016a: 89; Luukko  et al.  2011). 

 Figure 3.1 Tooth anatomy (White  et al.  2012: 104). 

 A  suite  of  terms  (Figure  3.2)  is  used  to  orientate  and  describe  teeth.  The  terms 

 mesial  and  distal  respectively  refer  to  the  portion  of  a  tooth  that  is  closest  and  farthest 

 from  the  sagittal,  or  midline,  plane.  Interproximal  ,  or  approximal  ,  interchangeably  refer  to 

 the  mesial  or  distal  contact  points  between  adjacent  teeth.  Coronal  references  the  crown; 

 the  portion  of  crown  which  opposes,  or  occludes  with,  another  tooth  is  known  the  incisal 

 surface  in  anterior  teeth  or  the  occlusal  surface  in  posterior  teeth  (e.g.,  molars).  The  apex 

 of  a  tooth  is  the  tip  of  the  root  most  distant  to  the  crown.  The  aspect  of  a  tooth  facing  the 

 tongue  is  referred  to  as  lingual  ,  while  the  surface  which  comes  into  contact  with  the  soft 

 tissues  of  the  face  is  termed  the  labial  surface  in  the  anterior  dentition  or  the  buccal 

 surface  in  the  posterior  dentition  (Irish  2016a:  89;  Hillson  2005:  9-11;  Scott  and  Turner 

 1997:  15-16;  Massler  and  Schour  1956).  Teeth  are  arrayed  in  a  parabolic  arch  formed  by 

 the  opposing  alveolar  processes  of  the  maxilla  and  mandible  (i.e.,  the  upper  and  lower 

 jaw  respectively);  each  arch  is  known  as  an  isomere  (Irish  2016a:  90;  Scott  and  Turner 
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 1997:  15-16).  Although  the  maxillary  and  mandibular  isomeres  possess  the  same  number 

 of  teeth  in  the  same  dental  classes,  the  teeth  are  morphologically  and  developmentally 

 distinct  (Irish  2016a:  88-90).  Both  the  mandible  and  maxilla  are  divided  along  the  sagittal 

 plane  into  antimeres  ;  the  left  and  right  antimere  reflect  one  another  and  their  growth  is 

 regulated by the same genes (Irish 2016a: 89-90; Graham  et al.  2010: 467). 

 Figure  3.2  Positional  terms  used  to  describe  dental  fields  and  the  relative  position  of  each  tooth  within  the 
 dental arch. Image after Massler and Schour (1956) and taken from Scott and Turner (1997: 17). 
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	3.2.2	 	Dental	Fields	

 Humans  are  diphyodonts  and  heterodonts  .  As  diphyodonts,  humans  have  two  sets 

 of  teeth  (deciduous  and  permanent),  while  heterodonty  means  that  teeth  can  be  divided 

 into  several  different  classes,  referred  to  as  metameres  ,  which  include:  incisor,  canine, 

 premolar  and  molar  metameres  (Irish  2016a:  89-90;  Ungar  2016:  27;  Hillson  2005).  In 

 each  antimere  of  the  deciduous  dentition  there  are  two  incisors,  one  canine  and  two 

 molars;  in  the  permanent  dentition  there  are  two  incisors,  one  canine,  two  premolars  and 

 three  molars.  Shorthand  notation,  with  a  few  variations,  has  been  developed  to  facilitate 

 identification  of  individual  teeth  (Irish  2016a:  90;  Hillson  2005:  12).  The  method 

 described  here  is  commonly  applied  and  is  used  throughout  this  thesis.  In  the  deciduous 

 dentition,  “d”  is  followed  by  the  initial  letter  of  the  tooth  field,  say  “m”  in  the  case  of  a 

 molar,  with  a  number  added  to  identify  its  position  in  that  field  (Irish  2016a:  90;  Hillson 

 2005:  12).  So,  “dm1”  refers  to  deciduous  first  molars  collectively.  In  permanent  teeth,  an 

 uppercase  letter  denotes  dental  field.  In  order  to  distinguish  maxillary  and  mandibular 

 isomeres,  a  superscript  is  added  to  a  maxillary  tooth  denoting  its  relative  position  in  the 

 field,  while  a  subscript  is  used  for  mandibular  teeth  (Irish  2016a:  90;  Hillson  2005:  12). 

 Thus, the first permanent maxillary molar is “M  1  ”  and its mandibular counterpart is “M  1  ”. 

 The  occlusal  surfaces  of  teeth  are  composed  of  several  distinct  features  that 

 include  ridges  ,  cusps  ,  fissures  and  fovea  .  Incisors  and  canines  have  a  single  cusp,  while 

 premolars  and  molars  are  multi-cusped.  In  the  latter  teeth,  cusps  are  separated  by  fissures 

 (which  may  be  called  grooves  or  sulci  in  the  most  pronounced  cases)  and  where  two  or 

 more  fissures  meet,  a  fovea  forms  (sometimes  called  pits  or  depressions  )  (Scott  et  al. 

 2016:  248;  Lease  2016;  Scott  et  al.  2016;  Ungar  2016:  30;  Scott  and  Turner  1997:  20-21; 

 Carlsen  1987).  Incisors  are  located  mesial  to  all  other  teeth  and  their  spatulate  crowns 

 facilitate  cutting  and  slicing  during  mastication,  while  the  conical-shaped  single  cusps  on 
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 canines  enables  puncturing  (Cuozzo  2016:  42;  Lease  2016:  102-104;  Hillson  2005; 

 Koppe  and  Swindler  2004:  368;  Scott  and  Turner  1997:  20;  Carlsen  1987).  Premolars  are 

 a  tooth  in  the  permanent  dentition  which  replace  deciduous  molars.  Although  premolar 

 shape  varies,  with  some  being  more  caniniform  and  others  molarised,  both  maxillary  and 

 mandibular  premolars  usually  have  two  cusps  either  separated  by  a  fissure  (P  1  )  or 

 connected  by  a  ridge  (P  1  ),  one  of  which  in  situated  lingually  and  the  other  buccally 

 (Delezene 2016; Lease 2016: 104-105; Martinón‐Torres and Bermúdez de Castro 2016). 

 The  occlusal  surfaces  of  human  molars,  in  contrast  to  the  other  teeth,  are  relatively 

 flat;  cusps  do  not  form  cutting  edges,  and  show  only  moderate  differences  in  elevation 

 (Lease  2016:  106-107).  This  morphology  is  different  to  that  seen  in  many  other 

 mammals;  for  example:  the  molars  of  insectivores  possess  exaggerated,  sharp  ridges  that 

 connect  the  buccal  cusps;  enlarged  and  jutting  cusps  are  often  found  in  carnivorous 

 mammals;  while  infolding  ridges,  interspersed  with  depressions,  fuse  the  molar  cusps 

 together  in  many  herbivores  (Cuozzo  2016:  44;  Hillson  2005:  15-18).  Humans, 

 meanwhile  possess  a  bunodont  pattern  with  low  and  rounded  cusps  that  is  often 

 associated  with  the  necessary  mobility  at  the  temporomandibular  joint  to  elevate,  depress, 

 protrude  and  retract  the  jaw;  this  set  of  characteristics  collectively  permits  the  crushing, 

 grinding  and  shearing  of  the  diverse  foodstuffs  associated  with  an  omnivorous  diet 

 (Nystrom  2019:  26;  Cuozzo  2016:  44;  Hillson  2005:  17-18).  This  basic  patterning  in 

 crown  morphology,  in  addition  to  root  traits,  can  be  used  to  identify  and  categorise  teeth 

 and  is  indicative  of  highly  conserved  but  functional  evolutionary  adaptations  (Cuozzo 

 2016;  Irish  2016a;  Lease  2016;  Hillson  2005;  White  and  Folkens  2005:  127-152;  Koppe 

 and Swindler 2004; Scott and Turner 1997: 20-24). 
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	3.2.3	 	Developmental	Schedule	

 The  timing  of  tooth  growth,  or  odontogenesis  ,  is  remarkably  stable,  even  under 

 adverse  environmental  pressures.  H.  M.  Liversidge  and  colleagues,  for  example,  have 

 shown  that  there  is  little  variance  in  timing  between  stressed  and  unstressed  groups.  This 

 was  demonstrated  through  a  cross-sectional  comparison  of  over  two  thousand  Sudanese 

 subadults  grouped  according  to  whether  their  body  mass  index  and  height-for-age  were 

 indicative  of  chronic  malnutrition  according  to  World  Health  Organisation  standards 

 (Elamin  and  Liversidge  2013).  Radiographic  assessment  of  permanent  crown  and  root 

 growth  was  graded  following  the  developmental  stages  of  Moorrees  et  al.  (1963)  and  it 

 was  found  that  individuals  whose  body  proportions  suggested  long-term  under 

 nourishment  did  not  differ  significantly  from  the  unstressed  group  in  the  mean  age  at 

 which  they  entered  a  particular  dental  developmental  stage  or  the  mean  length  of  time 

 spent  in  that  stage  (Elamin  and  Liversidge  2013:  2-4).  Comparative  studies  between 

 populations  have  further  shown  that  developmental  schedule  is  generally  consistent 

 across  populations.  Liversidge  et  al.  (2006),  for  instance,  reported  that  dental  maturation 

 among  populations  of  mainly  European  descent  distributed  globally  was  uniform,  while 

 Liversidge  (2011)  found  that,  even  if  female  maturation  schedules  were  slightly  ahead  of 

 males, developmental rates between groups of differing ancestry were comparable. 

 In  specific  instances,  however,  studies  show  that  the  timing  of  odontogenesis  can 

 vary  between  individuals,  possibly  in  response  to  exogenous  stimuli.  For  instance, 

 although  Liversidge  and  Marsden  (2010)  estimated  that  there  was  a  0.945  probability  of 

 being  at  least  18  if  M3  crown  and  root  growth  was  complete,  M3  maturation  was 

 observed  to  occur  as  early  as  16  years  of  age  in  some  individuals  and  as  late  as  24  years 

 in  others.  In  addition,  full  development  of  the  mandibular  canine  is  related  to 

 physiological  cues  and  developmental  schedules  that  are  potentially  influenced  by 
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 environmental  stressors.  Chertkow  (1980),  for  example,  noted  that  mandibular  canine 

 root  completion  did  not  occur  until  after  peak  velocity  in  pubertal  development  had  been 

 achieved.  In  a  study  that  compared  medieval  and  modern  samples,  Lewis  et  al.  (2016) 

 reported  that  although  both  groups  initiated  pubertal  changes  at  a  comparable  age, 

 medieval  samples  progressed  through  skeletal  and  dental  indicators  of  pubertal 

 maturation  at  a  slower  rate.  Even  though  secular  change  could  explain  this  difference 

 (Eiben  and  Mascie-Taylor  2003),  Lewis  et  al.  (2016)  suggested  that  stress,  including  but 

 not necessarily limited to poor nutrition and infection, was responsible. 

 The  earliest  forming  deciduous  crowns  are  evident  in  the  fifth  week 

 post-conception  and  all  deciduous  teeth,  as  well  as  first  permanent  molars,  begin  to  form 

 before  birth,  but  crown  formation  continues  throughout  infancy  and  childhood,  and  for 

 the  M3  is  not  complete  until  an  individual  approaches  maturity  (Brickley  et  al.  2020:  345; 

 Antoine  and  Hillson  2016:  223-234;  Harris  2016:  145;  AlQahtani  et  al.  2010;  AlQahtani 

 2009;  Christensen  and  Kraus  1965;  Kraus  and  Jordan  1965).  Due  to  this  chronological 

 consistency  and  span,  teeth  provide  a  highly  accurate  means  of  estimating  age  in 

 immature  individuals  and,  given  the  capacity  of  biological  structures  to  embody 

 environmental  signals,  opportunities  for  researchers  to  ask  questions  about  specific 

 periods  of  development  (King  et  al.  2018;  Halcrow  et  al.  2017;  AlQahtani  et  al.  2010; 

 AlQahtani  2009;  Moorrees  et  al.  1963;  Ubelaker  1989).  As  such,  various  projects  have 

 employed  incremental  isotopic  analyses  to  explore  themes  such  as  diet  and  migration  over 

 the  period  of  infancy  to  childhood  (e.g.,  Craig-Atkins  et  al.  2018;  King  et  al.  2018; 

 Hemer  and  Evans  2018;  Hemer  2014),  while  others  have  utilised  defects  in  enamel  and 

 dentine  formation  (e.g.,  LEH)  as  indicators  of  early-life  stress  perturbations  (Primeau  et 

 al.  2015;  Holt  et  al.  2012;  Reid  and  Dean  2006).  Researchers  assessing  high-resolution 

 histological  sections,  for  instance,  have  been  able  to  identify  the  neonatal  line  –  a  stress 
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 accentuated  striation  coincident  with  birth  –  in  human  and  hominoid  teeth,  including 

 maxillary  and  mandibular  first  permanent  molars,  and  by  using  striae  counts  that 

 correspond  to  circadian  rhythms  in  enamel  deposition,  estimate  postnatal  lifespan 

 (Brickley  et al.  2020: 344-345; Smith  et al.  2010). 

 Figure 3.3 A sectioned M  1  with the neonatal line highlighted  (Kelley and Schwatz 2009: 1036) 

	3.2.4	 	Summary	

 From  this  review,  firstly  it  is  apparent  that  tooth  structure  is  complex  but 

 functional.  Thus,  teeth  can  be  differentiated  into  various  fields,  each  of  which  is 

 characterised  by  a  function  and  a  set  of  role-specific  morphological  adaptations. 

 Secondly,  as  the  timing  of  odontogenesis  is  comparable  across  populations,  dental 

 materials  can  act  as  a  window  onto  specific  periods  of  development,  largely  free  from 

 geographic,  historic  or  cultural  biases  (AlQahtani  et  al.  2010;  Smith  et  al.  2010; 

 AlQahtani  2009).  Crucially,  the  formation  of  M1s  spans  a  period  critical  in  determining 

 life-course  trajectories  –  the  foetal  and  early-postnatal  period  –  and  it  may  therefore  be 

 posited  that  the  analysis  of  this  tooth  can  be  used  to  make  inferences  regarding  the 

 dynamics  affecting  individuals  and  populations  during  this  time  (King  et  al.  2018; 

 Halcrow  et al.  2017; Primeau  et al.  2015; Smith  et  al.  2010). 
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	3.3	 	Molar	Crowns	

 To  expand  upon  the  previous  section,  the  morphological  features  that  define 

 molars  are  described  in  more  detail.  To  fully  explore  the  range  of  molar  variation, 

 attention  is  paid  to  morphological  traits  that  occur  both  more  and  less  commonly.  To 

 facilitate this, further terminology and a brief history of its development is introduced. 

	3.3.1	 	Morphology	

 An  M  1  possesses  four  cusps  arranged  in  rhomboid-like  shape  (Ungar  2016:  30; 

 Scott  and  Turner  1997:  16-19;  Wood  et  al.  1983).  The  names  used  to  identify  these  cusps 

 were  introduced  by  H.  F.  Osborn  (1888b)  and  form  part  of  a  body  of  work  conducted  by 

 himself  (Osborn  1907,  1897,  1888b,  1888a)  and  his  predecessor  E.  D.  Cope  (1888,  1874). 

 The  Cope-Osborn  model  proposed  that  the  three  main  cusps  in  the  both  maxillary  and 

 mandibular  molars  were  homologous.  In  archaic  mammals,  according  to  Osborn, 

 maxillary  molars  were  originally  composed  of  a  single  cusp,  the  protocone  ;  later,  two 

 more  cusps  developed  buccally  –  the  paracone  and  metacone  –  to  form  a  trigon  which 

 was  well-adapted  to  processing  a  diverse  range  of  foodstuffs.  Cope  and  Osborn  further 

 asserted  a  fourth  cusp,  the  hypocone  ,  formed  later  on  a  shelf  called  the  talon  .  This 

 configuration  of  maxillary  cusps  (Figure  3.4)  has  the  protocone  placed  in  the 

 mesiolingual  portion  of  the  tooth,  opposite  the  mesiobuccal  paracone;  the  metacone  is 

 distobuccal  and  the  hypocone  is  distolingual  (Ungar  2016:  29-30;  Hillson  2005:  14-17; 

 Scott and Turner 1997: 16-17). 
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 Figure 3.4 The names and numbers of molar cups. On the left is an M  1  with its  four cusps labelled while  on 
 the right is an M  1  with five main cusps plus a supernumerary  Cusp 6. M= mesial, D= distal; L= lingual; B= 
 buccal (Scott and Turner 1997: 18). 

 Although,  the  M  1  has  four  major  and  one  minor  cusp  arranged  in  a  roughly 

 rectangular  pattern  (Ungar  2016:  30;  Scott  and  Turner  1997:  16-19;  Wood  et  al.  1983), 

 Osborn  (1888b)  hypothesised  a  similar  evolutionary  pathway  was  followed,  and  added 

 the  suffix  “id”  to  the  names  of  the  cusps  to  distinguish  between  isomeres.  So,  in  the 

 mandible,  the  protoconid  was  the  first  cusp  to  develop,  followed  by  the  paraconid  (which 

 was  to  be  later  lost)  and  metaconid  to  form  a  trigonid;  however,  unlike  in  the  maxilla, 

 these  later  cusps  were  rotated  lingually.  A  later  talonid  formed  distally  on  which  three 

 cusps  developed  –  the  entoconid  ,  hypoconid  and  hypoconulid  .  This  places  the  protoconid 

 mesiobuccally  and  the  metaconid  mesiolingually;  the  hypoconid  is  distobuccal  and 

 opposite  the  distolingual  entoconid;  most  distal  of  all  and  relatively  sagittal  is  the 

 hypoconulid  (Ungar  2016:  29-30;  Gómez-Robles  et  al.  2011;  Hillson  2005:  14-17;  Scott 

 and  Turner  1997:  16-17).  Several  of  the  assumptions  made  by  the  Cope-Osborn  model 

 have  transpired  to  be  incorrect,  however.  For  example,  the  original  maxillary  molar  cusp 
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 was  the  paracone,  and,  more  importantly  for  comparative  studies,  isomeric  opposites  are 

 not  homologous.  Despite  this,  the  naming  conventions  have  persisted  and  are  widely 

 employed  to  identify  and  describe  basic  molar  morphology  (Ungar  2016:  29-30;  Hillson 

 2005: 14-17; Scott and Turner 1997: 16-17; Wood  et  al.  1983; Gregory 1916). 

 As  previously  mentioned,  molars  also  possess  a  common  pattern  of  ridges, 

 fissures  and  fovea.  A  sagittal  fissure  with  mesial  and  distal  fovea  divides  the  mesial  and 

 buccal  cusps  of  an  M  1  .  The  sagittal  fissure  is  intersected  by  buccal  and  lingual  fissures 

 that  separate  the  mesial  and  distal  cusps.  Connecting  the  maxillary  protocone  and 

 hypocone,  and  interrupting  the  sagittal  fissure  to  a  greater  or  lesser  extent,  is  an  oblique 

 ridge  –  the  crista  obliqua  (Hillson  2005:  276-277;  Robinson  et  al.  2002;  Wood  et  al. 

 1983).  Similarly,  on  an  M  1  the  lingual  and  buccal  cusps  are  divided  by  a  long, 

 centrally-located  fissure,  the  mesial  longitudinal  fissure  ,  which  is  initiated  mesially  and 

 terminates  distally  with  the  mesial  and  posterior  fovea  .  The  mesial  longitudinal  fissure  is 

 punctuated  three  more  times:  first  when  it  forms  a  junction  with  the  mesiobuccal  fissure 

 which  divides  the  metaconid  and  entoconid;  again,  when  it  is  intersected  by  the  lingual 

 fissure  that  separates  the  protoconid  and  hypoconid;  and  finally,  at  the  point  where  it 

 meets  the  distobuccal  fissure  ,  which  runs  between  the  entoconid  and  the  hypoconulid 

 (Gómez-Robles  et al.  2011; Hillson 2005: 276-277;  Wood  et al.  1983). 

 To  exclusively  focus  upon  the  pattern  of  homologous  molar  features  would, 

 however,  under-represent  their  variability  (Hunter  and  Guatelli-Steinberg  2016;  Scott  et 

 al.  2016;  Scott  and  Turner  1997;  Turner  1970).  For  instance,  molars  are  noted  for 

 supernumerary  features  such  as  Carabelli’s  cusp  (Figure  3.5).  This  cusp,  which  when 

 observed  is  located  on  the  lingual  aspect  of  the  M  1  protocone,  shows  a  distinct  ancestral 

 bias  in  presence  (Irish  2016b:  269;  Scott  and  Turner  1997:  318-324;  Townsend  and 

 Brown  1981;  Von  Carabelli  1842).  Furthermore,  when  expressed,  it  can  be  detectable  as 
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 anything  ranging  from  a  small  depression  through  to  a  well-developed  feature  that 

 significantly  distorts  the  occlusal  outline  (Martinón‐Torres  and  Bermúdez  de  Castro  2016: 

 70;  Scott  et  al.  2016:  250;  Swindler  2002:  160-161;  Scott  and  Turner  1997:  24-25). 

 Variation  in  trait  morphology  is  not  limited  to  the  presence  or  absence  of  supernumerary 

 cusps,  however.  In  European  populations  –  which  are  noted  for  dental  “simplification”  – 

 it  is  not  uncommon  for  major  cusps  to  be  reduced,  or  sometimes  even  lost  in  the  distal 

 arcade  (Hunter  and  Guatelli-Steinberg  2016:  492;  Scott  et  al.  2016:  252;  Turner  1970).  In 

 Western  European  populations,  for  instance,  although  the  hypoconulid  is  present  on  the 

 vast  majority  of  M  1  ,  it  is  absent  in  71.1%  of  individuals  on  the  M  2  (Scott  and  Turner  1997: 

 322).  Given  this  inherent  variability,  evaluations  of  molar  morphology  require  a  careful 

 selection of methods if comparisons are to be made within and between populations. 
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 Figure  3.5  Carabelli  cusps  are  variably  expressed.  They  may  be  absent  (a),  present  as  a  groove  (b),  a  small 
 cusp  (c)  or  a  large  cusp  which  alters  the  tooth’s  occlusal  outline  substantially.  Expression  also  varies 
 throughout  the  dental  arcade  with  Carabelli  cusps,  and  supernumerary  traits  in  general,  being  more  common 
 and distinct mesially than distally. 

 It  has  also  been  debated  to  what  extent  morphological  characteristics  may  be 

 expressed  differently  on  the  crown’s  occlusal  surface  and  at  the  DEJ.  Studies,  for 

 instance,  have  reported  that  supernumerary  cusps  and  ridges  observable  on  the  DEJ  can 

 be  absent,  or  “enameled  over”,  on  the  corresponding  occlusal  enamel  surface  (OES) 

 (Bailey  et  al.  2011;  Scott  and  Turner  1997:  87-89;  Korenhof  1982;  Korenhof  1961; 

 Korenhof  1960;  Sakai  et  al.  1967;  Kraus  1963).  This  is  particularly  problematic  as  the 

 morphogenetic  events  which  determine  dental  shape  occur  at  the  dental  epithelium  which 

 is  most  directly  preserved  at  the  DEJ  (Hunter  and  Guatelli-Steinberg  2016:  493)  (Section 
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 3.4.1).  However,  in  the  most  comprehensive  study  of  the  issue,  using  microCT  scans 

 Bailey  et  al.  (2011)  found  that  there  was  generally  agreement  between  the  presence  and 

 absence  of  features  on  the  occlusal  enamel  surface  and  the  DEJ.  In  a  sample  of  various 

 hominids,  a  Spearman  rank  correlation  coefficient  quantified  concordance  at  =0.91  𝑟 
 𝑠 

 (discussed further in Section 4.2.2) (Bailey  et al.  2011: 513-515). 

	3.3.2	 	Summary	

 In  sum,  there  exists  a  basic  pattern  of  features  in  molars  –  four  major  cusps  on  the 

 M  1  and  five  on  M  1  separated  by  fissures,  ridges  and  fovea  –  which  are  common  to  all 

 human  populations  and  homologous  between  antimeres  (Hillson  2005;  Scott  and  Turner 

 1997;  Wood  et  al.  1983).  The  anatomical  features  which  define  molars  are  also 

 interrelated;  fovea  form  where  fissures  intersect,  and  fissures  develop  where  cusps  grow 

 next  to  one  another  (Scott  et  al.  2016:  250;  Scott  and  Turner  1997:  24-25).  These 

 similarities,  however,  belie  a  vast  array  of  non-homologous  morphological  variants  (Irish 

 2016b;  Martinón‐Torres  and  Bermúdez  de  Castro  2016:  70;  Swindler  2002:  160-161; 

 Scott  and  Turner  1997;  Townsend  and  Brown  1981).  Therefore,  it  is  hypothesised  that 

 molar  crowns  can  be  best  explored  through  procedures  capable  of  evaluating  both 

 homologous and non-homologous morphological features. 
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	3.4	 	Molar	Crown	Formation	

 The  extent  to  which  variations  in  molar  morphology  are  the  result  of  endogenous 

 programming  and  external  stimuli  has,  however,  been  debated  (e.g.,  Hughes  and 

 Townsend  2013;  Jernvall  and  Jung  2000;  Brook  2009).  This  section  describes 

 odontogenesis  and  critically  reviews  research  conducted  on  the  role  of  genes  and 

 environmental signals on the development of coronal features in molars. 

	3.4.1	 	Stages	of	Tooth	Development	

 The  embryonic  mouth  forms  after  a  process  of  cell  proliferation  and  apoptosis  as 

 well  as  tissue  infolding  which  gives  rise  to  primitive  maxillary  and  mandibular  arches, 

 known  as  the  dental  lamina.  The  laminae  are  composed  of  a  layer  of  epithelial  cells 

 covering  mesenchyme  (Hillson  2005:  208).  Although  a  continuous  process,  crown 

 formation  can  be  divided  into  three  broad  stages  –  the  bud  ,  cap  and  bell  stages  –  that  are 

 characterised  by  cell  production  and  differentiation  that  lead  to  morpho-  and 

 histodifferentiation  (Harris  2016:  145;  Scott  and  Turner  1997:  76).  It  is  during  the  bud 

 stage  (sometimes  referred  to  as  the  initiation  phase),  that  a  swelling  of  epithelial  cells,  the 

 presumptive  enamel  organ,  penetrates  the  lamina  and  a  pocket  of  ectomesenchymal  cells 

 forms  beneath  it  to  become  the  dental  papilla  –  together  this  structure  is  the  tooth  germ. 

 For  the  earliest  forming  permanent  teeth  this  occurs  at  approximately  sixteen  weeks  in 

 utero  ,  while  for  later  growing  teeth  this  process  begins  postnatally  (Antoine  and  Hillson 

 2016:  224;  Harris  2016:  146-147;  Hillson  2005:  208;  Hillson  1996:  118).  Cell 

 proliferation  during  the  cap  stage  (alternatively  known  as  morphogenesis  ),  leads  to  a 

 differentiation  of  the  enamel  organ  into  four  distinct  layers:  the  outer  enamel  epithelium  ; 

 the  stellate  reticulum  ;  the  stratum  intermedium  ;  and  the  inner  enamel  epithelium  (Figure 

 3.6).  The  enamel  organ  is  further  separated  from  the  dental  papilla  by  a  basement 
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 membrane;  formation  of  this  membrane,  is  a  morphological  milestone  as  the  outline  of 

 crown  shape  and  size  are  largely  determined  by  this  structure  (Antoine  and  Hillson  2016: 

 224;  Harris  2016:  147;  Scott  and  Turner  1997:  77;  Simmer  et  al.  2010;  Butler  1956: 

 33-34).  It  is  also  in  the  cap  stage  that  a  primary  enamel  knot  forms  in  the  stellate 

 retinaculum  at  the  formative  cusp  apex;  in  multi-cusped  teeth  the  primary  knot  creates 

 secondary  knots  which  go  onto  form  secondary  cusp  apices  (Harris  2016:  147;  Jernvall 

 and  Jung  2000:  178;  Jernvall  et  al.  1994).  Finally,  during  the  bell  stage  (or  histogenesis  ), 

 dentine  formation  at  the  inner  enamel  epithelium  forms  a  template  for  subsequent  enamel 

 deposition (Antoine and Hillson 2016: 224; Harris 2016: 147-148). 

 Figure 3.6  The anatomy of the developing tooth germ  in cross section (Butler 1956: 33). 
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	3.4.2	 	Genetics	and	The	Patterning	Cascade	Model	of	Cusp	Development	

 Genes  play  a  central  role  in  the  development  of  dental  morphology,  providing  the 

 rationale  for  employing  dental  traits  in  biodistance  analyses  and  which  is  demonstrated  by 

 twin  studies  (Hughes  and  Townsend  2013:  56-57;  Irish  2011;  Hasegawa  et  al.  2010;  Irish 

 1998;  Irish  1997;  Alt  and  Vach  1995;  Alt  and  Vach  1993;  Turner  1990;  Scott  1980). 

 Townsend  and  colleagues,  for  example,  have  evaluated  the  relationship  between 

 expression  of  a  Carabelli  cusp  on  the  M  1  in  dizygotic  (DZ)  and  monozygotic  (MZ)  twins, 

 and  consistently  found  that  there  are  higher  correlations  between  MZ  twins,  with  trait 

 heritability  estimated  to  between  circa  80-90%  (Hughes  and  Townsend  2011;  Townsend 

 and  Martin  1992).  Research  exploring  the  genetic  mechanisms  which  control  dental 

 development  has,  nevertheless,  suggested  that  the  role  of  genes  is  not  simple,  but 

 dependent  upon  many  interactions  in  multi-layered  systems  that  generate  a  great  deal  of 

 variability  in  multi-cusped  teeth,  such  as  molars.  Even  though  this  is  still  an  active  field,  it 

 has  emerged  that  hundreds  of  genes  from  several  gene  groups  are  expressed  in  the 

 underlying  mesenchyme  of  the  dental  papilla  and  the  primary  enamel  knot  (Lynnerup  and 

 Klaus  2019:  53;  Brook  et  al.  2014;  Tamura  and  Nemoto  2016;  Rizk  et  al.  2013:  139; 

 Brook 2009; Holland  et al.  2007; Tucker  et al.  2004;  Jernvall and Jung 2000). 

 Though  a  full  rendition  of  the  physiological  mechanisms  that  influence  gene 

 expression  in  the  early  stages  of  dental  growth  is  beyond  the  scope  of  this  thesis,  the 

 activities  and  interactions  of  a  group  of  genes  known  as  Fibroblast  growth  factors  (  Fgfs  ) 

 are  given  as  an  illustrative  example.  Thanks  to  the  research  emanating  from  collaborative 

 projects,  in  which  J.  Jernvall,  P.  Thesleff  and  I.  Kettunen  have  important  roles,  a  good 

 deal  is  known  about  the  presence  and  role  of  Fgfs  and  their  interactions  with  other  gene 

 families,  such  as  the  Sonic  hedgehog  (  Shh  ),  Bone  morphogenic  protein  (  Bmp  ),  and 

 Wingless-integrated  (  Wnt  )  groups  (Du  et  al.  2018;  Jernvall  and  Jung  2000;  Jernvall  and 
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 Thesleff  2000;  Kettunen  et  al.  2000;  Kettunen  et  al.  1998;  Jernvall  et  al.  1994).  It  appears 

 that  four  Fgf  s  in  particular  are  noteworthy  in  dental  morphogenesis:  Fgf3  ;  Fgf4  ;  Fgf9  ;  and 

 Fgf10  .  Expression  of  these  genes  is  complex:  some  are  found  only  in  the  mesenchyme 

 (  Fgf10  )  or  the  enamel  knot  (  Fgf4  and  Fgf9  )  while  others  occur  in  both  (  Fgf3  );  three  are 

 present  from  the  bud  stage  (  Fgf3  ,  Fgf4  and  Fgf9  ),  while  one  is  not  expressed  until  the  cap 

 stage  (  Fgf10  ).  Though  growth  is  not  solely  regulated  by  Fgf  genes,  the  protein  products  of 

 Fgf  s  stimulate  cell  division  and  initial  development  of  the  tooth  germ;  their  spatial  and 

 chronological  patterning  ensure  that  growth  is  unequal  and  partially  accounts  for 

 variations  in  cusp  elevation  and  size  (Jernvall  and  Jung  2000;  Jernvall  and  Thesleff  2000; 

 Kettunen  et  al.  2000;  Kettunen  et  al.  1998;  Jernvall  et  al.  1994).  As  they  are  expressed  in 

 the  primary  enamel  knot,  this  biological  landmark  has  been  implicated  as  a  key  signalling 

 centre for tooth germ development (Jernvall and Jung 2000: 177) (Figure 3.7). 

 Figure  3.7  Processes  involved  in  cusp  patterning  (Jernvall  and  Jung  2000:  176).  During  the  cap  stage,  cusps 
 form  because  of  unequal  cell  growth  on  the  inner  enamel  epithelium  (shaded)  promoted  by  signals  from 
 enamel knots (a). The stages and signals crucial for cusp growth (b). 
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 Fibroblast  growth  factors  do  not,  however,  operate  independently  and  the  growth 

 of  the  primary  and  secondary  enamel  knots  –  in  a  process  comparable  to  that  observed  in 

 the  spacing  of  feather  primordia  –  appears  to  be  determined  by  a  combination  of 

 stimulatory  and  inhibitory  genes  in  a  reaction-diffusion  mechanism  in  the  late  cap  and 

 early  bell  stages  (Liu  et  al.  2008:  219;  Jernvall  and  Jung  2000:  179;  Jernvall  and  Thesleff 

 2000).  Jung  et  al.  (1998),  for  example,  found  that  proteins  produced  by  Fgf  in  conjunction 

 with  Shh  genes  at  primary  signalling  centres  stimulated  local  tissue  development,  before 

 also  promoting  the  production  and  diffusion  of  Bmp  genes.  As  Bmp  protein  products 

 inhibit  the  activation  of  Fgf  and  Shh  genes  and  spread  diffusely,  the  appearance  of  new 

 centres  of  growth  is  initially  inhibited.  However,  Bmp  products  eventually  reduce 

 production  of  Fgf  and  Shh  in  the  signalling  centre  from  which  they  originate  and  thus 

 ultimately  stimulate  the  appearance  of  new  sites  of  development.  Activation  of  Bmp  s, 

 furthermore,  is  thought  to  increase  mesenchymal  receptivity  to  genes  of  the  Wnt  group 

 which  are  essential  to  tissue  growth  and  thus  permit  secondary  knot  appearance  (Du  et  al. 

 2018;  Tamura  and  Nemoto  2016;  Liu  et  al  .  2008;  Klein  et  al.  2006;  Jernvall  and  Jung 

 2000:  176;  Jernvall  and  Thesleff  2000:  22).  In  sum,  each  enamel  knot  in  its  early 

 development  suppresses  the  initiation  of  other  knots,  however,  towards  the  periphery  of 

 the  inhibition  field  there  is  the  potential  for  new  knots,  and  therefore  cusps,  to  form 

 (Figure  3.8).  Consequently,  the  size  and  spatial  relationships  between  enamel  knots  (later 

 cusps)  are  the  result  of  multi-layered  and  interactive  gene  networks  which  are  most 

 evident  in  larger,  multi-cusped  teeth  (Lynnerup  and  Klaus  2019:  53;  Tamura  and  Nemoto 

 2016  ;  Riga  et  al.  2014:  398;  Rizk  et  al.  2013:  139;  Hunter  et  al.  2010:  1;  Brook  2009; 

 Salazar-Ciudad  and  Jernvall  2002;  Jernvall  and  Jung  2000).  This  explanation  of  cusp 

 development  is  known  as  the  Patterning  Cascade  Model  (PCM)  (or  the  Salazar-Ciudad 
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 and  Jernvall  Model)  (Hunter  et  al.  2010;  Brook  2009;  Salazar-Ciudad  and  Jernvall  2002; 

 Jernvall and Jung 2000). 

 Figure  3.8  The  Patterning  Cascade  Model  of  morphogenesis.  The  top  row  shows  the  growing  dental 
 epithelium  with  closely  spaced  enamel  knots  at  three  successive  time  points.  After  the  primary  enamel  knot 
 forms,  secondary  enamel  knots  develop  only  when  the  dental  epithelium  expands  beyond  the  primary  knot’s 
 inhibitory  zone.  Further  knots  may  grow  past  the  inhibitory  field  of  the  secondary  knots.  The  bottom  row 
 illustrates  the  same  process,  however,  larger  inhibitory  zones  around  enamel  knots  prevent  or  reduce  the 
 formation of further knots and therefore cusps (Hunter and Guatelli-Steinberg 2016: 489). 

 Much  of  the  research  that  has  led  to  the  development  of  this  theory  has  been 

 carried  out  on  mice,  and  its  applicability  to  humans  –  and  even  other  mammals  –  may  be 

 questioned.  Nonetheless,  it  has  been  possible  to  test  the  expectations  of  this  model  by 

 observation  and  results  suggest  that  a  cascade  of  molecular  events  does  indeed  determine 

 cusp  development  in  humans  too  (Hunter  et  al.  2010;  Hlusko  and  Mahaney  2009:  6; 

 Harris  2007;  Kondo  and  Townsend  2006;  Townsend  et  al.  2003;  Salazar-Ciudad  and 
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 Jernvall  2002;  Jernvall  and  Jung  2000).  For  instance,  Hunter  et  al.  (2010:  2)  tested 

 assumptions  of  the  PCM  by  predicting  a  negative  trend  relating  to  the  distances  between 

 main  cusps  and  the  presence  of  additive  crown  traits  (i.e.,  when  distances  between  the 

 main  cusps  were  small,  there  would  be  greater  development  of  supernumerary  cusps). 

 From  376  M  1  s,  tooth  and  cusp  area  were  calculated,  intercusp  distances  were  measured 

 between  the  four  main  cusps  (protocone,  paracone,  metacone  and  hypocone),  and 

 Carabelli  cusp  trait  development  was  graded  ordinally  on  a  scale  of  0-7  (absent  to 

 well-developed)  (Hunter  et  al.  2010:  6).  Hunter  et  al.  (2010:  3-6)  found  that  there  was  a 

 significant  negative  correlation  between  Carabelli  cusp  development  and  mean  intercusp 

 distances  and  that  Carabelli  cusp  area  was  also  negatively  related  to  mean  intercusp 

 distances.  These  results  suggested  that  closely  packed  enamel  knots  during 

 morphogenesis,  indicated  by  reduced  intercusp  distances,  provided  conditions  that 

 increased  the  likelihood  of  new  enamel  knots  breaking  free  of  inhibitory  fields  and 

 developing  on  the  periphery  of  the  tooth  germ  (Hunter  et  al.  2010:  5-6).  Subsequent 

 studies  also  revealed  that  the  development  of  Carabelli  cusps  positively  covaried  with  the 

 development  of  other  accessory  cusps,  further  suggesting  that  cusp  growth  is  the  result  of 

 a  single  integrated  mechanism,  namely  the  PCM  (Hunter  and  Guatelli-Steinberg  2016: 

 491; Moormann  et al.  2013). 

	3.4.3	 	Stress	and	the	Patterning	Cascade	

 As  with  any  complicated  process  involving  both  synergistic  and  antagonistic 

 signals,  the  development  of  enamel  knots  and  cusps  is  vulnerable  to  external 

 interferences.  Furthermore,  with  an  iterative  and  interlinked  nature,  it  is  expected  that 

 “errors”  ripple  down  the  developmental  cascade,  increasing  polymorphisms  (Riga  et  al. 

 2014:  399;  Jernvall  2000).  As  such,  knock-out  studies  in  animal  subjects  have  found  that 

 where  expression  of  a  particular  gene  has  been  completely  suppressed  experimentally, 
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 cusps  or  entire  teeth  are  absent  or  abnormally  formed,  producing  a  phenotype  comparable 

 to  that  of  a  congenital  disorder  (Brook  2009;  Tucker  et  al.  2004).  Although  more  subtle, 

 stress-induced  alterations  are  difficult  to  chart  experimentally,  it  is  possible  to  infer  the 

 relative  contributions  of  genetics  and  environmental  stressors  through  studies  of  the  final 

 crown  size  and  the  morphological  patterning  of  cusps  (Riga  et  al.  2014;  Brook  2009; 

 Townsend  et al.  2009; Tucker  et al.  2004; Koppinen  et al.  2001). 

 Results  of  such  projects  consistently  suggest  that  environmental  stressors 

 influence  morphogenesis.  In  twins,  Dempsey  and  Townsend  (2001)  discovered  that 

 unique  environmental  factors  generally  accounted  for  8-29%  of  variation  in  mesiodistal 

 (MD)  and  buccolingual  (BL)  crown  diameters.  Environmental  influences  were  strongest 

 in  molars,  however,  especially  the  M  1  where  heritability  in  size  was  only  estimated  to  be 

 between  56-61%  (Dempsey  and  Townsend  2001:  690).  Similarly,  Stojanowski  et  al. 

 (2017)  reported  that  average  heritability  for  MD  crown  diameters  was  51%  in  related 

 individuals  from  the  historic  Gullah  population.  Heritability  was  much  lower,  however,  in 

 M  1  (46%)  and  M  1  (22%)  diameters,  and  for  the  latter  was  not  even  significant,  indicating 

 the  strong  influence  of  non-genetic  factors  (Stojanowski  et  al.  2017:  509-510).  Although 

 the  differences  between  heritability  estimates  in  Dempsey  and  Townsend  (2001)  and 

 Stojanowski  et  al.  (2017)  could  be  the  result  of  differing  methodologies,  they  may  also 

 relate  to  each  sample’s  stress  levels;  the  Gullah  were  politically  and  economically 

 marginalised  and  therefore  exposed  to  elevated  socioenvironmental  pressures 

 (Stojanowski  et  al.  2017;  Guatelli-Steinberg  et  al.  2006).  Meanwhile,  in  a  morphological 

 analysis,  Riga  et  al  .  (2014)  used  a  stress  indicator  (LEH),  to  separate  an  historic  sample 

 into  stressed  and  unstressed  groups  to  test  the  hypothesis  that  developmental  errors  were 

 transmitted  down  the  cascade  of  reactions  that  occur  during  odontogenesis.  To  achieve 

 this,  the  later  forming  main  (metacone  and  hypocone)  and  accessory  (Cusp  5,  parastyle 
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 and  Carabelli’s  trait)  M  1  cusps  were  graded  ordinally.  Findings  showed  greater  variability 

 in  cusp  development  among  the  stressed  group  –  e.g.,  in  the  unstressed  group  M  1 

 Carabelli  traits  were  graded  between  0-4,  but  0-7  for  the  stressed  (Riga  et  al  .  2014:  400). 

 When  results  were  visualised,  the  output  showed  that  unstressed  individuals  formed  a 

 cluster, whereas, the stressed group were diffusely distributed (Riga  et al  . 2014: 401). 

 Taken  together,  this  evidence  supports  the  PCM’s  picture  of  cusp  development  as 

 ‘‘a  cascade  of  epigenetic  events’’  (Hunter  et  al.  2010:  5;  Townsend  et  al.  2003:  355).  In 

 multi-cusped  teeth  it  is  posited  that  the  spatial  relationships  of  enamel  knots  at  the  inner 

 enamel  epithelium  are  result  of  multi-layered  and  iterative  genetic  relationships  which  are 

 vulnerable  to  environmental  cues  (Hunter  et  al.  2010;  Salazar-Ciudad  and  Jernvall  2002; 

 Jernvall  and  Jung  2000).  Due  to  the  interrelated  and  sequential  nature  of  enamel  knot 

 growth,  stressors  are  not  compartmentalised  and  their  influences  flow  throughout  the 

 process  of  morphogenesis,  with  the  consequence  that  later  cusp  and  crown  morphology 

 embodies  an  accumulation  of  contextually  influenced  polymorphisms;  unsurprisingly,  this 

 appears  to  be  most  pronounced  in  the  teeth  with  most  cusps  –  first  permanent  molars 

 (Stojanowski  et  al.  2017;  Riga  et  al  .  2014;  Dempsey  and  Townsend  2001;  Jernvall  and 

 Jung  2000;  Jernvall  and  Thesleff  2000;  Jung  et  al.  1998).  Though  the  mechanism 

 theorised  to  be  responsible  for  mediating  genetic  and  environmental  influences  in  teeth 

 has  been  difficult  to  experimentally  manipulate,  it  appears  that  the  PCM  is  responsive  to 

 general  physiological  stress  rather  than  specific  stimuli  (Nilsson  et  al.  2018;  Vaiserman 

 2015;  Brook  2009;  Skinner  2008;  Tucker  et  al.  2004;  Koppinen  et  al.  2001;  Escós  et  al. 

 2000: 331; Selye 1973). 
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	3.4.4	 	Amelogenesis	

 The  formation  of  enamel,  or  amelogenesis  ,  which  occurs  in  the  bell  phase,  is  part 

 of  a  relatively  well-understood  process  of  cell  differentiation  which  occurs  once  the 

 underlying  cusp  pattern  and  crown  form  have  been  established  (  Tamura  and  Nemoto 

 2016  :  78;  Brook  2009:  S6;  Jernvall  and  Jung  2000:  180;  Jernvall  and  Thesleff  2000;  Jung 

 et  al.  1998).  Amelogenesis,  which  can  be  separated  into  overlapping  production  and 

 maturation  phases,  is  undertaken  by  specialist  cells,  known  as  ameloblasts,  that 

 differentiate  from  the  internal  enamel  epithelium.  Ameloblasts  are  tall,  columnar 

 secretory  cells  that  are  arranged  in  rows  and  lay  down  an  enamel  matrix  in  the  production 

 phase  (Antoine  and  Hillson  2016:  224;  Hillson  2005:  155).  Initially,  enamel  matrix  is  a 

 near  equal  mix  of  water,  protein  and  hydroxyapatite  crystals.  The  crystals  have  different 

 alignments  which  results  in  a  prismatic  enamel  structure  that  can  be  divided  into  easily 

 demarcated  rods  (Antoine  and  Hillson  2016:  224;  Hillson  2005:  155;  Ten  Cate  1998; 

 Boyde  1989;  Boyde  1976).  As  a  result  of  this  prismatic  structure,  the  movement  of  the 

 enamel  forming  front  remains  visible  in  the  mature  enamel  through  the  presence  of  darker 

 coloured  striae  of  Retzius  ,  which  can  be  observed  most  easily  on  the  labial  surfaces  of  the 

 anterior  dentition  as  a  series  of  grooves  known  as  perikymata  (Lynnerup  and  Klaus  2019: 

 753; Hillson 2005: 161-163; Risnes 1984; Retzius 1837) (Figure 3.9). 
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 Figure  3.9  Section  of  a  molar  tooth  illustrating  the  various  divisions  and  incremental  structures  found  within 
 the enamel matrix (Smith  et al.  2003). 

 Under  a  microscope,  even  finer  cross  striations  can  be  seen  in  the  enamel  prisms 

 of  transversely  sectioned  teeth  which  preserve  a  record  of  the  circadian  rhythms  of 

 enamel  deposition  (Hillson  2005:  159-160;  Antoine  et  al.  1999;  Dean  1998).  The  cusp 

 tips,  being  analogous  to  centres  of  ossification  in  bone,  are  formed  first  with  successive 

 dome-like  increments  of  enamel  laid  down  to  form  what  is  referred  to  as  cuspal  enamel 

 (Brickley  et  al.  2020:  344;  Hillson  2005:  161-163;  Butler  1956:  41).  Once  full  cusp 

 height  is  achieved,  the  ameloblasts  at  the  apex  enter  the  maturation  phase,  whereby  the 

 organic  and  water  content  of  the  matrix  is  gradually  reduced  and  hydroxyapatite  crystals 

 increase  in  number  and  size.  Meanwhile,  the  active  front  of  matrix  production  becomes 

 sleeve-like  and  moves  apically  –  to  produce  what  is  called  imbricational  or  lateral 

 enamel  –  in  order  to  complete  crown  formation,  which  is  finalised  when  the  last-formed 

 enamel  in  the  cervical  region  is  mineralised  (Brickley  et  al.  2020:  344;  Antoine  and 

 Hillson  2016:  225;  Hillson  2005:  155-163).  Once  the  maturation  phase  is  complete, 

 though  attrition  can  obscure  and  erode  crowns,  dental  materials  do  not  remodel  and 
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 remain  completely  inert  (Brickley  et  al.  2020;  Lynnerup  and  Klaus  2019;  Hillson  2005; 

 Nystrom  et al.  2004; Smith 1984). 

 3.4.5  Summary 

 The  spatiotemporal  patterning  of  enamel  knots  is  determined  by  a  multi-layered 

 and  iterative  genetic  mechanism  that  is  susceptible  to  environmental  influences.  As 

 enamel  knot  patterning  forms  a  blueprint  for  cusp  position  and  size  as  well  as  the 

 locational  relationships  between  cusps,  final  crown  morphology  reflects  a  cascade  of 

 stress-influenced  processes  (Stojanowski  et  al.  2017;  Riga  et  al.  2014;  Hunter  et  al.  2010; 

 Townsend  et  al  .  2002;  Dempsey  and  Townsend  2001;  Jernvall  and  Jung  2000;  Jernvall 

 and  Thesleff  2000;  Jung  et  al.  1998).  Although  these  processes  occur  in  the  cap  and  early 

 bell  phase  of  dental  morphogenesis,  they  are  transformed  into  durable  features  through 

 amelogenesis  in  the  later  bell  phase  (Stojanowski  et  al.  2017;  Riga  et  al  .  2014).  Excepting 

 wear,  dental  crown  morphology,  therefore,  preserves  a  “fossilised”  record  of 

 stress-induced  polymorphic  errors;  as  previously  stated,  in  the  case  of  first  permanent 

 molar  crowns  this  is  evidence  of  foetal  and  early-postnatal  experiences  (Halcrow  et  al. 

 2017;  Antoine  and  Hillson  2016;  Smith  et  al.  2010;  Nystrom  et  al.  2004;  Conroy  and 

 Kuykendall 1995: 121; Smith 1984). 

	3.5	 	Conclusion	

 After  introducing  dental  anatomy  and  establishing  the  terminology  employed  to 

 describe  and  compare  dental  materials,  this  review  has  three  pertinent  findings  (Lynnerup 

 and  Klaus  2019;  Irish  2016a;  Hillson  2005;  Scott  and  Turner  1997;  Carlsen  1987).  Firstly, 

 after  discussing  dental  fields  and  the  timing  of  dental  development,  it  can  be  concluded 

 that  first  permanent  molar  growth  spans  the  period  believed  to  be  critical  to  determining 

 life-course  trajectories  in  growth  and  development  as  well  as  morbidity  and  mortality 
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 (i.e.,  early  life)  (King  et  al.  2018;  Halcrow  et  al.  2017;  Primeau  et  al.  2015;  Smith  et  al. 

 2010).  Secondly,  by  describing  molars  in  greater  detail,  it  has  been  established  that  the 

 coronal  surface  of  molars  is  morphologically  complex,  being  composed  of  many 

 interrelated  traits  –  cusps,  fissures,  and  fovea  –  and,  while  there  is  a  core  of  homologous 

 features,  there  are  also  many  non-homologous  structures  (Hunter  and  Guatelli-Steinberg 

 2016;  Irish  2016b;  Scott  et  al.  2016;  Hillson  2005;  Scott  and  Turner  1997;  Turner  et  al. 

 1991;  Carlsen  1987;  Turner  1970).  Finally,  after  evaluating  theoretical  and  empirical 

 evidence,  it  can  be  concluded  that  the  spatiotemporal  disposition  of  crown  features  are 

 likely  determined  by  a  complex  physiological  mechanism  which  is  vulnerable  to  external 

 stimuli  that  ripple  across  the  developmental  process  to  produce  alterations  to  coronal 

 phenotype  that  are  fossilised  during  amelogenesis  (Stojanowski  et  al.  2017;  Riga  et  al. 

 2014;  Hunter  et  al.  2010;  Brook  2009;  Salazar-Ciudad  and  Jernvall  2002;  Dempsey  and 

 Townsend  200;  Jernvall  and  Jung  2000;  Jernvall  and  Thesleff  2000;  Jung  et  al.  1998).  It  is 

 therefore  hypothesised  that  the  complex  morphology  of  M1  crowns  offer  a  window  onto 

 the  stressors  experienced  during  foetal  and  early-postnatal  life  that  is  best  assessed  by 

 methods that can evaluate and compare both homologous and non-homologous features. 
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	Chapter	4:	 	Evaluating	Dental	Morphology	

	4.1	 	Introduction	

 Traditionally,  teeth  have  been  assessed  through  “non-metric”  traits  and  linear 

 measurements  (e.g.,  Barrett  et  al.  2012;  Guatelli-Steinberg  et  al.  2006;  Scott  and  Turner 

 1997).  By  critically  evaluating  these  approaches  it  is  shown  that  they  lack  the  reliability 

 and  sensitivity  to  quantify  the  complexities  of  dental  morphology  accurately  and  precisely 

 (Pilloud  et  al.  2019;  Edgar  and  Rautman  2016;  Tyrrell  1999;  Nichol  and  Turner  1986). 

 Following  this,  with  reference  to  dental  case  studies  (e.g.,  Kenyhercz  et  al.  2014;  Benazzi 

 et  al.  2011a;  Gómez-Robles  et  al  .  2011),  geometric  morphometric  (GM)  methods  are 

 introduced  and  it  is  argued  that  Procrustean  techniques  represent  an  improved  means  of 

 assessing  dental  morphology  (Dryden  and  Mardia  1998;  Bookstein  1991).  Next,  three 

 forms  of  bilateral  asymmetry  are  defined,  with  fluctuating  asymmetry  (FA)  explored  in 

 greater  detail  due  to  its  association  with  stress  (Graham  and  Ozener  2016;  Klingenberg 

 2015;  Graham  et  al.  2010;  Van  Valen  1962).  Finally,  it  is  demonstrated  that  although 

 dental  FA  has  been  employed  to  investigate  socioenvironmental  stressors  in 

 bioarchaeology,  the  means  employed  have  been  relatively  simple  and  not  –  despite  early 

 calls  to  do  so  –  substantively  linked  to  measures  of  stress  across  the  life-course  (Barrett  et 

 al.  2012;  Perzigian  1977;  Bailit  et  al.  1970).  To  articulate  the  viability  of  Procrustean 

 techniques  to  fill  this  research  gap,  examples  are  drawn  from  other  disciplines  of  how  FA 

 has  been  employed  as  a  predictor  of  later-life  outcomes  (e.g.,  Weisensee  2013;  Radwan  et 

 al.  2003;  Klingenberg  and  McIntyre  1998).  By  establishing  the  merit  of  taking  a 

 Procrustean  approach  to  investigating  FA  here,  it  is  possible  to  discuss  the  methods 

 employed in data analysis in more detail in Chapter 7. 
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	4.2	 	Traditional	Approaches	

	4.2.1	 	History,	Development	and	Successes	

 Although  the  analysis  of  linear  measures  and  angles  as  well  as  less  standard 

 techniques  such  as  dontoglyphics  and  Moiré  contourography  have  been  employed  (the 

 former  focusing  on  features  with  negative  relief  such  as  fissures  and  the  latter  employing 

 photographic  techniques  to  produce  relief  maps  of  the  occlusal  surface),  the  non-metric 

 traits  defined  by  the  Arizona  State  University  Dental  Anthropology  System  (ASUDAS) 

 are  by  far  the  most  popular  and  widely  used  method  of  assessing  dental  morphology  (Irish 

 2016a;  Irish  2016b;  Scott  2016;  Hughes  and  Townsend  2013;  Tyrrell  2000;  Scott  and 

 Turner  1997;  Turner  et  al.  1991;  Zubov  and  Khaldeeva  1979;  Zubov  1977;  Zubov  1968). 

 The  ASU  system  treats  morphological  features  as  discrete  (present/absent)  or 

 quasi-continuous  (graded  on  an  interval  scale)  (Scott  and  Turner  1997;  Tyrrell  2000),  and 

 has  its  roots  in  descriptive  works  stretching  back  to  the  19  th  and  early-20  th  century 

 (Gregory  1922;  Hrdlicka  1921;  Gregory  1916;  Von  Carabelli  1842).  Efforts  toward 

 coordinated  systemisation,  which  continued  for  much  of  the  latter  half  of  the  20  th  century, 

 were  initiated  in  1956  when  A.  A.  Dahlberg  lamented  the  lack  of  standardisation  and 

 produced  a  series  of  exemplar  plaster  plaques  (Scott  2016:  8)  (Figure  4.1).  Although 

 Soviet  researchers  were  very  active  in  the  field  (e.g.,  Zubov  and  Khaldeeva  1979;  Zubov 

 1968),  much  of  what  was  widely  produced  and  persists  today  comes  from  Dahlberg  and 

 allied  researchers  (e.g.,  C.  G.  Turner  and  G.  R.  Scott)  associated  with  Arizona  State 

 University (Scott 2016; Kelley and Larsen 1991; Turner  et al.  1991). 

 The  ASU  system  remains  a  popular  method  because  of  its  practical  benefits  –  e.g., 

 data  collection  does  not  require  specialist  equipment,  can  be  undertaken  quickly,  and  the 

 suite  of  traits  observed  can  be  individualised  for  each  study  (Irish  and  Scott  2016; 

 Delezene  2016;  Plavcan  2012;  Irish  2011;  Tyrrell  1999:  104-105;  Irish  1998;  Irish  1997; 
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 Turner  1990).  Consequently,  the  ASU  system  has  successfully  been  used  to  qualitatively 

 describe  dental  phenotype  (Irish  et  al.  2018;  Clement  and  Hillson  2013;  Delezene  2016; 

 Ungar  et  al.  2008;  Scott  et  al.  2005;  Wood  and  Abbott  1983).  For  instance,  after 

 observing  that  Australopithecus  sediba  possessed  a  diverse  “mosaic”  of  ASUDAS  traits, 

 it  was  proposed  that  the  species  occupied  an  intermediary  cladistic  niche  between  Homo 

 and  east  African  australopiths  (Irish  et  al.  2013;  Berger  et  al.  2010).  Moreover,  a  variety 

 of  quantitative  methods  have  been  employed  to  evaluate  ASU  traits.  Cladograms  and 

 cluster  analyses  have  been  popular  in  the  exploration  of  phylogenetic  similarity,  while 

 classificatory  procedures  and  distance  statistics  have  proven  useful  in  exploring  biological 

 affinities  (Irish  et  al.  2018;  Scott  et  al.  2018;  Irish  et  al.  2017;  Nikita  2015;  Edgar  2013; 

 Irish  et  al.  2013;  Irish  2010;  Edgar  2005;  Smith  1972;  Mahalanobis  1936).  Smith’s  (1972) 

 Mean  Measure  of  Divergence  (MMD),  for  example,  was  employed  to  evaluate 

 morphological  affinities  between  Egyptian  samples  dating  from  the  Neolithic  to 

 post-dynastic  period  with  findings  suggesting  a  high  degree  of  gene  flow  and  populational 

 continuity  until  the  Hellenistic  period  (Irish  2006:  537-539).  In  short,  the  ASU  system’s 

 broad  applicability  accounts  for  its  continued  usage  and  the  commitment  many 

 researchers  have  shown  to  improving  it  (e.g.,  Pilloud  et  al.  2019;  Scott  et  al.  2018;  Irish 

 2010; Turner  et al.  1991). 

 Figure 4.1 An ASUDAS reference plaque showing the ordinal grading of the M  1  hypoconid (i.e., cusp 5). 
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	4.2.2	 	Pitfalls	and	Limitations	

 Practitioners  have,  nonetheless,  become  more  aware  of  the  system’s  limitations. 

 As  most  traits  are  graded  along  an  ordinal  scale,  then  binarised  into  a  presence/absence 

 score  at  predefined  breakpoints,  results  can  become  distorted  (Scott  and  Turner  1997; 

 Turner  et  al.  1991;  Dahlberg  1956).  In  an  evaluation  of  ridge  expression  at  the  DEJ  and 

 OES  (Section  3.3.1),  Bailey  et  al.  (2011)  found  in  humans  the  largest  discrepancy  in 

 expression  was  between  grades  1  and  2,  with  absence  being  determined  at  ≤1  and 

 presence  at  ≥2.  Thus,  when  results  are  dichotomised,  the  discordance  between  trait 

 expression  at  the  DEJ  and  OES  may  be  exaggerated,  even  though  a  correlation  coefficient 

 of  0.77  indicated  a  strong  correspondence  between  features  apparent  on  the  DEJ  and 

 occlusal  surface  when  graded  ordinally  (Bailey  et  al.  2011:  513).  Furthermore,  although 

 grade  simplification  is  intended  to  reduce  inter-observer  error,  its  subjectivity  can  yield 

 large  discrepancies  in  trait  frequencies  between  observers  (Hasegawa  et  al.  2010;  Nichol 

 and  Turner  1986;  Mizoguchi  1985:  508).  Lloyd  Jones  (1994),  for  example,  reported  the 

 M  1  hypocone  to  be  ubiquitously  present  in  the  Queensfield  Farm  assemblage,  while 

 Tyrrell  (1999)  found  it  to  be  present  on  only  28.3%  of  individuals.  More  concerning  are 

 low  estimates  of  intra-observer  reliability  (Pilloud  et  al.  2019;  Edgar  and  Rautman  2016; 

 Tyrrell  1999).  Nichol  and  Turner  (1986),  for  instance,  estimated  intra-observer  reliability 

 in  the  grading  of  the  M  1  protostylid  to  be  0.083,  while  Pilloud  et  al.  (2019:  952)  found  this 

 trait  to  achieve  an  intraclass  correlation  coefficient  (ICC)  of  only  0.018  [95%  CI:  0.065, 

 0.16]. 

 Additionally,  the  quantitative  methods  employed  to  assess  dental  non-metric  traits 

 have  come  under  increasing  scrutiny  and  criticism.  The  statistical  power  of  distance 

 statistics,  such  as  MMD,  is  questionable  and  there  is  a  lack  of  consensus  as  to  when 

 divergences  from  central  tendency  are  significant  (Irish  et  al.  2018:  4;  Alsoleihat  2013; 
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 Irish  2010;  Riani  et  al.  2009;  Dos  Santos  Dias  and  Kageyama  1998;  Leese  and  Main 

 1994).  Additionally,  there  has  been  a  great  deal  of  variability  in  the  selection  of  traits  for 

 analysis;  morphological  traits  that  occur  either  very  frequently  or  rarely  have  been 

 considered  of  “no  biological  meaning”  and  often  removed  from  analyses  (Irish  et  al. 

 2018:  4;  Harris  and  Sjovold  2004:  91).  In  essence,  the  very  flexibility  of  the  ASU  system, 

 and  the  methods  frequently  employed  in  conjunction  with  it,  means  that  projects  are  often 

 not  comparable.  Moreover,  when  using  the  ASU  system  and  associated  quantitative 

 techniques,  it  is  impossible  to  visualise  morphological  patterns  and  changes  in  shape, 

 inhibiting  an  intuitive  understanding  of  morphological  differences  (Rizk  et  al.  2013:  126; 

 Adams  et al.  2004: 5; Rohlf 1999: 198). 

	4.2.3	 	Summary	

 As  a  rubric  through  which  to  describe  morphological  characteristics,  the  ASU 

 system  has  been  remarkably  successful,  however,  quantitative  analyses  which  have  been 

 conducted  on  ordinally  and  categorically  graded  traits  have  been  criticised  for  poor 

 reliability,  distortive  results,  lack  of  standardisation  in  statistical  methodology,  and  an 

 inability  to  visually  represent  shape  variance  (Pilloud  et  al.  2019;  Irish  et  al.  2018;  Scott 

 et  al.  2018;  Edgar  and  Rautman  2016;  Irish  and  Scott  2016;  Bailey  et  al.  2011;  Irish  2011; 

 Tyrrell  1999;  Irish  1998;  Irish  1997;  Turner  et  al.  1991;  Turner  1990;  Nichol  and  Turner 

 1986). 
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	4.3	 	Geometric	Morphometrics	and	Dental	Anthropology	

	4.3.1	 	The	Revolution	in	Morphometrics	

 In  the  latter  decades  of  the  twentieth  century  a  fundamental  shift  occurred  in  the 

 way  morphological  analyses  were  conducted.  Various  methods,  now  collectively  known 

 as  geometric  morphometrics  (GM),  were  developed  that  can  capture  and  retain  shape 

 geometry  –  the  information  that  is  invariant  after  translation  ,  rescaling  and  rotation  –  in 

 both  two  and  three  dimensions  (Rizk  et  al.  2013:  126;  Small  1996:  6;  Adams  et  al.  2004: 

 5).  These  developments  –  which  have  contributed  to  a  “revolution  in  morphometrics”  – 

 have  been  made  possible  through  the  increased  availability  in  technologies  related  to  data 

 collection  (e.g.,  imaging  and  scanning  hardware),  processing  (e.g.,  software  to  digitise 

 outlines  and  landmarks)  and  post-processing  analysis  (Robinson  2005;  Adams  et  al. 

 2004;  Bookstein  1991).  Broadly  speaking,  GM  techniques  can  be  categorised  as  either 

 landmark  or  outline  (Rizk  et  al.  2013:  127;  Robinson  2005:  21;  Dryden  and  Mardia  1998: 

 305-306). 

	4.3.2	 	Landmark	Methods	and	Procrustean	Analyses	

 A  landmark  is  a  site  that  corresponds  within  and  between  populations.  Landmarks 

 can  be  characterised  according  to  two  different  criteria.  The  first  has  three  categories  of 

 landmarks:  anatomical,  mathematical,  and  pseudo-landmarks.  An  anatomical  landmark  is 

 a  biologically  meaningful  and  homologous  point.  Mathematical  landmarks  are 

 geometrically  located  –  e.g.,  the  point  of  highest  curvature.  Pseudo-landmarks  are 

 artificial  points  placed  either  between  anatomical  and  mathematical  landmarks  or  around 

 an  outline  (Dryden  and  Mardia  1998:  3-4;  Lohmann  1983).  Alternatively,  landmarks  can 

 be  defined  as  Type  I,  II  or  III.  Type  I  landmarks  are  usually  anatomical  and  located  at 

 discrete  structural  juxtapositions;  in  dental  materials  this  includes  fissure  junctions,  fovea 

 and  cusp  apices.  Type  II  landmarks  are  defined  by  local  properties,  such  as  maximal 
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 curvature  or  depression;  although  many  mathematical  landmarks  could  be  defined  as 

 Type  II,  so  could  aspects  of  dental  anatomy  like  the  deepest  point  of  a  fovea  or  apex  of  a 

 cusp.  Type  III  landmarks  (often  the  least  reliably  located)  are  at  found  at  extremal  points, 

 and  are  usually  mathematical  or  pseudo-landmarks;  in  dental  materials,  for  example,  a 

 landmark  placed  at  the  maximum  mesial  extremity  (Dryden  and  Mardia  1998:  4-5; 

 Bookstein  1991:  63-66).  Landmarks,  regardless  of  category  or  type,  form  the  basis  of 

 non-coordinate  and  coordinate-based  GM  methods  (Dryden  and  Mardia  1998;  Bookstein 

 1991). 

 Non-coordinate  based  landmark  methods,  such  as  Euclidean  Distance  Matrix 

 Analysis  (EDMA),  often  calculate  inter-landmark  distances  to  explore  shape.  Such 

 techniques  have  not,  however,  found  lasting  popularity  within  the  field  of  dental 

 anthropology  (Robinson  2005:  29;  Lele  1993;  Lele  and  Richtsmeier  1991;  Lele  1991). 

 Although  several  projects  have  successfully  employed  non-coordinate  methods,  the 

 procedures  have  been  criticised  for  low  statistical  power,  difficulties  encountered  when 

 trying  to  visualise  results,  and  the  disproportionate  effect  larger  objects  can  have  on 

 average  shape  (Rizk  2013:  128;  Robinson  2005;  Olejniczak  et  al.  2004;  Liu  et  al.  2001; 

 Rohlf  2000).  The  coordinate-based  method  of  Procrustes  analysis,  by  contrast,  has  proven 

 to  be  a  far  more  popular  tool  for  the  evaluation  of  dental  morphology.  Procrustes  analysis 

 is  a  superimposition  technique  (Figure  4.2),  in  that  Cartesian  x-y  coordinate 

 configurations  describing  the  position  of  landmarks  are  overlain  through  an  optimisation 

 process  –  such  as  a  Generalised  Procrustes  Analysis  (GPA)  –  that  relocates,  rescales  and 

 rotates  coordinate  matrices  to  minimise  differences  between  configurations  due  to 

 location,  size  and  orientation  (Robinson  2005:  32-38;  Adams  et  al.  2004:  6;  Dryden  and 

 Mardia 1998: 84-92; Gower 1975). 
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 Figure  4.2  An  example  of  Procrustes  superimposition  in  which  two  M  1  shapes  have  been  taken  from  their  original  positions  (a),  recentred  at  (0,0)  to  remove  locational 
 differences (b), then adjusted to remove differences due to size (c) and orientation (d). Note that outlines have been used to illustrate the process more clearly. 
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 After  being  transformed  through  Procrustes  superimposition,  coordinates  are 

 regarded  as  points  in  Kendall’s  shape  space,  a  non-Euclidean,  multi-dimensional  and 

 non-linear  space  (Klingenberg  2020:  338-339;  Robinson  2005:  38;  Adams  et  al.  2004; 

 Kendall  1984).  The  magnitude  of  differences  between  shapes  (as  represented  by  revised 

 coordinate  configurations)  in  Kendall’s  shape  space  is  expressible  as  distances  (e.g., 

 found  as  the  root  sum  of  squared  differences  between  coordinate  configurations) 

 (Bookstein  1991:  268-269).  However,  the  distance  between  shapes  is  affected  by 

 superimposition  methods.  For  example,  if  a  partial  Procrustes  superimposition  is 

 performed  on  two  shapes  and  both  configurations  are  scaled  to  unit  centroid  size  – 

 centroid  size  being  the  square  root  of  the  sum  of  the  squared  Euclidean  distances  from 

 each  landmark  to  the  configurations  central  point  –  the  distance  between  them,  known  as 

 the  the  partial  Procrustes  distance  (  ),  is  greater  than  if  a  full  Procrustes  superimposition  𝑑 
 𝑃 

 is  performed  (Klingenberg  2020:  337-338;  Dryden  and  Mardia  2016:  69-71;  Mitteroecker 

 et  al.  2013;  Dryden  and  Mardia  1998:  63-65;  Bookstein  1991:  93-94).  In  the  latter 

 approach,  which  produces  a  full  Procrustes  distance  (  ),  distances  between  shapes  are  𝑑 
 𝐹 

 reduced  further  as  only  the  target  shape  is  scaled  to  unit  centroid  size,  while  the  other  is 

 scaled  so  that  it  matches  as  closely  as  possible  the  target  configuration  (Klingenberg 

 2020: 337-338; Dryden and Mardia 2016: 69-72; Dryden and Mardia 1998: 63-65). 

 Fortunately,  the  differences  between  the  distances  are  minimal  in  most  biological 

 cases  and  to  circumvent  the  need  for  special  methods  to  deal  with  the  non-Euclidean 

 geometry,  analyses  can  be  conducted  after  objects  have  been  projected  into  tangent  linear 

 space  (Klingenberg  2020:  337-338;  Dryden  and  Mardia  2016:  88-95;  Robinson  2005:  38; 

 Kent  and  Mardia  2001:  469;  Rohlf  1999:  205;  Dryden  and  Mardia  1998:  63-71).  An 

 illustrative  metaphor  through  which  to  visualise  the  relationship  between  shape  and 

 tangent  linear  space  is  that  of  a  sphere  (Kendall’s  shape  space)  resting  on  a  piece  of  paper 
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 (tangent  linear  space)  –  in  the  same  way  that  a  cartographer  takes  coordinates  from  a 

 globe  and  plots  them  on  a  two-dimensional  map,  so  points  in  shape  space  may  be 

 projected  onto  the  tangent  plane  (Robinson  2005:  96)  (Figure  4.3).  This  necessarily  leads 

 to  a  degree  of  distortion,  but  if  variation  in  shape  is  small  (usually  the  case  in  biological 

 datasets),  then  Euclidean  distances  between  points  in  tangent  linear  space  provide  a  good 

 approximation  of  the  non-Euclidean  distances  in  Kendall’s  shape  space  (Dryden  and 

 Mardia  2016:  88-95;  Robinson  2005:  38;  Kent  and  Mardia  2001:  469;  Rohlf  1999:  205; 

 Dryden  and  Mardia  1998:  71).  Projection  therefore  permits  descriptive  and  inferential 

 investigation  through  standard  multivariate  methods  which,  when  compared  to  alternative 

 GM  methods,  have  high  statistical  power,  enabling  a  wide  variety  of  hypotheses  to  be 

 tested  effectively  (Robinson  2005:  38;  Rohlf  2000;  Rohlf  1999:  205;  Dryden  and  Mardia 

 1998: 151-160). 

 Figure  4.3  A  convenient  way  in  which  to  appreciate  the  relationship  between  Kendall’s  shape  space  and 
 tangent  linear  space  is  by  comparing  the  former  to  a  spherical  object,  such  as  a  globe,  and  the  latter  to  a 
 flattened representation of that object like a map (Klingenberg 2016: 121). 

 Application  of  Procrustean  methods  to  dental  materials  has  demonstrated  that  they 

 can  produce  a  wealth  of  information.  For  instance,  to  evaluate  ancestral  differences, 

 Kenyhercz  et  al.  (2014)  placed  landmarks  at  molar  cusp  apices  and  transformed  the  raw 

 coordinate  data  through  Procrustes  superimposition.  As  well  as  finding  that  in  most  of  the 
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 cases  Discriminant  Function  Analysis  of  M1  configurations  correctly  predicted  ancestry, 

 plots  from  Principal  Components  Analysis  (PCA)  showed  that  differences  between 

 groups  were  manifested  in  the  displacement  of  major  cusps  in  specific  directions 

 (Kenyhercz  et  al.  2014).  Furthermore,  when  a  subset  of  25  teeth  were  digitised  a  second 

 time  for  repeatability  tests,  no  significant  differences  in  coordinate  locations  between 

 replicates  was  found  (Kenyhercz  et  al.  2014:  270-271).  This,  and  similar  cases,  have 

 indicated  that  in  comparison  to  the  ASU  system,  Procrustean  methods  produce  more  data 

 with  greater  reliability,  and,  consequently,  their  use  is  increasing  (e.g.,  Rizk  2013; 

 Benazzi  et  al.  2011a;  Gómez-Robles  et  al  .  2011;  Gómez-Robles  et  al.  2008; 

 Gómez-Robles  et al  . 2007). 

	4.3.3	 	Outline	Methods	and	Sliding	Semi-Landmarks	

 The  ability  to  evaluate  outlines  is  also  essential  for  dental  morphologists  as  outline 

 data  can  compensate  for  a  major  restriction  inherent  in  landmark  methods.  Specifically,  it 

 is  possible  with  an  outline  to  evaluate  –  to  varying  degrees  –  some  non-homologous 

 morphological  features  (i.e.,  supernumerary  cusps)  (Scott  et  al.  2016;  Scott  and  Turner 

 1997;  Carlsen  1987).  The  initial  step  in  an  outline  analysis  is  to  digitise  coordinate  points 

 around  an  edge  that  corresponds  between  objects  (Robinson  2005:  48;  Adams  et  al.  2004: 

 6).  In  an  outline  with  no  clearly  defined  characteristics,  however,  ensuring  points 

 correspond  is  difficult  to  achieve  and  a  variety  of  methods  have  been  developed  in 

 response  to  this  problem  (Robinson  2005:  48;  Adams  et  al.  2004:  6).  Some  early  projects 

 fitted  points  where  equally  spaced  radii  originating  from  a  central  point  or  landmark 

 intersected  the  outline  (Figure  4.4),  while  others  added  points  where  there  was  a  change 

 of  angle  (Adams  et  al.  2004:  6).  These  methods  are,  however,  better  suited  to  simple 

 shapes,  necessitating  that  more  sophisticated  approaches,  such  as  Eigenshape  and  Fourier 

 analysis,  be  applied  to  dental  materials  (Bailey  and  Lynch  2005;  Robinson  2005;  Adams 
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 et  al.  2004;  Polly  2003;  Rohlf  1986;  Lohmann  1983).  Fourier  analysis,  for  instance, 

 decomposes  an  outline  into  a  series  of  harmonics,  with  the  length  of  the  truncated  series 

 dictating  the  resolution  to  which  the  outline  is  described.  Each  retained  harmonic  in  the 

 series  contains  coefficients  that  define  outlines  in  terms  of  angle  frequencies  and 

 magnitude  which,  when  normalised  for  unit  size,  can  be  used  in  standard  multivariate 

 tests  (Benazzi  et  al.  2011a;  Bailey  and  Lynch  2005:  271;  Robinson  2005:  52;  Dryden  and 

 Mardia 1998: 305-306). 

 Figure  4.4  An  M  1  defined  by  four  landmarks  at  cusp  apices  and  points  along  the  outline  whose  locations 
 were defined by equally spaced radii originating from a central point (Gómez-Robles  et al.  2007: 275). 

 The  use  of  both  Eigenshape  and  Fourier  analysis  by  dental  morphologists  has  been 

 modest  and,  when  applied,  have  not  alway  performed  as  well  as  expected  (Irish  and  Scott 

 2016;  Scott  and  Irish  2013;  Bailey  and  Lynch  2005:  274;  Hillson  2005;  Bailey  2002). 

 This  may  reflect  methodological  problems.  For  instance,  the  outline  rotation  that  takes 

 place  in  Eigenshape  analysis  has  been  criticised  for  creating  an  arbitrary  mathematical 

 homology  between  shapes  rather  than  a  meaningful  biological  one  (Bookstein  1991:  47; 

 Rohlf  1986:  846;  Full  and  Ehrlich  1986),  while  it  has  been  argued  that  Fourier  analysis 
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 ignores  the  relative  positions  of  points  along  the  outline,  thereby  losing  significant 

 information  (Robinson  2005:  52;  Adams  et  al.  2004:  10;  Rohlf  1986:  847-848). 

 Furthermore,  given  that  teeth  are  well-supplied  with  landmarks,  methods  that  only 

 quantify  outline  variation  are  at  a  significant  disadvantage  (Rizk  et  al.  2013;  Benazzi  et 

 al.  2011a; Bailey and Lynch 2005). 

 Morphometricians  have,  however,  developed  semi-landmark  methods  through 

 which  the  benefits  of  both  Procrustean  and  outline  techniques  can  be  integrated.  A 

 semi-landmark  is  an  x-y  coordinate  point  located  along  an  outline  which  can  be  compared 

 to  a  corresponding  semi-landmark  in  a  superimposed  configuration.  In  order  to  ensure 

 semi-landmarks  are  comparable  between  configurations,  two  approaches  have  been 

 devised.  Either  a  least-squares  procedure  is  used  to  reduce  the  Procrustes  distance 

 between  them  or  bending  energy  (the  idealised  energy  it  would  take  to  manipulate 

 configurations  onto  one  another)  is  minimised  (Bookstein  and  Ward  2013;  Benazzi  et  al. 

 2011a;  Robinson  2005;  Bookstein  1997).  Although  in  samples  where  differences  between 

 shapes  are  expected  to  be  small  there  is  unlikely  to  be  a  great  deal  of  difference  between 

 the  two,  reducing  bending  energy  is  generally  preferable  (Gunz  and  Mitteroecker  2013: 

 106).  When  the  Procrustes  distance  is  reduced,  positional  changes  are  not  influenced  by 

 other  landmarks  or  semi-landmarks  and  the  final  position  of  a  semi-landmark  may 

 therefore  overlap  or  pass  that  of  another  in  violation  of  anatomical  reality.  Whereas,  in 

 order  to  minimise  bending  energy,  semi-landmarks  “slide”  along  a  line  tangent  to  the 

 chord  between  points  adjacent  to  the  semi-landmark  being  slid;  semi-landmarks  cannot 

 therefore  move  beyond  adjacent  landmarks/semi-landmarks  and  results  more  closely 

 approximate  real-world  relationships  (Bookstein  and  Ward  2013;  Gunz  and  Mitteroecker 

 2013:  106-107;  Zelditch  et  al  .  2012:  123-124;  Bookstein  1997;  Duchon  1976).  It  is  thus 

 possible  to  overcome  the  ambiguities  of  outline  landmark  placement  without 
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 compromising  on  the  statistical  power  achieved  with  Procrustean  methods  (Robinson 

 2005:  146;  Adams  et  al.  2004:  8;  Rohlf  2000;  Bookstein  1997).  For  dental  morphologists 

 this  means  that  morphological  commonalities  (i.e.,  homologous  landmarks)  and 

 idiosyncratic  features  such  as  supernumerary  cusps  can  to  some  extent  be  evaluated 

 simultaneously. 

	4.3.4	 	Summary	

 GM  techniques,  in  comparison  to  the  ASU  system,  produce  results  that  can  be 

 explored  through  standardised  multivariate  tests  and,  due  to  the  preservation  of  spatial 

 relationships,  readily  visualised  (Rizk  et  al.  2013;  Robinson  2005;  Adams  et  al.  2004; 

 Dryden  and  Mardia  1998;  Bookstein  1991).  Of  these,  Procrustean  techniques  can  assess 

 homologous  features  as  well  as  shape  outline  and  therefore  appear  to  be  the  most  suitable 

 for  application  in  the  field  dental  anthropology  (Kenyhercz  et  al.  2014;  Rizk  2013; 

 Benazzi  et  al.  2011a;  Gómez-Robles  et  al  .  2011;  Robinson  2005;  Rohlf  2000;  Rohlf 

 1999; Dryden and Mardia 1998; Bookstein 1997; Bookstein 1991). 

	4.4	 	The	Theory	of	Asymmetry	

	4.4.1	 	Asymmetry	in	Bilateria	

 As  symmetrical  development  generally  requires  less  energetic  expenditure  than 

 asymmetric  growth,  many  forms  of  symmetry  exist.  Symmetries  are  created  through  the 

 repetition  of  component  parts  via  a  transformation,  or  combination  of  transformations, 

 which  include  reflection  ,  rotation  ,  translation  and  scaling  (Klingenberg  2015:  844-845; 

 Graham  et  al.  2010:  469;  Savriama  and  Klingenberg  2011).  Bilateral  symmetry,  which 

 involves  reflection  about  a  median  plane,  is  especially  common  and  many  organisms  can 

 be  included  in  the  bilateria  clade  (Klingenberg  2015:  844-846;  Namigai  et  al.  2014; 
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 Graham  et  al.  2010:  467-471;  Beloussov  1998).  There  are  two  types  of  bilateral 

 symmetry:  object  and  matching  (Figure  4.5).  In  object  symmetry,  the  structure  itself  is 

 bilaterally  symmetric,  with  the  axis  of  reflection  passing  directly  through  it  (e.g.,  the 

 cranium).  In  contrast,  matching  bilateral  symmetry  involves  two  separate  copies  of  a 

 structure  placed  either  side  of  an  axis  of  reflection  which  does  not  pass  through  either 

 structure  (e.g.,  antimeric  teeth)  (Graham  and  Ozener  2016;  Klingenberg  2015:  848; 

 Graham  et al.  2010: 475). 

 Figure  4.5  Paired  objects,  such  as  these  left  and  right  M  1  s,  have  matching  symmetry;  they  exist  either  side 
 of an axis of symmetry (red line) about which one can be reflected for comparative purposes. 

 In  bilaterians,  although  symmetrical  growth  begins  during  earliest  embryonic 

 development,  deviations  from  perfect  symmetry  are  normal  and  asymmetry,  at  its  most 

 basic  level,  can  be  expressed  as  the  difference  between  sides  (i.e.,  left  minus  right) 

 (Klingenberg  2015;  Namigai  et  al.  2014:  459;  Graham  et  al.  2010:  472).  The  scientific 

 study  of  bilateral  asymmetry  has  a  long  history  (e.g.,  Mather  1953;  Ludwig  1932;  Bateson 

 1892),  but  in  1962  L.  Van  Valen  published  a  paper  in  Evolution  that  has  become  the 

 conceptual  cornerstone  of  research  into  the  subject.  It  defined  three  categories  of 

 asymmetry:  directional  asymmetry  ,  antisymmetry  and  fluctuating  asymmetry 

 (Klingenberg  2015:  850-855;  Graham  et  al.  2010:  473-474;  Van  Valen  1962:  125). 
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 Importantly,  though  asymmetries  exist  on  an  individual  level,  identification  of  which 

 form  of  asymmetry  is  present  requires  reference  to  patterns  of  asymmetry  observed  in  a 

 sample  or  population  (Klingenberg  2015;  Graham  et  al.  2010;  Palmer  et  al.  1993; 

 Bookstein 1991: 267-270; Van Valen 1962). 

	4.4.2	 	Broken	Symmetries:	Directional	Asymmetry	and	Antisymmetry	

 For  a  trait  to  be  directionally  asymmetric  there  must  be  a  consistent  tendency  at 

 the  sample  or  population  level  for  the  preferential  development  of  either  the  left  or  right 

 side  (Klingenberg  2015:  851;  Graham  et  al.  2010:  474;  Van  Valen  1962:  125-126).  The 

 location  of  internal  organs  in  many  animals  are  prime  examples  of  directionally 

 asymmetric  traits.  In  humans,  the  cardiovascular  system  displays  many  directionally 

 asymmetric  features;  the  heart,  for  example,  is  typically  located  on  the  left  side  of  the 

 body  (Klingenberg  2015:  851;  Gosling  et  al.  2002;  Van  Valen  1962:  126).  Despite  being 

 asymmetric,  this  side  bias  in  location  and  development  is  entirely  normal,  healthy  and 

 observable  in  the  vast  majority  of  the  population.  Deviations  away  from  this  pattern  are  in 

 fact  not  only  rare  but  often  associated  with  increased  morbidity  and  mortality.  For 

 example,  situs  ambiguus  is  an  autosomal  recessive  condition  leading  to  an  anatomical 

 abnormality  where  an  organ  is  placed  on  the  opposite  side  of  the  body  to  that  which  it  is 

 usually  expressed;  in  the  case  of  the  heart,  specifically  referred  to  as  dextrocardia,  this  can 

 lead  to  a  suite  of  cardiovascular  ailments  as  well  as  overall  poor  health  (Klingenberg 

 2015:  851;  Sutherland  and  Ware  2009).  Many  genes  and  molecular  processes  have  been 

 implicated  in  the  embryonic  differentiation  of  left  and  right  sides  in  bilateria;  these 

 developmental  mechanisms  appear  to  be  present  in  distantly  related  bilaterians, 

 suggesting  that  certain  directionally  asymmetric  traits  are  highly  conserved  (Klingenberg 

 2015: 851; Coutelis  et al.  2014; Namigai  et al.  2014). 
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 Antisymmetry,  by  contrast,  is  a  pattern  of  asymmetry  in  which  left-sided  and 

 right-sided  forms  are  equally  common  (Klingenberg  2015:  854;  Palmer  2005:  360). 

 Whereas  directional  asymmetry  is  largely  the  result  of  genetic  determinism,  it  appears  as 

 though  antisymmetry  is  the  result  of  external  influences  on  phenotype  which  cause  either 

 a  sinistral  or  dextral  form  to  develop  (Klingenberg  2015:  854;  Palmer  2005:  360). 

 Antisymmetry  is  not  readily  evident  in  humans,  but  can  be  seen  in  a  variety  of  plants  and 

 animals  (Klingenberg  2015:  853);  in  crossbill  finches,  the  sides  to  which  the  upper  and 

 lower  bill  cross  is  conspicuously  asymmetric  but  random  and  evenly  distributed  (Palmer 

 2005:  360;  Neville  1976).  When  evaluating  phenotype  at  the  sample  level  with  a 

 univariate  measure  of  left-right  differences,  it  is  canonically  accepted  that  directionally 

 asymmetric  traits  produce  a  unimodal  and  skewed  distribution,  while  antisymmetry 

 produces  a  bimodal  or,  in  more  subtle  cases,  a  platykurtic  distribution  (i.e.,  a  broad 

 distribution  with  negative  kurtosis  and  thin  tails)  (Klingenberg  2015:  855;  Graham  et  al. 

 2010:  474;  Palmer  2005:  360;  Van  Valen  1962:  126)  (Figure  4.6).  It  has,  however,  been 

 cautioned  that  asymmetries  may  not  be  this  easy  to  distinguish  in  multivariate  or 

 composite  measures  and  that  distributional  assumptions  should  be  treated  cautiously 

 (Klingenberg  2015:  853).  Despite  their  differences,  both  directional  asymmetry  and 

 antisymmetry are referred to as “broken symmetries” (Graham  et al.  2010: 474). 

 Figure  4.6  The  distributions  proposed  by  Van  Valen  of  fluctuating  (a)  and  directional  asymmetry  (b)  as  well 
 as antisymmetry (c) in a signed univariate measure (Klingenberg 2015: 852). 
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	4.4.3	 	Fluctuating	Asymmetry	

 In  the  absence  of  a  directional  bias  in  development,  left  and  right  sides  of 

 bilaterian  organisms  are  controlled  by  the  same  genetic  mechanisms,  so  a  “target 

 phenotype”  with  perfect  symmetry  should  develop  (Klingenberg  2015:  852;  Graham  et  al. 

 2010:  474;  Van  Valen  1962:  126).  This,  however,  is  rarely  the  case  as  stressors  cause 

 departures  from  perfect  symmetry  (Graham  et  al.  2010:  496).  Stress-induced  deviations 

 from  perfect  symmetry  are  random  and  not  deterministic  in  which  side  they  affect; 

 divergences  from  the  target  phenotype  are,  therefore,  equally  likely  to  manifest  on  either 

 side  –  i.e.,  the  effects  of  stress  on  symmetry  fluctuates  between  left  and  right 

 (Klingenberg  2015:  852;  Graham  et  al.  2010:  474;  Van  Valen  1962:  126).  The  definition 

 outlined  in  this  paragraph  is  fundamental  to  understanding  FA  and  its  use  as  a  marker  of 

 developmental  stress  and  therefore  also  key  to  appreciating  the  methodological  choices 

 made during data collection/analysis and the interpretations presented in the thesis. 

 This  relatively  simple  explanation  for  deviations  in  symmetry,  however,  belies 

 several  complications.  For  instance,  many  researchers  have  contended  that  fluctuating 

 asymmetry  –  when  quantified  through  a  signed  continuous  variable  such  as  left-right 

 differences  in  a  linear  measure  (e.g.,  MD  or  BL  diameters)  –  should  have  a  normal 

 distribution  with  a  mean  of  zero  and  therefore  be  easily  distinguishable  (Klingenberg 

 2015:  852;  Graham  et  al.  2010:  474;  Van  Valen  1962:  126).  Although  this  idea  is  often 

 repeated  and  appealing  (Palmer  1994:  348-349;  Van  Valen  1962:  129),  it  presupposes 

 stressors  provoke  an  additive  and  independent  phenotypic  response,  which  cannot  be 

 guaranteed  in  many  biological  structures  (Graham  and  Ozener  2016:  176;  Klingenberg 

 2015:  852;  Graham  et  al.  2010:  507).  Though  adjustments  can  be  made  to  accommodate 

 non-normal  distributions,  the  situation  may  be  further  complicated  by  the  fact  that, 

 although  the  molecular  interactions  of  genes  have  proven  to  be  especially  susceptible  to 
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 exogenous  influences,  stress  can  be  manifested  at  a  variety  of  biological  levels  (e.g., 

 molecular,  cellular,  etc.)  (Graham  et  al.  2010:  497;  Raser  and  O'Shea  2005;  Elowitz  et  al. 

 2002;  McAdams  and  Arkin  1999;  McAdams  and  Arkin  1997;  Palmer  1994:  339). 

 Moreover,  it  should  also  not  be  forgotten  that  fluctuating  asymmetry  is  a  pattern  resulting 

 from  a  process;  its  assessment  is  therefore  only  a  proxy  for  that  process  and  inferences 

 pertaining  to  the  parent  mechanism  must  be  made  with  the  appropriate  reservation 

 (Palmer 1994: 339). 

 Despite  complications,  fluctuating  asymmetry  has  been  used  to  gauge  the  impact 

 of  environmental  stress  on  phenotype.  It  does  not  have  a  direct  and  unambiguous 

 relationship  with  environmental  stimuli,  however  (Graham  et  al.  2010:  495-496). 

 Developmental  homeostasis  is,  by  and  large,  a  highly  canalised  process  in  that  it  is  a 

 well-regulated  and  stable  affair  in  which  somatic  resources  are  allocated  to  precisely 

 maintain  developmental  trajectories  despite  disruptions  (Klingenberg  2015:  891;  Graham 

 et  al.  2010:  495-496;  Visser  et  al.  2003;  Waddington  1957;  Schmalhausen  1949). 

 Disruptions  to  development  can  be  caused  by  either  environmental  stressors,  called 

 perturbations  ,  or  independently  occurring  intrinsic  stochastic  deviations,  known  as 

 fluctuations  ;  the  combined  effect  of  perturbations  and  fluctuations  is  referred  to  as 

 developmental  noise  (Klingenberg  2015:  892;  Graham  et  al.  2010:  496;  Nicolis  and 

 Prigogine  1989).  Developmental  noise  can  be  mitigated  and  its  impact  minimised  by  an 

 organism’s  faculty  to  buffer  or  “the  ability  to  absorb  changes  …  and  still  persist”  –  this 

 has  also  been  referred  to  as  resilience  (Graham  et  al.  2010:  496;  Holling  1973:  17). 

 Developmental  stability  is,  therefore,  influenced  by  endogenous  fluctuations  and 

 buffering  systems  as  well  as  exogenous  stressors.  The  opposite  of  stability  is 

 developmental  instability  –  the  inability  to  correct  for  disruptions  and  conserve 

 developmental  homeostasis;  as  this  typically  occurs  at  the  molecular  level,  instability  has 
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 been  viewed  as  the  “‘play’  in  the  epigenetic  machine”  (Graham  et  al.  1998:  2; 

 Waddington  1957).  Fluctuating  asymmetry  is  therefore  a  measure  of  instability  and,  as 

 such,  it  is  an  aggregate,  and  potentially  subtle,  measure  that  conceals  complex  dynamics 

 in  systemic  physiology  (Graham  and  Ozener  2016:  163;  Klingenberg  2015:  892;  Graham 

 et al.  2010: 496-497; Escós  et al.  2000: 331; Selye  1973). 

 Given  the  association  of  fluctuating  asymmetry  with  instability  and  resilience,  it 

 has  also  been  used  to  imply  individual  fitness  ,  or  an  organism’s  ability  to  survive 

 adversity  and  reproduce  in  its  natural  environment  (Graham  and  Ozener  2016:  172; 

 Klingenberg  2015:  893;  Graham  et  al.  2010:  506;  Orr  2009:  531).  Attempts  to  assess 

 fitness  through  asymmetry  have  met  with  varying  success,  however,  and  in  some  cases, 

 there  appears  to  be  scant  relationship  between  asymmetry  and  growth,  mortality  and 

 reproductive  success  (Graham  and  Ozener  2016:  172;  Klingenberg  2015:  893;  Graham  et 

 al.  2010:  502;  Bjorksten  et  al.  2000;  Van  Dongen  et  al.  1999).  One  possible  explanation 

 for  these  ambiguous  results,  is  that  fluctuating  asymmetry  is  typically  a  measure  made 

 with  reference  to  a  sample,  while  fitness  pertains  to  an  individual’s  outcomes  (Graham 

 and  Ozener  2016:  172;  Klingenberg  2015:  893;  Graham  et  al.  2010:  506;  Orr  2009:  531). 

 Although  it  is  possible  to  compute  individual  FA  indices,  not  all  methods  are  equally 

 effective.  For  example,  simple  left-right  differences  in  univariate  measures  are  often 

 found  to  be  an  inadequate  indicators  of  an  organism’s  overall  fitness,  while  combining 

 scores  from  several  traits  for  a  composite  measure  is  problematic  due  to  the  differential 

 responsiveness  of  various  biological  tissues  to  developmental  instability  (Klingenberg 

 2015:  893;  Zelditch  et  al.  2012:  364-369;  Graham  et  al.  2010:  506;  Palmer  and  Strobeck 

 2003:  319).  In  contrast,  multivariate  measures,  although  not  perfect  –  realistically  most 

 multivariate  traits  are  composed  of  several  developmental  sub-units  for  which  covariation 

 is  high,  with  molar  cusps  a  prime  example  (Jernvall  and  Jung  2000;  Jernvall  and  Thesleff 
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 2000;  Jung  et  al.  1998)  –  avoid  the  inherent  complications  of  simple  and  composite 

 indices  and  likely  provide  a  more  meaningful  evaluation  of  instability  in  the  developing 

 organism. 

	4.4.4	 	Summary	

 Although  asymmetry  at  its  most  simple  can  be  measured  as  the  magnitude  of 

 difference  between  left  and  right  sides,  studies  of  asymmetries  developing  during  the 

 ontogenetic  process  must  take  into  account  several  factors.  There  are,  for  instance,  three 

 forms  of  asymmetry,  one  of  which  –  fluctuating  asymmetry  –  represents  developmental 

 instability.  Instability  is  the  aggregation  of  random  intrinsic  fluctuations  and  external 

 stressors  as  well  as  the  organism’s  ability  to  buffer  against  physiological  deviations  to 

 sustain  developmental  precision  (Klingenberg  2015:  892;  Graham  et  al.  2010:  496-501; 

 Palmer  2005;  Van  Valen  1962).  Consequently,  measuring  FA  can  be  challenging  and 

 likely  best  achieved  through  multivariate  quantifications  with  results  reflecting 

 organismal  fitness  and  providing  a  coarse  measure  of  stress  experienced  during 

 development  (Graham  and  Ozener  2016:  163;  Klingenberg  2015:  892;  Graham  et  al. 

 2010: 496-501; Palmer 1996; Palmer 1994; Holling 1973: 17). 

	4.5	 	Evaluating	Asymmetry	

	4.5.1	 	Dental	Anthropology,	Bioarchaeology	and	Traditional	Methods	

 There  has  been  a  surprising  dearth  of  morphological  studies  of  dental  fluctuating 

 asymmetry.  The  deficit,  however,  can  be  accounted  for  by  the  unsuitability  of  the  ASU 

 grading  system  for  the  task.  Choice  of  traits,  for  instance,  is  problematic;  low  frequency 

 traits  can  cause  an  unduly  high  level  of  antimerically  concordant  absence,  artificially 

 reducing  quantifications  of  FA,  while  the  selection  of  high  frequency  traits  has  the 
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 opposite  effect  (Scott  and  Turner  1997:  98-99;  Saunders  and  Mayhall  1982:  796).  Further 

 complications  have  been  encountered  with  the  recording  of  traits.  When  traits  are  graded 

 as  present/absent,  tooth  morphology  has  appeared  more  symmetric  than  is  the  case  and 

 the  situation  is  only  modestly  mitigated  by  retention  of  ordinal  grades  (Scott  and  Turner 

 1997:  98-99;  Saunders  and  Mayhall  1982;  Scott  1980;  Baume  and  Crawford  1980).  Dietz 

 (1944),  for  example,  found  a  presence/absence  asymmetry  of  a  mere  2.2%  for  Carabelli 

 cusp  expression,  but  this  increased  when  using  a  four-grade  scale  to  7%.  In  sum,  the  ASU 

 system  is  insufficiently  sensitive  to  register  the  small  deviations  in  symmetry  associated 

 with  FA  and,  as  such,  fluctuating  asymmetry  in  dental  materials  has  usually  been 

 investigated through simple linear measurements. 

 Early  projects  to  take  advantage  of  Van  Valen’s  (1962)  theoretical  clarifications, 

 were  undertaken  by  Bailit  et  al.  (1970)  and  Perzigian  (1977).  Both  studies  found  that 

 dental  FA,  quantified  through  left-right  differences  in  linear  measures  (i.e.,  MD  and  BL 

 diameters)  (Figure  4.7),  was  higher  in  populations  for  which  there  was  evidence  of 

 deprivation.  In  the  case  of  the  living  populations  studied  by  Bailit  et  al.  (1970)  this 

 evidence  was  in  the  form  of  contemporary  records.  For  Perzigian’s  (1977)  past 

 populations,  factors  such  as  the  seasonal  availability  of  food  were  employed  to  estimate 

 relative  stress  experience  (Parmalee  and  Klippel  1974;  Webb  1946).  Interestingly,  Bailit 

 et  al.  (1970:  631-636)  found  a  low  heritability  estimate  (h  2  2-5%)  when  contrasting  FA 

 between  related  individuals,  while  Perzigian  (1977:  83)  reported  that  when  a  sample  was 

 divided  according  to  estimated  stature,  those  above  the  mean  estimated  height  had 

 significantly  lower  ranked  FA  scores  in  MD  measurement  than  those  below.  Somewhat 

 contentiously,  whilst  Townsend  and  Brown  (1980)  also  found  low  correlations  between 

 related  and  unrelated  individuals,  further  suggesting  fluctuating  asymmetry  was  not  the 

 result  of  heritable  predisposition,  unlike  either  Bailit  et  al.  (1970)  or  Perzigian  (1977) 
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 they  reported  significant  differences  between  sexes  in  dental  FA.  Cumulatively,  these 

 studies  hint  that  there  may  be  substantial  connections  between  dental  FA,  environmental 

 stress  and  later-life  outcomes  that  operate  independently  of  genetic  constraints,  but  they 

 also highlight that for many years results were inconsistent and incomparable. 

 Figure 4.7 Measurements traditionally employed to assess the dentition (Hillson 2005: 261). 

 In  order  to  increase  comparability  and  statistical  sensitivity,  Palmer  and  Strobeck 

 (1986),  expanding  on  Leamy  (1984),  proposed  that  a  two-way,  mixed-model  Analysis  of 

 Variance  (ANOVA)  with  repeated  measurements  could  be  employed  to  decompose 

 asymmetric  variation  (Section  7.4.1).  This  was  beneficial  as  it  can  be  expected  that 

 overall  variance  in  a  sample  is  attributable  to  several  factors  (i.e.,  differences  within  as 

 well  as  between  individuals),  the  interaction  of  those  factors  and  also  observer  error 

 (Murrar  and  Brauer  2018;  Klingenberg  and  McIntyre  1998)  (Table  4.1).  The  procedure  is 

 not,  however,  without  its  shortcomings.  Specifically,  a  significant  interaction  between  the 

 two  main  effects  identifies  “non-directional  asymmetry”  which  encompasses  fluctuating 

 asymmetry  and  antisymmetry,  rather  than  FA  in  isolation  (Palmer  1994;  Palmer  and 

 Strobeck  1986).  Nevertheless,  checks  can  be  conducted  to  ascertain  whether  the 

 non-directional  component  to  asymmetry  is  in  fact  associable  with  fluctuating  asymmetry 

 or  antisymmetry  (e.g.,  by  assessing  the  distribution  of  left-right  differences) 
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 (Guatelli-Steinberg  et  al.  2006:  429;  Klingenberg  and  McIntyre  1998:  1368)  (Section 

 7.4.1),  and  the  method  has  become  a  standard  part  of  the  statistical  toolkit  through  which 

 FA  is  analysed.  Barrett  et  al.  (2012)  employed  the  ANOVA  procedure  to  compare 

 Neanderthals  and  modern  humans,  for  example.  By  comparing  FA  in  BL  diameters 

 among  teeth  that  develop  at  specific  ages,  they  were  able  to  theorise  that  Neanderthals 

 were  either  exposed  to  greater  environmental  stressors  or  were  less  capable  of  buffering 

 against  them  and  that  cultural  choices,  such  as  infant  and  childhood  diet,  affected 

 developmental  instability  (Barrett  et  al.  2012:  201).  The  clarity  of  these  results  prompted 

 Barrett  et  al.  (2012:  203)  to  describe  the  two-way,  mixed-model  ANOVA  as,  “a  useful 

 and  straightforward  means  for  comparing  levels  of  developmental  stress  between 

 populations.” 

 Effects  df  MS  Expected Mean Squares  Source of 
 Variation 

 individual 
 (ind)  J  – 1  𝑀𝑆 

 𝐽 σ
 𝑚 
 2 +  𝑀 (σ

 𝑖 
 2 +     𝑆  σ 
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 2 )

 individual 
 variation 

 side  S  – 1  𝑀𝑆 
 𝑆 
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 𝑖 
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 𝑆 − 1 ) ∑  α² )  directional 
 asymmetry 

 ind x side  (  S  – 1) (  J  – 1)  𝑀𝑆 
 𝑆     𝐽 
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 𝑚 
 2 +     𝑀  σ 

 𝑖 
 2  non-directional 

 asymmetry 

 ind x side x 
 replicate  SJ  (  M  – 1)  𝑀𝑆 

 𝑒𝑟𝑟𝑜𝑟 σ
 𝑚 
 2 

 error 

 Table  4.1  The  variance  components  of  the  two-way,  mixed  model  ANOVA  as  presented  by  Palmer  and 

 Strobeck  (1986:  405).  is  the  �ixed  side  variance  ;  is  the  variance  attributable  to  individual ∑  α²        σ 
 𝑗 
 2 

 differences;  is  variance  associated  with  non-directional  asymmetry  (including  fluctuating  asymmetry) σ
 𝑖 
 2 

 reflecting  variation  between  sides  among  individuals;  is  variation  due  to  measurement  error. σ
 𝑚 
 2 

 J=individuals;  S=sides  (i.e.,  two);  and  M=replicates.  Note,  this  table  replicates  the  original  notation  while 
 the application of this approach detailed in Chapter 7 employs notation developed for this project. 

 Even  though  these  investigations  of  FA  by  dental  anthropologists  very 

 successfully  demonstrated  that  there  appears  to  a  be  a  robust  relationship  between  FA  and 

 environmental  adversity  as  well  as  established  a  rubric  around  which  FA  can  be  explored 
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 in  dental  remains,  they  also  illuminate  possible  directions  for  future  research  (Barrett  et 

 al.  2012;  Guatelli-Steinberg  et  al.  2006).  For  example,  Bailit  et  al.  (1970:  635-636) 

 stated,  “Clearly,  it  will  be  necessary  to  relate  the  degree  of  fluctuating  asymmetry  in  the 

 dentition  to  more  conventional  measures  of  fitness  such  as  morbidity,  mortality,  and 

 fertility.  Only  when  this  relationship  is  firmly  established  can  interpopulation  differences 

 in  asymmetry  be  considered  biologically  meaningful.”  Although  this  comment  was  made 

 more  than  50  years  ago  –  and  links  between  dental  FA,  growth  and  health  in  past 

 populations  have  been  articulated  (e.g.,  Hagg  et  al.  2017;  Weisensee  2013;  Hoover  and 

 Matsumura  2008)  –  there  is  still  scope  to  investigate  these  connections  more  rigorously. 

 Fortunately, GM methods can help to fill this information gap. 

	4.5.2	 	Asymmetry	and	Procrustean	Methods	

 GM  approaches  to  quantifying  FA  have  been  employed  most  extensively  in 

 disciplines  such  as  ecology  and  biology  (Klingenberg  2015;  Zelditch  et  al.  2012;  Graham 

 et  al.  2010).  Aside  from  the  general  benefits  of  GM  methods,  two  Procrustean  techniques 

 pertinent  to  this  thesis  have  proven  especially  advantageous  and  these  have  formed  the 

 basis  for  many  subsequent  GM  analyses  of  FA  (Klingenberg  2015;  Graham  et  al.  2010). 

 These are introduced here and discussed in more technical detail in Section 7.4.1. 

 The  first  innovation  relates  to  the  extension  by  Goodall  (1991)  of  the  ANOVA 

 model  to  Procrustes  coordinates.  As  Procrustes  superimposition  is  based  on  a  sum  of 

 squares  algebra,  morphological  differences  from  a  mean  configuration  can  be 

 decomposed  in  a  manner  analogous  to  differences  from  a  grand  mean  in  the  conventional 

 ANOVA.  One  of  the  earliest  projects  to  make  use  of  the  Procrustes  ANOVA  was  a  study 

 of  tsetse  fly  wing  shape  by  Klingenberg  and  McIntyre  (1998).  The  question  that 

 motivated  this  study  was  the  subject  of  a  then  unresolved  debate;  specifically,  whether 
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 fluctuating  asymmetry  results  from  a  disruption  to  normal  somatic  growth  –  a  crucial 

 assumption  in  the  use  of  FA  as  an  indicator  of  developmental  instability  –  or  from  special 

 developmental  processes  (Klingenberg  and  McIntyre  1998:  1363;  Palmer  1996;  Markow 

 1995).  Wing  venation  patterns  provided  a  framework  for  the  placement  of  homologous 

 anatomical  landmarks  which  were  subjected  to  Procrustes  superimposition.  The  following 

 Procrustes  ANOVA  showed  highly  significant  levels  of  both  individual  variation  as  well 

 as  fluctuating  asymmetry.  Furthermore,  Mantel  tests  conducted  on  covariance  matrices  of 

 individual  variation  and  left-right  differences  rejected  the  null  hypothesis  of  dissimilarity, 

 suggesting  that  fluctuating  asymmetry  represented  a  disruption  to  normal  developmental 

 processes  and  was  a  valid  marker  of  developmental  instability  (Klingenberg  and  McIntyre 

 1998:  1372-1373).  Moreover,  PCA  identified  that  landmarks  in  the  anterior  and  posterior 

 wing  compartments  were  near-equally  affected  by  FA,  suggesting  morphological 

 integration  (Graham  et  al.  2010:  507;  Klingenberg  and  Zaklan  2000;  Klingenberg  and 

 McIntyre  1998:  1368-1370).  The  success  of  this  pioneering  project  and  others  like  it  have 

 proved  that  the  two-way,  mixed-model  ANOVA  advocated  by  Palmer  and  Strobeck 

 (1986),  can  be  applied  just  as  readily  to  Procrustes-aligned  landmark  data  (Klingenberg 

 2015;  Zelditch  et  al.  2012;  Graham  et  al.  2010;  Palmer  and  Strobeck  2003;  Klingenberg 

 and McIntyre 1998: 1366; Edgington 1995; Palmer 1994; Good 1994; Goodall 1991). 

 The  second  development  of  interest,  is  the  partitioning  of  asymmetries  in 

 coordinate  matrices  to  produce  an  individual  multivariate  measure  of  FA  (Figure  4.8). 

 Although  several  different  approaches  have  been  proposed  (e.g.,  Klingenberg  and 

 Monteiro  2005),  that  outlined  by  Bookstein  (1991:  267-270)  has  proven  to  be  the  most 

 frequently  advocated.  Bookstein’s  (1991)  approach  was  first  illustrated  with  reference  to 

 asymmetry  in  wing  venation  patterns.  At  its  simplest,  the  Procrustes  coordinates  of  left 

 and  right  landmark  configurations  are  subtracted  from  one  another,  and  then  the  square 
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 root  of  the  summed  and  squared  differences  is  found  to  give  an  individual  measure  of 

 overall  or  “raw”  asymmetry  –  this  is  the  Procrustes  distance  between  two  shapes.  This 

 calculation  can  be  further  refined  by  considering  mean  left  and  right  shapes  in  order  to 

 filter  directional  asymmetric  variance  and  produce  an  individual  index  of  FA  (Zelditch  et 

 al.  2012:  364-369;  Palmer  and  Strobeck  2003:  319;  Klingenberg  and  McIntyre  1998: 

 1375;  Smith  et  al.  1997;  Bookstein  1991:  268-269).  Though  results  have  not  always  been 

 unambiguous,  an  individual  measure  has  facilitated  the  exploration  of  FA  as  a  predictor  of 

 life-course  outcomes  (Klingenberg  2015;  Zelditch  et  al.  2012;  Van  Dongen  and 

 Gangestad  2011;  Graham  et  al.  2010;  Klingenberg  and  Monteiro  2005;  Møller  1999; 

 Waynforth  1998).  For  instance,  Radwan  et  al.  (2003)  found  significant  relationships 

 between  individual  measures  of  FA,  growth  and  reproductive  success  in  insects,  while 

 Weisensee  (2013)  employed  cranial  FA  to  explore  links  between  childhood  stress  and 

 later-life  mortality  in  a  known  cause-of-death  19  th  -20  th  century  Portuguese  skeletal 

 sample.  In  the  latter  project,  when  individual  measures  of  FA  were  averaged,  higher  mean 

 FA  scores  were  observed  in  individuals  that  died  of  degenerative  metabolic  diseases  (such 

 as  cardiovascular  disease  and  diabetes)  related  in  modern  populations  to  developmental 

 stress  than  those  whose  causes-of-death  was  related  to  infectious  or  neoplastic  pathology 

 (Weisensee 2013: 415). 
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 Figure  4.8  After  reflecting  the  left  side  to  make  shapes  comparable,  the  total  Procrustes  distance  between 
 left  (blue)  and  right  (black)  M  1  configurations  composed  of  landmarks  at  the  main  cusps  is  found  as  the  root 
 sum  of  squared  distances  (visualised  as  the  red  lines)  between  all  homologous  landmarks  of 
 Procrustes-aligned  coordinate  matrices.  The  coordinate  configurations  illustrated  here  are  examples  drawn 
 from the data collected by this project. 

	4.5.3	 	Summary	

 Early  studies  of  dental  FA  were  comparatively  simple,  so  although  connections 

 were  made  between  dental  FA  and  environmental  adversity,  questions  were  left 

 unanswered.  However,  with  increasing  methodological  sophistication  and  standardisation, 

 bioarchaeologists  have  become  capable  of  testing  more  complex  hypotheses  regarding  the 

 significance  of  dental  phenotypic  variation  (Barrett  et  al.  2012;  Guatelli-Steinberg  et  al. 

 2006;  Scott  and  Turner  1997:  98-99;  Palmer  1994;  Palmer  and  Strobeck  1986;  Leamy 

 1984;  Perzigian  1977;  Bailit  et  al.  1970).  As  of  yet,  however,  the  potential  of  GM 

 evaluations  of  asymmetry  in  archaeologically  recovered  teeth  has  not  been  fully  explored, 

 despite  the  successes  seen  elsewhere  (Zelditch  and  Swiderski  2018;  Klingenberg  2015; 

 Zelditch  et  al.  2012;  Graham  et  al.  2010;  Klingenberg  and  McIntyre  1998;  Bookstein 

 1991).  Additionally,  even  though  Bailit  et  al.  (1970)  emphasised  its  critical  importance 

 early  on,  there  have  been  few  attempts  to  substantively  link  the  early-life  stress  embodied 

 in dental materials with later-life health outcomes. 
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	4.6	 	Conclusion	

 This  chapter  has  reviewed  the  methods  and  theory  that  underpin  the  evaluation  of 

 dental  morphology  as  well  as  how  shape  variation  can  be  employed  to  infer  stress 

 experience.  From  this,  it  can  be  concluded  first  that  in  certain  circumstances  –  such  as 

 comparisons  between  paired  teeth  –  the  ASU  system  does  not  represent  an  appropriate 

 means  of  evaluating  morphological  variation  and  that  geometric  morphometric  methods 

 fulfil  this  role  much  better.  In  particular,  Procrustean  techniques  have  the  capacity  to 

 evaluate  homologous  and  –  to  an  extent  –  non-homologous  features  (Pilloud  et  al.  2019; 

 Irish  et  al.  2018;  Edgar  and  Rautman  2016;  Kenyhercz  et  al.  2014;  Rizk  2013;  Benazzi  et 

 al.  2011a;  Gómez-Robles  et  al  .  2011;  Robinson  2005;  Dryden  and  Mardia  1998;  Scott 

 and  Turner  1997;  Bookstein  1991).  Secondly,  although  fluctuating  asymmetry  is  an 

 aggregate  measure  that  reflects  environmental  perturbations  and  an  organism’s 

 physiological  ability  to  maintain  or  buffer  developmental  homeostasis,  due  to  its  strong 

 association  with  exogenous  stimuli  it  can  also  act  as  a  coarse  proxy  for  stress  experience 

 (Graham  and  Ozener  2016;  Klingenberg  2015;  Graham  et  al.  2010;  Palmer  1996;  Palmer 

 1994;  Holling  1974).  Finally,  past  research  demonstrates  that  Procrustean  evaluations  of 

 asymmetry  can  be  utilised  to  estimate  the  magnitude  of  developmental  instability 

 experienced  by  individuals  as  well  as  samples,  then  subsequently  employed  to  explain 

 later-life  health  outcomes  and  explore  developmental  mechanisms  (Zelditch  and 

 Swiderski  2018;  Klingenberg  2015;  Zelditch  et  al.  2012;  Graham  et  al.  2010;  Radwan  et 

 al.  2003;  Klingenberg  and  Zaklan  2000;  Klingenberg  and  McIntyre  1998).  The 

 conclusions  of  this  literature  review  therefore  establish  the  rationale  for  adopting  certain 

 statistical  procedures  to  interpret  data  and  permit  Chapter  7  to  be  a  more  technically 

 focused discussion of the GM methods employed. 
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	Chapter	5:	 	Materials	

	5.1	 	Introduction	

 Materials  for  this  study  were  derived  from  four  archaeological  skeletal  assemblages 

 .  The  largest  and  oldest  of  these  was  recovered  from  the  Black  Gate  cemetery  at 

 Newcastle-upon-Tyne  where  most  of  the  burials  date  to  between  the  8  th  and  11  th  centuries 

 (Nolan  et  al.  2010).  Two  collections  originate  from  the  later  medieval  period  (broadly  the 

 11  th  to  15  th  centuries);  the  larger  from  All  Saints’  Church,  York  and  the  smaller  from  the 

 cemetery  of  St  Lawrence’s  Church,  Warwick  (McIntyre  and  Bruce  2010;  Bruce  2003; 

 Gethin  n.d.;  Hill  n.d.).  One  post-medieval  assemblage  from  St  Hilda’s  Church,  South 

 Shields  was  also  included  (Raynor  et  al.  2009).  These  are  referred  to  as  the  Black  Gate, 

 York Barbican, Warwick and South Shields assemblages respectively. 

 As  it  is  posited  that  contextually-specific  cues  are  crucial  in  life-course 

 development,  this  chapter  provides  background  data  for  the  skeletal  materials  analysed  by 

 reviewing  previous  research  (archaeological,  historical  and  osteological)  that  has 

 examined  sociocultural  and  environmental  setting  as  well  as  health  and  disease  within  the 

 assemblages.  This  enables  similarities  and  differences  between  sites  to  be  highlighted, 

 thereby  facilitating  later  discussions  on  the  impact  (or  lack  thereof)  of  contextually  unique 

 factors on life-course experiences and outcomes. 

 The  final  section  of  this  chapter  details  the  sampling  procedure  through  which 

 skeletal  individuals  included  in  the  study  were  selected.  Comparisons  are  made  between 

 the  study  sample  and  the  full  skeletal  assemblages.  This  leads  onto  a  discussion  of 

 unavoidable demographic biases resulting from dental wear and availability. 
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	5.2	 	The	Black	Gate	Cemetery,	Newcastle-upon-Tyne	

	5.2.1	 	Background	

 The  cemetery  is  located  on  a  promontory  overlooking  a  bridging  point  of  the  Tyne 

 (Figure  5.1).  The  first  evidence  for  occupation  is  in  the  Roman  period,  when  a  fort  (  Pons 

 Aelius  )  situated  along  Hadrian’s  Wall  was  constructed  in  the  late-2  nd  or  early-3  rd  century. 

 The  fort  fell  into  disuse  in  the  late-4  th  to  early-5  th  century,  after  which  the  local  population 

 began  to  repurpose  the  buildings  along  with  their  constituent  materials  (Nolan  et  al.  2010: 

 155-162;  Snape  and  Bidwell  2002a:  251;  Snape  and  Bidwell  2002b).  The  exact  processes 

 which  led  to  the  development  of  a  more  permanent  settlement  during  the  early  medieval 

 period  are  unknown,  and  the  first  unequivocal  documentary  reference  to  the  site  does  not 

 occur  until  the  12  th  century  when  the  arrival  of  William  I  to  “a  place  formerly  called 

 ‘Moneccestre’  and  now  called  New  Castle”  in  1072  is  recorded  (Nolan  et  al.  2010:  157; 

 Raine  1838:  20-21).  Given  the  possible  monastic  connection,  it  has  been  proposed  that  a 

 community  with  a  parish  church  grew  around  a  religious  centre  during  the  period  of 

 economic  and  political  stability  experienced  in  Northumbria  in  the  mid  to  late-7  th  century 

 (Nolan  et  al.  2010:  156;  Walker  1976:  63-67).  Artefacts  found  during  excavation  (e.g., 

 brooches)  are  stylistically  consistent  with  this  hypothesis  as  are  the  results  of  radiocarbon 

 analyses  conducted  on  the  cemetery’s  human  skeletal  materials  (Nolan  et  al.  2010: 

 156-157;  Lucy  1999:  39).  The  cemetery  likely  remained  in  continuous  use  until  1080 

 when  an  earthwork  castle  was  constructed  on  it  and  after  which  burial  within  the  bailey 

 was likely restricted to the new Norman social elite (Nolan  et al.  2010: 157). 
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 Figure  5.1  The  locations  from  which  the  study’s  four  samples  derive  (the  Black  Gate  and  South  Shields 
 collections both originating from the Tyneside region). 

	5.2.2	 	Excavations	and	Osteological	Analysis	

 Modifications  to  the  castle  throughout  the  later  medieval  and  post-medieval 

 periods  caused  significant  damage  to  the  early  medieval  cemetery  and  the  skeletal 

 remains  did  not  fare  much  better  during  archaeological  investigations  in  the  early  20  th 

 century  (Nolan  et  al.  2010:  157-159;  Richardson  1852:  28-29).  The  first  known 

 excavation  of  the  area  in  1929  focused  upon  exposing  the  Roman  fort  and  neglected  to 

 document  properly  the  human  skeletal  remains,  treating  them  as  an  inconvenient  layer 

 through  which  to  cut  (Nolan  et  al.  2010:  159).  The  earliest  attempts  to  record  the 

 cemetery  were  initiated  in  1973  in  response  to  planned  landscaping  and  maintenance  of 

 the  medieval  castle.  Burials  were  first  encountered  in  1977  and  by  1992  when  excavations 

 ended,  over  six  hundred  individual  inhumations  along  with  further  disarticulated  deposits 

 had  been  uncovered,  revealing  one  of  the  largest  known  early  medieval  Christian 

 cemeteries  in  the  north-east  of  England  (Nolan  et  al.  2010:  148).  The  duration  of  the 

 project  and  the  constraints  of  the  site  did,  however,  impose  limitations  on  subsequent 

 analyses.  Excavations  took  place  over  a  period  that  saw  great  advances  in  archaeological 
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 methodology  and  trenches  were  located  in  separate  areas  across  the  site.  These  factors 

 resulted  in  disconnected  “islands”  of  excavation  in  which  the  stratigraphy  was  variably 

 recorded,  a  problem  compounded  by  the  later  loss  of  records  (Nolan  et  al.  2010: 

 149-152).  Consequently,  a  clear  phasing  of  successive  burial  generations  could  rarely  be 

 inferred (Nolan  et al.  2010: 159-160). 

 The  early  analysis  of  the  osteological  remains  and  graves  was  similarly  ad  hoc  . 

 Several  investigators  were  employed  over  the  various  seasons  of  excavation  and  it 

 initially  appeared  that  the  site  was  quite  idiosyncratic  (Boulter  and  Rega  1993;  Anderson 

 1989;  Anderson  1988).  Most  notably  there  was  early  evidence  of  a  sex  bias  which  it  was 

 speculated  could  have  been  the  result  of  the  site’s  association  with  a  monastic  community 

 and  then  a  Norman  garrison  (Boulter  and  Rega  1993:  8).  Due  to  the  significance  of  the 

 assemblage,  however,  efforts  have  been  made  to  synthesise  data  (Nolan  et  al.  2010)  and, 

 since  deposition  at  Sheffield’s  Department  of  Archaeology,  the  assemblage  has  been  the 

 subject  of  numerous  investigations  that  have  included  all  643  skeletons  (e.g.,  Mahoney 

 Swales  2019;  Mahoney  Swales  2012).  This  process  has  been  facilitated  by  the  good 

 preservation  of  the  osteological  remains  –  511  (79.5%)  of  the  skeletons  exhibit  only  slight 

 cortical  erosion  (Mahoney  Swales  2019:  200).  It  has  emerged  that  202  (31.4%) 

 individuals  were  skeletally  immature  and  441  mature  (68.6%).  Of  the  mature  skeletons, 

 Mahoney  Swales  (2019:  202)  could  estimate  sex  for  351  individuals  with  173  (49.3%) 

 estimated  to  be  female  and  178  (50.7%)  male.  The  near  equal  sex  proportion  suggests  that 

 the  early  supposition  of  a  sex  bias  was  likely  the  consequence  of  spatial  differentiation  in 

 burial  location  –  70.6%  of  the  adult  burials  in  the  area  around  the  church  were  males,  for 

 instance  (Mahoney  Swales  2019:  202).  Similarly,  though  some  seasons  of  excavation 

 found  few  immature  remains  (Boulter  and  Rega  1993:  9),  overall  it  appears  that  the  site 

 had  an  attritional  mortality  profile  in  which  there  is  a  high  number  of  infant  fatalities,  a 
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 low  number  of  deaths  among  older  children,  teenagers  and  young  adults,  and  an  increase 

 in  mortality  throughout  maturity  (Mahoney  Swales  2019:  202;  Gowland  and  Chamberlain 

 2005: 146). 

 The  occurrence  and  frequency  of  palaeopathological  lesions  has  also  been  the 

 subject  of  substantial  research.  The  observation  of  severe  hypoplastic  defects  in  first 

 permanent  molars  has  been  used  to  suggest  the  presence  of  congenital  syphilis  in  the 

 population  and,  in  one  case,  this  was  supported  by  the  presence  of  diffuse  periosteal  new 

 bone  formation  (Nolan  et  al.  2010:  251).  Though  this  diagnosis  has  not  been  universally 

 accepted,  the  severity  of  the  defects  does  highlight  that,  for  some  individuals  at  least, 

 developmental  stress  could  be  substantial  and  potentially  associated  with  systemic 

 infection.  Interestingly,  when  LEH  and  CO  were  assessed  by  Mahoney  Swales  using  a 

 life-course  approach,  similar  frequencies  were  found  throughout  the  cemetery  and  it  was 

 inferred  that  the  early-life  experience  for  most  was  relatively  uniform  (Mahoney  Swales 

 2019:  215).  Moreover,  stature  estimates  ranged  between  157  cm  and  183  cm  for  males 

 and  147  cm  to  170  cm  for  females  which  is  comparable  to  contemporary  assemblages  in 

 the  northeast  (Nolan  et  al.  2010:  251;  Anderson  et  al.  2005:  486),  suggesting  that  the 

 growth outcomes of the population were not unusual for the time and region. 

 Mahoney  Swales  (2019:  216)  also  identified  two  interesting  patterns  regarding  the 

 frequency  of  lesions  thought  to  be  related  to  occupation.  Firstly,  in  addition  to  one  male 

 with  a  depressed  fracture  and  cut-marks  on  the  cranium  (Nolan  et  al.  2010:  251-252), 

 long  bone  and  clavicular  fractures  were  frequent  in  skeletons  with  elaborate  burials  (e.g., 

 stone  cists).  As  it  has  been  suggested  that  farming  in  the  early  medieval  period  resulted  in 

 a  higher  prevalence  of  fractures,  it  was  posited  that  involvement  in  agriculture  may  have 

 been  associated  with  higher  social  status  which  led  to  a  funerary  rite  that  required  a 

 greater  investment  of  time  and  resources  (Mahoney  Swales  2019:  216).  Secondly,  higher 
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 rates  of  maxillary  sinusitis  were  also  found  amongst  males  with  elaborate  burials  and  it 

 was  speculated  that  these  individuals  may  have  been  employed  in  specialist  tasks  such  as 

 metalworking  which  exposed  them  to  higher  concentrations  of  airborne  contaminants,  but 

 led  to  higher  social  status  (Mahoney  Swales  2019:  216).  Consequently,  it  was  conjectured 

 that  early  medieval  Northumbria  was  relatively  egalitarian  and  that  status  was,  in  part  at 

 least,  attained  in  maturity  through  occupation  and  activity  rather  than  inherited  (Mahoney 

 Swales 2019: 216; Mahoney Swales 2012: 416). 
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	5.3	 	St	Hilda’s	Church,	South	Shields	

	5.3.1	 	Background	

 The  coastal  town  of  South  Shields  is  situated  in  the  northeast  of  England  on  the 

 banks  of  the  Tyne,  approximately  3  miles  downstream  of  Newcastle-upon-Tyne.  The 

 earliest  evidence  of  occupation  is  Iron  Age  settlement  activity  located  beneath  the  Roman 

 fort  of  Arbeia  (Raynor  et  al.  2011:  10;  Breeze  2006:  115).  The  fort,  which  was  the  most 

 easterly  extension  of  Hadrian’s  Wall,  was  active  as  a  garrison  and  supply  post  between  the 

 mid-2  nd  to  the  late-4  th  centuries,  after  which  it  likely  became  the  site  of  an  early-medieval 

 royal  residence.  These  lands  were  gifted  to  the  Abbess  (and  later  saint)  Hild  in  648  CE. 

 By  the  early-15  th  century  a  parish  church  dedicated  to  St  Hilda  had  been  established  to 

 serve  the  hamlet  of  South  Shields  which  had  come  into  being  in  the  13  th  century  as  a 

 fishing  and  salt  processing  community  and  grew  into  a  small  but  prosperous  port  and 

 market  town  (Raynor  et  al.  2011:  10-11;  Breeze  2006:  115-118;  Finden  1838:  15; 

 Mackenzie  1834  31;  Surtees  1820:  94-104).  Further  economic  expansion  occurred  during 

 the  Industrial  Revolution  due  to  maritime  connections  and  the  locality’s  coal-rich  geology 

 (Newman  2016:  95;  Roberts  et  al.  2016:  40;  Raynor  et  al.  2011:  9;  Hodgson  1903  ). 

 During  the  19  th  century  South  Shields  grew  into  an  urban  centre  with  a  shipyard  as  well  as 

 port,  glass  and  chemical  factories,  a  gas  works  and  colliery  (Raynor  et  al.  2011:  106; 

 Fordyce  1857:  722-723)  (  Figure  5.2  ).  Productivity  was  not  only  fuelled  by  access  to 

 natural  resources  and  a  distribution  network,  but  as  towns  such  as  South  Shields  became 

 ever  more  prosperous,  they  drew  in  economic  migrants,  providing  a  ready  pool  of  labour 

 (  Panayi  1995;  Friedlander  1992;  Ravenstein  1885).  Unsurprisingly,  the  impact  of  rapid 

 industrialisation  became  the  subject  of  much  concern  and  in  1845  an  investigation  was 

 launched which found that the town was 
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 ‘  generally  enveloped  in  a  dense  atmosphere  of  smoke,  from  the  coal-pit, 

 glass-works  and  other  manufactories…  Besides  these,  there  are  a  great  many 

 steam-boats  continually  plying  on  the  river,  which  constantly  emit  great  quantities 

 of  smoke;  and  westerly  winds,  which  prevail  here…  bring  down  upon  the  place  the 

 smoke  of  the  numerous  works  situated  on  the  Tyne…  Complaints  have  been  made 

 of  the  effects  of  the  gases  emitted  from  the  alkali  chemical  works  which  exist 

 here...  The  exhalations  from  these  works  have  been  found  injurious…  ’  (Report  of 

 the Commissioners 1845: 185). 

 St  Hilda’s  church  was  affected  by  the  town’s  expansion.  The  churchyard  had  to 

 provide  for  the  whole  community  and  with  an  ever-expanding  population  of  parishioners, 

 most  of  whom  were  employed  as  labourers  in  local  industries,  the  cemetery  soon  became 

 overcrowded  (Raynor  et  al.  2011:  11;  Salmon  1856:  64;  Mackenzie  1834:  31).  Despite 

 efforts  to  build-up  and  expand  the  cemetery  on  several  occasions,  like  many  urban 

 cemeteries  it  was  closed  by  the  1855  Burials  Act  and  only  a  limited  number  of  interments 

 in  family  plots  occurred  after  that  date  (Raynor  et  al.  2011:  15;  Fordyce  1857:  715; 

 Salmon 1856: 64). 

 Figure  5.2  South  Shield’s  position  on  the  banks  of  the  Tyne  meant  that  by  the  19  th  century  the  town  was 
 surrounded  by  chemical  and  glass  works,  smelting  plants,  collieries  and  docks.  Detail  from  the  1863 
 Ordnance  Survey;  this  work  is  based  on  data  provided  through  www.VisionofBritain.org.uk  and  uses 
 historical  material  which  is  copyright  of  the  Great  Britain  Historical  GIS  Project  and  the  University  of 
 Portsmouth. 
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	5.3.2	 	Excavation	and	Osteological	Investigations	

 In  response  to  development,  rescue  excavations  in  a  portion  of  the  cemetery  that 

 was  in  use  from  the  mid-18  th  century  until  its  closure  were  carried  out  between  2006-2007 

 (Raynor  et  al.  2011:  6).  Through  stratigraphic  phasing,  three  burial  horizons  were 

 identified.  The  lower  burial  horizon,  which  predates  1816,  contained  49  skeletons  and  a 

 charnel  deposit  (Raynor  et  al.  2011:  32-35).  The  intermediate  horizon  held  nine  skeletons 

 and  six  charnel  deposits  and  is  associated  with  an  attempt  between  1816  and  1818  to  raise 

 the  cemetery  with  ballast  and  debris  (Raynor  et  al.  2011:  35;  Salmon  1856:  17).  A  further 

 97  articulated  skeletons  and  22  charnel  deposits  came  from  the  main  trench  of  the  upper 

 horizon  along  with  43  skeletons  and  5  charnel  deposits  from  a  subsidiary  trench;  this 

 layer  was  deposited  from  1818  to  the  cemetery’s  closure  in  1855  (Raynor  et  al.  2011: 

 35-43). 

 In  total,  the  osteological  analysis  identified  204  individual  skeletons  from  the 

 burials  and  commingled  charnel  deposits.  Of  these,  87  (42.6%)  were  skeletally  immature 

 and  117  (57.4%)  mature  (Raynor  et  al.  2011:  76).  Though  intercutting  made  completeness 

 variable,  preservation  was  good;  91  (77.8%)  of  the  mature  skeletons  were  well-preserved, 

 for  instance  (Raynor  et  al.  2011;  Brickley  2018:  7).  Among  the  mature  cohort,  sex  could 

 be  estimated  for  103  individuals:  52  (50.5%)  were  estimated  to  be  female  and  51  (49.5%) 

 male.  Estimated  statures  were  within  a  few  centimetres  of  those  from  contemporary 

 assemblages;  mean  male  stature  was  estimated  to  be  171  cm  with  a  range  of  149-181  cm 

 while  the  estimated  female  mean  stature  was  159  cm  with  a  range  of  149-174  cm  (Raynor 

 et  al.  2011:  47).  Moreover,  mortality  data  largely  conformed  to  a  pattern  expected  in  a 

 pre-antibiotic  population  without  proper  obstetric  provision  (Chamberlain  2000:  105).  For 

 instance,  54  (62.1%)  of  the  87  immature  skeletons  were  neonates  or  preterm  skeletons 

 while  another  14  (16.7%)  individuals  were  thought  to  have  died  between  1-5  years  of  age 
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 (Raynor  et  al.  2011:  76-77)  after  which  mortality  decreases  until  later  adulthood  (Raynor 

 et  al.  2011:  76-77).  There  was  also  a  notably  higher  ratio  of  females  (3:1)  in  the  ‘young 

 adult’  and  ‘young-prime  adult’  age  categories,  suggesting  cohort  specific  dangers  such  as 

 pregnancy and childbirth may have affected length of life (Raynor  et al.  2011: 44-46). 

 Pathological  lesions  were  also  recorded  to  explore  patterns  of  health  and  disease 

 within  the  population.  To  facilitate  this,  where  feasible,  prevalence  rates  were  contrasted 

 to  published  data  (Raynor  et  al.  2011).  Notable  similarities  existed  with  other  industrial 

 assemblages.  For  example,  of  the  1,289  observable  permanent  teeth,  250  (19.4%)  were 

 affected  by  LEH  which  is  comparable  to  contemporary  sites  such  as  the  Newcastle 

 Infirmary  and  St  Martin’s  in-the-Bull  Ring,  Birmingham  which  had  prevalence  rates  of 

 17.0%  and  27.9%  respectively  (Raynor  et  al.  2011:  50-53;  Boulter  et  al.  1998;  Brickley  et 

 al.  2006).  This  suggests  that  childhood  stress  experience  within  the  South  Shields 

 population  was  congruent  with  that  of  other  industrial  cities.  It  may  be  also  be  possible 

 that  susceptibility  to  proinflammatory  conditions  –  such  as  infectious  diseases  –  was 

 typical  for  an  18  th  to  19  th  century  site;  27  (23.1%)  mature  skeletons  exhibited  signs  of 

 non-specific  bone  inflammation,  which  is  comparable  to  the  post-medieval  ranges 

 reported  by  Roberts  and  Cox  (2003:  344).  However,  with  three  mature  skeletons  (2.6%) 

 exhibiting  signs  suggestive  of  syphilis  and  a  further  three  (2.6%)  possibly  affected  by 

 tuberculosis,  the  crude  prevalence  rates  of  these  specific  infections  among  skeletally 

 mature  individuals  more  closely  matched  those  found  at  hospital  sites  (Raynor  et  al. 

 2011:  68-69;  Roberts  and  Cox  2003:  339-341;  Boulter  et  al.  1998).  Further  non-specific 

 and  specific  lesions  imply  site-specific  perturbations  to  health  relatable  to  lifestyle  and 

 environment.  Raynor  et  al.  (2011:  64)  report  that  95  (86.4%)  out  of  110  skeletons  at  St 

 Hilda’s  with  one  or  more  surviving  vertebrae  showed  evidence  of  spinal  joint  disease, 

 which  is  often  linked  to  occupational  stress  and  labour.  This  is  much  higher  than  the 
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 10-14%  range  post-medieval  Britain  found  by  Roberts  and  Cox  (2003:  352),  and  exceeds 

 rates  from  other  working-class  industrial  sites;  56.6  %  of  the  skeletons  from  St  Luke’s, 

 Islington  showed  evidence  of  spinal  degeneration,  for  example  (Raynor  et  al.  2011:  65; 

 Boyle  et  al.  2005:  241).  The  high  prevalence  of  maxillary  sinusitis  (17.5%  of  skeletons 

 were  affected  compared  to  a  post-medieval  average  of  6.9%)  and  possible  case  of  “phossy 

 jaw”,  both  of  which  are  linked  to  air  quality  and  environmental  pollutants,  may  be  further 

 markers  of  industrialisation  and  chemical  contamination  of  the  environment  (Roberts  et 

 al.  2016:  44;  Marx  2008),  suggesting  that  economic  development  came  at  the  expense  of 

 respiratory health. 
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	5.4	 	St	Lawrence’s,	Warwick	

	5.4.1	 	Background	

 The  site  of  St  Lawrence’s  Church  is  located  within  the  modern  city  of  Warwick, 

 but  would  have  occupied  agricultural  land  outside  of  the  medieval  settlement  (Stephens 

 1969;  Gethin  n.d.)  (Figure  5.3).  It  is  not  known  when  the  church  first  came  into  existence, 

 but  in  1123  it  was  gifted  along  with  seven  other  religious  houses,  which  included  a  priory 

 and  leprosarium,  to  the  newly  established  St  Mary’s  collegiate  church  (Gethin  n.d.:  6).  St 

 Mary’s  functioned  as  the  parish  church  of  Warwick  and,  like  other  medieval  collegiate 

 churches,  fell  beyond  diocesan  jurisdiction  meaning  that  it  could  administer  its 

 considerable  holdings  independently  (Willoughby  2012:  331;  Proudfoot  1983:  231; 

 Gethin  n.d.).  As  such,  St  Lawrence’s  formed  part  of  a  localised  religious  network  within 

 the Warwick area. 

 Figure  5.3  Detail  of  Warwick  from  Speed  (1610).  St  Lawrence’s  was  in  the  pastoral  lands  to  the  south  of  the 
 city. 
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 Documentary  data  for  Warwickshire  (e.g.,  Domesday  Book  and  the  Hundred 

 Rolls)  suggest  an  expanding  population  and  economy  from  the  11  th  -13  th  centuries  (John 

 1997).  This  growth  was  most  pronounced  in  the  northern  part  of  the  county  (in  which 

 Warwick  is  located),  which  had  previously  been  forested-covered  and  sparsely  populated 

 (John  1997:  42;  Harley  1958:  18).  Like  many  of  Warwickshire’s  churches,  St  Lawrence’s 

 church  expanded  over  this  period  and  historical  texts  describe  it  as  possessing  structural 

 flourishes  (e.g.,  a  steeple)  that  imply  an  investment  beyond  the  strictly  functional 

 (Proudfoot  1983:  232;  Gethin  n.d.:  8).  This  period  of  prosperity  seems  to  have  been  short 

 lived,  however,  as  the  coming  of  the  14  th  century  heralded  dramatic  changes  for  the 

 county.  Though  some  postulate  the  Black  Death  epidemic  of  1348-1350  as  the  cause, 

 others  theorise  that  the  area  was  either  approaching  or  exceeding  carrying  capacity  before 

 this  and  that  a  combination  of  environmental  and  anthropogenic  factors  tipped  the  region 

 beyond  sustainability  (Slavin  2013;  John  1997:  41;  Proudfoot  1983;  Harley  1958:  18; 

 Gethin  n.d.).  Certainly,  throughout  England  and  Wales  extreme  weather  events  – 

 torrential  rain,  flooding  and  freezing  winters  –  from  1314  to  1317,  led  to  crop  failures  and 

 food  shortages  which,  exacerbated  by  food  hoarding  and  aggressive  price  rises, 

 culminated  in  the  Great  Famine  (Slavin  2013).  At  a  local  level,  Warwickshire  seems  to 

 have  been  badly  affected  as  it  appears  that  agricultural  production  was  already  struggling 

 to  keep  pace  with  demographic  growth  and  there  was  a  consequent  decline  in 

 Warwickshire’s  population  and  a  concomitant  dip  in  church  maintenance  (John  1997:  41; 

 Proudfoot  1983;  Harley  1958:  18;  Gethin  n.d.).  The  parish  of  St  Lawrence’s  was  almost 

 certainly  a  victim  of  these  adverse  times  and  in  the  latter  14  th  century,  the  dilapidated  St 

 Lawrence’s  was  ordered  to  close  along  with  several  other  small  local  churches  (Gethin 

 n.d.: 15). 
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	5.4.2	 	Excavations	and	Osteological	Analysis	

 The  site  was  initially  excavated  in  2009  by  Archaeology  Warwickshire  with 

 results  summarised  by  Gethin  (n.d.)  in  an  as  yet  unpublished  report.  The  architectural  and 

 material  finds  conform  to  the  picture  presented  by  the  documentary  evidence.  The  oldest 

 piece  of  masonry  found  was  a  Norman  capital  while  the  nave  is  likely  to  be  the  earliest 

 portion  of  the  church  exposed  by  the  excavators  (Gethin  n.d.:  8).  The  nave  was 

 constructed  of  rough  sandstone  blocks  covered  with  white  mortar;  decorative 

 embellishment  must  have  been  present  though  as  stone  fragments  were  painted  white  with 

 traces  of  red,  black  and  yellow  (Gethin  n.d.:  8).  The  north  aisle  was  a  later  addition,  in  all 

 probability  made  at  a  time  of  greater  affluence;  the  walls  were  wider  and  constructed  of 

 higher  quality  stonework  than  those  of  the  nave  (Gethin  n.d.:14).  Further  excavations 

 were  conducted  in  2015  (Hill  n.d.:  1);  little  information  is  currently  available  on  the 

 archaeological  findings,  but  the  scope  of  the  project  appears  to  have  been  limited  and  not 

 resulted  in  anything  that  would  contradict  the  inferences  drawn  from  the  previous 

 excavations.  Both  seasons  encountered  graves  from  the  churches’  cemetery  which  for  the 

 most  part  were  organised  into  rows  with  substantial  intercutting  (Hill  n.d.:  1).  By  the  end 

 of  excavations  in  2010,  174  skeletons  along  with  59  deposits  of  disarticulated  remains 

 had  been  found  (Newman  2019:  1;  Gethin  n.d.:  10-13);  22  more  burials  were  uncovered 

 in  2015  (Hill  n.d.:  1-2).  The  skeletons  were  analysed  separately  with  results  contained  in 

 two unpublished reports by Newman (2019) and Hill (n.d.) which are synthesised here. 

 In  total,  196  skeletons  have  been  recovered  and  analysed  (Newman  2019:  1;  Hill 

 n.d.:  1).  Although  preservation  varied  over  the  site,  both  reports  indicate  that  most 

 skeletons  were  highly  fragmented  (Newman  2019:  19;  Hill  n.d.:  2),  probably  as  a  result  of 

 intercutting.  Of  the  174  skeletons  in  which  skeletal  maturity  could  be  determined,  63 

 (36.2%)  were  immature  and  111  (63.8%)  mature  (Newman  2019:  17-18;  Hill  n.d:  7-10). 
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 Sex  could  be  estimated  for  72  mature  skeletons;  34  (47.2%)  mature  skeletons  were 

 estimated  to  be  female,  compared  to  38  (52.8%)  males  (Newman  2019:  19;  Hill  n.d.:  2). 

 Age  estimation  for  122  skeletons,  revealed  two  mortality  peaks.  The  first  of  these  was  in 

 childhood  with  55  (45.1%)  individuals  estimated  to  have  died  before  11  years  of  age. 

 Then,  after  a  decline  in  mortality  during  adolescence  and  early  adulthood,  a  second  peak 

 develops  and  58  (47.5%)  individuals  from  the  sample  are  estimated  to  have  died  after  26 

 years  of  age  (Newman  2019:  19).  Mean  female  stature  was  estimated  to  be  159  cm  with  a 

 range  of  150-167  cm,  while  estimated  mean  male  stature  was  169  cm  with  a  range  of 

 161-179  cm  (Newman  2019:  20);  these  are  consistent  with  female  and  male  averages 

 (159  cm  and  171  cm  respectively)  for  late  medieval  Britain  (  circa  1050-1550)  (Roberts 

 and  Cox  2003:  248).  Overall,  the  pattern  described  is  consistent  with  a  normal  living 

 population – e.g., near-equal sex ratio and close-to-average statures. 

 A  more  recent  research  project  by  Nolan  (2019)  has  suggested  the  mortality 

 profile  was  unusual,  however.  Nolan  (2019)  employed  a  transition  analysis  to  estimate 

 age-at-death  more  precisely  (Section  7.2.3.1.1),  and  found  that  the  mortality  peaks  for 

 individuals  <10  years  and  >70  years  were  higher  than  expected  when  compared  to  a 

 normal  attritional  or  catastrophic  mortality  profile.  As  famines  typically  impact  the  more 

 vulnerable  members  of  a  community  (i.e.,  the  youngest  and  oldest),  it  was  argued  the 

 population  suffered  a  period  of  severe  resource  scarcity  leading  to  deaths  directly  through 

 starvation  as  well  as  indirectly  through  suppressed  immune  response  and  increased 

 disease  susceptibility  (Nolan  2019:  47-50;  Yaussy  et  al.  2016).  This  supposition  seems 

 credible  when  viewed  alongside  the  palaeopathological  evidence  from  the  osteological 

 reports.  Newman  (2019:  10-15)  noted  two  skeletons  with  diffuse  but  largely  symmetrical 

 PNBF.  Hypertrophic  osteoarthropathy  (HOA)  –  often  a  secondary  condition  associated 

 with  chronic  pulmonary  conditions  (e.g.,  lung  cancer,  pulmonary  tuberculosis)  (Grauer 
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 2019:  503;  Binder  and  Saad  2017;  Mays  and  Taylor  2002)  –  was  suggested  as  a  potential 

 differential  diagnosis.  Hill  (n.d.)  also  identified  a  skeleton  with  elongated  and  distally 

 thinned  phalanges  consistent  with  tuberculous  dactylitis  (Roberts  and  Buikstra  2019:  339) 

 as  well  as  the  fusion  of  nine  thoracic  vertebrae  along  with  centrum  destruction  leading  to 

 severe  anterior  kyphosis  (Figure  5.4).  The  abnormal  curvature  of  the  spine  was  identified 

 as  Pott’s  disease  (tuberculous  spondylitis),  which  is  virtually  pathognomonic  of 

 tuberculosis  and  often  results  from  the  haematogenous  spread  of  the  disease  –  usually 

 from  the  lungs  (Roberts  and  Buikstra  2019:  327;  Hill  n.d.:  4;  Garg  and  Somvanshi  2011: 

 445).  These  cases  suggest  a  population  in  which  chronic  disease  (possibly  the 

 consequence  of  resource  insufficiency)  played  a  major  role  in  determining  life-course 

 outcomes. 

 Figure 5.4 Vertebral body collapse and severe thoracic kyphosis in SK 34 (Hill n.d.: 5). 
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	5.5	 	All	Saints’	Church,	York	(“The	Barbican”)	

	5.5.1	 	Background	

 The  cemetery  of  All  Saints’  Church  is  located  immediately  outside  the  medieval 

 walls  of  York  (McIntyre  and  Bruce  2010:  32;  Bruce  2003:  8).  Situated  at  the  confluence 

 of  the  rivers  Ouse  and  Foss  (Figure  5.5),  York  was  founded  in  71  CE  (Campbell  2009:  4; 

 Bruce  2003:  9).  What  was  initially  a  military  and  administrative  centre  developed  into 

 one  of  the  largest  cities  in  Roman  Britain  (McIntyre  2015:  413-415;  Bruce  2003:  9).  The 

 city  remained  an  important  centre  in  the  post-Roman  period  and  was  the  capital  of 

 Northumbria  in  the  7  th  century  (Bruce  2003:  10;  Toswell  2000).  From  the  mid-8  th  to 

 mid-10  th  century,  York  thrived;  there  is  archaeological  evidence  for  a  mint  and  craft 

 production,  as  well  as  the  incorporation  of  the  city  into  an  international  network  of  trade 

 (Lund  and  Sindbaek  2021;  Bruce  2003:  10;  Sindbaek  2007).  However,  after  being  first 

 absorbed  into  the  unified  English  kingdom,  following  several  revolts  the  city  was  laid 

 waste  during  the  early  Norman  period  (Bruce  2003:  10;  Kappelle  1979).  Despite  this, 

 medieval  York  remained  a  focal  point  for  production  and  trade  during  the  12  th  -15  th 

 centuries;  artisans  (e.g.,  masons,  goldsmiths  and  glass  painters)  practised  their  crafts, 

 grain  and  wool  was  stored  in  the  city  for  export  to  Europe,  while  both  staples  (e.g.,  fish 

 and  shellfish)  as  well  as  luxury  products  (e.g.,  spices  and  wine)  were  imported  (Goldberg 

 2019:  163;  Mahoney  Swales  2012:  220;  Barrett  et  al.  2004:  619-621;  Tilliot  1961: 

 84-106).  Given  the  abundance  of  material  wealth,  the  city  grew  into  a  busy  and 

 sometimes  overcrowded  hub  (Goldberg  2019:  175;  Watts  2011:  570;  Dyer  1989).  Though 

 the  church  may  have  an  earlier  origin,  it  is  in  this  later  period  that  All  Saint’s  is  first 

 mentioned  as  a  gift  to  Whitby  Abbey  in  the  11  th  century.  The  church  was  closed  with  the 

 Abbey  in  the  mid-16  th  century,  however,  and  effectively  faded  from  the  historical  record 
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 with  the  site  being  used  for  the  construction  of  a  cattle  market  in  the  1820’s  (McIntyre 

 and Bruce 2010: 32; Bruce 2003: 5-10). 

 Figure  5.5  John  Speed’s  (1611)  map  of  York.  Despite  its  recent  closure,  All  Saints’  Church  had  already 
 begun to fade from memory and is not marked. The church’s approximate location has been added in red. 

	5.5.2	 	Excavations	and	Osteological	Analysis	

 In  2003  an  archaeological  investigation  was  initiated  in  the  presumed  area  of  the 

 “lost”  church  (Bruce  2003:  5).  Fourteen  trenches  were  dug  uncovering  the  foundations  of 

 the  church,  a  variety  of  ceramics  and  building  materials  dated  to  the  Roman  and  medieval 

 period  and,  in  three  trenches,  31  articulated  human  skeletons  as  well  as  large  quantities  of 

 disarticulated  remains  (Bruce  2003:  24).  Due  to  the  density  of  burials  and  intercutting  it 
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 was  believed  that  the  cemetery  had  been  in  use  for  a  substantial  period  and  that  further 

 excavation  would  reveal  a  large  cemetery  (Bruce  2003:  53).  More  extensive 

 archaeological  investigation  between  2007-2008  uncovered  over  six  hundred  skeletons  so 

 that  in  total  667  individuals  were  recovered  (McIntyre  and  Bruce  2010).  It  was  noted  that 

 not  all  skeletons  conformed  to  the  same  burial  pattern,  however,  and  that  some  likely 

 originated  from  different  eras  of  York’s  long  history.  Specifically,  a  cluster  of  seven 

 inhumations  in  the  northwest  corner  of  the  site  were  orientated  on  an  approximately 

 north-south  axis,  suggesting  a  non-Christian  burial  –  an  inference  supported  by  the 

 discovery  of  grave  goods  (e.g.,  rings  and  brooches)  dated  to  the  Roman  period  (McIntyre 

 and  Bruce  2010:  33).  A  further  113  skeletons  were  discovered  closely  packed  into  ten 

 mass  graves.  It  is  likely  that  they  are  the  skeletons  of  soldiers  that  died  during  the  siege  of 

 York  in  1644  –  later  osteological  analyses  found  most  of  these  skeletons  belonged  to 

 younger  mature  males,  adding  weight  to  this  interpretation  (McIntyre  2016;  McIntyre  and 

 Bruce  2010:  36).  Due  to  the  small  number  of  the  Roman  remains  and  the 

 demographically-biased  nature  of  the  mass  graves,  these  skeletons  were  excluded  from 

 analysis in this study. 

 The  remaining  547  skeletons  followed  a  common  west-east  alignment  but  with 

 substantial  truncation  of  graves  believed  to  be  the  result  of  prolonged  use  of  the  area 

 without  burial  markers.  Despite  a  scarcity  of  artefactual  finds  to  independently  confirm 

 the  cemetery’s  period  of  use,  due  to  the  burial  alignment  and  vicinity  to  the  medieval 

 church  it  is  believed  that  these  are  Christian  era  inhumations  dating  approximately  to  the 

 11  th  -16  th  century  (McIntyre  and  Bruce  2010:  33-34;  Bruce  2003:  10-11).  As  a  result  of 

 grave  intercutting  and  post-medieval  construction  (i.e.,  the  cattle  market),  most  of  the 

 skeletons  are  only  partially  present  –  235  (42.9%)  are  less  than  25.0%  complete 

 (McIntyre  n.d.:  12)  (Figure  5.6).  Nevertheless,  preservation  was  generally  good,  with 
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 little  or  no  surface  degradation  for  most  of  the  recovered  bones  (McIntyre  n.d.:  14).  Three 

 hundred  and  sixty-four  (66.5%)  of  the  skeletons  were  mature;  for  334  of  these,  sex  could 

 be  estimated,  revealing  an  approximately  equal  sex  distribution:  162  (48.5%)  were 

 estimated  to  be  female  and  172  (51.5%)  male  (McIntyre  n.d.:  17).  The  average  female 

 stature  was  estimated  to  be  159  cm  while  the  average  estimated  male  stature  was  170  cm 

 (McIntyre  n.d.:  16);  these  values  fall  very  close  to  female  and  male  averages  (159  cm  and 

 171  cm  respectively)  for  late  medieval  Britain  (  circa  1050-1550)  (Roberts  and  Cox  2003: 

 248).  Among  the  mature  skeletons,  mortality  peaks  in  the  35-49  years  age  category.  For 

 the  skeletally  immature  cohort,  mortality  declines  after  a  high  in  the  early  postnatal  period 

 (McIntyre  n.d.:  20).  From  this  it  has  been  surmised  that  medieval  burials  in  the  Barbican 

 assemblage  represent  a  normal  living  population  with  an  attritional  mortality  profile 

 (Gowland and Chamberlain 2005: 146; McIntyre n.d.: 20). 

 Figure  5.6  Osteological  assessments  of  the  York  Barbican  assemblage  have  been  complicated  as  a  result  of 
 grave  cutting  by  extensions  to  the  medieval  church  (a)  and  later  structures,  such  as  the  cattle  market,  as  well 
 as intermingling of remains (b) from prolonged cemetery usage. Images from Bruce and McIntyre (2010). 
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 Several  interesting  findings  have  also  emerged  from  more  in-depth  analysis  of  the 

 assemblage  and  its  archaeological  context  (McIntyre  n.d.;  Bruce  2003).  For  instance, 

 leprosy  was  present  in  the  population.  Five  skeletons  (four  females  and  one  male)  have 

 lesions  (such  as  resorption  of  the  anterior  maxillary  alveolus  and  rounding  of  the  nasal 

 aperture)  that  are  likely  the  result  of  prolonged  Mycobacterium  leprae  infection 

 (McIntyre  n.d.:  50).  As  leprosy  is  usually  transferred  when  in  close  proximity  to  sufferers 

 for  extended  periods  (Kelmelis  et  al.  2020:  175;  Barreto  et  al.  2014),  this  further  suggests 

 that  the  densely  populated  cemetery  reflected  the  living  conditions  of  many  residents 

 (McIntyre  n.d.:  50;  McIntyre  and  Bruce  2010:  33-34;  Bruce  2003:  10-11).  Aside  from 

 infectious  disease,  it  has  also  been  proposed  that  physical  activity  and  traumatic  events 

 influenced  life  experiences.  Regarding  the  former,  both  males  and  females  had  high  rates 

 of  lesions  that  can,  among  other  things,  be  associated  with  intense  or  chronic  physical 

 strain;  there  is  ample  evidence  for  dislocation  as  well  as  fracture  and  45%  of  the  skeletons 

 had  some  form  of  joint  degeneration  (McIntyre  n.d.:  24-42).  The  observation  of  a  likely 

 puncture  wound  in  the  right  ilium  of  one  female  skeleton  has  also  been  used  to  imply  that 

 trauma  was  not  always  accidental,  but  sometimes  the  result  of  violence  (McIntyre  n.d.: 

 32).  Meanwhile,  the  find  of  a  female  skeleton  with  the  remains  of  a  perinate  in  the  pelvic 

 region  with  its  head  orientated  toward  the  pubic  symphysis  has  been  interpreted  as 

 evidence  of  obstetric  fatality  and  poignantly  illustrates  the  dangers  for  both  mother  and 

 child  during  pregnancy  and  birth  –  though,  due  to  the  presence  of  LEH,  tibial  PNBF  and 

 generally  small  stature  of  the  female,  it  has  been  suggested  that  stress  during  the  mother’s 

 development may have been a complicating factor (McIntyre n.d.: 78; Bruce 2003: 53). 
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	5.6	 	Sample	Selection	and	Implications	

 As  dental  wear  was  the  key  determinant  to  inclusion,  certain  biases  were  created 

 in  the  study’s  skeletal  sample  when  compared  to  the  full  assemblages  (Table  5.1-Table 

 5.2).  Specifically,  individuals  needed  to  possess  antimeric  M1s  in  sufficiently  good 

 condition  that  the  occlusal  outline  was  clear  and  homologous  points  identifiable.  This  is 

 obviously  limiting  when  studying  past  populations  in  which  diets  were  generally  abrasive, 

 causing  rapid  attrition  of  enamel  and  destruction  of  coronal  features  (Hillson  2005: 

 214-215)  (Figure  9.13).  Thus  the  skeletons  analysed  in  this  project  represent  a  subsample 

 of  the  assemblages  discussed  throughout  this  chapter  so  far.  To  illustrate,  although  over 

 six  hundred  skeletons  were  recovered  from  Black  Gate  (Nolan  et  al.  2010:  148),  only  84 

 could  be  assessed.  Similarly,  33  individuals  were  analysed  from  South  Shields,  30  from 

 Warwick  and  73  from  York  Barbican.  Inevitably  some  degree  of  disparity  between  the 

 estimates  of  stress  experience  for  the  sample  and  the  actual  living  population  can  be 

 expected,  especially  as  mean  shapes  are  influenced  by  sample  size  and  this  project  relied 

 heavily  upon  measures  derived  from  means  (Sections  7.4  and  7.5)  (Cardini  et  al.  2019; 

 Cardini  et  al.  2015;  Cardini  and  Elton  2007).  Moreover,  as  dental  wear  is  age-progressive, 

 a  disproportionately  large  number  of  mature  skeletons  were  excluded.  Returning  to  the 

 Black  Gate  assemblage,  Mahoney  Swales  (2019)  found  that  68.6%  of  individuals  were 

 skeletally  mature  while,  in  contrast,  only  56.0%  of  the  Black  Gate  skeletons  in  the 

 project’s  sample  were.  The  requirement  for  well-preserved  teeth  therefore  led  to  a  bias 

 towards  the  inclusion  of  younger,  skeletally  immature  individuals  and  the  likelihood  of 

 being  excluded  from  the  sample  increased  with  age  –  it  was  noted,  for  instance,  that  only 

 five  of  the  217  skeletons  in  the  sample  were  associated  with  point  estimates  of  age  greater 

 than 60 years (Section 8.2.1). 
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 Site  Immature  Mature  Reference 

 Black Gate  sample 
 full assemblage 

 37 (44.0%) 
 202 (31.4%) 

 47 (56.0%) 
 441 (68.6%)  Mahoney Swales 2019 

 South Shields  sample 
 full assemblage 

 14 (42.4%) 
 87 (42.6%) 

 19 (57.8%) 
 117 (57.4%)  Raynor  et al.  2011 

 Warwick  sample 
 full assemblage 

 20 (69.0%) 
 63 (36.2%) 

 9 (31%) 
 111 (63.8%)  Newman 2019; Hill n.d. 

 York Barbican  sample 
 full assemblage 

 33 (47.1%) 
 183 (33.5%) 

 37 (52.9%) 
 364 (66.5%)  McIntyre n.d. 

 Table  5.1  Frequency  of  skeletally  immature  and  mature  individuals  recovered  from  each  site  as  well  as 
 included in the study sample. 

 Site  Female  Male  Reference 

 Black Gate  sample 
 full assemblage 

 12 (35.3%) 
 173 (49.3%) 

 22 (64.7%) 
 178 (50.7%)  Mahoney Swales 2019 

 South Shields  sample 
 full assemblage 

 5 (35.7%) 
 52 (50.5%) 

 9 (64.3%) 
 51 (49.5%)  Raynor  et al.  2011 

 Warwick  sample 
 full assemblage 

 4 (58.3%) 
 34 (47.2%) 

 3 (48.7%) 
 38 (52.8%)  Newman 2019; Hill n.d. 

 York Barbican  sample 
 full assemblage 

 15 (50%) 
 162 (48.5%) 

 15 (50%) 
 172 (51.5%)  McIntyre n.d. 

 Table  5.2  Frequency  of  females  and  males  among  the  skeletally  mature  individuals  for  whom  sex  could  be 
 estimated  from  each  assemblage  as  well  as  included  in  the  study  sample.  Note  the  bias  towards  males  in  the 
 samples from Black Gate and South Shields. 

 Figure  5.7  Dental  wear,  which  is  very  common  in  past  populations  as  shown  above,  necessitated  the 
 exclusion of many skeletons from the sample, especially those associated with older individuals. 
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 Given  that  frequencies  of  stress  marker  presence  often  vary  between  immature 

 and  mature  cohorts  (e.g.,  Blakey  and  Armelagos  1985),  thus  implying  significant 

 disparities  in  stress  experience  between  non-survivors  and  survivors,  the  estimates  of 

 early-life  stress  generated  from  the  sample  likely  distort  experiences  endured  by  the  living 

 population.  Moreover,  as  up  until  approximately  three  years  of  age  M1s  remain  covered 

 by  the  alveolar  bone  (Figure  9.14a),  and  without  resorting  to  destructive  methods  were 

 largely  unobservable  through  the  methods  detailed  in  Chapter  7,  the  immature  cohort 

 analysed  here  underrepresented  the  youngest  skeletons.  Given  the  high  perinatal/infant 

 mortality  rates  in  past  populations,  the  near-exclusion  of  this  subset  further  skewed  results 

 (Newton  2015:  218;  Pozzi  and  Ramiro  Fariñas  2015:  55;  Vallin  1991).  One  might  wonder 

 whether  the  stress  experience  of  individuals  that  did  not  manage  to  survive  this  period  of 

 life  significantly  differed  from  the  immature  cohort  generally.  For  example,  do  they 

 represent  orphans  that  did  not  benefit  from  postnatal  maternal  support  or  was  maternal 

 buffering  insufficient  to  mitigate  the  most  extreme  stressors?  Moreover,  some  individuals 

 most  severely  affected  by  early-life  stress  were  likely  excluded  by  the  methodology’s 

 reliance  on  configurations  containing  homologous  landmarks  (Chapter  7).  That  is,  a  small 

 number  of  skeletons  could  not  be  included  due  to  gross  dental  defects  rendering  their 

 occlusal  surface  highly  irregular  and  incomparable.  Individuals  from  Black  Gate  and 

 Warwick,  for  example,  had  gross  hypoplasia  possibly  related  to  the  transplacental 

 transmission  of  infection  from  mother  to  foetus  (Roberts  and  Buikstra  2019:  399;  Ortner 

 2003:  595;  Aufderheide  and  Rodríguez-Martín  1998:  405-406)  (Figure  9.14b).  For  the 

 purposes  of  assessing  maternally-mediated  early-life  stress  (especially  severe  stress),  such 

 individuals would likely have been very informative. 
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 Figure  5.8  M1s  from  BG  477.  The  right  M  1  was  not  assessable  because  it  was  still  lodged  in  the  alveolar 
 process  (a).  Even  if  it  were  free,  the  gross  enamel  defects  which  affect  both  teeth,  and  are  most  clearly  seen 
 on the left tooth (b), make it impossible to apply methods reliant on identifying homologous landmarks. 

 Meanwhile,  the  underrepresentation  of  older  mature  skeletons  due  to  dental  wear 

 probably  impacted  the  exploration  of  early-life  stress  on  later-life  frailty.  Many  chronic 

 later-life  diseases  associated  with  early-life  programming  typically  have  a  late  age  of 

 onset  (e.g.,  the  risk  of  coronary  heart  disease  increases  dramatically  after  60)  (e.g., 

 Rodgers  et  al.  2019:  1;  Barker  2012;  Yazdanyar  and  Newman  2009;  Roseboom  et  al. 

 2000;  Barker  and  Osmond  1986).  As  most  of  these  conditions  do  not  typically  produce 

 osteological  signs,  it  might  be  argued  that  the  inclusion  of  larger  numbers  of  mature 

 skeletons  would  not  be  overly  fruitful.  However,  such  pathologies  increase  frailty  and 

 mortality  generally  (e.g.,  Mozaffarian  et  al.  2016;  Sanchis-Gomar  et  al.  2016:  6; 

 Roseboom  et  al.  2001);  age-at-death  distributions  in  older  mature  individuals  would 

 therefore  have  likely  been  of  interest.  To  summarise,  although  unavoidable,  the 

 requirement for well-preserved M1s rendered certain parts of the life-course obscure. 
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	5.7	 	Conclusion	

 The  assemblages  of  the  study  sample  represent  a  variety  of  time  periods, 

 geographic  regions  and  scales  of  urban  development.  The  Black  Gate  cemetery  can  be 

 characterised  as  early-medieval  (  circa  500-1000  CE),  the  York  Barbican  and  Warwick 

 collections  date  to  the  late  medieval  period  (  circa  1000-1500  CE),  while  the  South 

 Shields  sample  is  from  the  industrial  period  (Steckel  et  al.  2019:  7).  Although 

 categorising  samples  by  period  in  such  a  way  can  be  reductionist  –  in  that  it  implies 

 relatively  dramatic,  universal  breaks  in  the  historical  record,  rather  than  variable  and 

 gradual  transitions  –  it  does  facilitate  comparisons  between  sites  and  with  published  data 

 (Steckel  et al.  2019: 1-10). 

 Three  of  the  sites  (Black  Gate,  York  Barbican  and  South  Shields)  are  located  in  the 

 northeast  of  England,  while  Warwick  is  central.  The  York  Barbican  and  South  Shields 

 sites  can  be  described  as  urban  (i.e.,  settlements  of  high  population  density,  market 

 economy,  etc),  although  urban  environments  in  the  medieval  and  industrial  periods  were 

 substantially  different  (e.g.,  in  types  of  industry  present  and  their  environmental  impact) 

 (DeWitte  and  Betsinger  2020:  2-21).  The  Black  Gate  and  Warwick  sites  are  more  rural  in 

 nature.  The  Black  Gate  cemetery  likely  served  as  a  focal  point  for  surrounding  rural 

 communities,  while  the  church  of  St  Lawrence’s,  although  located  close  to  Warwick,  was 

 associated  with  a  small  parish  beyond  the  town’s  walls  surrounded  by  arable  land 

 (Mahoney  Swales  2012;  Nolan  et  al.  2010;  Boulter  and  Rega  1993;  Stephens  1969; 

 Gethin n.d.). 

 From  past  osteological  analyses  and  research  projects  it  can  be  implied  that  the 

 osteological  collections  associated  with  each  site  are  a  fairly  representative  sample  of  a 

 living  population  –  there  are  no  substantial  sex  biases,  attritional  mortality  is  present 
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 (although  mortality  among  more  vulnerable  individuals  may  have  been  higher  at 

 Warwick)  and  stature  ranges  appear  comparable  to  contemporary  sites  (Newman  2019; 

 Nolan  2019;  Raynor  et  al.  2011;  Gowland  and  Chamberlain  2005:  146;  Gethin  n.d.; 

 McIntyre  n.d.).  A  variety  of  factors  have  been  identified  as  important  to  life-course 

 trajectories;  some  of  these  are  site-specific  (e.g.,  airborne  industrial  pollutants  at  South 

 Shields),  while  others,  such  as  physically-arduous  adult  life-styles,  appear  to  be  more 

 ubiquitous (Newman 2019;  Raynor  et al.  2011;  Gethin  n.d.; McIntyre n.d.). 

 Although  early-life  stress  has  been  discussed  in  previous  research,  fluctuating 

 asymmetric  variance  in  first  permanent  molars  has  never  been  quantified  in  any  of  these 

 populations.  An  assessment  of  M1  asymmetry  with  these  materials  therefore  permitted 

 not  only  the  trial  of  an  original  method  for  inferring  maternally-mediated  early-life  stress 

 in  past  human  populations,  but  also  the  exploration  of  stress  experience  over  many 

 centuries  and  across  a  variety  of  contexts  and,  importantly,  with  reference  to  themes  such 

 as  environmental  change  and  economic  development.  It  was  thus  possible  to  generate 

 new  perspectives  about  the  contextually  dependent  factors  that  shaped  life-courses  at  each 

 site,  and  explore  themes  that  have  the  capacity  to  provide  valuable  information  on  issues 

 that  affect  both  modern  and  past  groups.  The  fundamental  requirement  for  erupted  and 

 relatively  well-preserved  M1s  did,  however,  prove  challenging.  So,  although  the  full 

 skeletal  assemblages  represent  normal  living  populations  fairly  well,  the  individuals 

 included  in  this  study  represent  a  biased  sample.  Specifically,  perinates  and  infants  along 

 with many older individuals were excluded from the analysis. 
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	Chapter	6:	 	Methods	–	Osteological	

	6.1	 	Introduction	

 The  following  chapter  details  the  methods  employed  to  generate  osteological 

 profiles  that  include  demographic  and  palaeopathological  data.  In  many  cases,  these 

 techniques  are  relatively  well-known  (e.g.,  the  traits  employed  to  estimate  sex).  However, 

 in  other  instances  a  choice  has  been  made  between  competing  methods  (such  as  the 

 adoption  of  a  Bayesian  approach  to  adult  age  estimation)  or  the  reasoning  behind  the 

 selection  may  not  be  obvious  (for  instance,  periodontal  disease  was  assessed  to  explore 

 underlying  physiology  rather  than  diet).  Consequently,  as  well  as  describing  the  methods 

 utilised  (to  permit  replication  of  the  experimental  protocol,  if  desired),  the  rationale 

 behind  their  use  is  also  expounded.  In  conjunction  with  the  Procrustean  index  of 

 fluctuating  asymmetry  (Chapter  7),  these  variables  enable  stress  experience  to  be  charted 

 across  the  life-course  so  that  within  and  between-group  patterns  can  be  quantitatively 

 investigated. 

	6.2	 	Demographic	Pro�iles	

 The  observations  collected  to  generate  age  and  sex  data  are  largely 

 well-recognised  and  widely  employed  due  to  their  inclusion  in  reference  texts  (e.g., 

 Brickley  and  Mitchell  2017;  Brickley  and  McKinley  2004).  However,  as  life-course 

 research  has  shown  that  mortality  is  related  to  early-life  stress,  additional  consideration 

 was  given  to  methods  of  age-at-death  estimation,  especially  in  older  individuals  for  whom 

 a  more  quantitatively  refined  approach  was  sought  (Temple  2014;  DeWitte  and  Wood 

 2008; Roseboom  et al.  2001). 
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	6.2.1	 	Sex	Estimation	

 Dimorphic  osteological  traits  in  the  skull  and  pelvis,  such  as  the  greater  sciatic 

 notch  (Figure  6.1),  were  assessed  to  estimate  sex  (Table  6.1).  These  morphological 

 characteristics  exist  on  a  spectrum  of  expression  and  were  scored  along  a  5-grade  scale; 

 grade  1  is  often  described  as  “female”,  2  as  “female?”,  3  as  “indeterminate”,  4  as  “male?” 

 and  5  as  “male”  (e.g.,  Ferembach  et  al.  1980:  518).  All  features  present  were  graded  and 

 the  median  grade  employed  as  a  summary  estimate.  Individuals  with  summary  estimates 

 of  grades  1-2  were  combined  into  a  “female”  group,  4-5  into  a  “male”,  while  sex  was 

 considered  indeterminate  for  remains  with  a  grade  of  3  (White  and  Folkens  2005: 

 385-397;  Buikstra  and  Ubelaker  1994:  15-20).  Given  that  these  categorisations  were 

 derived entirely from osteological observations, the resulting estimate was of  skeletal sex  . 

 Figure  6.1  Dimorphic  traits,  such  as  the  greater  sciatic  notch  shown  above,  were  graded  along  a  scale  of 
 1-5, with 1 and being typical of female and 5 male morphologies (Buikstra and Ubelaker 1994: 18). 
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 Dimorphic Traits  Description 
 Pelvis  Female  Male 

 Ventral  arc  (anterior  pubic 
 ridge  sweeping 
 inferolaterally) 

 Present  Absent 

 Subpubic concavity  Concave inferior pubic ramus  Straight  (or  slightly  concave) 
 inferior pubic ramus 

 Ischiopubic  ramus  (medial 
 aspect)  Sharp ridge  Flat, broad, blunt 

 Iliac crest  Flat, less distinct S-shape  Accented S-shape 
 Greater sciatic notch  Wide, open, U-shaped  Narrow, V-shaped 
 Obturator foramen  Triangular, sharp rims  Oval, rounded rims 
 Preauricular sulcus  Deep and well defined  Absent 

 Cranium 

 Nuchal crest  Smooth  or  slight  traces  of  nuchal 
 lines  Large, well-defined ledge/hook 

 Mastoid process  Small, minimal projection  Large,  width/length  much  greater 
 than external auditory meatus 

 Supraorbital margin  Palpably sharp, distinct edge  Thich  border,  blunt,  rounded 
 border 

 Glabella  Minimal  expression,  rounded 
 frontal bone 

 Rounded  prominence,  often  with 
 well-defined supraorbital ridges 

 Mandible 

 Mental eminence  Little or minimal eminence  Pronounced,  can  dominate 
 anterior mandible 

 Gonial angle  Eversion absent  Pronounced eversion/flare 
 Ramus angle  Shallow angle  Near right angle, flexed ramus 
 Ramus flexion  Minimal/absent  Accentuated 

 Table  6.1  Morphological  features  of  the  pelvis  and  cranium  employed  to  estimate  skeletal  sex  (White  and 
 Folkens  2005:  385-397;  Loth  and  Henneburg  1996;  Schwatrz  1995;  Buikstra  and  Ubelaker  1994:  15-20; 
 Ferembach  et  al.  1980,  Phenice  1969).  Features  are  expressed  on  a  spectrum  and,  for  brevity,  the 
 descriptions  above  represent  what  has  been  termed  as  “female”  and  “male”  or,  in  other  words,  the  most 
 distinct manifestations of skeletal sex (i.e., on a 5-grade scale, these would correspond to grades 1 and 5). 

 Although,  biomolecular  tests  are  becoming  progressively  more  accessible  (i.e., 

 aDNA  and  enamel  peptide  analyses)  and  they  provide  the  most  accurate  means  of 

 assessing  genetic  sex  from  osteological  remains  (Inskip  et  al.  2019;  Stewart  et  al.  2017), 

 they  were  not  available  for  use  in  this  case.  Additionally,  the  requirement  for  destructive 

 sampling  would  have  limited  sample  size.  As  the  accuracy  with  which  sex  can  be 

 estimated  from  skeletal  morphology  is  high  –  e.g.,  Phenice  (1969:  300),  reported  a  96% 

 accuracy  rate  based  upon  the  assessment  of  three  pelvic  features  –  it  is  unlikely  that  the 

 reliance on skeletal traits was a major drawback. 
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 Sex  was  not  estimated  in  immature  remains.  Although  skeletally  immature 

 remains  evidence  sexual  dimorphism,  it  is  subtle  and  difficult  to  assess  (Klales  and  Burns 

 2017;  Schutkowski  1993).  Consequently,  accuracy  when  estimating  sex  before  the 

 attainment  of  maturity  through  the  observation  of  morphological  features  is  low  (Klales 

 and Burns 2017; Schutkowski 1993). 

	6.2.2	 	Age	Estimation	through	Dental	Development	

 Age-at-death  estimation  in  younger  individuals  can  be  achieved  in  several  ways. 

 The  appositional  growth  of  long  bones  and  fusion  of  epiphyses,  for  example,  are 

 relatively  well-regulated  and,  under  ideal  circumstances,  it  is  possible  to  estimate  age 

 with  confidence  to  within  a  few  years.  However,  as  males  and  females  grow  and  mature 

 skeletally  at  different  rates  (Figure  6.2),  these  methods  are  confounded  by  an  inability  to 

 reliably  estimate  sex  in  immature  remains  (Section  6.2.1).  Furthermore,  as  malnutrition 

 and  disease  can  cause  delays  in  growth  and  epiphyseal  fusion,  the  projection  of 

 developmental  schedules  derived  from  modern  populations  onto  archaeological  samples 

 (which  often  exhibit  signs  of  adversity)  has  been  shown  to  over-estimate  age  (Schaefer  et 

 al.  2009;  Coqueugniot  and  Weaver  2007;  Smith  2007;  Scheuer  and  Black  2000;  Hoppa 

 1992;  Gindhart  1973;  Maresh  1970).  The  formation  and  eruption  of  teeth  is,  in  contrast, 

 highly  correlated  with  chronological  age  and  follows  a  predictable  pattern  that  is 

 comparable  within  and  between  populations  with  only  small  variations  between  sexes  and 

 groups  of  different  ancestry  –  an  exception  being  C  1  root  completion  (Section  7.3.2) 

 (Antoine  and  Hillson  2016:  223;  Harris  2016:  145;  Lewis  et  al.  2016;  Elamin  and 

 Liversidge  2013;  AlQahtani  et  al.  2010;  Liversidge  and  Marsden  2010;  Liversidge  et  al. 

 2006;  Chertkow  1980;  Christensen  and  Kraus  1965;  Kraus  and  Jordan  1965;  Moorrees  et 

 al.  1963). 
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 Figure  6.2  The  fusion  of  epiphyses,  such  as  those  found  distally  in  metacarpals  and  proximally  in 
 phalanges,  varies  according  to  sex,  with  males  reaching  maturity  later  than  females  (Schaefer  et  al.  2009: 
 227). 

 Several  atlases  of  dental  growth  have  been  published  to  estimate  age,  but  use  of 

 the  London  Dental  Atlas  (AlQahtani  et  al.  2010)  (Figure  6.3)  is  becoming  increasingly 

 widespread.  Being  developed  from  a  sample  of  176  pre-  and  early-postnatal  skeletal 

 remains  from  historical  known  age-at-death  collections  and  528  radiographs  from  living 

 participants  to  give  a  total  sample  size  of  704  individuals,  one  major  benefit  of  the 

 London  Atlas  is  its  representativeness.  From  this  sample,  for  the  period  between  the 

 second  and  twenty-fourth  year,  dental  growth  was  assessed  from  radiographs  associated 

 with  24  living  participants  (with  an  equal  sex  ratio)  per  year  (e.g.,  between  2  and  3  years 

 of  age,  dental  development  was  assessed  through  radiographs  from  12  females  and  12 

 males,  and  so  on).  Such  a  large  sample  with  verifiable  provenance  compares  favourably 

 with  earlier  atlases.  For  instance,  it  is  not  definitively  known  from  what  sample  Schour 

 and  Massler’s  (1941)  atlas  was  developed,  though  anatomical  and  radiographic  data  from 

 as  few  as  26  or  29  individuals  has  been  conjectured  (AlQahtani  et  al.  2010:  484;  Smith 

 1991).  Thus,  the  atlases  of  Schour  and  Massler  (1941)  and  Ubelaker  (1989),  have  large 

 gaps,  especially  in  the  teenage  years  (Ubelaker  1989:  64;  Schour  and  Massler  1941: 

 1154). 
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 Figure 6.3 The London Dental Atlas (AlQahtani  et al.  2010). 

 Although  the  accuracy  of  age  estimates  decreases  with  advancing  age, 

 unsurprisingly  when  these  three  atlases  were  tested  (AlQahtani  et  al.  2010;  Ubelaker 

 1989;  Schour  and  Massler  1941),  the  London  Dental  Atlas  performed  best.  Thus,  in  a 

 sample  of  1,506  individuals  with  documented  age,  it  was  found  that  the  difference 

 between  recorded  age  and  that  estimated  through  the  London  Atlas  was  +0.08  years  for 

 individuals  aged  1.0-1.9  years,  increasing  up  to  -1.83  for  individuals  aged  23.0-23.9 

 years.  The  mean  difference  overall  between  estimated  and  actual  age  for  the  London 

 Atlas  was  only  -0.10  years,  compared  to  -0.76  and  -0.80  years  for  the  Schour  and  Massler 

 (1941)  and  Ubelaker  (1989)  atlases  respectively.  Moreover,  for  ages  1  through  to  18 

 years,  the  differences  between  estimated  and  recorded  age  for  the  Schour  and  Massler 

 (1941)  and  Ubelaker  (1989)  atlases  were  statistically  significant  (p<0.05),  while  for  the 

 London  Atlas  they  were  not  (AlQahtani  et  al.  2014).  In  sum,  the  London  Dental  Atlas 

 offers  the  most  accurate  and  precise  method  of  assessing  chronological  age  in  immature 
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 skeletal  remains.  Estimating  age  through  the  dentition  alone  had  a  further  advantage  for 

 the  present  study,  as  long  bone  growth  could  be  used  as  a  physiological  stress  marker 

 (i.e.,  growth  attributable  to  age  could  be  estimated  by  comparing  bone  lengths  to  dental 

 age and residual variance then explored to infer the impact of stress on growth). 

 As  a  consequence,  rather  than  estimating  age  through  a  variety  of  less  accurate 

 techniques  (e.g.,  diaphyseal  length)  and  subjectively  balancing  results,  available  teeth 

 were  compared  to  the  London  Dental  Atlas  and  the  mean  age  was  calculated  to  give  an 

 estimate  of  dental  age  as  a  proxy  for  chronological  age  (AlQahtani  et  al.  2014:  71). 

 Although  this  approach  introduces  certain  biases  (e.g.,  the  timing  of  dental  development 

 is  more  variable  in  some  teeth  than  others)  (AlQahtani  et  al.  2014:  77),  it  has  been  proven 

 to  facilitate  explorations  of  the  impact  of  developmental  stress  on  later-life  outcomes 

 (e.g.,  Lewis  et  al.  2016;  Shapland  and  Lewis  2013).  Uncertainty  in  estimates  was 

 acknowledged by recording the range of possible ages implied by dental development. 

	6.2.3	 	Evaluating	Senescent	Changes	to	Estimate	Age	

 To  estimate  age-at-death  in  skeletons  with  fully  developed  dentition,  a  transition 

 analysis  was  conducted  to  interpret  stages  of  age-related  change  in  late-fusing  epiphyses 

 and  immobile  joints.  This  section  describes  the  analytical  method  through  which 

 transitions  between  stages  of  change  were  modelled  to  estimate  age  and  then  details  the 

 variables on which this procedure was conducted. 

	6.2.3.1	 	The	Transition	Analysis:	TA		3	

 To  address  concerns  associated  with  the  traditional  approach  to  age-at-death 

 estimation  in  mature  remains  (Section  2.4),  the  Rostock  Manifesto  was  published  in 

 “  Paleodemography.  Age  Distributions  from  Skeletal  Samples  ”  (Hoppa  and  Vaupel  2002a). 

 This  recommends  that  stages  of  age-related  change  are  validated  in  appropriate  reference 
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 samples  so  that  models  can  be  developed  to  estimate  –  the  probability  (  )  of  𝑃𝑟    ( 𝑐  |  𝑎 )  𝑃𝑟 

 observing  a  particular  suite  of  characteristics  (  )  given  age  (  ).  To  mitigate  age  mimicry  𝑐  𝑎 

 and  better  estimate  age  in  the  oldest  of  the  old,  it  emphasises  the  importance  of  setting 

 parameters,  such  as  the  expected  upper  limits  of  life  span  (ω)  a  priori  ,  through  the 

 utilisation  of  an  age  distribution  –  .  Through  this  it  is  possible  to  calculate  the  𝑓 ( 𝑎 )

 conditional  probability  of  an  individual  expressing  a  particular  set  of  characteristics  given 

 their  age,  which,  when  adjusted  for  the  integrated  marginal  probability  of  observing  those 

 characteristics  at  all  possible  ages,  gives  ,  or  the  posterior  probability  of  𝑃𝑟    ( 𝑎  |  𝑐 )

 age-at-death  given  those  observations  (Lynch  2007:  23;  Hoppa  and  Vaupel  2002b:  1-5). 

 This application of Bayes theorem is expressed as 

 A  transition  analysis  has  become  a  popular  option  through  which  to  translate  this 

 theory  into  practice  (e.g.,  Boldsen  et  al.  2021;  Getz  2020;  DeWitte  and  Yaussy  2019;  Getz 

 2017).  Although  accomplishable  in  various  ways  (e.g.,  Sasaki  and  Kondo  2016; 

 Tangmose  et  al.  2015;  Konigsberg  and  Frankenberg  2013:  163-168;  Konigsberg  and 

 Herman  2002),  in  the  current  study  the  Transition  Analysis  3  (TA  3  )  program  was 

 employed  (specifically  version  0.8.0  available  at  www.statsmachine.net/software  ).  By 

 assuming  that  stages  are  a  non-overlapping  series  through  which  progression  is  𝑖 =  1 ,...,  𝑛 

 unidirectional  and  sequential,  in  TA  3  the  probabilistic  relationship  between  age  and  the 

 stages  of  change  in  a  reference  sample  are  estimated  through  a  generalised  linear  model 

 with  a  logit  link  function  (Milner  et  al.  2021:  140;  Getz  2020:  𝑒𝑥𝑝    .( )    / ( 1 +  𝑒𝑥𝑝    (.))

 4-6;  Konigsberg  and  Frankenberg  2013:  164;  Boldsen  et  al.  2002:  82).  Thus,  for  the  j  th 

 individual  in  a  sample  of  skeletons  the  probability  trait  is  at  stage  ,  for  𝑗 =  1 ,  … ,  𝑛  𝑦  𝑖 

 example,  is  where  is  the  individual’s  age-at-death  and  𝑃𝑟     𝑦 
 𝑗 

=  𝑖  |     𝑎 
 𝑗 ( )   =  Δ ( α +  β  𝑎 

 𝑗 
)  𝑎 

 𝑗 
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 represents  the  inverse  of  the  model’s  link  function  (Getz  2020:  4-6;  Boldsen  et  al.  2002: ∆

 82).  The  model’s  α  and  β  coefficients  are  estimated  by  Maximum  Likelihood.  The  mean 

 age  of  transition  from  one  stage  to  the  next  is  calculated  as  α/β  with  a  standard  deviation 

 of  (Konigsberg  and  Frankenberg  2013:  164;  Boldsen  et  al.  2002:  82).  Though  3 − 1/2  π/β 

 unrealistic,  for  practical  purposes  if  it  is  assumed  that  the  probability  distribution  that  age 

 lies  between  15  and  110  years  is  uniform  (Milner  and  Boldsen  2012:  100),  the  probability 

 density  function  for  age  conditional  on  an  individual  being  in  the  i  th  stage  of  a  trait  is 

 therefore 

 As  the  proportionality  of  the  equation’s  denominator  is  a  constant  (Boldsen  et  al.  2002: 

 85),  the  likelihood  function  is  given  as  When  multiple  traits  𝐿  𝑎  |  𝑦 
 𝑗 

=  𝑖 ( )    ∝     𝑃𝑟  𝑦 
 𝑗 

=  𝑖  |  𝑎 ( ).

 from  are used, this is extended to  𝑘 =  1 ,...,  𝑚    

 to  produce  a  probability  distribution  (Getz  2020:  7;  Boldsen  et  al.  2002:  85-86).  Although 

 the  underlying  assumption  of  independence  of  traits  is  acknowledged  as  a  limitation  of 

 this  approach,  the  value  of  maximising  this  function  provides  the  maximum  likelihood  𝑎 

 estimate  for  age-at-death  in  the  j  th  skeleton  (Getz  2020:  7;  Boldsen  et  al.  2002:  85).  A 

 likelihood-based  95%  CI  can  be  read  from  the  curve,  allowing  the  point  estimate  to  be 

 supplemented  by  an  indication  of  uncertainty  (Getz  2020:  6;  Konigsberg  and  Frankenberg 

 2013:  164;  Boldsen  et  al.  2002:  85).  The  input  variables  assessed  through  this  procedure 

 are described in the following section. 
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	6.2.3.2			Input	Variables:	Grading	Stages	of	Change	

 The  variables  chosen  for  interpretation  through  the  transition  analysis  were 

 carefully  selected  and  included  a  range  of  late-fusing  epiphyses  and  degenerative  changes 

 at  immobile  joints  (Table  6.2).  Regarding  the  latter,  joints  can  be  treated  as  a  single 

 integrated  unit  or  a  suite  of  component  traits.  To  better  capture  the  varying  stages  of 

 change  throughout  joints,  each  was  divided  into  component  traits  (Kemkes-Grottenthaller 

 2002:  57-58).  Stages  of  age-related  change  were  graded  with  reference  to  images  and 

 descriptions in Milner  et al  . (2019). 

 Traits  Stage (graded) 
 Late fusing epiphyses  0  1  2  3 

 Spheno-occipital synchondrosis  Open  Closed  N.A.  N.A. 
 L1 superior epiphyseal ring  NF  PF  RL  FF 
 L1 inferior epiphyseal ring  NF  PF  RL  FF 
 L5 superior epiphyseal ring  NF  PF  RL  FF 
 L5 inferior epiphyseal ring  NF  PF  RL  FF 
 S1 and S2 fusion  Gap ≤10 mm  Gap >10 mm  Closed  N.A. 
 Medial clavicle  NF  PF  RL  FF 

 Auricular surface 
 Inferior surface porosity  Absent  Present  N.A.  N.A. 
 Superior posterior iliac exostoses  Smooth  Exostoses  N.A.  N.A. 
 Inferior posterior iliac exostoses  Smooth  Exostoses  N.A.  N.A. 
 Posterior exostoses  Absent  Discontinuous  Continuous  N.A. 

 Pubic symphysis 
 Symphyseal collar  Absent  Present  N.A.  N.A. 
 Symphyseal relief  Billows  Residual  Flat  N.A. 
 Superior protuberance  Serrated  Knob  Flat  N.A. 
 Ventral margin  Serrated  Rampart  Rim  Breakdown 
 Dorsal margin  Serrated  Flattened  Rim  Breakdown 
 Table  6.2  Stages  of  change  at  selected  traits.  Epiphyses  were  scored  as  either:  not  fused  (NF),  partially 
 fused  (PF),  fused  but  with  visible  remnant  line  (RL),  fully  fused  (FF).  Exostoses  were  defined  as  bony 
 protuberances.  On  bilateral  traits,  both  left  and  right  sides  were  recorded  when  present.  Descriptions  are 
 summaries of those provided in Milner  et al  . (2019). 

 This  specific  selection  of  traits  can  be  justified  for  several  reasons.  In  younger 

 adults,  late-fusing  epiphyses  (e.g.,  the  medial  clavicle)  can  be  assessed  to  estimate 

 age-at-death  to  within  a  relatively  small  timeframe,  while  they  serve  as  a  useful 

 benchmark  (akin  to  a  terminus  post  quem  )  for  older  individuals  (Schaefer  et  al.  2009; 

 Scheuer  and  Black  2000)  .  Meanwhile,  immobile  joints  (e.g.,  the  pubic  symphysis) 
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 express  senescent  modifications  that  can  be  utilised  to  infer  age  even  after  skeletal 

 maturity  has  been  reached  (Buckberry  and  Chamberlain  2002;  Gosling  et  al.  2002; 

 Brooks  and  Suchey  1990;  Katz  and  Suchey  1986;  McKern  and  Stewart  1957;  McKern 

 1956;  Todd  1920)  (Figure  6.4).  Thus,  given  the  observed  changes  occur  across  the 

 lifespan,  it  is  possible  to  estimate  age  throughout  maturity  (Milner  et  al.  2021:  148).  As 

 deviations  to  the  normal  relationship  between  age  and  skeletal  change  are  unpredictable 

 (i.e.,  they  may  be  localised  or  dispersed),  the  “entire  skeleton”  method  was  employed  to 

 mitigate  the  effects  of  random  biases  in  the  age  estimation  process  (Milner  et  al.  2021: 

 140-142; Gowland 2007: 157; Todd 1920: 288). 

 Figure  6.4  An  example  of  stages  of  age-related  change  (i.e.,  from  billowed  relief  to  flat/irregular)  on  one 
 component  trait  (the  articular  surface)  of  the  pubic  symphysis.  A  billowed  symphyseal  surface  was  graded 
 “0”  (a);  when  the  symphyseal  face  was  largely  flat,  but  with  evidence  of  residual  billows  (i.e.,  two 
 consecutive  grooves,  as  indicated  by  red  arrows)  relief  was  graded  “1”  (b);  when  the  symphyseal  face  was 
 flat  or  irregular  with  a  defined  rim,  relief  was  scored  “2”  (c).  Images  from  Milner  et  al.’s  (2019:75-76) 
 “Trait Manual”. 
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	6.2.4	 	Summary	

 The  estimation  of  sex  and  age  with  the  methods  described  represent  the  most 

 effective  and  accurate  means  available  without  resort  to  destructive  techniques  (Inskip  et 

 al.  2019;  Stewart  et  al.  2017).  It  is  acknowledged  that  for  age  especially,  results  are 

 suggestive  of  broader  patterns  only;  that  is,  individual  point  estimates  of  age  are  subject 

 to  a  range  of  biases,  but  collectively  they  can  be  employed  to  investigate  sample-level 

 trends  in  mortality  (Getz  and  Byrnes  2021;  DeWitte  2018:  5).  As  such,  although  the 

 methods  are  not  free  from  uncertainties  and  it  should  be  emphasised  that  results  are 

 regarded  as  estimates  of  skeletal  sex  and  age  (Milner  et  al.  2021;  Boldsen  et  al.  2002:  82), 

 they  enabled  a  rigorous  investigation  of  differential  frailty  and  the  effect  of  early-life 

 stress on lifespan (DeWitte and Stojanowski 2015; Wood  et al.  1992). 

	6.3	 	Development	and	Later-life	Stress	Experience	

 This  section  focuses  on  the  recording  protocols  employed  in  the  collection  of  data 

 related  to  developmental  and  later-life  stress  experience.  The  osteological  characteristics 

 described  below  are  all  stress-responsive  in  some  way  and,  just  as  importantly,  their 

 development  can  be  tied  to  certain  periods  of  the  life-course.  They  thus  enable  stress 

 experience to be charted throughout life (Cheverko 2021: 69-70; Gowland 2015). 

	6.3.1	 	Non-speci�ic	Childhood	Stress	Indicators	

 As  previously  discussed  (Section  2.4),  CO  and  LEH  of  the  permanent  dentition 

 develop  during  childhood  in  response  to  general  physiological  stress  (Bereczki  et  al. 

 2019:  175;  Kinaston  et  al.  2019:  753-756;  Brickley  2018:  899;  Guatelli-Steinberg  2016; 

 Walker  et  al.  2009:  111;  Hillson  2005:  170;  Hillson  1996:  167-166).  Thus,  these  lesions 

 were  employed  to  investigate  stress  experience  for  the  period  immediately  after  early-life 

 maternal dependence. 
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 CO,  or  porosity  in  the  orbital  vaults,  forms  before  red  marrow  turns  to  yellow 

 prior  to  approximately  10  years  of  age  (Brickley  2018:  898-899;  Walker  et  al.  2009:  111). 

 CO  was  graded  after  Steckel  et  al.  (2019:  403-404)  (Table  6.3).  Active  and  healed  lesions 

 were  distinguished  through  an  assessment  of  the  pore  edges;  sharply  defined  edges  were 

 recorded  as  active  lesions,  while  edges  with  a  softer,  remodelled  shape  were  deemed  to  be 

 healed  (Walker  et  al.  2009:  111)  (Figure  6.5).  By  recording  the  extent  of  porosity  and 

 separating  active  from  healed  lesions  it  was  possible  to  assess  an  individual’s  resilience 

 (i.e.,  the  ability  to  recover  or  correct  physiological  functioning  following  a  metabolic 

 perturbation)  (Steckel  et  al.  2019:  403-404;  Graham  et  al.  2010:  496;  Walker  et  al.  2009; 

 Holling 1973: 17). 

 Grade  Description of Orbit 
 x  No orbits present for observation 
 0  Porosity absent with at least one orbit observable 
 1  Fine pores present, but covering ≤ 1cm² 
 2  Pores covering ≥ 1cm² of orbit 

 Table 6.3 Grading of CO after Steckel  et al.  (2019:  403-404). 

 Figure  6.5  An  example  of  an  orbit  showing  Grade  2  CO.  Note  that  the  pore  edges  are  also  rounded 
 suggesting a healed/healing lesion. 
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 Horizontal  LEH  were  macroscopically  assessed  in  the  permanent  anterior  and 

 posterior  dentition  (Figure  6.6a).  A  relatively  strict  recording  protocol  was  employed: 

 LEH  were  scored  present  when  distinct  trough-like  grooves  extended  the  full  width  of  the 

 tooth  surface.  Though  this  conservative  approach  inevitably  meant  that  less-pronounced 

 striations  were  not  recorded,  it  ensured  that  false-positives  through  the  counting  of 

 accentuated  perikymata  (known  as  “false  hypoplasia”)  were  avoided  and  the  defects 

 recorded  were  more  likely  to  have  a  pathological  origin  (Guatelli-Steinberg  2003:  311; 

 Hillson  1996:  167-166;  Goodman  and  Rose  1990:  67).  Additionally,  defects  in  the  form 

 of  pits,  planes  and  vertical  grooves  were  not  recorded,  as  the  aetiology  and  recording 

 methods are less clear (Hillson 2005: 170; Hillson 1996: 167-166) (Figure 6.6b). 

 Figure  6.6  A  left  C  1  with  LEH  (indicated  by  arrows),  easily  identifiable  through  their  trough-like 
 appearance (a). M  1  with pit-like hypoplastic defects  (highlighted with red oval) (b). 

 Using  Primeau  et  al.’s  (2015)  atlas  (Figure  6.7),  LEH  formation  age  was  estimated 

 by  subdividing  teeth  into  chronologically  comparable  zones  (each  rounded  to  the  one 

 decimal  place  and  0.9  years  in  length,  beginning  in  the  first  year  and  going  up  to  11.9 

 years).  When  defects  were  matched  on  multiple  teeth,  it  was  taken  as  evidence  of  an 

 episode  of  elevated  stress  experience  (i.e.,  rather  than  a  prolonged  exposure);  it  was  thus 
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 possible  to  approximate  the  chronology  and  frequency  of  stress  events  between  infancy 

 and  the  twelfth  year  (Primeau  et  al.  2015;  Temple  et  al.  2012;  Hillson  2005:  171-174; 

 Blakey  and  Armelagos  1985).  Attempts  were  not  made,  however,  to  evaluate  hypoplasia 

 depth  and  infer  the  severity  of  stress  experience.  Defect  depth  is  influenced  by  location 

 and  the  same  stressor  may  produce  defects  of  varying  size  in  different  teeth  making 

 comparability problematic (Hillson 2005: 171-174; Goodman and Rose 1990: 65). 

 Figure 6.7 Atlas used to estimate the age of LEH defect formation from Primeau  et al.  (2015). 

	6.3.2	 	Skeletal	Growth	and	Development	

 Somatic  growth  encompasses  many  complex  processes  and  stress  experienced 

 during  an  individual’s  formative  years  can  elicit  growth  deficits  which  can  persist  into 

 maturity  (Newman  2016;  Hwang  2014;  Gowland  2015;  Liu  et  al.  2009;  Wadsworth  et  al. 

 2002).  Long  bones  (i.e.,  femora,  tibiae,  fibulae,  humeri,  ulnae  and  radii)  were  therefore 

 measured  in  immature  and  mature  remains.  Using  a  standard  osteometric  board,  the 

 maximum  length  of  long  bones  was  recorded  to  the  nearest  millimetre  (mm)  after  the 

 conventions  established  in  “  Standards  for  Data  Collection  from  Human  Skeletal 

 Remains  ”  (Buikstra  and  Ubelaker  1994:  69-84).  In  immature  long  bones  with  unfused 

 epiphyses,  the  maximum  diaphyseal  length  was  taken,  while  for  skeletally  mature 

 individuals  the  length  with  epiphyses  was  recorded  (Figure  6.8);  diaphyseal  and 

 epiphyseal lengths were compared separately. 
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 Figure  6.8  Femoral  measurements.  Maximum  femoral  length  (number  60)  is  the  distance  from  the  femoral 
 head’s most superior point to the condyle’s most distal. Image taken from Buikstra and Ubelaker (1994: 83). 

 As  the  initiation  and  completion  of  puberty  are  influenced  by  environmental  stress 

 (DeWitte  and  Lewis  2020;  Gowland  et  al.  2018;  Lewis  et  al  .  2016),  pubertal  stage  was 

 estimated  following  Shapland  and  Lewis’s  (2013)  method.  This  method  assesses  five 

 skeletal  sites  that  have  previously  been  used  to  categorise  pubertal  development  in  living 

 subjects  (Table  6.4).  For  example,  a  number  of  the  observations  –  e.g.,  cervical  vertebrae 

 maturation  (CVM)  –  have  been  employed  clinically  to  determine  the  appropriacy  of 

 surgical  intervention  based  upon  an  individual’s  pubertal  stage,  and  as  such  have  passed 

 rigorous  and  repeated  testing  to  ensure  reliability  and  accuracy  (Zhang  et  al.  2008; 

 Baccetti  et  al.  2005;  Scoles  et  al.  1987;  Hägg  and  Taranger  1982;  Chertkow  1980;  Grave 

 and  Brown  1976;  Demirjian  et  al.  1973;  Hewitt  and  Acheson  1961a;  Hewitt  and  Acheson 

 1961b).  An  individual  was  assigned  to  a  stage  when  three  or  more  observations  were 

 concordant – if this could not be achieved, pubertal stage was recorded as indeterminate. 
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 Stage  Description  C  1 
 Hook of 
 Hamate 

 Phalanges and 
 Upper Limb  Iliac Crest  CV 

 M 

 Initiation (1) 

 Growth  of 
 sexual  organs 
 and  hormonal 
 changes 

 Root 1/2 
 to 3/4 

 complete 

 Hook 
 absent 

 Proximal 
 epiphysis  of  2  nd 

 metacarpal 
 narrower  than 
 shaft;  distal 
 radius unfused 

 Epiphysis 
 not present  1 

 Acceleration 
 (2) 

 Increased 
 body  mass  and 
 emergence  of 
 secondary 
 sexual 
 characteristics. 

 Root 
 complete 
 to apex 

 1/2 

 Hook 
 appearing 

 or 
 increased 

 2  nd  phalangeal 
 metaphysis  and 
 epiphyses  of 
 equal  width; 
 distal  radius 
 unfused 

 Epiphysis 
 50% 

 complete; 
 unfused 

 2 

 Peak Height 
 Velocity (3) 

 Sexual 
 characteristics 
 and  shift 
 towards  adult 
 body  mass 
 become 
 obvious 

 Apex 
 complete 

 Hook 
 complete 

 Increased  width 
 of  2  nd  proximal 
 phalanx;  distal 
 radius  unfused; 
 proximal  ulna  and 
 humeral  capitate 
 fusing/fused 

 Epiphysis 
 50-75% 

 complete; 
 unfused 

 3 

 Deceleration 
 (4) 

 Menstruation 
 and  ovulation 
 in females 

 Apex 
 complete 

 Hook 
 complete 

 Capping  of 
 phalangeal 
 epiphyses;  distal 
 radius unfused 

 Epiphysis 
 75-100% 
 complete; 
 non/partial 

 union 

 4-5 

 Maturation 
 (5) 

 Regular 
 ovulation  in 
 females  and 
 appearance  of 
 sexual 
 maturity 

 Apex 
 complete 

 Hook 
 complete 

 Fusing  of  3  rd 

 metacarpal 
 proximal 
 epiphysis;  distal 
 radius  partially 
 fused 

 Epiphysis 
 100% 

 complete; 
 partial 
 union 

 5-6 

 Completion 
 (6)  Fully mature  Apex 

 complete 
 Hook 

 complete 

 Phalanges  and 
 distal radius fused  Fusion 

 complete 
 6 

 Table  6.4  Adapted  from  Lewis  et  al.  (2016:  51).  C  1  mineralisation  graded  after  Demirjian  et  al.  (1973), 
 hook completion follows Shapland and Lewis (2013), while CVM is scored after Baccetti  et al.  (2005). 

 Pubertal  stage  was  assessed  in  individuals  estimated  to  have  been  between  nine 

 and  25  years  of  age  (Sections  6.2.2  and  6.2.3).  Bioarchaeological  investigations,  historical 

 records,  and  clinical  literature  defined  these  age  parameters.  In  both  modern  and  past 

 populations  puberty  is  generally  initiated  circa  10  years  of  age,  though  in  rare  instances 

 for  severely  stressed  females,  initiation  may  begin  up  to  a  year  earlier  (Lewis  2020; 

 DeWitte  and  Lewis  2020;  Lewis  2018).  On  the  other  hand,  evidence  suggests  that 

 pubertal  completion  may  have  been  delayed  (potentially  up  to  the  twenty-fifth  year)  due 

 142 



 to  stress  in  past  populations  (Lewis  2020;  DeWitte  and  Lewis  2020;  Lewis  2018;  Lewis  et 

 al  . 2016; Eiben and Mascie-Taylor 2003; Ibáñez  et  al.  2000). 

	6.3.3	 	Later-life	Physiology	

 Early-life  stress  has  been  associated  with  alterations  to  later-life  physiology 

 (Sharma  et  al.  2016;  Vaiserman  2015;  Hwang  2014;  Liu  et  al.  2009).  To  investigate  the 

 potential  long-term  consequences  of  early-life  stress,  it  is  therefore  necessary  to  make 

 observations indicative of later physiological state. 

 Although  periodontal  disease  has  traditionally  been  used  to  investigate  the  effects 

 of  factors  such  as  diet  on  oral  health  (Larsen  1997:  77),  the  recognition  that  it  is  the  result 

 of  a  local  inflammatory  response  to  pathogenic  bacteria  (e.g.,  Porphyromonas  gingivalis  ) 

 has  led  to  a  re-evaluation  of  its  interpretation  and  it  is  increasingly  being  explored  as  a 

 proxy  for  a  later-life  proinflammatory  physiology  (Crespo  et  al.  2021;  Crespo  et  al.  2016; 

 Lockhart  et  al.  2012;  DeWitte  and  Bekvalac  2011;  DeWitte  and  Bekvalac  2010; 

 Andriankaja  et  al.  2010;  Ogden  2008:  288).  As  PD  is  characterised  by  age-progressive 

 degeneration  of  the  alveolar  margin,  one  method  of  assessing  the  presence  and  extremity 

 of  the  disease  has  been  to  measure  the  distance  from  the  CEJ  to  the  alveolar  border 

 (Trombley  2019:  259;  DeWitte  and  Bekvalac  2010:  344).  However,  as  teeth  erupt 

 continuously  throughout  life  in  response  to  dental  wear  this  technique  is  not  reliable  and 

 qualitative  methods  have  proven  more  consistent  (DeWitte  and  Bekvalac  2010:  345; 

 Ogden  2008:  290;  Kerr  1988).  The  descriptive  criteria  shown  in  Table  6.5  were  utilised  to 

 categorise  alveolar  morphology  in  the  region  of  each  molar,  diagnose  the  presence  or 

 absence of periodontal disease and, when present, infer severity (Figure 6.9). 
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 Grade  Description of Alveolar Crest  Diagnosis 
 x  No observation possible  N.A. 
 0  Alveolar bone meets tooth at a knife-edged acute angle  No disease 
 1  Alveolar margin is blunt, flat-topped with a slight rim  Mild PD 
 2  Rounded and porous margin, with a trough 2-4 mm deep  Moderate PD 
 3  Ragged and porous with an irregular trough ≥5 mm deep  Severe PD 

 Table 6.5 Grading of PD after Ogden (2008: 293). 

 Figure  6.9  Note  the  alveolar  recession  throughout  the  molar  region  and  formation  of  a  trough  between  the 
 alveolar  margin  and  tooth  root  in  the  M  2  and  M  3  .  These  morphological  features  are  associated  with  PD;  the 
 trough is indicative of progression to Grade 2 of Ogden’s (2008) schemata. 

 Periosteal  new  bone  formation  (PNBF)  is  the  manifestation  of  an  inflammatory 

 response  of  the  periosteum  to  a  pathological  process.  It  is  frequently  associated  with 

 systemic  infectious  disease  –  this  connection  becomes  more  robust  when  PNBF  is 

 expressed  diffusely  or  bilaterally  (Roberts  2019;  Roberts  and  Buikstra  2019;  Steckel  et  al. 

 2019:  418;  DeWitte  and  Wood  2008:  1439;  Weston  2008).  Given  the  relatively  high 

 frequencies  with  which  this  lesion  is  seen  in  pre-antibiotic  archaeological  contexts,  the 

 assessment  of  periosteal  new  bone  formation  is  a  viable  means  of  evaluating  an 

 underlying  proinflammatory  physiology  and,  when  properly  contextualised,  exploring 

 immunocompetence and environmental pathogen load. 
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 PNBF  on  long  bones  and  skulls  was  systematically  recorded  and  distinction  was 

 made  between  active  and  healed  lesions  to  assess  an  individual’s  ability  to  recover  from 

 systemic  or  localised  assault  (Marques  et  al  .  2019:  137;  DeWitte  2014a:  263;  Weston 

 2008:  51-52).  A  lesion  with  a  woven,  porous  or  disorganised  appearance  is  typical  of  a 

 process  active  at  time-of-death  (though  it  cannot  be  assumed  that  the  lesion  is  related  to 

 death)  and  potentially  diminished  resilience  (i.e.,  an  inability  to  recover  or  persist  despite 

 physiological  perturbations).  Meanwhile,  plaques  of  lamellar  bone  with  either  a 

 well-organised  and  striated  or  dense,  sclerotic  appearance  are  indicative  of  healing  and  a 

 resolved  inflammatory  response  as  well  as  resilience  (Graham  et  al.  2010:  496;  Weston 

 2008:  51-52;  Holling  1973:  17)  (Figure  6.10).  In  addition  to  activity,  distinctions  were 

 made  between  unilateral  and  bilateral  lesions.  Weston’s  (2008)  grading  rubric  was  used  to 

 assess the extent/severity of PNBF (Table 6.6). 

 Figure  6.10  An  example  of  PNBF  formation  in  a  tibial  diaphysis;  the  close-up  shows  a  combination  of 
 dense, sclerotic and well-organised, striated lamellar bone indicative of a healed lesion. 
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 Grade  Description 
 x  No observation possible 
 0  Normal bone surface 
 1  Isolated elevated plaque or plaques covering <33% of the bone surface 
 2  As above covering 33-66% of the bone surface 
 3  Uniform elevation of >66% of the bone surface with little increase in diameter 
 4  As above with elevation of more than 2-3 mm 

 Table 6.6 Grading of PNBF after Weston (2008: 51). 

	6.3.4	 	Differential	Diagnoses	

 Even  though  many  palaeopathological  lesions  are  not  pathognomonic  of  a 

 particular  condition,  the  patterning  of  morbid  changes  as  well  as  inferred  pathogenesis 

 can  suggest  specific  causal  diseases,  especially  when  contextualised  (Mays  2020;  Roberts 

 2019;  Roberts  and  Buikstra  2019;  Mitchell  2017;  Weston  2008;  Ortner  2003).  When 

 making  a  diagnosis,  the  first  step  was  to  identify  and  describe  all  abnormal  bone  changes 

 (both  bone  growth  and  loss)  and  infer  potential  pathogenic  mechanisms  (Klaus  and 

 Lynnerup  2019:  81).  Comparisons  were  then  made  between  the  constellation  of  observed 

 lesions,  as  well  as  their  most  likely  aetiology,  to  standard  diagnostic  manuals,  such  as 

 “  Ortner’s  Identification  of  Pathological  Conditions  in  Human  Skeletal  Remains  ”  edited 

 by  Buikstra  (2019)  and  Aufderheide  and  Rodriguez-Martin’s  (1998)  “  The  Cambridge 

 Encyclopaedia  of  Human  Paleopathology  ”.  In  order  to  appreciate  more  comprehensively 

 variation  in  disease  susceptibility  and  expression,  where  necessary  reference  was  also 

 made  to  case  studies  in  which  the  role  of  specific  sociocultural  and  environmental 

 influences  had  been  investigated  through  either  historical,  archaeological  or  medical  data 

 (Mitchell  2017;  Roberts  et  al.  2016).  Alternative  hypotheses  were  systematically  explored 

 and,  where  possible,  excluded  so  that  the  resulting  diagnosis  was  the  most  likely 

 explanation  for  any  observed  pathological  change  (Klaus  and  Lynnerup  2019:  81). 

 Regardless  of  the  rigour  of  the  process,  not  all  diagnoses  could  be  made  with  comparable 

 certitude.  Therefore,  the  adaptation  to  the  Istanbul  Terminological  Framework  proposed 
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 by  Appleby  et  al.  (2015:  20)  was  employed  to  explicitly  acknowledge  the  degree  of 

 confidence associated with each diagnosis. 

 Certainty  Criteria 
 Not consistent  The lesion(s) could not have been caused by the condition(s) described 

 Consistent with  The  lesion(s)  could  have  been  caused  by  the  condition(s)  described,  but  it 
 is non-specific and there are many other possible causes 

 Highly consistent  The  lesion(s)  could  have  been  caused  by  the  condition(s)  described,  and 
 there are few other possible causes 

 Typical of  That  the  lesion(s)  is  usually  found  with  this  type  of  condition(s),  but  there 
 are other possible causes 

 Diagnostic of  The  lesion(s)  could  not  have  been  caused  in  any  way  other  than  by  the 
 condition(s) described (i.e., it is pathognomonic) 

 Table  6.7  The  adaptation  of  the  Istanbul  Terminological  Framework  employed  to  express  diagnostic 
 certainty/uncertainty (Klaus and Lynnerup 2019: 81; Appleby  et al.  2015: 20). 

 Taking  this  evidence-based  diagnostic  process  enabled  a  contextually  informed 

 exploration  of  the  social  and  environmental  influences  on  health  (Mays  2020:  91-93; 

 Klaus  and  Lynnerup  2019:  81-82).  Additionally,  to  form  an  impression  of  the  specific 

 conditions  that  may  have  contributed  to  ill-health  at  a  wider  populational  level,  data  from 

 individual  skeletal  remains  was  collated  to  recognise  the  epidemiologic  ‘footprint’  of 

 various  diseases.  That  is,  even  if  a  condition  is  not  identifiable  confidently  in  a  single 

 skeleton,  suggestive  markers  throughout  an  assemblage  can  be  employed  to  infer  the 

 presence  of  a  specific  disease  within  a  sample  (Rothschild  2021;  Klaus  and  Lynnerup 

 2019:  81).  Moreover,  as  osseous  responses  to  stress  are  only  manifested  skeletally  when 

 an  individual  can  endure  said  insult  to  health,  somewhat  paradoxically,  osteological 

 lesions  and  diagnoses  of  specific  conditions  are  an  indicator  of  lived  experience  (rather 

 than  cause-of-death)  (DeWitte  and  Stojanowski  2015;  Temple  2014;  Armelagos  et  al. 

 2009:  264;  Wood  et  al  .  1992;  White  1978).  This  multi-scalar  approach  (incorporating 

 individual  diagnoses  and  sample-level  patterns),  thus  permitted  inferences  to  be  made 

 regarding the conditions experienced at each site. 

 147 



 Certain  pathological  conditions  were  considered  of  greater  significance  than 

 others.  Entheseal  and  degenerative  joint  change  was  not  recorded  as  there  is  little 

 connection  with  early-life  stress,  with  both  largely  related  to  senescent  processes,  activity 

 and  weight  (Milner  et  al.  2018;  Niinimäki  and  Baiges  Sotos  2013;  Jurmain  et  al.  2012; 

 Niinimäki  2012;  Cardoso  and  Henderson  2010;  Molnar  2006;  Jurmain  1980).  Similarly, 

 evidence  of  fungal  disease,  parasite  infection,  circulatory  disorders  and  skeletal  dysplasia 

 was  not  specifically  sought;  some  are  rare  while  others  are  exceptionally  difficult  to 

 identify  in  skeletal  remains  (e.g.,  parasite  infection)  and,  with  the  possible  exception  of 

 circulatory  problems,  there  is  little  basis  to  suggest  a  link  between  these  pathologies  and 

 early-life  stress  (Grauer  and  Roberts  2019;  Reinhard  and  Camacho  2019;  Grauer  2019; 

 Lewis 2019). 

 Neoplastic  lesions,  in  contrast,  were  recorded  as  these  have  been  linked  to 

 developmental  stress  and  skeletal  fluctuating  asymmetry  in  modern  and  past  populations 

 (Weisensee  2013;  Swerdlow  et  al.  1997),  as  were  congenital  defects  due  to  their 

 association  with  the  developmental  process  (Lewis  2019:  585).  Particular  attention  was 

 paid  to  the  identification  of  bacterial  infections  as  their  presence  and  prevalence 

 represents  the  intersection  of  an  individual’s  immune  competence,  biosocial  buffering 

 systems  and  a  pathogen’s  interaction  with  its  environment  (Roberts  and  Buikstra  2019: 

 375).  Thus,  evidence  of  trauma  was  noted  because  of  the  potential  for  secondary 

 bacterial  infections  rather  than  its  relationship  to  injury  (Redfern  and  Roberts  2019:  224). 

 Additionally,  metabolic  diseases  linked  to  deficiency  (e.g.,  scurvy  and  rickets)  were 

 considered  of  special  interest.  As  well  as  a  growing  body  of  research  suggesting  that 

 dependent  offspring  gut  microbiota  (and  therefore  capacity  to  absorb  nutrients)  are 

 influenced  by  maternal  cues  in  early-life  (Chong  et  al.  2018;  Cong  et  al.  2016;  Caricilli 

 and  Saad  2013;  Brown  et  al.  2012),  past  research  has  implicated  early  life  and  childhood 
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 nutritional  shortages  as  critical  to  life-course  trajectories  (Brickley  and  Mays  2019: 

 532-539;  Newman  2016:  110-111;  Mays  2014;  Geber  and  Murphy  2012;  Van  der  Merwe 

 et al.  2010; Mahoney-Swales and Nystrom 2009; Maat  2004). 

	6.3.5	 	Calculating	Frequencies	

 Prevalence  rates  are  a  widely  employed  measure  of  lesion  frequency.  In  a 

 palaeopathological  context  there  are  two  commonly  applied  ways  in  which  prevalence 

 rates  are  calculated  (Sanogo  et  al.  2014;  Waldron  1994:  42-43).  Crude  prevalence  rate 

 is  found  as  the  percentage  of  individuals  with  a  lesion,  while  true  prevalence  rate ( 𝐶𝑃𝑅 )

 is  the  percentage  of  skeletal  elements/teeth  with  a  lesion  divided  by  the  number  of ( 𝑇𝑃𝑅 )

 elements/teeth  where  an  observation  was  possible  (Waldron  1994:  42-43).  As  is  often  the 

 case,  both  were  calculated  and  distinctions  made  clear.  These  measures  are  useful  as 

 contrasting  lesion  frequency  between  groups  (e.g.,  sites  and  sexes)  is  an  important  way  of 

 exploring  the  sociocultural,  environmental  and  biological  influences  on  development  and 

 stress  experience  as  well  as  heterogenous  frailty.  For  example,  through  a  contextualised 

 comparison  of  sites  it  is  possible  to  infer  the  impact  of  social  and  environmental  factors 

 on  life-course  outcomes.  Such  data  is  crucial  in  assessing  the  relative  significance  of 

 early-life stress in determining life-course trajectories. 

	6.3.6	 	Summary	

 The  skeletal  observations  selected  provided  information  pertaining  to  stress 

 experienced  throughout  life.  In  some  cases  lesions  can  be  attributed  to  relatively 

 circumscribed  stress  events  (i.e.,  matched  LEH),  while  others  are  more  reflective  of 

 prolonged  experiences  (e.g.,  CO  and  PD)  (e.g.,  Primeau  et  al.  2015;  Temple  et  al.  2012; 

 Ogden  2008).  As  such,  it  was  possible  to  explore  the  impact  of  acute  and  chronic  stress 

 exposure.  Differentiation  of  active  and  healed  lesions  was  used  to  infer  resilience  and  the 
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 ability  to  buffer  against  stress  (Marques  et  al  .  2019;  DeWitte  2014a:  263;  Walker  et  al. 

 2009;  Weston  2008).  Skeletal  markers  indicative  of  a  proinflammatory  state  were 

 included  in  the  hope  of  bridging  one  of  the  gaps  in  the  clinical  and  archaeological 

 understandings  of  early-life  stress  and  its  effect  on  health  (Barker  2012;  Lockhart  et  al. 

 2012;  Andriankaja  et  al.  2010).  The  multidimensional  pathological  profiles  constructed 

 were  therefore  an  attempt  to  chart  stress  as  completely  as  possible  and  when  viewed 

 holistically  could  be  used  to  investigate  life-history  trade-offs  in  response  to 

 maternally-mediated  early-life  stress  (Pittet  et  al.  2017;  Wells  2012;  Charnov  1997; 

 Charnov 1991). 

	6.4	 	Conclusion	

 At  the  core  of  the  methods  described  in  this  chapter  lies  a  suite  of  dental  and 

 skeletal  observations.  These  methods  were  carefully  selected  so  that  life-course  outcomes 

 could  be  assessed  and  stress  experience  chronicled  from  early  childhood  through  to 

 maturity  (Gowland  2015;  Agarwal  2016;  Armelagos  et  al.  2009).  They  thus  permitted  the 

 creation  of  holistic  profiles  through  which  statistical  connections  could  be  drawn  and 

 rigorously  investigated  to  illuminate  life-course  dynamics  and  explore  themes  such  as 

 differential  frailty  and  resilience  (Jacob  et  al.  2019;  Mishra  et  al.  2010b;  DeWitte  2010; 

 DeWitte  and  Wood  2008;  Kuh  et  al.  2003;  Roseboom  et  al.  2001;  Vaupel  1988;  Barker 

 and  Osmond  1986;  Stinson  1985).  Although  an  element  of  uncertainty  is  almost 

 ubiquitously  attached  to  inferences  drawn  from  skeletal  remains,  efforts  have  been  made 

 to  achieve  as  much  precision  as  possible  without  compromising  accuracy  and  to 

 acknowledge  the  degree  of  confidence  attached  to  estimates  (e.g.,  when  generating 

 probability  distributions  of  age  for  mature  skeletons,  95%  CIs  were  recorded  as  well  as 

 point  of  estimates)  (Milner  et  al.  2021;  Klaus  and  Lynnerup  2019:  81;  Appleby  et  al. 

 2015;  Klaus  2014;  Wood  et  al.  1992).  In  the  following  chapter  the  geometric 

 150 



 morphometric  processes  employed  to  investigate  M1  FA,  and  therefore  enable  a  more 

 comprehensive study of stress over the life-course, are detailed. 
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	Chapter	7:	 	Methods	–	Geometric	Morphometric	

	7.1	 	Introduction	

 This  chapter  introduces  the  techniques  through  which  M1  fluctuating  asymmetry 

 was  quantified  as  a  proxy  for  early-life  stress  (i.e.,  that  experienced  by 

 maternally-dependent  offspring).  This  includes  a  description  of  photographic  and 

 digitisation  procedures,  Procrustes  analysis  and  tangent  space  inference.  The  results  of  a 

 pilot  study  conducted  to  evaluate  error  in  the  data  acquisition  procedure  are  also 

 presented  and  the  implications  discussed.  It  is  then  illustrated  how  Procrustes-aligned 

 coordinate  configurations  can  be  handled  to  isolate  fluctuating  asymmetric  variance.  This 

 includes  the  procedures  through  which  deviations  from  symmetry  were  decomposed  at 

 the  sample  level  and  an  individual  measure  of  fluctuating  asymmetry  calculated.  Also 

 described  is  the  suite  of  statistical  techniques  employed  to  explore  the  individual  measure 

 of  asymmetry  which,  when  analysed  in  conjunction  with  osteological  variables 

 representing  later-life  experience  (Chapter  6),  is  used  to  infer  the  role  of  early-life  stress 

 in defining life-course trajectories. 

	7.2	 	A	Procrustean	Approach	to	Exploring	Early-Life	Stress	

 This  section  details  the  method  through  which  the  homologous  occlusal  features 

 and  M1  outlines  were  captured  and  transformed  through  Procrustean  techniques.  A  brief 

 description of the tangent space inference and the statistical packages used is also given. 

 7.2.1 	Data	Acquisition:	Imaging	and	Landmark	Digitisation	

 To  produce  images  of  M1  occlusal  surfaces,  a  Canon  EOS  250D  DSLR  camera 

 with  an  AET-CS  Auto  Extension  Tube  was  set  to  take  JPEG  images  and  affixed  to  a 

 Kaiser  Copy  Stand  (alignment  was  checked  with  spirit  levels).  To  be  compatible  with  the 
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 focal  parameters  of  the  macro  lens,  camera  height  was  adjusted  to  ensure  that  each  tooth 

 was  22  cm  from  the  camera’s  focal  point  (Uzunov  et  al.  2015;  Dukić  2014).  This  further 

 mitigated  parallax,  or  the  distortion  of  an  image  resulting  from  the  object  being  placed  too 

 close  to  the  camera  (Mullins  and  Taylor  2002).  To  ensure  stability,  individual  teeth  and 

 those  embedded  in  cranial  and  mandibular  fragments  were  held  in  place  with  modelling 

 clay.  When  maxillary  teeth  were  associated  with  complete  crania,  a  polystyrene  ring  was 

 used  to  stabilise  the  crania  (Figure  7.1a-b).  The  horizontal  alignment  of  the  CEJ  was 

 ensured  with  a  laser  spirit  level  (Cucchi  et  al.  2011:  15;  Gómez-Robles  et  al.  2008; 

 Gómez-Robles  et  al.  2007),  and  a  grid  and  cross  pattern  on  the  camera  screen  was  used  to 

 assist  in  the  final  location  of  each  tooth  directly  below  the  lens’s  centre  point.  To  provide 

 scale,  a  ruler  was  placed  next  to  the  tooth  and  parallel  to  the  camera  lens.  To  enhance 

 depth  of  field  and  clarity,  the  camera’s  aperture  was  fixed  to  f  32;  ISO  and  shutter  speed 

 were  varied  as  necessary  to  accommodate  differences  in  the  colouration  and 

 reflectiveness  of  each  tooth  (Uzunov  et  al.  2015).  After  each  picture  was  taken,  image 

 quality  was  assessed  and  the  tooth  was  completely  removed  from  position  before  the 

 imaging process was repeated to produce replicate measures. 

 Images  were  transferred  to  a  laptop  computer  for  processing.  So  that  the  left  and  right 

 sides  could  be  compared  in  the  superimposition  process,  the  left  was  reflected  by  flipping 

 it  along  the  horizontal  axis  by  180˚  in  Microsoft  Paint  (Zelditch  and  Swiderski  2018: 

 28-29).  The  digital  images  were  saved  in  a  folder  under  unique  codes  that  defined  the 

 skeleton,  side  and  replicate  number.  So  that  landmarks  and  an  outline  could  be  digitised 

 for  each  image  in  the  freely  available  R  application  Stereomorph  (Figure  7.1c),  an 

 assortment  of  files  and  folders  was  created  to  function  as  a  working  directory.  This 

 included  text  documents  that  specified  the  number  and  names  of  landmarks  to  be  applied, 
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 the  start  and  end  point  of  the  outline,  and  a  folder  in  which  landmark  and  outline  data 

 were stored as a text document for each image post-digitisation. 

 Figure  7.1  Examples  of  stabilising  loose  teeth  for  imaging  with  modelling  clay  (a)  and  complete  crania  with 
 a polystyrene ring (b) as well as the user interface of  Stereomorph  , with a ruler used to provide scale  (c). 

 In  Stereomorph  ,  landmarks  were  located  at  anatomically  homologous  points  which 

 included  fissure  junctions,  fovea  and  cusp  apices  (Figure  7.2  and  Table  7.1-Table  7.2).  An 

 outline  was  drawn  around  each  tooth’s  occlusal  surface  and  then  subsampled  by 

 semi-landmarks.  The  point  at  which  the  lingual  fissure  crossed  the  outline  was  used  to 

 locate  the  first  semi-landmark  while  the  remaining  semi-landmarks  were  placed 
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 automatically  at  equally  spaced  distances  around  the  outline  (Adams  et  al.  2021:  123-124; 

 Olsen  2015;  Olsen  and  Westneat  2015;  Robinson  et  al.  2002;  Wood  et  al.  1983).  When 

 occlusal  wear  had  eroded  the  cusp  apex,  exposed  patches  of  dentine  were  used  to  estimate 

 original  apical  position  (Figure  7.3a).  Similarly,  when  the  mesial  or  distal  aspects  of  the 

 outline  were  damaged  by  interproximal  wear,  the  original  border  was  approximated  by 

 reference  to  overall  crown  shape  and  contour  (Kenyhercz  et  al.  2014;  Benazzi  et  al. 

 2011b:  349;  Gomez-Robles  et  al.  2007:  275-276;  Wood  and  Engleman  1988:  3)  (Figure 

 7.3b). To provide scale, ruler points were digitised. 

 No.  Description 
 1  The centre of the mesial fovea, at the most mesial extension of the sagittal fissure 
 2  The intersection of the sagittal fissure by the buccal fissure 
 3  The intersection of the sagittal fissure by the lingual fissure 
 4  The centre of the distal fovea located at the most distal extension of the sagittal fissure 
 5  Paracone apex 
 6  Metacone apex 
 7  Protocone apex 
 8  Hypocone apex 
 Table 7.1 Maxillary first permanent molar landmarks. 

 No.  Description 
 1  The centre of the mesial fovea, at the most mesial extension of the longitudinal fissure 
 2  The intersection of the longitudinal fissure by the mesiobuccal fissure 
 3  The intersection of the longitudinal fissure by the lingual fissure 
 4  The intersection of the longitudinal fissure by the distobuccal fissure 

 5  The  distal  fovea  located  at  the  most  distal  extension  of  the  longitudinal  fissure  and,  when 
 present, its intersection with the buccal and lingual foveal fissures 

 6  Protoconid apex 
 7  Hypoconid apex 
 8  Metaconid apex 
 9  Entoconid apex 
 10  Hypoconulid apex 
 Table 7.2 Mandibular first permanent molar landmarks. 
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 Figure  7.2  Maxillary  (a)  and  mandibular  (b)  first  permanent  molars  with  landmarks  (see  Tables  7.1  and  7.2 
 for landmark descriptions). Illustrations orientated with mesial at the top and buccal to the right. 

 Figure  7.3  Exposed  patches  of  dentine  (highlighted  by  arrow)  were  used  to  locate  the  position  of  worn 
 apices  (a).  For  teeth  with  chips  and  interproximal  wear  facets,  the  outline  (in  purple)  was  estimated  through 
 reference to surviving border curvature (b). 

 At  the  end  of  the  digitisation  process,  the  occlusal  surface  of  each  tooth  was 

 represented by a  x  matrix (  ) of Cartesian coordinates points, such as  𝑘  𝑚  𝑋 
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 where  was  the  number  of  landmarks  and  semi-landmarks  and  the  number  of  𝑘  𝑚 

 dimensions.  As  points  along  the  x  and  y  axis  were  digitised,  .  The  ordering  of  𝑚 =  2 

 coordinate  points  corresponded  exactly  between  configurations,  and  coordinate  matrices 

 were collated into a  k  x  m  x  n  data array.  𝑋 
 1 
,  … ,     𝑋 

 𝑛 
   

	7.2.2	 	Centroid	Size	

 In  order  to  investigate  factors  such  as  the  impact  of  allometry  on  fluctuating 

 asymmetry,  it  was  useful  to  define  size.  Centroid  size  is  a  widely  accepted  and ( 𝑆 )

 popular measure. For configuration  , centroid size is given as  𝑋 

 where  is  the  (  i,j  )th  point  of  ,  the  mean  of  the  j  th  dimension  is  ,  C  is  the  𝑋 
 𝑖𝑗 

 𝑋  𝑋 
 𝑗 

=  1 
 𝑘 

 𝑖 = 1 

 𝑘 

∑  𝑋 
 𝑖𝑗 

 centring  matrix  ,  and  =  is  the  Euclidean  norm,  while  is  𝐼 
 𝑘 

−  1 
 𝑘  1 

 𝑘 
 1 

 𝑘 
 𝑇  ‖  𝑋  ‖  𝑡𝑟𝑎𝑐𝑒 ( 𝑋  𝑇  𝑋 )  𝐼 

 𝑘 

 the  k  x  k  identity  matrix  and  is  the  k  x  1  vector  of  ones  (Dryden  and  Mardia  2016:  34;  1 
 𝑘 
   

 Dryden  and  Mardia  1998:  24).  Centroid  size  is  therefore  the  square  root  of  the  sum  of 

 squared  Euclidean  distances  of  each  landmark  from  the  configuration's  centroid  (i.e., 

 central  point),  the  location  of  which  is  calculated  by  averaging  x  and  y  coordinates 

 (Klingenberg 2016: 120; Robinson 2005: 26), and is alternatively expressed as 

 where  is  the  i  th  row  of  and  is  the  centroid  (Dryden ( 𝑋 )
 𝑖 

 𝑋 ( 𝑖 =  1 ,...,     𝑘 )  𝑋 = ( 𝑋 
 1 
,...,     𝑋 

 𝑚 
)

 and Mardia 2016: 34; Dryden and Mardia 1998: 24). 
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	7.2.3	 	Sliding	Semi-landmarks	

 Of  the  Cartesian  points  in  configurations  ,  semi-landmarks  𝑋 
 1 
,  … ,     𝑋 

 𝑛 

 were  initially  placed  equidistant  around  each  tooth’s  outline.  As  this  𝑗 =  1 ,  … ,     𝑞 <  𝑘 

 placement  was  achieved  only  through  reference  to  outline  length,  semi-landmarks  were 

 not  comparable  between  subjects.  From  the  methods  through  which  semi-landmarks  can 

 be  manipulated  to  achieve  a  point-to-point  correspondence,  it  was  decided  to  minimise 

 bending  energy  for  the  benefits  described  in  Section  4.3.3.  Bending  energy  is  reduced  in 

 superimposed  configurations  by  initially  treating  landmarks  and  semi-landmarks  in  the 

 same  way  to  find  a  mean  shape.  To  align  outlines  more  smoothly  to  the  mean,  each 

 semi-landmark  is  then  slid  along  a  line  tangent  to  the  outline  at  that  point  (Figure  7.4);  as 

 the  outline’s  contour  is  not  known,  the  tangent  is  estimated  as  a  line  parallel  to  a  segment 

 connecting  points  adjacent  to  the  semi-landmark  being  slid  (e.g.,  Zelditch  et  al.  2012: 

 123;  Perez  et  al.  2006:  770).  For  example,  in  configuration  containing  𝑋 
 𝑖 

= ( 𝑋 
 𝑖𝑥 

,  𝑋 
 𝑖𝑦 

) 𝑇 

 semi-landmarks  ,  semi-landmarks  are  slid  along  tangent  direction  𝑗 =  1 ,  … ,     𝑞 <  𝑘 

 with  .  In  the  resulting  configuration  matrix  ,  𝑢 
 𝑗 

= ( 𝑢 
 𝑗𝑥 

,  𝑢 
 𝑗𝑦 

) 𝑇  ‖  𝑢 
 𝑗 
 ‖ =  1  𝑌 

 𝑖 
= ( 𝑌 

 𝑖𝑥 
,  𝑌 

 𝑖𝑦 
) 𝑇 

 semi-landmarks  have  novel  positions  (Dryden  and  Mardia  2016:  368;  𝑌 
 𝑗 

= ( 𝑌 
 𝑗𝑥 

,  𝑌 
 𝑗𝑦 

) 𝑇 

 Robinson  2005:  181;  Dryden  and  Mardia  1998:  261;  Bookstein  1997).  The  new  location 

 of  is  𝑌 
 𝑗 

 𝑌 
 𝑗 

=  𝑋 
 𝑗 

+  𝑡 
 𝑗 
 𝑢 

 𝑗 
,              𝑗 =  1 ,  … ,  𝑞 .

 As the bending energy is given by 

 𝑌  𝑇  𝑑𝑖𝑎𝑔  𝐵 
 𝑒 
,  𝐵 

 𝑒 ( ) 𝑌 =  𝑌  𝑇  𝐵 
 2 
    𝑌 

 158 



 where  the  bending  energy  matrix  depends  only  on  the  old  configuration  𝐵 
 𝑒 

 and  is the tensor product,  then  where  is  𝑋 
 𝑖 
,  𝑖 =  1 ,  … ,     𝑘  𝐵 

 2 
 𝑌 =  𝑌  0 +  𝑈𝑡  𝑇  𝑌  0 

 is a 2  k  x  q  matrix  𝑈 

 and  . To minimise bending  energy  𝑡 = ( 𝑡 
 1 
,  … ,     𝑡 

 𝑞 
) 𝑇 

( 𝑌  0 +  𝑈𝑡  𝑇 )
 𝑇 
 𝐵 

 2 
( 𝑌  0 +  𝑈𝑡  𝑇 )

 𝑇 
,

 with  respect  to  an  iterative  procedure  was  taken  where  the  starting  value  of  𝑡 

 (Dryden  and  Mardia  2016:  368;  Dryden  and  Mardia  𝑢 
 𝑗 

= ( 𝑋 
 𝑗 + 1 

−  𝑋 
 𝑗 − 1 

) /‖  𝑋 
 𝑗 + 1 

−  𝑋 
 𝑗 − 1 

 ‖ 

 1998:  261;  Bookstein  1997).  After  each  iteration,  configurations  were  superimposed 

 again;  if  the  new  mean  configuration  differed  from  the  previous,  the  procedure  was 

 repeated  until  the  mean  shapes  of  successive  iterations  converged  and  it  could  be  assumed 

 that  shape  differences  between  outlines  was  not  due  to  the  initial,  extrinsically  defined 

 spacing  of  semi-landmarks  (Zelditch  et  al.  2012:  123;  Gunz  and  Mitteroecker  2013: 

 106-107). 

 Figure  7.4  To  minimise  bending  energy,  all  landmarks  and  semi-landmarks  are  superimposed  to  compute 
 mean  shape.  As  the  outline  (solid  line)  is  treated  as  unknown,  in  the  case  of  semi-landmark  2,  sliding  occurs 
 on  a  line  tangent  (dashed/dotted  line)  to  the  segment  (dashed  line)  connecting  adjacent  points  (i.e.,  1  and  3) 
 (Dryden and Mardia 2016: 368; Zelditch  et al.  2012:  123; Dryden and Mardia 1998: 261; Bookstein 1997). 
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 Note  that  the  convention  of  referring  to  coordinate  configurations  as  is  retained,  𝑋 
 𝑖 

 despite  the  fact  that  they  have  been  revised  and  differ  from  their  original  state,  as  this 

 notation  is  well-established.  Thus,  throughout  the  following  sections  and  thesis  generally, 

 configurations are referred to as  rather than  .  𝑋 
 𝑖 

 𝑌 
 𝑖 

	7.2.4	 	Generalised	Procrustes	Analysis	

 A  full  Generalised  Procrustes  Analysis  was  carried  out  on  the  k  x  m  x  n  data  array 

 of  revised  coordinate  configurations  (i.e.,  with  semi-landmarks  in  their  new  locations)  to 

 explore  shape  variation  about  the  sample  average.  For  configurations  ,  a  model  for  the  𝑋 
 𝑖 

 ‘population’ of shapes is 

 𝑋 
 𝑖 

=    β
 𝑖 

 μ +  𝐸 
 𝑖 ( )Γ

 𝑖 
+  1 

 𝑘 
 γ    

 𝑖 
 𝑇 

 where  are  the  matrices  of  independent  errors,  μ  is  the  mean  shape  configuration  and  𝐸 
 𝑖 

 the  “nuisance”  parameters  for  scale,  rotation  and  translation  are  represented  as  ,  and β
 𝑖 

Γ
 𝑖 

 (Robinson  2005:  76;  Dryden  and  Mardia  1998:  88;  Gower  1975).  To  remove  nuisance γ
 𝑖 

 parameters,  an  iterative  approach  was  adopted  in  which  locational  differences  between 

 shapes  were  first  removed  by  translating  all  superimposed  coordinate  configuration’s 

 centroid  points  to  a  common  origin  at  (0,0).  Then,  the  first  configuration  was  employed  as 

 a  target  or  consensus  shape  around  which  all  other  configurations  were  scaled  and  rotated 

 through  a  least-squares  optimisation  algorithm.  Following  the  initial  fit,  an  average  shape 

 was  computed  and  employed  as  the  target  for  a  subsequent  round  of  fitting.  This  iterative 

 process  was  repeated  until  the  average  shapes  produced  by  successive  rounds  ceased  to 

 differ  due  to  the  sum  of  squared  Euclidean  distances  between  configurations  ,…,  𝑋 
 1 

 𝑋 
 𝑛 

 having  been  minimised  (Adams  et  al.  2021:  49;  Dryden  and  Mardia  2016:  134;  Robinson 

 2005:  36-37;  Dryden  and  Mardia  1998:  87-91;  Gower  1975).  If  is  a  translation  vector  of γ
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 length  m  ,  >0  is  a  scale  parameter,  and  is  an  orthogonal  rotation  matrix,  the  process  of  a β Γ

 full  GPA  transforms  configurations  relative  to  one  another  to  minimise  the  total  sum  of 

 squares for each parameter value 

 so  that  the  squared  full  Procrustes  distance  (  )  between  configurations  in  the  set,  say  𝑑 
 𝐹 
 2  𝑋 

 𝑎 

 and  for example, is  𝑋 
 𝑏 

 The full Procrustes fit for  is then  𝑋 
 𝑖 

 𝑋 
 𝑖 
 𝑃 =     β    

^

 𝑖 
 𝑋 

 𝑖 
 Γ    
^

 𝑖 
+     1 

 𝑘    
γ
^

 𝑖 

 𝑇 
,     𝑖 =  1 ,  … ,  𝑛 

 where  ,  and  are the  minimising parameters.  β    
^

 𝑖 
 Γ    
^

 𝑖 
 γ    
^

 𝑖 

 The  resulting  Procrustes-aligned  x-y  configurations  in  which  locational,  scaling 

 and  rotational  differences  are  minimised,  are  thus  registered  to  a  common  coordinate 

 system  in  Kendall’s  shape  space  (Adams  et  al.  2021:  49;  Zelditch  and  Swiderski  2018: 

 46-47;  Sherrat  2014:  19-22;  Robinson  2005:  37;  Dryden  and  Mardia  1998:  87-92; 

 Bookstein  1997;  Bookstein  1991;  Kendall  1984;  Gower  1975).  As  is  usual,  configurations 

 were  subsequently  projected  into  tangent  linear  space  about  a  “pole”  –  the  average  shape 

 or  –  for  the  purposes  of  inferential  exploration  (Dryden  and  Mardia  2016:  88-95; µ[ ]

 Robinson  2005:  97-98;  Kent  and  Mardia  2001:  469;  Rohlf  1999:  205;  Dryden  and  Mardia 

 1998:  71).  As  discussed  previously  (Section  4.3.2),  the  differences  between 
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 configurations  in  shape  and  tangent  linear  space  are  minimal,  thus  if  and  are  closely  𝑋 
 𝑎 

 𝑋 
 𝑏 

 related configurations in shape space and  and  are their tangent plane coordinates,  ʋ 
 𝑎 
    ʋ 

 𝑏 

 ).  ‖  𝑣 
 𝑎 

−  𝑣 
 𝑏 
 ‖ ≈  𝑑 

 𝐹 
( 𝑋 

 𝑎 
,  𝑋 

 𝑏 

 As  such,  it  was  possible  to  employ  standard  statistical  methods  based  on  Euclidean 

 distances  between  coordinates  in  the  tangent  plane  (Dryden  and  Mardia  2016:  88-95; 

 Robinson 2005: 98; Kent and Mardia 2001: 469; Dryden and Mardia 1998: 151-173). 

	7.2.5	 	Implementation	of	Transformations	

 The  aforementioned  transformations  of  coordinate  configurations  were  carried  out 

 in  Geomorph  ,  an  R  package  written  by  Dean  Adams  and  colleagues  (e.g.,  Adams  et  al. 

 2021).  This  frequently  used  and  updated  package  is  found  in  the  CRAN  repository.  It  has 

 been  applied  in  a  variety  of  settings  to  produce  articles  that  have  been  published  in  a 

 broad  selection  of  peer  reviewed  journals  and  is  supported  by  a  plethora  of  user  manuals 

 and  a  Google  group  in  which  members  can  directly  and  openly  correspond  with  the 

 package’s  authors  (Adams  et  al.  2021;  Zelditch  and  Swiderski  2018;  Sherrat  2014; 

 Zelditch  et  al.  2012).  The  use  of  Geomorph  also  streamlines  data  acquisition  and 

 processing.  For  instance,  due  the  increasing  integration  of  the  package  with  Stereomorph  , 

 it  is  possible  with  the  function  readland.shapes  to  take  the  raw  scaled  coordinate  data 

 created  in  Stereomorph  and  define  coordinate  points  as  either  landmarks  or 

 semi-landmarks  so  that  the  Geomorph  functions  treat  them  appropriately  (Adams  et  al. 

 2021:  117-119).  Furthermore,  although  the  calculation  of  centroid  size,  sliding  of 

 semi-landmarks,  and  registration  of  coordinate  configurations  through  GPA  are  separate 

 steps,  they  are  all  accomplished  through  Geomorph  ’s  gpagen  function  (Adams  et  al. 

 2021:  49-51).  Geomorph  further  facilitates  the  handling  of  practical  problems  such  as 

 missing  data  and  digitisation  errors.  As  such,  before  performing  GPA,  a  linear  regression 
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 model  was  employed  to  predict  missing  landmark  values;  realistically,  this  was  rarely 

 employed  as  individual  differences  account  for  the  greatest  proportion  of  variation  in 

 molar  morphology  and  landmarks  estimated  with  reference  to  the  average  position  in  the 

 sample  have  the  capacity  to  inflate  individual  estimates  of  FA.  After  registration,  the 

 plotOutliers  function  identified  abnormal  configurations.  Initially,  several  notable 

 deviations  were  detected;  these  were  the  result  of  imaging  and  digitisation  errors  (e.g., 

 switching  landmarks)  and,  in  these  cases,  new  images  were  produced  and  coordinate 

 configurations  amended  (Adams  et  al.  2021;  Zelditch  and  Swiderski  2018:  40;  Sherrat 

 2014: 16-18; Dryden and Mardia 1998: 288) (Figure 7.5). 

 Figure  7.5  Errors  in  alignment,  orientation  and  subsequent  digitisation  were  identified  through  the 
 plotOutliers  function in  Geomorph  which graphically  highlights outlying configurations in red. 

	7.2.6	 	Summary	

 The  above  method  is  a  means  through  which  M1  occlusal  morphology  can  be 

 defined.  Although  the  procedures  are  complex,  the  development  of  packages  such  as 

 Geomorph  and  Stereomorph  in  the  statistical  environment  R  means  that  they  are  an 

 accessible  and  practical  option  (Adams  et  al.  2021;  Zelditch  and  Swiderski  2018;  Olsen 

 2015;  Olsen  and  Westneat  2015).  By  targeting  M1s,  which  develop  perinatally,  it  was 

 possible to quantify morphological variation associated with a specific time of life. 
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	7.3	 	Pilot	Study	

 Before  data  collection  began,  two  issues  were  explored.  Firstly,  the  question  of  how 

 many  semi-landmarks  should  be  used  to  sample  the  outline  and,  secondly,  to  what  extent 

 intra-observer  error  in  the  imaging  and  digitisation  processes  affected  the  analysis.  As 

 Principal  Components  Analysis  played  a  key  role  in  answering  these  questions,  this 

 section  begins  with  a  description  of  this  exploratory  procedure.  The  teeth  evaluated 

 during  the  pilot  study  were  selected  from  individuals  originating  from  the  South  Shields 

 collection  with  minimally  worn  M1  occlusal  surfaces.  Replicate  measures  were  taken  of 

 each  tooth,  with  replicates  being  produced  on  separate  days.  The  analytical  procedures 

 detailed here were conducted after each tooth had been recorded five times. 

	7.3.1	 	Principal	Components	Analysis	

 As  dental  morphological  features  are  functionally,  developmentally  and 

 genetically  linked,  complex  patterns  of  variation  and  covariation  between  shape  variables 

 can  be  expected  (Zelditch  et  al.  2012:  136).  Principal  Components  Analysis  (PCA)  makes 

 these  patterns  easier  to  interpret  by  generating  new  variables  (i.e.,  PCs)  that  sum  to  the 

 same  total  variance  as  the  original  variables,  but  are  independent  linear  combinations  of 

 them  (e.g.,  Zelditch  et  al.  2012:  136-146).  The  first  step  to  finding  PCs  is  to  calculate  the 

 sample covariance matrix (  ) for the tangent  space configurations  as  𝑆 
 𝑣 

 𝑣 
 𝑖 
,  … ,     𝑣 

 𝑛 

 where  .  When  is  the  dimension  of  the  shape  space,  the  𝑣 =  1 
 𝑛 ∑  𝑣 

 𝑖 
 𝑀 =  2  𝑘 −  4 

 non-zero  eigenvectors  of  are  the  principal  components  ,…,  𝑝 =  𝑚𝑖𝑛    ( 𝑛 −  1 ,  𝑀 )  𝑆 
 𝑣 

ψ
 1 

ψ
 𝑝 

 and  the  magnitude  of  variance  explained  by  them  is  given  by  the  corresponding 
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 eigenvalues  ,…,  (Dryden  and  Mardia  2016:  150-152;  Zelditch  et  al.  2012:  144; λ
 1 

λ
 𝑝 

 Robinson  2005:  102;  Dryden  and  Mardia  1998:  47-49).  The  PC  score  for  the  i  th 

 configuration on the  j  th component is 

 𝑠 
 𝑖𝑗 

= ψ
 𝑗 
 𝑇  𝑣 

 𝑖 
−  𝑣 ( ),     𝑖 =  1 ,  … ,  𝑛 ;  𝑗 =  1 ,  … ,  𝑝 .

 while the percentage of variability captured by the  j  th PC (  ) is  𝑗 =  1 ,  … ,  𝑝 

 PCA  thus  made  it  possible  to  simplify  complex  data  and  facilitate  an  exploration  of 

 morphological  variability  (Dryden  and  Mardia  2016:  152;  Zelditch  et  al.  2012:  136-150; 

 Robinson 2005: 102; Dryden and Mardia 1998: 47-49. 

	7.3.2	 	Determining	Semi-landmark	Number	

 The  number  of  semi-landmarks  needed  to  describe  an  outline  effectively  is  an 

 issue  to  which  there  is  no  ready  answer.  Investigators  must  achieve  a  balance  between 

 under-sampling,  which  would  lead  to  insufficient  morphological  data  being  captured,  and 

 the  loss  of  statistical  power  associated  with  over-sampling  (Dryden  and  Mardia  2016: 

 369).  Consequently,  there  has  been  a  great  deal  of  variability  in  how  many 

 semi-landmarks  have  been  used  to  define  M1  outlines.  For  example,  Gómez-Robles  used 

 30  semi-landmarks  in  an  early  paper  but  39  in  a  later  one  (Gómez-Robles  et  al.  2011; 

 Gómez-Robles  et  al.  2007),  while  Benazzi  et  al.  (2011b)  employed  as  few  as  16  outline 

 points.  This  confusing  situation  is  partially  the  result  of  the  differing  nature  of  the 

 projects;  each  venture  imposes  a  unique  set  of  requirements  and  investigators  must 

 determine  how  many  points  are  appropriate  for  the  specific  project  in  question  (Bardua  et 

 al.  2019: 18-19; Watanabe 2018; Gunz and Mitteroecker  2013: 104-105). 
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 To  decide  how  many  semi-landmarks  to  employ,  five  antimeric  M  1  and  M  1  pairs 

 were  replicated  five  times  (for  a  total  of  50  M  1  and  M  1  coordinate  configurations),  as 

 discussed  above.  Outlines  were  then  sampled  by  10,  20,  30  and  40  semi-landmarks. 

 Coordinate  configurations  were  subjected  to  a  PCA  and  the  first  two  PCs  were  plotted  to 

 find  the  point  at  which  additional  semi-landmarks  no  longer  caused  perceptible  alterations 

 and  presumably  ceased  to  contribute  useful  information  (Bardua  et  al.  2019:  19; 

 Watanabe  2018:  2).  The  plots  from  these  analyses  showed  visually  appreciable 

 differences  in  configurations  with  10  and  20  semi-landmarks,  but  little  alteration  beyond 

 that  (Figure  7.6).  As  a  result,  it  was  decided  to  define  outlines  with  20  semi-landmarks  in 

 subsequent  tests.  Although  the  decision  was  subjective,  the  number  appeared  to  capture 

 morphological  variation  in  sufficient  detail  and  provided  enough  points  to  visually 

 interpret  data  in  a  meaningful  manner,  whilst  mitigating  against  the  introduction  of 

 redundant information. 
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 Figure  7.6  Plots  of  first  two  PCs  of  M  1  configurations  with  10  (a),  20  (b),  30  (c)  and  40  (d)  semi-landmarks.  Colours  represent  individuals,  each  of  which  was 
 represented by five left and five right replicate configurations. 
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	7.3.3	 	Error,	Reliability	and	Replicate	Measures	

 Methodological  validity  was  dependent  upon  several  factors  that  are  easily 

 influenced  by  operator  error.  These  include:  the  orientation  and  alignment  of  teeth  prior  to 

 imaging,  as  well  as  the  placement  of  landmarks  in  the  digitisation  process  (Fruciano  et  al. 

 2017;  Shearer  et  al.  2017:  11;  Robinson  2005:  110-145;  Singleton  2001:  553-554; 

 Arnqvist  and  Martensson  1998).  Consequently,  identifying  sources  of  error  and 

 quantifying  overall  reliability  was  deemed  essential  so  that  the  method  could  be  tested, 

 revised  and  refined.  This  is  especially  crucial  when  analysing  dental  fluctuating 

 asymmetry  as  variance  is  always  expected  to  be  relatively  small  and  therefore  likely  to  be 

 obscured  easily  by  methodological  irregularities  (Fruciano  et  al.  2017;  Klingenberg  2015; 

 Graham  et  al.  2010).  Multiple  methods  have  been  devised  to  evaluate  error  and  reliability. 

 Though  varied  in  nature,  these  techniques  revolve  around  exploring  differences  in 

 replicate measurements. 

 Prior  to  initiating  data  collection,  to  assess  error  and  intra-observer  agreement, 

 five  replicate  measures  were  taken  from  ten  maxillary  and  mandibular  M1s  each 

 representing  five  antimeric  pairs  (the  same  sample  used  in  Section  7.3.2).  Landmarks 

 (eight  for  the  M  1  and  ten  for  the  M  1  )  and  an  outline  (sampled  by  20  semi-landmarks)  were 

 digitised  for  each  tooth.  Semi-landmarks  were  slid  and  configurations  adjusted  by  GPA. 

 Following  this,  the  locations  of  discrepancies  in  landmark  and  semi-landmark  placement 

 were  identified,  while  overall  methodological  reliability  and  the  relative  contribution  of 

 fluctuating asymmetry and error to morphological variance were quantified. 

	7.3.3.1	 	Locations	of	Error	

 To  test  the  consistency  of  landmark  placement,  the  distances  between  a 

 landmark’s  mean  position  and  the  landmark’s  location  in  each  replicate  were  calculated. 
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 This  procedure  gives  an  intra-landmark  distance  that  measures  dispersion  (Shearer  et  al. 

 2017:  11;  Kenyhercz  et  al.  2014;  Rohlf  2003:  668;  Singleton  2001:  553-554).  When 

 determined  after  performing  Procrustes  superimposition,  sliding  semi-landmarks  and 

 projecting  shapes  into  tangent  linear  space,  intra-landmark  distances  can  be  used  to 

 evaluate  persistent  locational  discrepancies  (Shearer  et  al.  2017:  11;  Robinson  2005:  117; 

 Singleton  2001:  553-554).  In  two-dimensional  shape  configurations  with  an  x  and  y 

 coordinate,  the  distance  between  the  mean  point  (i.e.,  and  )  for  landmark  i  and  the  𝑥  𝑦 

 same landmark in the  j  th configuration is calculated  as 

(( 𝑥 
 𝑖𝑗 

−  𝑥 
 𝑖 
) ² + ( 𝑦 

 𝑖𝑗 
−  𝑦 

 𝑖 
) ² ).

 For  each  tooth,  a  mean  shape  was  computed  from  five  GPA-aligned  replicates. 

 Following  this,  intra-landmark  distances  between  coordinate  points  in  every  replicate  and 

 the  mean  configuration  were  calculated.  Distances  were  visually  compared  through 

 boxplots  (Figure  7.7).  This  revealed  that  the  distance  between  replicate  measures  and  the 

 mean  shape  was  least  at  the  intersection  of  fissures  located  centrally  and  most  at  cusp 

 apices,  while  semi-landmarks  occupied  a  middle  ground.  A  robust,  non-parametric 

 Kruskal-Wallis  test  was  employed  to  compare  intra-landmark  distances;  differences  were 

 significant  in  both  the  M  1  (  H  =241.335,  df=27,  p<0.001,  η²=0.16)  and  M  1  sample 

 (  H  =178.755,  df=29,  p<0.001,  η²=0.10),  with  large  and  moderate  effect  size  respectively 

 (Cohen  1988).  In  both  instances,  post  hoc  pairwise  comparisons  using  Dunn’s  test  with 

 Bonferroni  adjusted  significance  thresholds  showed  that  significant  dissimilarities  existed 

 between  landmarks  located  centrally  along  the  sagittal  (in  the  M  1  )  and  longitudinal 

 fissures  (in  the  M  1  )  and  landmarks  at  cusp  apices  as  well  as  semi-landmarks  on  the 

 outline. 
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 Figure  7.7  Boxplots  showing  the  Procrustes  distances  between  landmarks  and  semi-landmarks  in  replicate  measures  and  mean  M  1  (a)  and  M  1  (b)  configurations.  “  lm  ”  and  “  sl  ” 
 are  abbreviations  of  landmark  and  semi-landmark  respectively;  landmark  order  follows  that  established  in  Table  7.1  and  Table  7.2.  Note  that  the  landmarks  that  deviate  the 
 least from their mean position and show little variance are located at distinct anatomical points along centrally-located fissures. 
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 There  are  two  likely  explanations  for  these  results.  Firstly,  as  fissure  junctions 

 represent  the  definite  juxtaposition  of  two  anatomical  structures,  they  are  more  clearly 

 identifiable,  Type  I  landmarks.  In  contrast,  cusp  apices  are  placed  at  the  maximal  height 

 of  each  cusp  (Type  II  landmarks)  and,  in  two-dimensional  images  especially,  they  are  less 

 distinct.  In  this  interpretation  the  inconsistent  identification  of  landmarks  underlies  error. 

 Alternatively,  landmarks  located  further  away  from  the  image’s  central  point  of  focus 

 were  affected  to  a  greater  degree  by  variation  in  alignment  than  landmarks  located 

 centrally.  In  either  case  it  might  be  expected  that  semi-landmarks  placed  most 

 peripherally  on  an  outline  without  any  clearly  defined  features  would  produce  the  greatest 

 intra-landmark  distances.  However,  as  the  location  of  semi-landmarks  on  the  outline  is 

 initially  mathematically  determined  they  are  less  influenced  by  human  error  and 

 differences  are  then  reduced  through  both  the  sliding  process  and  Procrustes  fit  (Benazzi 

 et  al.  2011b:  349;  Robinson  2005:  112-114).  On  balance,  it  seems  plausible  that  a 

 combination  of  both  factors  (identification  error  and  alignment  inconsistency)  accounts 

 for  the  observed  variances  in  intra-landmark  distances.  Nevertheless,  it  should  be  noted 

 that  although  these  differences  were  significant,  they  do  not  necessarily  represent  a 

 magnitude  of  error  that  could  confound  results  and,  consequently,  error  relative  to 

 fluctuating asymmetry is explored in Section 7.3.3.3. 

	7.3.3.2	 	Reliability:	Correlation	Coef�icients	

 Robinson  (2005)  developed  a  novel  means  of  appraising  overall  methodological 

 reliability  from  repeated  measures  in  a  GM  context  by  decomposing  morphological 

 variation  into  uncorrelated  variables  through  PCA.  This  is  achieved  after  performing  a 

 GPA,  by  comparing  the  mean  PC  scores  through  an  ANOVA  design  to  calculate  an 

 intra-class  correlation  coefficient  (ICC)  (Robinson  2005:  117-121;  Shrout  and  Fleiss 

 1979  ).  Since  Shrout  and  Fleiss  (1979)  first  proposed  computing  an  ICC  through  an 
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 ANOVA,  it  has  become  a  popular  method  of  exploring  how  reliably  “judges”  score 

 “subjects”;  results  are  expressed  between  a  range  of  0.0  and  1.0,  reflecting  no  correlation 

 through  to  perfect  correlation  between  replicate  measures  (Koo  and  Li  2016;  Robinson 

 2005:  117;  Fleiss  1986;  Shrout  and  Fleiss  1979  ).  There  are  several  variants,  but  as 

 intra-observer  reliability  was  being  questioned,  a  two-way,  mixed  effects  test  of  absolute 

 agreement  in  a  single  observer  was  conducted  on  the  PC  scores  of  two,  three  and  five 

 replicates  (i.e.,  two  replicate  measures  were  initially  taken,  then  a  third  and  so  on)  of 

 Procrustes-aligned  landmark  and  semi-landmarks  configurations  for  the  sample  of  ten 

 M  1  s  and  M  1  s  (Koo  and  Li  2016:  157;  McGraw  and  Wong  1996:  32-34;  Fleiss  1986; 

 Shrout  and  Fleiss  1979  ).  Mean  PC  scores  were  organised  into  a  table.  With  a  fixed  rater 

 (i.e.,  judge),  each  column  was  analogous  to  a  summary  of  a  single  judge’s  score  for  each 

 tooth  and  each  row  a  different  tooth  (i.e.,  subject).  Based  on  the  expected  mean  squares 

 an ICC was calculated as 

 where  is  the  mean  square  for  rows  (variance  between  teeth),  is  the  mean  square  𝑀𝑆 
 𝑟 

 𝑀𝑆 
 𝑐 
   

 for  columns  (variance  between  replicates),  and  is  the  mean  square  of  the  residual  𝑀𝑆 
 𝑒 

 variance  attributable  to  error  and  n  is  the  number  of  subjects  (McGraw  and  Wong  1996: 

 36).  To  test  statistical  significance,  an  value  was  calculated  as  and  𝐹  𝐹 =  𝑀𝑆 
 𝑟 
 /  𝑀𝑆 

 𝑒 

 compared  to  an  distribution  (McGraw  and  Wong  1996:  39).  Results  are  presented  in  𝐹 

 Table 7.3. 

 Though  qualitative  descriptors  of  reliability  are  somewhat  arbitrary,  they  are 

 convenient  and  can  be  used  to  articulate  confidence  in  the  method  being  evaluated 

 (Liljequist  et  al.  2019;  Koo  and  Li  2016;  Robinson  2005:  128;  Shoukri  et  al.  2004:  270; 
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 Cicchetti  1994;  Donner  and  Eliasziw  1987  ).  According  to  the  relatively  parsimonious 

 conventions  of  Koo  and  Li  (2016)  the  overall  reliability  achieved  in  the  placement  of 

 landmarks  in  both  three  and  five  replicate  measures,  being  greater  than  0.9  in  both  M1s, 

 was  “excellent.”  The  ICC  score  for  two  replicate  measures  of  the  M  1  was  also  excellent. 

 For  the  M  1  ,  however,  two  replicate  measures  fell  below  this  threshold  –  though  it  should 

 be  noted  that  a  score  of  0.808  is  still  considered  “good”  and  was  statistically  significant. 

 These  results  suggest  that  variation  between  replicates  is  small  in  comparison  to  variation 

 between  individuals  and  that  an  analysis  of  three  replicate  measures  achieves  excellent 

 reliability. 

 Tooth 
 F  test and Significance 

 Intraclass 
 Correlation  Value  df 1  df 2  p 

 M  1 

 5 replicates  0.983  57.7  9  36  < 0.001 
 3 replicates  0.973  37.0  9  18  < 0.001 
 2 replicates  0.808  5.20  9  9  0.01 

 M  1 
 5 replicates  0.980  48.8  9  36  < 0.001 
 3 replicates  0.972  35.8  9  18  < 0.001 
 2 replicates  0.947  18.8  9  9  < 0.001 

 Table 7.3 ICCs with landmarks and an outline of 20 semi-landmarks. 

	7.3.3.3	 	Error	Relative	to	Fluctuating	Asymmetry	

 Thus  far,  error  has  been  discussed  without  reference  to  FA,  and  though  this  has 

 been  informative,  it  needed  to  be  demonstrated  that  observer  error  did  not  obscure  the 

 small  variances  typically  associated  with  fluctuating  asymmetry.  As  previously  discussed 

 (Section  4.5),  the  two-way,  mixed  model  ANOVA  quantifies  the  relative  variance  in  a 

 sample  attributable  to  each  term,  including  error.  This  comparative  measure  was  used  to 

 infer  whether  measurement  error  was  sufficiently  low  to  enable  an  effective  exploration 

 of  fluctuating  asymmetry  (Klingenberg  2015:  868-870;  Graham  et  al.  2010:  487-489; 

 Arnqvist  and  Martensson  1998:  83-85;  Palmer  1994:  353-355;  Bailey  and  Byrnes  1990; 

 Palmer and Strobeck 1986: 403-406; Leamy 1984). 
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 As  the  previous  tests  inferred  that  “excellent”  repeatability  was  achieved  with 

 three  repeated  measures,  three  replicates  were  taken  from  five  M  1  and  M  1  bilateral 

 antimeric  pairs  (i.e.,  to  give  a  total  of  thirty  maxillary  and  mandibular  replicates;  these 

 were  the  same  replicates  employed  in  Section  7.3.3.2).  The  Procrustes-aligned 

 coordinates  (both  landmarks  and  an  outline  of  20  semi-landmarks)  were  then  evaluated 

 through  a  Procrustes  ANOVA  (Section  7.4.1).  The  output  provided  several  pertinent 

 statistics.  In  the  M  1  ,  fluctuating  asymmetry  accounted  for  22.2%  of  morphometric 

 variance;  though  small  relative  to  individual  variation  (68.4%),  this  was  much  higher  than 

 variation  due  to  measurement  error  (5.0%)  and,  consequently,  there  was  a  high  ratio  of 

 fluctuating  asymmetry  to  error  (  F  =22.209)  (Table  7.4).  Although  FA  contributed  less  to 

 overall  morphometric  variance  (14.6%)  in  the  M  1  ,  the  ratio  of  fluctuating  asymmetry  to 

 measurement  error  was  similar  (  F  =19.056)  and  it  appeared  that  the  reduction  in  the 

 percentage  of  overall  variation  associable  with  FA  was  due  to  an  increase  in 

 inter-individual variation (76.6%) (Table 7.5). 

 Effects  df  SS  MS  R  2  F  p 
 ind  4  0.120  0.030  0.684  3.089  0.677 
 side  1  0.008  0.008  0.044  0.795  0.627 
 ind x side  4  0.039  0.010  0.222  22.209  <0.001 
 error  20  0.009  0.001  0.050 
 Total  29  0.176 
 Table  7.4  Procrustes  ANOVA  evaluating  asymmetric  shape  variation  in  a  sample  of  5  M  1  pairs.  A 
 Randomised  Residual  Permutation  Procedure  (RRPP)  with  1000  permutations  was  used  to  determine 
 significance (Adams  et al.  2021; Adams and Collyer  2018; Collyer and Adams 2018). 

 Effects  df  SS  MS  R  2  F  p 
 ind  4  0.123  0.030  0.766  5.261  0.538 
 side  1  0.008  0.008  0.050  1.377  0.403 
 ind x side  4  0.023  0.005  0.146  19.056  <0.001 
 error  20  0.006  0.001  0.038 
 Total  29  0.160 
 Table  7.5  Procrustes  ANOVA  evaluating  asymmetric  shape  variation  in  a  sample  of  5  M  1  pairs.  A 
 Randomised  Residual  Permutation  Procedure  (RRPP)  with  1000  permutations  was  used  to  determine 
 significance (Adams  et al.  2021; Adams and Collyer  2018; Collyer and Adams 2018). 
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	7.3.3.4	 	Summary	

 Through  the  calculation  of  intra-landmark  distances,  it  was  possible  to  identify  the 

 locations  and  infer  the  causes  of  error.  It  appears  that  inconsistencies  in  alignment  as  well 

 as  problems  in  identifying  less  clearly  juxtaposed  landmarks  are  a  source  of 

 methodological  error  (Fruciano  et  al.  2017;  Shearer  et  al.  2017:  11;  Robinson  2005:  117; 

 Singleton  2001:  553-554;  Arnqvist  and  Martensson  1998).  However,  after  decomposing 

 morphometric  variance  into  uncorrelated  PCs  and  computing  ICCs,  it  was  found  that  the 

 method  was  highly  repeatable;  specifically,  an  average  of  three  replicates  achieved 

 “excellent”  intra-observer  reliability  (Liljequist  et  al.  2019;  Koo  and  Li  2016;  Robinson 

 2005:  117-121;  Cicchetti  1994;  Donner  and  Eliasziw  1987;  Fleiss  1986;  Shrout  and  Fleiss 

 1979  ).  Finally,  it  was  demonstrated  that  fluctuating  asymmetry  exceeds  measurement 

 error  by  a  factor  of  circa  20.  Based  on  these  results,  it  was  decided  that  in  the  project’s 

 data  acquisition  phase  three  replicates  of  each  tooth  would  be  collected.  One  proviso 

 when  using  replicate  measures  is  that  error  at  every  stage  of  the  data  acquisition  process 

 must  affect  each  replicate  (Arnqvist  and  Martensson  1998).  Therefore,  for  each  replicate, 

 the  tooth  being  evaluated  was  removed  from  its  setting  before  being  repositioned, 

 rephotographed  and  re-digitised.  When  an  individual  measure  was  needed  (i.e.,  when 

 exploring  the  relationship  between  FA  and  later-life  stress  in  individuals),  these  replicates 

 were used to compute a mean shape (Section 7.4.2). 

 175 



	7.4	 	Evaluating	Fluctuating	Asymmetry	

 This  section  first  details  the  ANOVA  procedure  through  which  tangent  space 

 distances  were  decomposed  to  explore  asymmetry  in  the  sample.  Next,  the  steps  taken  to 

 produce an individual measure of fluctuating asymmetry are described. 

	7.4.1	 	Goodall’s		F		and	the	Procrustes	ANOVA	

 In  a  sample  of  n  coordinate  configurations  ,…,  ,  when  it  is  assumed  that  𝑋 
 1 

 𝑋 
 𝑛 

 configurations  are  isotropic  normal  perturbations  about  a  mean,  to  test  the  null  hypothesis 

 of  against  the  alternative  hypothesis  of  ,  Goodall’s  F  can  be  𝐻 
 0 
: µ = µ

 0 
    𝐻 

 1 
: µ    ≠    µ

 0 

 approximated from squared distances in tangent linear space  ) as ( 𝑑 
 𝑣 
 2 

 where  is  the  full  Procrustes  estimate  of  mean  shape  and  is  calculated  as  the  arithmetic µ

 mean  of  each  coordinate  point  (Dryden  and  Mardia  1998:  90),  and 

 .  For  large  values  of  F  ,  the  null  hypothesis  can  𝑀 =  𝑘𝑚 −  𝑚 −  𝑚 ( 𝑚 −  1 ) /2 −  1  𝐻 
 0 

 be  rejected  (Dryden  and  Mardia  2016:  197-198;  Robinson  2005:  106;  Dryden  and  Mardia 

 1998: 161; Goodall 1991: 314). 

 Regarding  asymmetric  variance,  the  sum  of  square  (  )  distances  in  tangent  space  𝑆𝑆 

 between configurations can be decomposed as 

 where  individuals  are  associated  with  sides  ,  where  so  that  𝑝 =  1 ,  … ,  𝑃  𝑏 =  1 ,...,  𝐵  𝐵 =  2 

 is  side  of  the  th  individual  and  and  are  individual  and  side  means  and  is  𝑥 
 𝑝𝑏 

 𝑏  𝑝  𝑥 
 𝑝 

 𝑥 
 𝑏 

 𝑥  ̿ 
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 the  grand  mean.  The  sums  on  the  right-hand  side  of  the  equation  respectively  account  for: 

 individual  variation,  directional  asymmetry,  and  non-directional  asymmetry  (Savriama 

 and  Klingenberg  2011:  5).  As  variation  can  be  partitioned  through  a  sums  of  squares 

 procedure,  with  differences  between  shapes  found  as  the  squared  tangent  coordinate 

 differences  summed  across  all  coordinates  of  all  landmarks,  it  is  possible  to  employ  an 

 ANOVA  procedure  to  calculate  F  (Savriama  and  Klingenberg  2011;  Klingenberg  2015: 

 869; Klingenberg and McIntyre 1998). 

 As  previously  discussed  in  Section  4.5,  a  two-way,  mixed  model  ANOVA  has 

 become  an  essential  step  in  the  sample-level  evaluation  of  asymmetry.  Variation  is 

 explored  about  two  main  factors:  a  between-subjects  random  effect  and  a  within-subjects 

 fixed  effect.  Also  accounted  for  is  the  synergistic  interaction  of  factors  and,  when 

 replicate  measures  are  taken,  the  residual  variance  attributable  to  error  (McKillup  2012: 

 147-150;  Zelditch  et  al.  2012:  228-240;  Field  2005:  393-432).  The  random 

 between-subjects  effect  (  ind  ),  or  variation  between  individuals,  was  found  as  the  sum  of 

 square  differences  (i.e.,  squared  tangent  space  distances)  between  average  individual 

 shapes  (i.e.,  the  individual  mean  calculated  from  all  replicate  measures)  and  the  grand 

 mean  shape  (Table  7.6).  The  fixed  within-subject  effect  (  side  )  quantified  variation  in  the 

 sample  attributable  to  a  side  bias,  that  is  directional  asymmetry,  and  was  computed  as  the 

 summed  difference  between  the  sample’s  average  left  and  right-side  shapes  and  the  grand 

 mean  shape.  The  interaction  between  the  two  main  effects  (  ind  x  side  )  quantified  the 

 contribution  of  individual  left-right  differences  to  overall  variance  and  measured 

 non-directional  asymmetry  (in  simple  terms,  in  the  ANOVA  design  this  is  the  variance  in 

 squared  tangent  space  distances  left  unexplained  by  individual  variation  and  sample-level 

 side  biases).  Variation  due  to  error  was  calculated  as  the  summed  differences  between 

 each  replicate  and  the  corresponding  individual’s  mean  left  or  right  configuration  (Adams 
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 et  al.  2021:  6-10;  Murrar  and  Brauer  2018;  Zelditch  and  Swiderski  2018;  Klingenberg 

 2015:  869-870;  Zelditch  et  al.  2012:  364-366;  Graham  et  al.  2010:  487-489;  Klingenberg 

 and  McIntyre  1998;  Palmer  and  Strobeck  1986:  407-408).  In  order  that  this  process  could 

 be  achieved  in  Geomorph  ’s  bilat.symmetry  function,  vectors  were  supplied  to  specify 

 which  individual,  side  and  replicate  each  configuration  represented  as  well  as  an 

 argument  to  denote  that  the  structures  have  matching  symmetry  (i.e.,  teeth  are  paired 

 organs  reflected  about  a  midline  axis;  refer  to  Section  4.4)  (Adams  et  al.  2021:  6-10; 

 Sherrat 2014: 23-25). 

 Effect  𝑆𝑆  𝑑𝑓  𝑀𝑆 

 ind  𝑃 −  1  𝑆𝑆 
 𝑖𝑛𝑑 

 / ( 𝑃 −  1 )

 side  𝐵 −  1  𝑆𝑆 
 𝑠𝑖𝑑𝑒 

 / ( 𝐵 −  1 )

 ind x side  𝑃 −  1 ( )( 𝐵 −  1 )  𝑆𝑆 
 𝑖𝑛𝑑     𝑥     𝑠𝑖𝑑𝑒 

 /  𝑃 −  1 ( )( 𝐵 −  1 )

 error  𝑃𝐵 ( 𝐶 −  1 )  𝑆𝑆 
 𝑒𝑟𝑟𝑜𝑟 

 /  𝑃𝐵 ( 𝐶 −  1 )

 Total  𝑃𝐵𝐶 −  1 

 Table  7.6  The  ANOVA  procedure,  developed  from  that  presented  in  Chapter  4,  through  which  the 
 differences  (measured  as  squared  tangent  space  distances)  between  shapes  (defined  above)  was  computed  to 
 decompose  asymmetric  variation.  As  three  replicate  measures  were  taken,  where  𝑐 =  1 ,  … ,  𝐶  𝐶 =  3 
 (Section 7.3). 

 The  values  are  divided  by  their  respective  degrees  of  freedom  to  give  the  mean  𝑆𝑆 

 square  (  )  for  each  term,  while  dividing  the  SS  for  each  effect  by  the  total  SS  gave  an  R  2  𝑀𝑆 

 value  which  represented  the  proportion  of  variation  attributable  to  each  term  (Adams  et 

 al.  2021:  111).  To  determine  significance  for  the  interaction  term  (i.e.,  non-directional 

 asymmetry)  an  F  -value  was  computed  as  (Zelditch  and  𝐹 =  𝑀𝑆 
 𝑖𝑛𝑑     𝑥     𝑠𝑖𝑑𝑒 

 /  𝑀𝑆 
 𝑒𝑟𝑟𝑜𝑟 
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 Swiderski  2018;  Klingenberg  2015:  869-870;  Zelditch  et  al.  2012:  240;  Graham  et  al. 

 2010:  487-489;  Klingenberg  and  McIntyre  1998).  To  avoid  the  need  to  make  normality 

 assumptions,  significance  testing  was  done  non-parametrically  through  a  residual 

 randomisation  permutation  procedure  (RRPP)  in  Geomorph  (Collyer  et  al.  2015;  Collyer 

 2015;  Klingenberg  2015:  869-870;  Graham  et  al.  2010:  487-489;  Klingenberg  and 

 McIntyre  1998;  Good  1994;  Edgington  1995;  Palmer  and  Strobeck  1986:  407-408).  In 

 RRPP,  residuals  from  null  linear  models  are  randomised  and  added  to  the  fitted  values  to 

 generate  random  pseudovalues.  By  doing  this  repeatedly,  an  empirical  sampling 

 distribution  of  ANOVA  statistics  is  produced  (Collyer  and  Adams  2018:  1773;  Adams 

 and  Collyer  2015:  824-825;  Zelditch  et  al.  2012:  215-217;  Anderson  and  Ter  Braak 

 2003).  Thus,  the  F  -values  for  the  observed  effects  are  compared  to  the  distribution  of 

 many values and deemed significant when they fall beyond the 95  th  percentile. 

 Contingent  upon  significant  results,  coordinate  configurations  were  investigated 

 further  to  discern  whether  the  non-directional  component  to  asymmetry  was  likely  the 

 result  of  random  deviations  from  symmetry  (i.e.,  was  the  interaction  term  identifying 

 significant  fluctuating  asymmetry  or  antisymmetry).  For  each  M1  landmark  and 

 semi-landmark  plots  of  signed  left-right  differences  were  visually  examined  and  tested  for 

 kurtosis.  If  antisymmetry  was  present,  scatter  plots  would  reveal  two  clusters  while 

 histograms  and  density  plots  would  display  a  bimodal  or  platykurtic  distribution  (Balzeau 

 et  al.  2012:  2;  Silva  et  al.  2012:  561-564;  Guatelli-Steinberg  et  al.  2006:  249;  Radwan  et 

 al.  2003: 502; Debat  et al.  2001: 425-426; Klingenberg  and McIntyre 1998: 1368). 
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	7.4.2	 	Individual	Measures	of	Fluctuating	Asymmetry	

 Fluctuating  asymmetry  was  investigated  further  by  isolating  the  directional  and 

 fluctuating  components  according  to  the  procedures  outlined  by  Bookstein  (1991)  and 

 Klingenberg  and  McIntyre  (1998).  The  directional  component  to  asymmetry  (  )  is  𝐷 

 computed  as  the  difference  between  the  overall  sample’s  mean  left  and  right 

 configuration  (Oxilia  et  al.  2021:  5;  D.  Adams,  personal  communication,  21  st 

 May  2020;  Zelditch  et  al.  2012:  364-369;  Palmer  and  Strobeck  2003:  319;  Klingenberg 

 and  McIntyre  1998:  1375;  Smith  et  al.  1997;  Bookstein  1991:  269).  The  matrix 

 , where  and  , is  given as  𝐷 = ( 𝑑 
 𝑖𝑗 

)  𝑖 =  1 ,  … ,  𝑘  𝑗 =  1 ,     … ,  𝑚 =  2 

 By  subtracting  the  directionally  asymmetric  component  to  asymmetry  (the  matrix  )  from  𝐷 

 the  difference  between  the  individual  left  (  x-y  L  )  and  right  (  x-y  R  )  coordinate  configurations 

 (in  this  case,  individual  left  and  right  configurations  were  replicate  averages),  it  is 

 possible  to  obtain  a  x  matrix  of  x-y  coordinates  for  individuals  that  𝑘  𝑚  𝑝 =  1 ,  … ,  𝑃 

 reflects  the  component  of  morphological  variance  attributable  to  fluctuating  asymmetry. 

 For the  p  th individual this is calculated as 

 The  computation  of  is  performed  by  the  bilat.symmetry  function  and  the  adjusted  𝐴 
 𝑝 

 coordinate  matrices  can  be  found  by  calling  up  FA.component  (Adams  et  al.  2021:  6-10; 

 D. Adams, personal communication, 21  st  May 2020). 

 To  calculate  a  univariate  index  of  the  overall  magnitude  of  fluctuating  asymmetry 

 (  ), from  configurations the square  root of the sum of squares is found to give  𝑎 
 𝑝 

 𝐴 
 𝑝 
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 As  an  unsigned  individual  estimate  of  fluctuating  asymmetry,  scores  are  amenable  to  𝑎 
 𝑝 

 standard  univariate  tests  (Oxilia  et  al.  2021:  5;  Lazić  et  al.  2015:  48-49;  Zelditch  et  al. 

 2012:  364-369;  Palmer  and  Strobeck  2003:  319;  Klingenberg  and  McIntyre  1998:  1375; 

 Smith  et  al.  1997;  Palmer  1994:  356-358;  Bookstein  1991:  269).  They  were  therefore 

 used  to  explore  statistically  (Section  7.5)  the  relationships  between  fluctuating 

 asymmetry,  demographic  cohorts  and  the  osteological  data  employed  to  infer  later-life 

 stress  (Chapter  6).  This  individual  measure  of  FA  thus  enabled  an  exploration  of  the  links 

 between  early  and  later-life  stress  experience  and  themes  such  as  heterogeneous  frailty, 

 developmental tempo and selective mortality/morbidity. 

	7.4.3	 	Summary	

 The  method  described  is  a  procedure  for  identifying  fluctuating  asymmetry  through 

 GM  methods,  determining  significance  and  then,  if  appropriate,  computing  an  individual 

 index  of  fluctuating  asymmetry  (Zelditch  et  al.  2012:  364-369;  Klingenberg  and  McIntyre 

 1998:  1375;  Smith  et  al.  1997;  Bookstein  1991:  268-269).  As  this  was  computed  for  M1s 

 which  form  perinatally,  it  can  be  employed  as  a  proxy  for  early-life  stress,  contrasted 

 between  groups  and  compared  to  measures  of  later-life  stress  in  a  life-course  approach  to 

 health and development. 
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	7.5	 	Asymmetry:	Between	and	Within-group	Patterns	

 With  early-life  stress  estimated  through  an  index  of  fluctuating  asymmetry  (i.e.,  𝑎 
 𝑝 

 scores)  and  later-life  stress  experience  charted  through  other  pathological  lesions  (Chapter 

 6),  it  was  possible  to  explore  differences  in  life-course  experiences  between  groups  and 

 the  influence  stress  experienced  at  specific  periods  had  on  later  frailty  (i.e.,  subsequent 

 vulnerability  to  stressors)  and  final  outcomes  (e.g.,  estimated  age-at-death,  long  bone 

 length,  etc).  The  statistical  procedures  used  to  accomplish  this  are  detailed  here. 

 Unfortunately, this requires the reuse of some notation; where this occurs, it is made clear. 

	7.5.1	 	Differences	Between	Groups	

 Before  undertaking  any  tests,  scores  were  visually  checked  (e.g.,  through  𝑎 
 𝑝 

 boxplots  and  density  plots)  to  ensure  that  groups  produced  comparable  distributions. 

 When  normally  distributed  (or  when  approximate  normality  could  be  achieved  by 

 transformation),  parametric  tests  were  employed  (Van  Pool  and  Leonard  2010:  172;  Field 

 2005: 72). 

 When  two  groups  were  being  compared  parametrically,  a  two-tailed,  two-sample 

 t  -test  was  employed  to  ascertain  whether  mean  values  were  significantly  different.  In 

 order  to  avoid  assuming  equal  variances  between  groups,  Welch’s  correction  was 

 employed in which  t  is computed as 
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 where  and  are  the  means  of  the  first  and  second  groups  which  have  variances  and  𝑥 
 1 

 𝑥 
 2 

 𝑠 
 1 
 2 

 and  are  and  data  points  in  size  respectively  (McKillup  2012:  118-120;  Field  𝑠 
 2 
 2  𝑛 

 1 
 𝑛 

 2 

 2005: 298). Degrees of freedom are approximated as 

 Significance  can  then  be  determined  by  comparing  the  value  to  a  t  -distribution  with  the  𝑡 

 corresponding  degrees  of  freedom  (McKillup  2012:  120).  When  significant,  the 

 magnitude  of  the  difference  between  groups  was  expressed  through  Cohen’s  .  When  𝑑 

 variance between groups is not assumed equal, this is found as 

 For  three  or  more  groups  with  comparable  variances,  comparisons  were  made 

 with  a  one-way  ANOVA.  In  this  procedure,  the  sum  of  squares  accounted  for  by 

 between-group  differences  (  ),  that  is  the  extent  to  which  differences  among  groups  𝑆𝑆 
 𝑏 

 could account for total variation, is found as 

 where  is  the  mean  of  the  i  th  group  which  has  observations,  there  are  𝑥 
 𝑖 

 𝑛  𝑖 =  1 ,  … ,  𝑘 

 groups,  and  is  the  grand  mean  of  all  groups  combined  (McKillup  2012:  147-150;  Field  𝑥  ̿ 

 2005:  320-321).  The  model’s  mean  square  (  )  is  found  by  dividing  by  degrees  of  𝑀𝑆 
 𝑏 

 𝑆𝑆 
 𝑏 

 freedom  equal  to  .  The  residual  sum  of  squares  (  ),  essentially  within-group  𝑘 −  1  𝑆𝑆 
 𝑟 

 variation attributable to factors not explained by between-group difference, is given as 
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 and  converted  to  the  within  group  mean  squares  (  )  by  dividing  by  degrees  𝑀𝑆 
 𝑟 

 𝑆𝑆 
 𝑟 

 𝑛 −  𝑘 

 of  freedom.  An  ratio  is  found  as  and  compared  to  an  distribution  (Field  𝐹  𝑀𝑆 
 𝑏 
 /  𝑀𝑆 

 𝑟 
 𝐹 

 2005:  319-324).  When  p<0.05,  to  find  which  groups  differed  significantly,  pairwise  tests 

 were  made  by  comparing  all  combinations  of  groups  in  what  were  essentially  t  -tests;  to 

 mitigate  against  Type  1  error,  Bonferroni  adjusted  significance  thresholds  were  used  (i.e., 

 was  divided  by  the  number  of  comparisons)  (Dinno  2015:  299;  McKillup  2012:  162; α

 Field  2005:  339).  Additionally,  an  effect  size  statistic  (  )  was  calculated.  Conveniently, ω 2 

 this  statistic  is  computed  from  the  terms  used  to  determine  significance  (Field  2005:  358), 

 so that 

 Had  the  assumptions  necessary  for  parametric  tests  not  been  met,  non-parametric 

 equivalents  would  have  been  considered  (Tomczak  and  Tomczak  2014;  Van  Pool  and 

 Leonard 2010: 172; Field 2005: 72; Rosenthal 1991: 19; Dunn 1964). 

	7.5.2	 	Predicting	Life-course	Outcomes	

 With  a  quantification  of  fluctuating  asymmetry  (i.e.,  scores)  acting  as  a  proxy  for  𝑎 
 𝑝 

 maternally  mediated  early-life  stress  and  further  variables  reflecting  later  experiences 

 (e.g.,  matched  LEH  presence)  and  outcomes  (e.g.,  age-at-death),  it  was  possible  to  infer 

 statistically  in  archaeologically  recovered  remains  the  extent  to  which  early-life  stress 

 defined  the  life-course  and  the  significance  of  this  critical  period  relative  to  others.  This 

 section describes the specific procedures utilised. 
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 For  continuous  dependent  variables  (such  as  estimated  age-at-death)  a  linear 

 model  was  employed  to  describe  the  relationship  between  dependent  variable  and  𝑦 

 predictor  variables  .  Such  a  linear  model  may  be  conceptualised  as  a  plane  of  𝑥 
 1 
,  … ,  𝑥 

 𝑛 

 best  fit  and  is  summarised  by  two  statistics:  the  point  at  which  each  is  0  and  the  plane α  𝑥 
 𝑖 

 intercepts  the  y  axis;  and  β  coefficients  that  describe  the  slope  of  the  plane  (McKillup 

 2012:  246;  Field  2005:  146).  The  interaction  effect  between  predictors  on  was  also  𝑦 

 considered.  In  a  hypothetical  model  which  includes  two  predictors  and  an  interaction 

 between them, the regression equation would be 

 𝑦 =  α + β
 1 
 𝑥 

 1 
+ β

 2 
 𝑥 

 2 
+ β

 3 
 𝑥 

 1 
 𝑥 

 2 
.

 Various  diagnostic  statistics  were  used  to  evaluate  the  model.  A  -statistic,  for  𝑡 

 example,  was  calculated  for  each  β  coefficient  by  dividing  the  coefficient  by  its  standard 

 deviation.  When  compared  to  a  t  -distribution  this  statistic  inferred  whether  the 

 coefficient’s  contribution  to  the  model  was  significantly  different  from  zero  (McKillup 

 2012:  251-258;  Field  2005:  151).  The  statistical  significance  of  the  overall  regression 

 model  was  detected  in  the  same  way  as  a  single-factor  ANOVA.  Firstly,  total  variation  in 

 the  dependent  variable  was  calculated  as  ,  that  is  the  sums  of  squared  𝑆𝑆𝑇 =
 𝑖 

 𝑛 

∑( 𝑦 
 𝑖 

−        𝑦 ) ² 

 distances  between  the  i  th  observed  value  and  the  grand  mean,  denoted  as  and  and  𝑦 
 𝑖 

 𝑦 

 respectively.  The  was  then  partitioned  into  components  either  explained  or  𝑆𝑆𝑇 

 unexplained  by  the  regression  model.  The  sums  of  squares  explained  for  by  the  regression 

 was  the  difference  between  –  the  point  estimated  by  the  regression  plane  –  and  , ( 𝑆𝑆𝑅 )  𝑦 
^

 𝑦 

 and  is  given  as  .  The  residual  unexplained  variation  (  ),  sometimes  𝑆𝑆𝑅 =
 𝑖 

 𝑛 

∑( 𝑦 
 𝑖 

^
−     𝑦 ) ²  𝑆𝑆𝐸 

 referred  to  as  the  “error”  of  the  model,  was  calculated  as  the  difference  between  and  ,  𝑦 
 𝑖 

 𝑦 
^
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 so  .  and  were  then  divided  by  their  degrees  of  freedom  to  𝑆𝑆𝐸 =
 𝑖 

 𝑛 

∑( 𝑦 
 𝑖 

−     𝑦 
 𝑖 

^
) ²  𝑆𝑆𝑅  𝑆𝑆𝐸 

 give  the  mean  squares  for  these  two  sources  of  variation.  An  ratio  was  calculated ( 𝑀𝑆 )  𝐹 

 as 

 and  used  to  assess  the  model’s  statistical  significance.  The  quality  of  the  regression  was 

 further measured through the coefficient of determination (  ), calculated as  𝑅  2 

 and  is  the  proportion  of  variation  explained  by  the  model  (McKillup  2012:  251-258;  Field 

 2005: 148-150). 

 In  the  case  that  was  a  binary  variable,  logistic  regression  was  used.  In  this  𝑦 

 instance  an  iteratively  reweighted  least  squares  method  for  Maximum  Likelihood 

 Estimation  produced  the  intercept  and  coefficients  of  the  regression  model  (Field  2005: 

 218-221).  Given  independent  predictor  values  the  model  was  used  to  predict  𝑥 
 1 
,  … ,     𝑥 

 𝑛 
,

 the probability of being in a particular category as 

 𝑙𝑜𝑔 [ 𝑝  / ( 1 −  𝑝 )] =     α + β
 1 
 𝑥 

 1 
+ β

 2 
 𝑥 

 2 
,  … ,    β

 𝑛 
 𝑥 

 𝑛 

 where  is  the  probability  of  being  in  one  category  and  is  the  probability  of  being  𝑝  1 −  𝑝 

 in  the  other.  Like  the  t  -values  in  linear  regression,  z  -scores  were  calculated  to  evaluate 

 whether  each  coefficient’s  contribution  to  the  model  was  significantly  different  from  zero. 

 The  overall  fit  and  significance  of  the  model  was  calculated  through  McFadden’s  pseudo- 

 , given as  𝑅  2 
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 where  denotes  the  maximised  likelihood  value  for  the  fitted  model,  and  is  the  𝐿 
 𝑓𝑖𝑡𝑡𝑒𝑑 

 𝐿 
 𝑛𝑢𝑙𝑙 

 corresponding  value  for  the  null  model  –  a  model  with  only  an  intercept  and  no 

 covariates.  These  two  values  are  respectively  analogous  to  and  ,  making  this  𝑆𝑆𝑅  𝑆𝑆𝑇 

 version  of  the  pseudo-  statistic  closely  related  to  the  value  calculated  when  𝑅  2  𝑅  2 

 performing  linear  regression  –  hence,  it  was  chosen  in  preference  to  the  alternatives.  To 

 evaluate  whether  the  model  was  statistically  significant  a  value  was  calculated  as χ 2 

 .  To  obtain  a  p  value,  this  was  referenced  to  a  2 [log  𝐿 
 𝑓𝑖𝑡𝑡𝑒𝑑 ( )   − log  𝐿 

 𝑛𝑢𝑙𝑙 ( )   ] χ 2 

 distribution  where  the  degrees  of  freedom  were  equal  to  the  number  of  parameters  in  the 

 fitted  model  (the  intercept  and  the  β  coefficients)  minus  the  number  of  parameters  in  the 

 null  model  (the  intercept  only)  (Field  2005:  222;  Long  1997:  104-106).  Coefficients  and 

 standard  errors  were  also  employed  to  calculate  odds  ratios  and  their  confidence  intervals 

 to  indicate  the  relative  risk  associated  with  each  input  variable  (Szumilas  2010;  Gelman 

 and Hill 2007; Field 2005: 717-718; Waldron 1994: 74-85). 

 In  archaeological  projects,  factors  beyond  investigator  control  influence  sample 

 size.  This  is  particularly  pronounced  in  studies  of  teeth  as  the  coarse  diets,  poor  oral 

 hygiene  and  extra-masticatory  wear  evidenced  in  past  societies  all  contribute  to 

 diminished  sample  sizes  (Larsen  1997:  169;  Smith  1984).  Limitations  in  sample  size  have 

 obvious  implications  for  the  sensitivity  of  statistical  procedures  such  as  regression 

 analyses.  To  mitigate  these  to  some  extent,  regression  models  contained  a  minimum  of  10 

 cases  for  every  predictor  variable  (Field  2005:  172-173).  Although  larger  samples  are 

 needed  to  detect  relationships  with  small  effect  size  (Field  2005:  172-173;  Green  1991), 

 the  parameters  employed  took  into  account  the  practical  limitations  encountered  when 
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 dealing  with  osteological  assemblages  and  permitted  the  overall  fit  of  the  models  as  well 

 as  the  contribution  of  individual  predictors  to  be  evaluated.  As  the  primary  focus  of  the 

 thesis  was  on  assessing  the  impact  of  early-life  stress  on  life-course  trajectories/outcomes, 

 before  full  models  were  constructed,  relationships  between  FA  scores  and  outcome 

 variables  were  explored.  M  1  and  M  1  scores  were  entered  into  separate  regression  𝑎 
 𝑝 

 procedures,  thus  maximising  the  amount  of  data  in  each  analysis  (i.e.,  models  were  not 

 constrained  to  observations  from  individuals  with  FA  values  from  both  M1s).  From  there, 

 to  explain  outcomes  as  thoroughly  as  possible,  regression  models  were  constructed 

 containing  all  factors;  at  this  stage,  models  thus  incorporated  site,  sex,  skeletal  maturity 

 and  stress  marker  presence  alongside  FA  scores.  To  refine  models,  a  backwards 

 elimination  process  was  implemented  in  which  non-significant  variables  (i.e.,  p>0.05) 

 were  removed  sequentially,  beginning  with  the  variable  with  the  highest  p  value.  The 

 model  was  refit  after  each  removal,  until  only  significant  predictors  were  retained 

 (Gelman  and  Hill  2007:  69;  Field  2005:  212-213).  Final  models  therefore  accounted  for 

 outcome  variables  as  best  as  possible  and,  when  FA  scores  were  retained,  implied  the 

 importance of early-life stress in life-course outcomes. 

	7.5.3	 	Summary	

 With  fluctuating  asymmetry  summarised  in  a  univariate  score  amenable  to  standard 

 tests  it  was  possible  to  investigate  differences  in  life-course  experiences  between  groups 

 and  the  influence  stressors  experienced  at  specific  periods  of  life  had  on  subsequent 

 frailty  (i.e.,  vulnerability  to  later  stressors)  and  outcomes  (e.g.,  attainment  of  skeletal 

 maturity, long bone length, etc). 
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	7.6	 	Conclusion	

 These  methods  represent  an  attempt  to  investigate  the  impact  of  stress  experience 

 during  a  critical  period  of  development  (i.e.,  the  period  of  maternal  dependence  in  early 

 life)  (Agarwal  2016;  Gowland  2015;  Armelagos  et  al.  2009).  Specifically,  Procrustean 

 techniques  were  used  to  define  M1  occlusal  morphology,  which  forms  during  the  period 

 in  question,  and  quantify  fluctuating  asymmetry  (Adams  et  al.  2021;  Zelditch  and 

 Swiderski  2018;  Dryden  and  Mardia  2016:  197-198;  Klingenberg  2015;  Graham  et  al. 

 2010).  The  reliability  of  this  method  was  established  through  a  pilot  study  which,  after 

 evaluating  differences  between  replicate  measures,  found  that  intra-observer  error 

 accounted  for  a  small  proportion  of  variation  in  relation  to  fluctuating  asymmetry  (Koo 

 and  Li  2016;  Robinson  2005:  117-121).  Furthermore,  it  has  been  demonstrated  that  a 

 univariate  summary  of  FA  can  be  computed,  thus  making  it  possible  through  standard 

 statistical  techniques  to  explore  within  and  between  group  variation  in  early-life  stress 

 experience  and  infer  the  role  played  by  early-life  stress  in  defining  later-life  frailty  and 

 life-course  outcomes  (Zelditch  et  al.  2012:  364-369;  Klingenberg  and  McIntyre  1998: 

 1375;  Smith  et  al.  1997;  Bookstein  1991:  268-269).  In  the  following  chapter,  the 

 observations  generated  by  the  data  collection  process  as  well  as  the  results  of  statistical 

 testing are presented. 
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	Chapter	8:	 	Results	

	8.1	 	Introduction	

 This  chapter  is  divided  into  three  sections.  First,  the  osteological  data  is  explored. 

 The  demographic  profile  and  pathological  characteristics  of  the  sample  are  investigated 

 with  reference  to  factors  shown  to  influence  and  explain  stress  experience  and  life-course 

 outcomes  in  modern  and  archaeological  samples:  site,  sex  and  somatic  maturity. 

 Hypotheses  are  also  generated  as  to  how  the  impact  of  other  factors  (such  as  early-life 

 stress)  may  be  investigated  in  the  dataset.  In  the  second  section,  results  from 

 morphometric  procedures  are  presented,  including  the  decomposition  of  variance  into 

 different  forms  of  asymmetry.  Fluctuating  asymmetry  is  investigated  in  detail;  the 

 occlusal  locations  more  susceptible  to  stress-induced  deviations  to  symmetry  are 

 identified  and  the  impact  of  size  on  asymmetric  variance  is  quantified.  Fluctuating 

 asymmetry  is  then  contrasted  and  compared  between  groups  to  explore  demographic 

 patterns  in  stress  experience.  Finally,  the  utility  of  fluctuating  asymmetry  and  other 

 variables  as  predictors  of  later-life  experiences  and  outcomes  (e.g.,  length-of-life,  growth, 

 etc.)  are  evaluated  with  reference  to  the  hypotheses  generated  in  the  first  section.  It  was 

 therefore  possible  to  infer  the  extent  and  nature  of  the  impact  maternally-mediated 

 early-life  stress  and  other  factors  had  on  the  life-course.  Where  necessary,  attention  is  also 

 drawn  to  results  which  may  have  been  affected  by  the  sampling  biases  discussed  in 

 Section 5.6. 

 190 



	8.2	 	The	Osteological	Data	

	8.2.1	 	Demographic	Overview	

 In  total,  the  skeletal  remains  of  217  individuals  were  analysed.  Eighty-four 

 skeletons  (38.7%)  came  from  the  Black  Gate  collection,  making  the  site  the  single  largest 

 contributor  to  the  sample.  Seventy  (32.3%)  individuals  originated  from  the  York  Barbican 

 excavations,  33  (15.2%)  from  South  Shields  and  30  (13.8%)  from  Warwick.  One  hundred 

 and  twelve  (51.6%)  were  skeletally  mature,  while  104  (48.1%)  were  skeletally  immature. 

 Skeletal  sex  could  be  estimated  for  85  (39.2%)  individuals.  Among  these  skeletons,  36 

 (42.4%) were female and 49 (57.6%) were male (Figure 8.1). 

 Figure  8.1  The  frequency  of  skeletons  from  Black  Gate  (BG),  South  Shields  (SH),  Warwick  (WS)  and  York 
 (YB) (a), females and males (b), as well as skeletally immature and mature individuals (c). 

 Site-specific  biases  were  evident  in  the  demographic  composition  of  the  sample. 

 For  example,  although  there  was  a  relatively  even  sex  ratio  among  the  skeletons  from 

 York  Barbican  and  Warwick,  the  nine  (64.3%)  males  from  South  Shields  and  22  (64.7%) 

 from  Black  Gate  constituted  a  much  larger  percentage  of  the  skeletons  from  those  sites 

 (Figure  8.2a).  Differences  were  also  noted  in  the  relative  frequencies  of  immature  and 
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 mature  skeletons.  Of  the  29  skeletons  from  Warwick  in  which  skeletal  maturity  could  be 

 established,  20  (69.0%)  were  immature.  In  contrast,  the  37  (44.0%)  immature  skeletons 

 from  Black  Gate,  14  (42.4%)  from  South  Shields  and  33  (47.1%)  from  York  Barbican 

 formed  a  much  smaller  proportion  of  those  samples  (Figure  8.2b).  On  the  basis  of  this,  it 

 could  be  speculated  that  the  structure  and  representativeness  of  the  assemblages  had  been 

 affected  by  either  1)  incomplete  cemetery  excavation  and  choice  of  burial  location  or  2) 

 substantial  site-specific  differentials  in  mortality  between  groups.  However  ,  past  research 

 has  established  that  the  frequency  of  immature  and  mature  skeletons  as  well  as  females 

 and  males  from  each  assemblage  was  comparable  (Chapter  5)  (e.g.,  Mahoney  Swales 

 2019;  Newman  2019;  Raynor  et  al.  2011;  McIntyre  n.d.  ).  It  was  therefore  hypothesised 

 that  the demand for relatively well-preserved M1s  had affected sampling  . 

 Figure  8.2  Mosaic  plots  representing  the  relative  proportions  of  females  and  males  (a)  as  well  as  skeletally 
 mature  and  immature  individuals  (b)  at  each  site  with  the  area  inside  each  box  reflecting  sample  size.  The 
 numbers and percentages of females/males and immature/mature skeletons at each site are also given. 

 Age-at-death  could  be  estimated  for  183  individuals.  To  facilitate  clarity  and 

 acknowledge  that  there  is  an  inherent  uncertainty  associated  with  estimates  of  dental  and 

 skeletal  age,  estimates  were  used  to  place  individuals  into  five-year  age  categories  (Figure 

 8.3).  This  revealed  a  bimodal  mortality  distribution.  The  first,  and  highest,  peak  was 
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 among  skeletally  immature  individuals  between  5.1-20.0  years  and  the  second  in  mature 

 individuals  aged  between  50.1-60.0  years.  As  highlighted  previously  (Section  5.6),  these 

 age distributions underrepresented perinates/infants and older individuals. 

 Figure  8.3  Mortality  profile  of  the  overall  sample  after  age-at-death  estimates  were  aggregated  into 
 five-year age categories. Tabulated frequencies can be found in Appendix 2. 

 Variations  to  the  mortality  distribution  were  evident  when  sites  and  sexes  were 

 compared.  For  example,  the  peak  in  immature  mortality  was  more  pronounced  in  the 

 Warwick  sample,  in  which  13  (52.0%)  individuals  were  estimated  to  have  died  between 

 5.1-10.0  years  of  age.  In  contrast,  in  the  South  Shields  and  York  Barbican  assemblages, 

 the  peak  in  mortality  among  immature  skeletons  was  later  (i.e.,  it  occurred  in  the 

 15.1-20.0  year  category  rather  than  the  5.1-10  or  10.1-15.0  year  categories)  (Figure  8.4). 

 Meanwhile,  the  distinction  between  earlier  and  later  peaks  in  mortality  was  less  visible  in 

 the  skeletons  from  the  Black  Gate  assemblage.  In  summary,  although  sampling  strategy 

 may  have  affected  assemblage  representation,  the  general  mortality  patterns  conformed  to 

 expectations  (Gowland  and  Chamberlain  2005:  146).  Subtle  between-site  variations  did, 
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 however,  suggest  that  site-specific  influences  could  have  impacted  mortality  and  length  of 

 life. 

 Figure  8.4  Mortality  profiles  associated  with  Black  Gate  (a),  South  Shields  (b),  Warwick  (c)  and  the  York 
 Barbican (d). Tabulated frequencies can be found in Appendix 2. 
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 Among  the  mature  skeletons  for  whom  sex  could  be  estimated,  there  was  an 

 increased  risk  of  mortality  between  the  fiftieth  and  sixtieth  years.  For  males  the  most 

 dramatic  peak  in  mortality,  however,  occurred  between  20.1-25.0  years  with  10  (25.6%) 

 males  –  6  of  whom  come  from  the  Black  Gate  collection  –  falling  into  this  age  category. 

 In  comparison,  the  highest  frequency  of  females  –  7  (23.3%)  –  were  to  be  found  in  the 

 55.1-60.0  years  category  (Figure  8.5).  Again,  the  general  pattern  (i.e.,  increasing 

 mortality  risk  in  later  maturity)  is  consistent  with  expectations  (Gowland  and 

 Chamberlain  2005:  146).  However,  the  noticeable  difference  between  females  and  males 

 in  early  adulthood  suggested  that  1)  sampling  biases  may  have  skewed  normal  mortality 

 patterns  (i.e.,  higher  female  mortality  during  reproductive  years)  and  2)  that  sex-related 

 differentials in life expectancy needed to be explored further. 

 Figure  8.5  Mortality  profiles  associated  females  (a)  and  males  (b).  Tabulated  frequencies  can  be  found  in 
 Appendix 2. 
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	8.2.2	 	Skeletal	Proxies	for	Growth	and	Development	

 Seventy-three  mature  skeletons  had  measurable  long  bones.  The  humerus  was  the 

 best  represented  element  with  58  skeletons  having  either  one  or  both  humeri.  Femora  and 

 tibiae  were  somewhat  less  common  and  measurements  could  only  be  taken  from  42  and 

 40  skeletons  respectively.  Thirty-eight  individuals  produced  radial  measurements  while 

 33  had  ulnar.  Just  14  mature  skeletons  had  complete  fibulae.  For  the  sake  of  brevity,  the 

 key  patterns  identified  in  these  measurements  are  described  here  with  support  from 

 selected  figures,  while  full  tabulated  summaries  and  further  illustrations  are  provided  in 

 Appendix 2. 

 As  expected,  females  had  shorter  bones  than  males.  Although  subtle  differences 

 between  sites  were  observed,  it  was  noted  that  when  long  bone  lengths  were  contrasted 

 between  sites,  points  of  central  tendency  were  close  and  interquartile  ranges  generally 

 overlapped.  Furthermore,  when  lengths  were  compared  with  reference  to  site  and  sex  at 

 the  same  time,  it  was  found  that  sex  biases  contributed  to  the  differences  observed 

 between  sites.  For  example,  although  humeri  were  on  average  longer  at  South  Shields,  of 

 the  eight  individuals  from  the  site  with  humeral  measurements,  six  were  males  (Figure 

 8.6).  In  sum,  sexual  dimorphism  appeared  to  be  the  most  influential  factor  in  the  lengths 

 of  mature  long  bones  and  differences  attributable  to  other  factors  were  likely  to  be  small 

 in comparison. 
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 Figure  8.6  Boxplots  comparing  humeral  measurements  between  sites  (a),  females  and  males  (b)  and  with 
 reference to both factors (c). 

 There  was  a  strong  relationship  between  age  and  variables  representing  growth 

 and  development  in  skeletally  immature  individuals.  Diaphyseal  lengths,  for  instance, 

 increased  with  estimated  age  (Figure  8.7).  Similarly,  for  the  41  individuals  for  whom 

 puberty  could  be  assessed,  pubertal  tempo  appeared  age-dependent.  Interestingly,  a  large 

 proportion  of  immature  individuals  (45.6%)  with  an  estimate  of  pubertal  stage  perished 

 during  PHV,  the  period  when  developmental  changes  occur  at  an  increasingly  rapid  rate 

 with  secondary  sexual  characteristics  and  dimorphism  becoming  more  pronounced 

 (Lewis  2020;  Lewis  et  al.  2016:  51).  It  was  also  observed  that  for  some,  maturity  was 

 delayed.  SK  268  from  the  Black  Gate  collection,  for  instance,  was  allocated  to  Stage  3  (as 

 their  iliac  crest  and  distal  ulna  were  unfused)  even  though,  with  an  ADBOU  age  estimate 

 of  21.0  years  (95%  CI  [15.1,  29.0]),  they  were  likely  in  their  early  twenties  and  the 

 stage’s  mean  age  was  notably  lower  (14.9  years)  (Table  8.1).  Consequently,  it  was 

 hypothesised  that  factors  other  than  age  were  influencing  growth  and  development  and 

 that passage through PHV (Stage 3) was possibly a critical biological threshold. 
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 Figure  8.7  A  scatterplot  comparing  femoral  diaphyseal  length  (see  Appendix  2  for  other  elements)  and 
 estimated age (a). Boxplot demonstrating the age-related patterns in pubertal development (b). 

 Stage  No.  Mature/Immature  Min 
 Age  Mean Age  Max Age  Std dev 

 Age 
 0  1  0/1  9.79  9.79  9.79  NA 
 1  1  0/1  11.5  11.5  11.5  NA 
 2  3  0/3  10.0  11.6  13.0  1.5 
 3  15  0/15  11.7  14.9  21.0  2.7 
 4  9  2/7  15.6  18.9  22.2  1.8 
 5  6  5/1  16.6  19.1  24.4  2.7 
 6  6  6/0  20.7  21.8  24.2  1.3 

 Table 8.1 Age-related trends in pubertal tempo (age in years). 

	8.2.3	 	Pathology	

	8.2.3.1	 	Linear	Enamel	Hypoplasia:	Childhood	Stress	

 Every  skeleton  in  the  sample  (217)  could  be  assessed  for  LEH  and  in  total  4,033 

 teeth  were  observed.  One  hundred  and  forty-three  (CPR=65.9%)  skeletons  had  one  or 

 more  LEH,  while  631  (TPR=15.7%)  teeth  were  affected.  LEH  could  be  chronologically 

 matched  across  teeth  in  112  (CPR=51.6%)  individuals  and,  with  some  skeletons 

 exhibiting  multiple  matched  defects,  187  matched  defects  were  recorded.  When  the 

 frequency  of  matched  LEH  was  tabulated  for  age  categories,  a  dramatic  increase  in 

 incidence  was  found  to  have  occurred  after  1.0-1.9  years,  suggesting  individuals  were 
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 buffered  until  that  point,  after  which  they  experienced  an  increased  volume  or  intensity  of 

 stress episodes which later declined around the fifth year of life (Figure 8.8). 

 Figure  8.8  With  defects  matched  across  multiple  teeth,  it  was  possible  to  infer  stress  episodes  at  specific 
 periods. This bar graph gives the frequency and percentage of episodes attributed to each age category. 

 Between-site  differences  were  detected  in  LEH  prevalence  (Figure  8.9).  Only  13 

 (CPR=39.4%)  skeletons  and  37  (TPR=7.0%)  teeth  from  South  Shields  were  affected, 

 while  there  was  a  crude  prevalence  of  70.0-74.0%  in  the  Black  Gate,  Warwick  and  York 

 Barbican  samples.  Despite  similarities  in  crude  prevalence  (i.e.,  percentage  of  skeletons 

 affected)  to  Black  Gate  and  York  Barbican,  it  was  noted  however  that  there  was  a  higher 

 true  prevalence  of  LEH  in  the  Warwick  sample  with  118  (TPR=22.1%)  teeth  affected 

 (Table  8.2).  There  was  also  a  higher  percentage  of  individuals  from  Warwick  with 

 chronologically  matched  LEH  (Table  8.4).  When  the  timing  of  matched  defects  was 

 contrasted  between  sites,  the  increase  in  frequency  after  1.0-1.9  years  was  most  apparent 

 in  the  Warwick  sample,  but  less  pronounced  in  the  York  Barbican  skeletons  (Figure  8.10). 

 Given  the  association  of  LEH  with  childhood  adversity,  it  was  hypothesised  that 

 significant  differences  in  stress  experience  during  this  period  were  shaped  by  site-specific 

 influences. 
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 Figure  8.9  A  between-site  comparison  of  LEH  crude  (a)  and  true  (b)  prevalence  rates  as  well  as  the 
 prevalence of matched LEH (c). 
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 Figure  8.10  The  distribution  of  stress  episodes  across  age  categories  inferred  through  matched  LEH  in  the 
 Black Gate (a), South Shields (b), Warwick (c) and York Barbican (d) assemblages. 
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 Site  LEH Absent (CPR)  LEH Present (CPR)  Total 
 BG  20 (29.8%)  59 (70.2%)  84 
 SH  20 (60.6%)  13 (39.4%)  33 
 WS  8 (26.7%)  22 (73.3%)  30 
 YB  21 (30.0%)  49 (70.0%)  70 

 Table 8.2 Frequency of skeletons with LEH by site. 

 Site  LEH Absent (TPR)  LEH Present (TPR)  Total 
 BG  1228 (82.1%)  268 (17.9%)  1496 
 SH  493 (93.0%)  37 (7.0%)  530 
 WS  416 (77.9%)  118 (22.1%)  559 
 YB  1265 (85.9%)  208 (14.1%)  1503 

 Table 8.3 Frequency of teeth with LEH by site. 

 Site  Matched Defect Absent 
 (CPR) 

 Matched Defect 
 Present (CPR)  Total 

 BG  35 (41.7%)  49 (58.3%)  84 
 SH  24 (72.7%)  9 (27.3%)  33 
 WS  10 (33.3%)  20 (66.7%)  30 
 YB  36 (51.4%)  34 (48.6%)  70 

 Table 8.4 Frequency of skeletons with chronologically matched LEH by site. 

 When  sexes  were  compared,  males  had  higher  prevalence  rates  of  LEH  than 

 females  (Figure  8.11).  Among  the  49  male  skeletons,  40  (CPR=81.6%)  had  LEH 

 compared  to  25  (CPR=69.4%)  out  of  36  females.  Similarly,  of  the  1,123  teeth  associated 

 with  male  skeletons,  209  (TPR=18.6%)  had  observable  LEH,  while  only  101 

 (TPR=12.3%)  of  the  819  teeth  from  females  did.  A  greater  number  of  males  also  had 

 chronologically  matched  LEH;  36  (CPR=71.4%)  males  were  affected,  compared  to  18 

 (CPR=50.0%)  females.  However,  a  smaller  proportion  of  the  male  skeletons  developed 

 matched  LEH  in  the  youngest  age  category  (1-1.9  years)  (Figure  8.12).  The  consistently 

 higher  prevalence  of  LEH  among  males  suggested  substantial  differentials  in  frailty 

 during childhood attributable to sex. 
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 Figure  8.11  A  comparison  of  LEH  crude  (a)  and  true  (b)  prevalence  as  well  as  the  prevalence  of 
 chronologically matched LEH (c) between females and males. 

 Figure  8.12  The  distribution  of  stress  episodes  across  age  categories  inferred  through  matched  LEH  in 
 females (a) and males (b). 

 Disparities  in  prevalence  rates  between  mature  and  immature  skeletons  were 

 ambiguous.  In  total,  112  mature  and  104  immature  skeletons,  associated  with  2,495  and 

 1,534  teeth  respectively,  were  assessed.  With  81  (CPR=72.3%)  mature  skeletons 
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 exhibiting  LEH  compared  to  61  (CPR=58.6%)  immature,  there  was  a  higher  proportion 

 of  mature  individuals  with  LEH.  Similarly,  a  greater  number  of  mature  individuals  had 

 chronologically  matched  LEH;  62  (CPR=55.4%)  mature  skeletons  were  affected  while 

 only  49  (CPR=47.1%)  immature  were.  Nonetheless,  more  teeth  from  immature  skeletons 

 had  LEH;  356  (TPR=14.3%)  teeth  from  mature  skeletons  had  LEH  while  273 

 (TPR=17.7%)  teeth  from  immature  individuals  were  affected.  This  suggested  a 

 complicated  relationship  between  childhood  stress,  resilience  and  development/survival. 

 Despite  these  differences,  the  chronological  occurrence  of  the  stress  episodes  inferred 

 through  matched  LEH  was  not  dissimilar  between  groups  (Figure  8.13),  both  of  which 

 followed the more general pattern described previously. 

 Figure  8.13  The  distribution  of  stress  episodes  across  age  categories  inferred  through  matched  LEH  in 
 mature (a) and immature groups (b). 
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	8.2.3.2	 	Cribra	Orbitalia	

 One  hundred  and  sixty-eight  skeletons  had  observable  orbits.  Of  these,  89 

 (CPR=53.0%)  had  CO.  The  true  prevalence  rate  was  similar,  with  147  (TPR=49.0%)  of 

 300  orbits  affected,  indicating  that  most  lesions  were  bilateral.  Among  the  individuals 

 with  CO,  64  (CPR=71.9%)  had  lesions  with  an  inactive/healed  appearance  (i.e.,  pores 

 were  rounded),  while  25  (CPR=28.1%)  had  lesions  likely  associated  with  an  active  or 

 mixed  process  (i.e.,  sharp-edged  pores  were  present).  Thus,  for  most  individuals  CO  was 

 not  likely  associated  with  an  active  pathological  disruption  to  normal  bone 

 formation/maintenance. 

 Substantial  between-groups  differences  were  noted  in  the  prevalence  and  nature  of 

 CO.  With  14  (CPR=60.9%)  and  34  (CPR=65.4%)  individuals  exhibiting  CO  respectively, 

 the  Warwick  and  York  Barbican  assemblages  had  much  higher  prevalence  rates  than 

 Black  Gate  and  South  Shields  (Table  8.5  and  Figure  8.14).  The  most  severe  CO  was  also 

 seen  in  the  skeletons  from  Warwick  and  York  Barbican  (Table  8.6).  When  mature  and 

 immature  individuals  were  compared,  severity  was  comparable  between  groups  but 

 differences  in  prevalence  rates  and  lesion  activity  were  notable.  From  the  92  mature 

 skeletons  with  observable  orbits,  32  (CPR=34.8%)  had  CO  but  only  four  of  these 

 (CPR=12.5%)  had  active/mixed  lesions.  Meanwhile,  CO  was  far  more  common  in  the 

 skeletally  immature  cohort;  of  the  76  skeletons  with  assessable  orbits,  57  (CPR=75.0%) 

 had  CO,  21  of  whom  (CPR=36.8%)  had  active  lesions  (Figure  8.15).  It  was,  as  such, 

 surmised  that  site-specific  influences  and  age-related  susceptibility  affected  vulnerability 

 to  metabolic  deficiency  and  that,  in  addition  to  prevalence,  severity  and  activity  are 

 informative when attempting to identify factors associated with CO development. 
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 Site  CO Absent (CPR)  CO Present (CPR)  Total 
 BG  37 (52.9%)  33 (47.1%)  70 
 SH  15 (65.2%)  8 (34.8%)  23 
 WS  9 (39.1%)  14 (60.9%)  23 
 YB  18 (34.6%)  34 (65.4%)  52 

 Table 8.5 Frequency of skeletons with CO by site. 

 Site  Grade 1 CO (CPR)  Grade 2 CO (CPR)  Total 
 BG  16 (48.5%)  17 (51.5%)  33 
 SH  7 (87.5%)  1 (12.5%)  8 
 WS  8 (57.1%)  6 (42.9%)  14 
 YB  16 (47.1%)  18 (52.9%)  34 

 Table 8.6 Severity of lesions in skeletons with CO. 

 Figure  8.14  A  comparison  of  crude  prevalence  rates  between  sites  (a)  and,  among  the  individuals  with  CO, 
 the proportion of active/mixed (A/M) and healed lesions (b) as well as the severity of lesions (c). 

 Figure  8.15  A  comparison  of  crude  prevalence  rates  between  skeletally  immature  and  mature  individuals  (a) 
 and,  among  the  individuals  with  CO,  the  proportion  of  active/mixed  (A/M)  and  healed  lesions  (b)  as  well  as 
 the severity of lesions (c). 
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	8.2.3.3	 	Periodontal	Disease	

 All  skeletons  in  the  sample  (217)  could  be  assessed  for  PD  and  in  total  the 

 alveolar  regions  associated  with  1,018  molars  were  observed.  Ninety-seven 

 (CPR=44.7%)  individuals  exhibited  some  degree  of  alveolar  degeneration  indicative  of 

 PD  and  377  (TPR=37.0%)  tooth  sockets  were  affected.  Of  the  97  skeletons  with  PD,  76 

 (CPR=78.3%)  manifested  the  mildest  markers  of  pathological  degeneration  (i.e.,  a  blunt 

 and  flat-topped  alveolar  margin  with  a  slightly  raised  rim),  19  (CPR=19.6%)  had 

 moderate  signs,  and  only  two  (CPR=2.1%)  were  affected  by  the  most  severe  osteological 

 indicators. 

 A  subtle  site-related  pattern  was  noted  in  the  prevalence  of  PD  (Figure  8.16). 

 There  was  a  higher  prevalence  of  PD  at  South  Shields,  for  example,  with  17 

 (CPR=51.5%)  skeletons  and  87  (TPR=51.5%)  alveolar  sockets  affected  (Table  8.7-Table 

 8.8).  When  considering  severity,  however,  site  differences  were  more  pronounced.  South 

 Shields  stood  out  as  the  only  site  where  most  skeletons  with  PD  had  moderate-to-severe, 

 rather  than  mild,  signs  of  the  condition  (Table  8.9).  By  contrast,  there  was  little  difference 

 in  the  crude  prevalence  of  PD  between  females  and  males,  with  the  condition  being 

 common  for  both  sexes.  From  the  36  females  associated  with  232  alveolar  sockets,  28 

 (CPR=77.8%)  skeletons  and  138  (TPR=59.5%)  sockets  were  afflicted.  Similarly,  PD 

 affected  149  (TPR=50.0%)  alveolar  sockets  from  39  (CPR=79.6%)  males  out  of  a 

 potential  49  skeletons  with  298  assessable  sockets.  The  severity  of  expression  was  also 

 generally  similar  between  sexes,  with  mild  cases  being  far  more  common,  with  the  only 

 real  difference  being  that  two  (CPR=5.1%)  males  had  severe  PD  while  no  females 

 expressed  such  advanced  alveolar  degeneration  (Table  8.10).  In  sum,  differences  between 

 sites  appeared  more  important  in  PD  prevalence  than  sex  differentials.  It  was  also 

 207 



 speculated  that  when  determining  the  influence  of  other  factors  on  PD  development, 

 severity of expression may be a more sensitive indicator than presence/absence. 

 Site  PD Absent (CPR)  PD Present (CPR)  Total 
 BG  46 (55.9%)  38 (46.1%)  84 
 SH  16 (48.5%)  17 (51.5%)  33 
 WS  19 (63.3%)  11 (36.7%)  30 
 YB  39 (55.7%)  31 (44.3%)  70 

 Table 8.7 Frequency of skeletons with PD absent and present by site. 

 Site  PD Absent (TPR)  PD Present (TPR)  Total 
 BG  226 (65.9%)  117 (34.1%)  343 
 SH  82 (48.5%)  87 (51.5%)  169 
 WS  72 (60.0%)  48 (40.0%)  120 
 YB  261 (67.6%)  125 (32.4%)  386 

 Table 8.8 Frequency of teeth with surrounding alveolar bone with PD by site. 

 Site  Mild PD (CPR)  Moderate PD (CPR)  Severe PD (CPR)  Total 
 BG  33 (86.8%)  5 (13.6%)  0 (0.0%)  38 
 SH  7 (41.2%)  9 (52.9%)  1 (5.9%)  17 
 WS  9 (81.8%)  2 (18.2%)  0 (0.0%)  11 
 YB  27 (87.1%)  3 (9.7%)  1 (3.2%)  31 

 Table 8.9 Severity of lesions in skeletons with PD. 

 Site  Mild PD (CPR)  Moderate PD (CPR)  Severe PD (CPR)  Total 
 Female  22 (78.6%)  6 (21.4%)  0 (0.0%)  28 
 Male  28 (71.8%)  9 (23.1%)  2 (5.1%)  39 

 Table 8.10 Severity of lesions in females and males with PD. 

 Figure  8.16  A  comparison  of  crude  and  true  prevalence  rates  between  sites  (a)  as  well  as  severity  in  the 
 individuals with PD (b). 
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 Emphatic  differences  in  the  prevalence  of  PD  were  observed  between  skeletally 

 immature  and  mature  individuals  (Figure  8.17).  Observations  could  be  taken  from  the 

 alveolar  regions  surrounding  677  molars  in  112  skeletally  mature  individuals.  Of  these, 

 82  (CPR=73.2%)  had  PD  and  the  bone  surrounding  340  (TPR=50.2%)  molars  was 

 affected.  The  alveolar  bone  surrounding  341  molars  from  104  skeletally  immature 

 individuals  was  also  assessed.  In  contrast  to  the  mature  cohort,  where  most  skeletons  had 

 PD,  only  15  (CPR=14.4%)  immature  skeletons  and  the  alveolar  crests  surrounding  37 

 molars  (TPR=10.9%)  showed  evidence  of  PD.  Additionally,  except  for  one  individual 

 with  moderate  PD  (CPR=6.7%),  all  immature  skeletons  with  PD  exhibited  mild  signs  of 

 the  condition.  By  comparison,  a  larger  number  of  the  mature  skeletons  with  PD  had 

 moderate-to-severe  signs  of  PD;  18  (CPR=21.9%)  had  moderate  and  two  (CPR=2.4%) 

 severe.  PD  therefore  showed  strong  age-related  trends  with  the  condition  becoming  more 

 common and more severe with advancing age. 

 Figure  8.17  A  comparison  of  crude  and  true  prevalence  rates  between  mature  and  immature  skeletons  (a)  as 
 well as severity in the individuals with PD (b). 
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	8.2.3.4	 	Periosteal	New	Bone	Formation	

 It  was  possible  to  assess  the  presence  and  absence  of  PNBF  in  199  individual 

 skeletons  and  1,489  skeletal  elements  (long  bones  and  skulls).  Fifty-six  (CPR=28.1%) 

 skeletons  and  157  bones  (TPR=10.5%)  exhibited  plaques  of  PNBF.  Of  the  individuals 

 with  PNBF,  38  (CPR=67.9%)  had  lesions  with  an  active  or  mixed  appearance,  while  18 

 (CPR=32.1%)  had  inactive/healed  lesions.  There  was  a  higher  frequency  of  less 

 well-developed  lesions;  40  (CPR=71.4%)  individuals  had  Grade  1  PNBF,  12 

 (CPR=21.4%)  had  Grade  2,  while  three  (CPR=5.4%)  had  Grade  3  lesions  and  one 

 (CPR=1.8%)  had  Grade  4.  In  46  cases  it  could  be  determined  whether  PNBF  was 

 distributed  unilaterally  or  bilaterally;  in  34  (CPR=73.9%)  individuals,  lesions  were 

 observed bilaterally. 

 Differences  in  the  prevalence  and  nature  of  PNBF  were  noted  between  sites 

 (Figure  8.18).  For  instance,  with  28  (CPR=41.2%)  individuals  affected,  York  Barbican 

 had  the  highest  crude  prevalence  of  PNBF  (Table  8.11).  However,  with  only  12 

 (CPR=57.1%)  individuals  expressing  lesions  bilaterally,  a  mere  63  (TPR=12.5%)  bones 

 were  affected  and  the  true  prevalence  of  PNBF  among  the  York  Barbican  assemblage  was 

 not  as  extreme  as  the  crude  rate  might  have  implied  (Table  8.12).  Moreover,  among  the 

 individuals  with  PNBF,  the  skeletons  from  York  Barbican  generally  had  relatively  mild 

 periosteal  reactions  that  were  more  likely  to  be  inactive  than  at  other  sites;  for  example, 

 22  (CPR=78.5%)  skeletons  had  Grade  1  PNBF,  and  only  a  small  minority  had  more 

 severe  lesions  (Table  8.13-Table  8.14).  In  contrast,  although  the  crude  prevalence  of 

 PNBF  among  the  Warwick  skeletons  was  lower,  the  site  was  associated  with  the  highest 

 true  prevalence  rate  with  27  (TPR=16.1%)  out  of  168  bones  affected.  Additionally,  with 

 five  (CPR=83.3%)  out  of  six  individuals  with  active  or  mixed  reactions  the  assemblage 

 had  a  relatively  low  rate  of  healed  lesions  and  all  the  Warwick  skeletons  with  PNBF 
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 expressed  it  bilaterally  (Table  8.15).  The  data  therefore  inferred  site-specific  influences 

 affected susceptibility to PNBF and lesion development. 

 Site  PNBF Absent (CPR)  PNBF Present (CPR)  Total 
 BG  63 (80.8%)  15 (19.2%)  78 
 SH  21 (75.0%)  7 (25.0%)  28 
 WS  19 (76.0%)  6 (24.0%)  25 
 YB  40 (58.8%)  28 (41.2%)  68 

 Table 8.11 Frequency of skeletons with PNBF absent and present by site. 

 Site  PNBF Absent (TPR)  PNBF Present (TPR)  Total 
 BG  592 (92.8%)  49 (7.2%)  641 
 SH  159 (89.8%)  18 (10.2%)  177 
 WS  141 (83.9%)  27 (16.1%)  168 
 YB  440 (87.5%)  63 (12.5%)  503 

 Table 8.12 Frequency of bones with PNBF absent and present by site. 

 Site  Grade 1 (CPR)  Grade 2 (CPR)  Grade 3 (CPR)  Grade 4 (CPR)  Total 
 BG  10 (66.6%)  4 (26.7%)  1 (6.7%)  0 (0.0%)  15 
 SH  4 (57.1%)  1 (14.3%)  1 (14.3%)  1 (14.3%)  7 
 WS  4 (66.6%)  2 (34.4%)  0 (0.0%)  0 (0.0%)  6 
 YB  22 (78.5%)  5 (17.9%)  1 (3.6%)  0 (0.0%)  28 

 Table 8.13 Severity of lesions in skeletons with PNBF. 

 Site  Healed PNBF (CPR)  Active/Mixed (CPR)  Total 
 BG  6 (40.0%)  9 (60.0%)  15 
 SH  1 (14.3%)  6 (85.7%)  7 
 WS  1 (16.7%)  5 (83.3%)  6 
 YB  10 (35.7%)  18 (64.3%)  28 

 Table 8.14 Frequency of skeletons with PNBF that had active/mixed lesions compared to healed  by site. 

 Site  PNBF Unilateral (CPR)  PNBF Bilateral (CPR)  Totalal 
 BG  2 (14.3%)  12 (85.7%)  14 
 SH  1 (20.0%)  4 (80.0%)  5 
 WS  0 (0.0%)  6 (100.0%)  6 
 YB  9 (42.9%)  12 (57.1%)  21 

 Table 8.15 Frequency of skeletons with PNBF that had unilateral and bilateral lesions by site. 
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 Figure  8.18  A  comparison  of  crude  and  true  prevalence  rates  between  sites  (a)  as  well  as  the  activity  (b), 
 distribution (c) and severity (d) of PNBF in those individuals with lesions. 

 Differences  between  sexes  in  PNBF  prevalence  were  varied.  For  example, 

 although  nine  (CPR=25.7%)  of  a  possible  35  females  were  affected  compared  to  18 

 (CPR=40.0%)  of  45  males,  true  prevalence  rates  were  near-equal.  Specifically,  of  the  300 

 bones  (i.e.,  long  bones  and  skulls)  from  female  skeletons,  33  (TPR=11.0%)  were  affected, 

 while  of  the  404  bones  from  males,  53  (TPR=13.1%)  exhibited  PNBF.  Moreover,  it  was 

 not  possible  to  discern  whether  the  sex  differences  in  the  rates  of  active  and  severe  PNBF 

 were meaningful or an artefact of sample size (Table 8.16-Table 8.17). 

 Sex  Healed PNBF (CPR)  Active/Mixed (CPR)  Total 
 Female  3 (34.4%)  6 (66.6%)  9 
 Male  9 (50.0%)  9 (50.0%)  18 

 Table 8.16 Frequency of skeletons with PNBF that had active/mixed lesions compared to healed by sex. 

 Sex  Grade 1 (CPR)  Grade 2 (CPR)  Grade 3 (CPR)  Grade 4 (CPR)  Total 
 Female  6 (66.7%)  2 (22.2%)  1 (11.1%)  0 (0.0%)  9 
 Male  10 (55.6%)  6 (33.3%)  2 (11.1%)  0 (0.0%)  18 

 Table 8.17 Severity of lesions in skeletons with PNBF by sex. 
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 Differences  in  PNBF  prevalence  between  mature  and  immature  skeletons  were 

 complicated.  That  is,  although  true  prevalence  rates  were  close  to  identical,  there  was  a 

 moderately  higher  crude  prevalence  of  PNBF  among  mature  individuals.  Specifically,  102 

 skeletally  mature  individuals  with  a  total  of  875  bones  could  be  assessed  for  PNBF,  with 

 92  (TPR=10.5%)  bones  and  32  (CPR=30.4%)  skeletons  exhibiting  lesions.  Meanwhile, 

 even  though  63  (TPR=10.6%)  bones  out  of  614  from  immature  skeletons  were  affected, 

 only  25  (CPR=25.8%)  individuals  from  97  were  recorded  with  PNBF.  Between-group 

 disparities  of  varying  magnitude  emerged  when  lesion  patterning  was  contrasted  between 

 individuals  with  PNBF  (Figure  8.19).  For  instance,  although  active  lesions  were  common 

 in  both  cohorts,  22  (CPR=88.0%)  immature  skeletons  with  PNBF  had  active/mixed 

 lesions  compared  to  16  (CPR=51.6%)  mature  skeletons.  A  moderately  higher  proportion 

 of  immature  individuals  with  PNBF  also  had  bilateral  lesions.  From  the  17  immature  and 

 29  mature  skeletons  where  lesion  distribution  was  assessable,  14  (CPR=82.3%)  immature 

 individuals  had  bilateral  PNBF  in  comparison  to  20  (CPR=69.0%)  mature  skeletons.  The 

 severity  of  lesions  was,  however,  generally  greater  in  skeletally  mature  individuals  (Table 

 8.18).  It  was  thus  believed  that  aside  from  age-related  trends,  the  impact  of  factors  on 

 PNBF  development  may  become  more  obvious  when  the  severity,  distribution  and 

 activity of lesions are considered. 

 Maturity  Grade 1 (CPR)  Grade 2 (CPR)  Grade 3 (CPR)  Grade 4 (CPR)  Total 
 Mature  20 (64.5%)  8 (25.8%)  3 (9.7%)  0 (0.0%)  31 

 Immature  20 (80.0%)  4 (16.0%)  0 (0.0%)  1 (4.0%)  25 
 Table 8.18 Severity of lesions in skeletally mature and immature individuals with PNBF. 
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 Figure  8.19  A  comparison  of  activity  (a),  distribution  (b)  and  severity  (c)  of  PNBF  between  skeletally 
 mature and immature individuals with lesions. 

	8.2.3.5	 	Speci�ic	Conditions:	Infectious	Diseases	

 In  addition  to  the  non-specific  indicators  of  stress  described  so  far,  specific 

 infectious  conditions  could  be  identified  in  eight  individuals  (CPR=3.8%)  based  upon  a 

 constellation of skeletal signs (Table 8.19). 

 For  some  conditions,  site-specific  patterns  were  evident.  Among  the  30  Warwick 

 skeletons,  there  were  two  individuals  (CPR=6.7%)  with  diffuse,  active  and  largely 

 symmetrical  PNBF.  In  a  previous  osteological  analysis  by  Newman  (2019),  it  was 

 postulated  that  these  lesions  were  the  result  of  hypertrophic  osteoarthropathy  (HOA);  this 

 diagnosis  is  supported  by  reference  to  clinical  and  palaeopathological  case  studies 

 (Grauer  2019:  503;  Binder  and  Saad  2017;  Mays  and  Taylor  2002).  One  (CPR=3.3%)  of 

 these  skeletons  (SK  357)  also  had  extensive  active  PNBF  on  the  pleural  rib  surfaces 

 (Figure  8.20),  with  the  left  ribs  between  the  second  and  tenth  positions  affected  most,  and 

 small  cavities  of  the  anterior  surface  of  contiguous  lower  thoracic  and  upper  lumbar 

 vertebrae.  For  several  reasons,  it  is  proposed  that  these  changes  are  consistent  with 
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 pulmonary  tuberculosis.  Firstly,  rib  lesions  (specifically  PNBF  on  the  pleural  surfaces, 

 with  a  focus  on  the  left  side)  have  a  significant  association  with  pulmonary  TB 

 (Davies-Barrett  et  al.  2019:  540;  Santos  and  Roberts  2006;  Santos  and  Roberts  2001; 

 Roberts  et  al.  1994:  172).  Secondly,  comparable  vertebral  body  changes  have  been 

 positively  linked  to  tuberculosis  through  pathogen  DNA  screening  (Nelson  et  al.  2020). 

 HOA  is  also  a  secondary  condition  associated  with  pulmonary  diseases  like  TB  (Grauer 

 2019:  503;  Binder  and  Saad  2017:  59;  Mays  and  Taylor  2002;  Santos  and  Roberts  2001: 

 41).  Regarding  TB,  pathognomonic  signs  of  the  disease  have  been  found  in  skeletons 

 from  the  Warwick  assemblage  (Hill  n.d.:  4)  and,  given  its  communicable  nature,  it  was 

 believed  reasonable  to  assume  that  other  individuals  in  the  living  community  were  also 

 infected. 
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 Site  Skeleton (  profile  )  Diagnosis  Summary of Lesions 

 BG 
 187 

 (  immature; 14 
 years  ) 

 Leprosy (  typical 
 of  ) 

 Rounded  edges  to  the  nasal  aperture;  possible  resorption  of  nasal  spine  and  the  anterior  maxillary  alveolar;  pitted 
 palate; PNBF on the mandible; bilateral femoral and tibial PNBF. 

 SH 

 80.1 
 (  immature; 19.9 
 years, 95% CI 
 [18.6, 19.9 ]  ) 

 Osteomyelitis 
 (  diagnostic of  ) 

 The  right  femur  appears  to  have  been  fractured  in  two  places  and  healed  in  incorrect  alignment;  a  mixture  of 
 dense  sclerotic  and  porous  PNBF  cover  most  of  right  femur  which  also  has  a  cloaca  on  the  posterior  distal  shaft 
 on the popliteal surface; to a lesser extent, the distal left femur also affected by dense, well-organised PNBF. 

 WS 
 357 

 (  immature; 19.0 
 years  ) 

 Hypertrophic 
 Osteoarthropathy 
 (  typical of  ) 

 Pulmonary TB 
 (  consistent with  ) 

 Active  PNBF  found:  bilaterally  on  the  femora,  tibiae,  fibulae,  humeri,  ulnae  and  tarsal  and  metatarsals;  right 
 radius;  superior  to  the  acetabulum  on  the  blade  of  the  right  ilium  -  left  too  degraded  to  assess;  supraspinous  fossa 
 of the right scapula. PNBF largely symmetric in nature. 

 Active  PNBF  on  the  pleural  surfaces  (vertebral  ends  and  in  some  cases  the  length  of  the  shaft)  of  8  out  of  11 
 surviving  left  ribs  positionally  located  between  the  second  and  tenth  ribs.  Right  ribs  less  severely  affected;  5  of 
 12 show PNBF, but in isolated plaques. Cavitation of anterior bodies of T10-L2. 

 589 
 (  mature female; 
 60.7 years, 95% 
 CI [33.5, 89.1]  ) 

 Hypertrophic 
 Osteoarthropathy 
 (  consistent with  ) 

 Active  PNBF  found:  in  plaques  on  the  pleural  surfaces  on  the  left  and  right  ribs  in  the  range  of  the  second  to 
 tenth  ribs;  bilaterally  on  the  proximal  ulnae,  distal  radii  and  ilia  just  superior  to  the  acetabulum;  unilaterally  in  the 
 supraspinous fossa of the right scapula, subscapular fossa of the left scapula, left metacarpals 1 and 2. 

 YB 
 4079 

 (  immature, 18.5 
 years  ) 

 Leprosy (  typical 
 of  ) 

 Resorption  of  the  nasal  spine  inferior  nasal  border  which  has  a  saddle-like  appearance;  maxillary  alveolar 
 processes  in  the  region  of  the  incisors  also  resorbed  –  i.e.,  rhinomaxillary  syndrome  (RMS);  palatal  bones  are 
 extremely pitted; spicules of bone in both maxillary sinuses; heavy build-up of calculus. Lower limb absent. 

 3586 
 (  mature male  ) 

 Leprosy 
 (  consistent with  ) 

 Resorption  of  nasal  spine  and  along  the  inferior  nasal  border;  slight  recession  of  maxillary  alveolar  process  in  the 
 region  of  the  anterior  dentition  -  i.e.,  possible  early-stage  RMS;  pitted  palate;  PNBF  on  the  palate  and  in 
 maxillary sinuses; heavy build-up of calculus. Lower limb absent. 

 3329 
 (  mature female; 
 56.3 years, 95% 
 CI [25.4, 87.9]  ) 

 Leprosy (  typical 
 of  ) 

 Brodie’s Abscess 
 (  typical of  ) 

 Resorption  of  nasal  spine  and  maxillary  alveolar  processes  in  the  region  of  the  incisors  i.e.,  RMS;  pitted  palate. 
 Bilateral mixed PNBF on the tibiae and fibulae. 

 Large  (33mm  width)  perforating  lesion  on  the  right  ilium  surrounded  by  a  rim  of  PNBF  –  on  the  medial  surface, 
 PNBF  extends  across  the  iliac  crest.  On  the  right  proximal  femur  (i.e.,  the  region  closest  to  the  abscess),  mixed 
 PNBF affects the lesser trochanter, gluteal tuberosity and proximal half of the linea aspera. 

 2708 
 (  immature; 19.5 

 years  ) 

 Osteomyelitis 
 (  diagnostic of  ) 

 Right  rib,  just  medial  to  tubercle,  is  infected.  Active  PNBF  on  a  right  rib,  just  medial  to  tubercle,  with  3  cloacae. 
 Rib  shaft  and  sternal  end  unaffected.  Three  other  right  ribs  also  have  plaques  of  active  PNBF  between  the  head 
 and angle. Fragmentation precluded precise seriation of affected ribs, but all between the third and tenth position. 

 Table 8.19 Specific infectious conditions identified at each site with a brief summary of lesions used in diagnoses. 
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 Figure  8.20  Plaques  of  porous  PNBF  (highlighted  with  red  arrows)  located  on  the  visceral  surface  of  a  left 
 rib  from  SK  357  at  vertebral  (a)  and  sternal  ends  (b).  Also,  small  cavities  on  the  anterior  surface  of  T10 
 body (c). 

 Four  skeletons  showed  signs  of  leprosy.  These  diagnoses  (which  varied  in 

 certainty  between  cases  that  were  consistent  with  and  typical  of  leprosy)  were  mainly 

 made  on  the  basis  of  morphological  changes  around  the  nasal  aperture  and  maxillary 

 alveolar  region  (Figure  8.21),  which  further  suggested  these  individuals  had  lepromatous 

 or  near-lepromatous  leprosy  (Roberts  and  Buikstra  2019:  368;  Roffey  2012:  216;  Ortner 

 2003:  264;  Andersen  and  Manchester  1992:  122).  Most  of  these  cases  (3)  originated  from 

 York.  Unfortunately,  due  to  the  high  frequency  of  grave  truncation  in  the  York  Barbican 

 assemblage  (Section  5.5.2),  postcranial  markers  were  absent  in  two  of  these  skeletons  and 

 the  range  of  secondary  infections  that  are  usual  in  leprosy  could  not  be  explored  to  add 

 further  support  to  the  diagnoses.  For  SK  3329,  however,  there  was  abundant  evidence  of 

 an  inflammatory  response  to  a  chronic  infection  in  the  postcranial  skeleton.  On  SK  3329’s 

 right  ilium,  for  instance,  a  roughly  circular  lesion  surrounded  by  well-organised  PNBF 
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 completely  perforated  the  iliac  crest  (Figure  8.21).  Although  several  diseases  are  known 

 to  cause  ‘punched  out’  lesions  (e.g.,  TB  and  multiple  myeloma),  the  rim  of  PNBF  along 

 with  a  mixture  of  new  and  sclerotic  bone  on  the  associated  proximal  femur  (Figure  8.21) 

 are  typical  of  a  Brodie’s  Abscess  –  a  sign  of  hematogenous  iliac  osteomyelitis  often  the 

 result  of  staphylococcal  infection  (Behara  et  al.  2017;  Ogbonna  et  al.  2017;  Beslikas  et  al. 

 2005; Beaupré and Carroll 1979). 

 Even  though  none  of  these  skeletons  exhibited  the  well-developed  facies  leprosa 

 (rhinomaxillary  syndrome)  that  is  unambiguously  diagnostic  of  advanced  lepromatous 

 leprosy,  collectively  they  presented  compelling  evidence  that  Mycobacterium  leprae 

 infection  was  a  significant  disease  risk  in  medieval  York.  This  threat  was  probably 

 compounded  by  secondary  infections  (osteomyelitis  being  one  example)  that  often  affect 

 sufferers  of  leprosy  (Roberts  and  Buikstra  2019:  363-368;  Ortner  2003:  263-272).  In  fact, 

 as  diagnostically  suggestive  changes  to  the  facial  skeleton  only  occur  after  severe  and 

 chronic  infection  and  are  absent  in  the  milder  and  less  clearly  visible  response  to  the 

 disease  (tuberculoid  leprosy)  (Roberts  and  Buikstra  2019:  368;  Roffey  2012:  216;  Ortner 

 2003:  264;  Boldsen  2001:  380;  Andersen  and  Manchester  1992:  122),  it  can  be 

 reasonably  speculated  that  the  crude  prevalence  for  leprosy  in  the  York  Barbican  sample 

 (CPR=4.3%)  is  likely  an  underestimate  for  the  living  population  which  would  have  also 

 included asymptomatic and mildly symptomatic cases. 

 In  addition  to  highlighting  the  presence  of  infectious  pathogens  at  sites,  the 

 skeletons  diagnosed  with  specific  conditions  raise  further  questions.  Firstly,  what 

 environmental  and  cultural  factors  made  certain  contexts  more  amenable  to  pathogens? 

 Secondly,  at  these  sites,  where  likely  most  of  the  population  was  exposed  to 

 communicable diseases, why did some individuals contract them and not others? 
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 Figure  8.21  SK  3329  from  the  York  Barbican  collection.  In  the  nasal  region  it  is  possible  to  see  rounding  of 
 the  inferior  border  and  widening  of  the  aperture  as  well  as  loss  of  the  spine;  there  is  also  resorption  of  the 
 anterior  maxillary  alveolus  (a  and  b).  Also  present  are  a  large  perforating  lesion  in  the  ilium  (c)  and  mixed 
 PNBF on the proximal aspect of the posterior surface of the right femur (d). 
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	8.2.3.6	 	Speci�ic	Conditions:	Metabolic	Diseases	

 Seven  (CPR=3.2%)  skeletons  had  signs  suggesting  that  in  life  they  suffered  from 

 a  specific  metabolic  disease  (Table  8.20).  Although  the  unequivocal  diagnosis  of  any 

 specific  metabolic  condition  is  challenging,  the  distribution  and  supposed  pathogenesis  of 

 the  observed  lesions  can  be  related  to  vitamin  C  deficiency  (Figure  8.22).  For  example, 

 some  of  the  most  frequently  observed  lesions  were  at  sites  of  muscle  attachment  where,  in 

 individuals  suffering  from  a  chronic  and  severe  lack  of  vitamin  C,  blood  vessels 

 haemorrhage  leading  to  periosteal  inflammation  and  PNBF  or  capillarisation  and 

 subsequent  porosity  (Brickley  and  Mays  2019;  Newman  2016:  110;  Snoddy  et  al.  2016; 

 Mays  2014;  Geber  and  Murphy  2012;  Mahoney-Swales  and  Nystrom  2009;  Mays  et  al. 

 2006;  Pinhasi  et  al.  2006;  Ortner  2003:  383-404).  Similarly,  the  periosteal  lesions  seen  in 

 two  individuals  (SK  203  and  SK  3936),  may  well  be  associated  with  haemorrhaging  in 

 the  orbital  region  which  can  be  caused  by  vitamin  C  deficiency  (Damini  et  al.  2021; 

 Cheah  et  al.  2020;  Brickley  and  Mays  2019:  534-536;  Newman  2016:  110;  Billoir  et  al. 

 2012;  Saha  et  al.  2012;  Mahoney-Swales  and  Nystrom  2009).  As  such,  it  was  proposed 

 that  the  suite  of  pathological  markers  in  each  case  was  consistent  with  a  diagnosis  of 

 scurvy.  As  all  but  one  individual  within  this  group  were  skeletally  immature,  it  was 

 inferred  that  age  played  a  key  role  in  vulnerability  to  or  capacity  to  manifest  the  signs  of 

 metabolic disease. Diagnosable lesions not discussed here are presented in Appendix 3. 
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 Site  Skeleton (  profile  )  Diagnosis  Summary of Lesions 

 BG 
 478 

 (  immature, 3.5 
 years  ) 

 Scurvy 
 (  consistent with  ) 

 Porosity  bilaterally  at  muscle  attachment  sites,  including:  the  greater  wings  of  the  sphenoid;  posterior  cranium; 
 supraspinous  fossae  of  the  scapulae;  ulnar  tuberosities.  Cortical  fraying  (especially  on  the  proximal  and  distal 
 humeri and femora). Flaring of the distal femoral metaphyses. Curvature of the tibiae. CO – active/mixed. 

 203 
 (  immature, 3.5 

 years  ) 

 Scurvy 
 (  consistent with  ) 

 Porosity  bilaterally  on  the  greater  wings  of  the  sphenoid  and  palate.  Porosity  in  the  right  scapula  supraspinous 
 fossae - left scapula not present. CO – active/mixed. PNBF in the left orbit. 

 278 
 (  immature  ) 

 Scurvy 
 (  consistent with  ) 

 Bilateral  porosity  at  muscle  attachment  sites,  such  as:  the  greater  wings  of  the  sphenoid  between  pterygoid  plates 
 and  supraspinous  fossae  of  the  scapulae  –  notably  more  apparent  in  the  right  scapula.  Bilateral  plaques  of  PNBF 
 on  the  distal  anterior  femora  (active/mixed)  and  tibiae  (active).  Fraying  of  the  inferior  femoral  metaphyses  as 
 well as tibial superior and inferior metaphyses. CO – healed. 

 SH 
 539 

 (  immature, 3.1 
 years  ) 

 Scurvy 
 (  consistent with  ) 

 Porosity  on  the  cranial  vault,  especially  near  the  external  occipital  protuberance  and  around  the  foramen 
 magnum,  but  also  on  the  palate  and  right  maxillary  alveolar  process.  Porosity  surrounding  nutrient  foramina  in 
 the  supraspinous  fossa  of  the  scapula  –  more  extensive  on  the  right  side.  Bilateral  active  PNBF  around  the  gonial 
 angle of the mandible, in the region of the insertion of the  Masseter  muscle. CO – active/mixed. 

 WS 
 570 

 (  immature, 13.8 
 years  ) 

 Scurvy 
 (  consistent with  ) 

 Porosity  at  muscle  attachment  sites,  including:  the  medial  surface  of  the  mandibular  ramus  bilaterally;  the  right 
 greater  wing  of  the  sphenoid  (left  absent);  the  area  surrounding  the  posterior  aperture  of  the  foramen  rotundum  – 
 these  pores  were  rounded  in  appearance.  Although  little  of  the  right  supraspinous  fossa  of  the  scapula  has 
 survived  (left  completely  absent),  it  was  filled  with  fine  pores.  CO  –  healed.  LEH  –  one  stress  episode  inferred 
 from these, estimated to have occurred between 5-5.9 years of age. 

 YB 
 2469 

 (  immature, 3.0 
 years  ) 

 Scurvy 
 (  consistent with  ) 

 Porosity  at  muscle  attachment  sites,  including:  the  left  greater  wing  of  the  sphenoid;  the  supraspinous  fossa  of  the 
 left  scapula  (right  damaged);  bilaterally  inferior  to  the  coronoid  process  of  the  ulnae.  Bilateral,  active  PNBF  was 
 present  at  the  insertion  of  several  sites  of  muscle  attachment,  such  as:  the  insertion  of  the  Masseter  muscle  at  the 
 mandibular  gonial  angle;  the  origin  of  the  medial  head  of  Triceps  on  the  posterior  surface  of  the  humeri  distal  to 
 the radial groove. Fraying also on the proximal and distal left femur and tibia (right absent). Orbits absent. 

 3936 
 (  mature  ) 

 Scurvy 
 (  consistent with  ) 

 Active  PNBF  on  the  right  mandibular  ramus  laterally  and  medially  –  at  insertions  of  Masseter  and  Medial 
 Pterygoid  –  and  on  medial  aspect  of  coronoid  process  at  the  insertion  of  the  Lateral  Pterygoid  .  Only  fragments  of 
 the  right  condyle  survive,  but  a  plaque  of  PNBF  was  present  on  the  neck.  The  left  side  of  the  mandible  had  PNBF 
 on  the  medial  aspect  of  the  coronoid  process  and  lateral  condylar  neck.  PNBF  was  also  observed  in  both  orbits 
 (so  extensively  that  CO  could  not  be  assessed).  LEH  –  four  stress  episodes  inferred  from  these,  estimated  to  have 
 occurred between 1-1.9, 2-2.9, 4-4.9 and 9-9.9 years of age. 

 Table 8.20 Specific metabolic conditions identified at each site with a brief summary of lesions used in diagnoses. 

 221 



 Figure  8.22  PNBF  on  the  mandibular  ramus  of  SK  3936  from  York  Barbican  at  insertion  sites  of  the 
 Masseter  (a)  and  Medial  Pterygoid  muscles  and  at  the  mandibular  foramen  through  which  the  maxillary 
 artery  and  the  inferior  alveolar  vein  pass  (b).  The  plaques  of  periosteal  new  bone  are  consistent  with  an 
 inflammatory  response  to  haemorrhaging  of  blood  vessels  and  at  attachment  sites  of  muscles  subjected  to 
 repetitive  use  (e.g.,  muscles  of  mastication),  as  is  observed  in  individuals  with  weakened  blood  vessels  due 
 to vitamin C deficiency. 

	8.2.3.7	 	Summary	

 The  osteological  data  has  been  explored  to  reveal  several  patterns  in  mortality  and 

 the  prevalence  of  pathological  markers.  These  have  established  that  site  and  sex  as  well  as 

 age-related  susceptibility  play  key  roles  in  stress  marker  development  and,  crucially,  that 

 relationships  between  factors  may  be  discernible  when  the  nature  of  the  stress  marker  is 

 considered  (e.g.,  mild  versus  severe).  Therefore,  when  attempting  to  infer  the  impact  of 

 early-life  stress  on  life-course  outcomes  in  the  final  section  of  this  chapter,  fluctuating 

 asymmetry  is  not  just  contrasted  between  individuals  with  and  without  pathological 

 markers,  but  also  between  individuals  with  particular  characteristics  of  lesion 

 development. 
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	8.3	 	Asymmetry	

 This  section  describes  asymmetric  variation  in  the  154  M  1  and  148  M  1  pairs 

 assessed.  In  addition  to  identifying  the  presence  of  FA  in  tooth  morphology,  variation  at 

 specific  landmarks  is  compared  to  investigate  where  stress-induced  deviations  to 

 symmetry  may  be  more  likely  to  develop  as  well  as  the  relationship  between  M  1  and  M  1 

 FA,  thus  facilitating  a  later  discussion  of  developmental  mechanisms.  Additionally,  to 

 explore  a  potential  confounding  effect,  the  relationship  between  size  and  FA  is 

 scrutinised.  Once  fluctuating  asymmetry  has  been  described  in  isolation,  it  is  explored 

 with reference to the grouping factors discussed in the previous section. 

	8.3.1	 	Finding	Asymmetries	

 The  decomposition  of  morphological  variation  through  a  Procrustes  ANOVA 

 (Table  8.21-Table  8.22)  indicated  that  by  far  the  greatest  proportion  of  variance  (  circa 

 83%)  in  both  M1s  was  explained  by  differences  between  individuals.  Permutation 

 procedures  also  found  greater  differences  between  left  and  right  sides  than  expected  in 

 both  the  M  1  (p=0.003)  and  M  1  (p=0.008).  These  fixed  left-right  biases  (i.e.,  directional 

 asymmetry)  accounted  for  only  a  minor  amount  of  variation  (i.e.,  circa  0.3%),  but  did 

 justify  the  further  adjustment  of  coordinate  configurations  (Section  6.4.2)  to  remove 

 variance  due  to  directional  asymmetry.  Highly  significant  interactions  (p=0.001)  between 

 individuals  and  sides  revealed  the  presence  of  non-directional  asymmetry.  Importantly, 

 variation  between  replicates  (i.e.,  error  due  to  intra-observer  inconsistency)  accounted  for 

 a  small  percentage  of  variation  (  circa  2%)  in  both  M1s,  so  was  unlikely  to  obscure 

 variance  due  to  non-directional  asymmetry.  This  is  especially  important  when 

 investigating  fluctuating  asymmetry,  as  both  error  and  FA  represent  random  effects 

 (Klingenberg  2015:  868-869;  Graham  et  al.  2010:  486-487).  In  fact,  F  values  indicated 
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 that  M  1  non-directional  asymmetry  explained  in  excess  of  twenty-six  times  more  variation 

 than  error  (  F  =26.411);  for  the  M  1  this  increased  to  greater  than  thirty-six  times 

 (  F  =36.107).  Non-directional  asymmetry,  although  significant  in  both  teeth,  was  slightly 

 better  evinced  in  the  M  1  with  R  2  scores  being  marginally  higher.  Crucially,  when  the 

 signed  left-right  differences  for  each  M1  landmark  and  semi-landmark  were  examined, 

 there  was  no  evidence  of  antisymmetry  (i.e.,  there  was  no  clustering  in  scatter  plots,  while 

 histograms  and  density  plots  revealed  peaked  rather  than  platykurtic  distributions)  (Figure 

 8.23).  This  finding  is  consistent  with  previous  research  which  has  not  found  antisymmetry 

 in  human  teeth  (e.g.,  Guatelli-Steinberg  et  al.  2006:  249),  and  it  was  therefore  assumed 

 that  the  non-directional  component  to  asymmetry  identified  by  the  Procrustes  ANOVA 

 was  in  fact  fluctuating  asymmetry  (Balzeau  et  al.  2012:  2;  Silva  et  al.  2012:  561-564: 

 Radwan  et  al.  2003:  502;  Debat  et  al.  2001:  425-426;  Klingenberg  and  McIntyre  1998: 

 1368). 

 Effects  df  SS  MS  R  2  F  p 
 ind  153  3.530  0.023  0.833  5.854  0.781 
 side  1  0.011  0.011  0.002  2.862  0.003 
 ind x side  153  0.603  0.004  0.142  26.411  0.001 
 error  616  0.091  <0.001  0.021 
 Total  923  4.237 
 Table 8.21 M  1  Procrustes ANOVA. Significance determined  through RRPP with 1000 permutations. 

 Effects  df  SS  MS  R  2  F  p 
 ind  147  4.507  0.031  0.826  5.362  0.977 
 side  1  0.014  0.014  0.003  2.406  0.008 
 ind x side  147  0.841  0.006  0.154  36.107  0.001 
 error  592  0.094  <0.001  0.017 
 Total  887  5.455 
 Table 8.22 M  1  Procrustes ANOVA. Significance determined  through RRPP with 1000 permutations. 
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 Figure  8.23  Plots  of  left-right  differences  in  the  location  of  the  first  landmark  in  M  1  (a)  and  M  1  (b) 
 configurations  (i.e.,  the  centre  of  the  mesial  fovea,  located  at  the  most  anterior  extension  of  the  sagittal  and 
 longitudinal  fissures  respectively).  The  peaked,  rather  than  broad  or  bimodal  distributions,  suggested  that 
 the  significant  ind*side  interaction  in  the  Procrustes  ANOVA  was  due  to  fluctuating  asymmetry  rather  than 
 antisymmetry. 

	8.3.2	 	Fluctuating	Asymmetry:	Adjusted	Coordinate	Matrices	

 To  explore  assumptions  associated  with  the  PCM  of  dental  development  and  the 

 impact  stress  has  upon  it  (Salazar-Ciudad  and  Jernvall  2002;  Jernvall  and  Jung  2000) 

 (Section  3.4.3),  configurations  were  examined  to  identify  the  locations  at  which  𝐴 
 𝑝𝑖𝑗 

 fluctuating  asymmetric  variance  was  most  evident.  It  was  found  that  when  the  complex 

 variation  in  coordinate  matrices  was  simplified  through  PCA,  that  variance  was  largely 

 dispersed  throughout  configurations;  for  example,  it  took  15  and  19  PCs  to  capture  ≥95% 

 of  variation  in  the  M  1  and  M  1  covariance  matrices.  The  first  two  PCs  were,  however, 

 influenced  to  a  greater  extent  by  semi-landmarks  located  along  the  outline  and  landmarks 

 positioned  at  fissure  junctions  and  pits  (i.e.,  points  at  the  periphery  of  cusps).  The 

 eigenvectors  of  the  third  and  fourth  PCs  by  contrast  had  higher  correlations  between  cusp 

 apices,  especially  those  of  the  distal  cusps.  Meanwhile,  the  mesial  cusps  (paracone  and 

 protocone  in  the  M  1  and  the  protoconid  and  metaconid  in  the  M  1  )  were  relatively  stable. 
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 These  patterns  could  be  appreciated  best  visually.  As  such,  the  configurations  with  the 

 most  extreme  differences  in  each  PC  (i.e.,  the  shapes  that  contributed  the  minimum  and 

 maximum  variance  to  each  component  were  used  as  reference  and  target  shapes)  were 

 plotted  and  vector  displacements  compared  (Figure  8.24).  These  procedures  suggested 

 that  fluctuating  asymmetric  variance  predominantly  manifested  at  the  edges  of  cusps,  and 

 that  when  cusps  apices  did  vary,  the  distal  cusps  were  more  likely  to  be  affected  than  the 

 mesial. 
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	M		1	 	M		1	

	PC1	

 18.3%  16.1% 

	PC2	

 16.6%  13.8% 

	PC3	

 9.9%  9.7% 

	PC4	

 9.7%  7.6% 
 Figure  8.24  Vector  displacements  (length  and  orientation  of  line  indicate  magnitude  and  direction)  between 
 reference  (  individual  with  least  variance)  and  target  (  individual  with  most  variance)  shapes  in  the  first  four 
 PCs.  Percentages correspond to the proportion of variation accounted for by each PC. Mesial is up. 
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 Although  reconstructing  in  vivo  processes  from  patterns  identified  in  inert 

 materials  is  challenging  and  must  be  done  with  caution,  these  findings  are  consistent  with 

 assumptions  associated  with  the  PCM.  Specifically,  it  appears  stress-induced 

 morphological  variance  is  most  apparent  in  later-forming  occlusal  features  while  those 

 forming  earlier  (e.g.,  cusps  apices  –  especially  those  located  mesially)  are  more  stable. 

 This  supports  the  hypothesis  that  the  processes  responsible  for  the  development  of 

 occlusal  traits  in  multi-cusped  teeth  is  sequential  and  interlinked  in  nature  and  that  stress 

 ripples  down  the  various  physiological  interactions  to  provoke  a  cascade  of 

 developmental  errors  (Riga  et  al.  2014:  399;  Salazar-Ciudad  and  Jernvall  2002;  Jernvall 

 and  Jung  2000).  These  findings  also  suggest  that  the  extent  to  which  stress  is  embodied 

 must  be  considered  when  attempting  to  chart  stress  experience  across  the  life-course 

 (Section 9.4). 

	8.3.3	 	Fluctuating	Asymmetry:	Exploring	Univariate	Scores	

 To  further  explore  FA,  the  distributions  of  unsigned  univariate  scores  were 

 investigated  (Table  8.23  and  Figure  8.25).  When  M1  scores  were  plotted,  density  and  𝑎 
 𝑝 

 quantile-quantile  plots  indicated  peaked  or  ‘light-tailed’  and  positively  skewed 

 distributions,  potentially  influenced  by  outlying  values.  Density  plots  also  revealed  a 

 second,  smaller  peak  within  the  right  tail  of  each  distribution,  suggesting  two  distinct 

 groups  within  the  sample.  It  was  also  noted  that  the  differences  between  individual  M1  𝑎 
 𝑝 

 scores  were  small;  given  the  arbitrary  nature  of  the  registration  process,  this  reflects 

 computational  mechanics  rather  than  real-world  disparities  in  stress  experience  (Zelditch 

 and Swiderski 2018: 46-47; Dryden and Mardia 1998: 87-92). 

 These  distributional  and  scaling  characteristics  required  consideration.  It  was 

 decided  that  when  subjecting  scores  to  quantitative  procedures,  the  scaled  natural  𝑎 
 𝑝 
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 logarithm  would  be  used.  After  logarithmic  transformation,  scores  better  approximated  a 

 normal  distribution,  facilitating  parametric  testing  (Van  Pool  and  Leonard  2010:  216). 

 Meanwhile,  scaling  mitigated  against  the  computational  difficulties  associated  with 

 exploring  small  differences  (Grus  2015).  In  order  to  scale  scores,  the  sample  mean  was 

 subtracted  from  each  individual  value  to  centre  scores,  then  centred  scores  were  𝑎 
 𝑝 

 divided  by  the  sample’s  standard  deviation;  scaled  vectors  therefore  had  a  mean  of  0  and 

 a  standard  deviation  of  1  (Grus  2015).  Overall,  these  procedures  made  scores  more  𝑎 
 𝑝 

 amenable  to  subsequent  quantitative  testing  and  were  applied  in  all  statistical  procedures 

 (summary tables are derived from untransformed data for reference). 

 Tooth  No.  Min  Q1  Median  Mean  Q3  Max  Std dev 
 M  1  154  1.000369  1.000790  1.001176  1.001304  1.001776  1.003410  0.000678 
 M  1  148  1.000477  1.001253  1.001738  1.001891  1.002566  1.003846  0.000812 

 Table 8.23 A summary of  scores.  𝑎 
 𝑝 

 Figure 8.25 Density (a) and quantile-quantile plots (b) of M  1  (a-b) and M  1  scores (c-d).  𝑎 
 𝑝 

 Among  the  85  individuals  for  whom  both  maxillary  and  mandibular  M1s  could  be 

 assessed,  linear  regression  detected  a  relationship  between  logged  and  scaled  M  1  scores  𝑎 
 𝑝 

 and  the  corresponding  M  1  value  (  F  (1,83)=15.57,  p=<0.001,  R  2  =0.148)  (Figure  8.26). 
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 Although  the  R  2  value  associated  with  the  model  indicated  only  a  moderate  proportion  of 

 variability  had  been  explained,  overall  the  result  inferred  a  connection  between  the 

 processes  that  led  to  stress-induced  deviations  to  symmetry  in  each  isomere  and  that  M  1 

 and  M  1  scores  likely  reflected  the  same  underlying  causal  factors  (i.e.,  non-specific  𝑎 
 𝑝 

 stress).  Furthermore,  to  evaluate  the  possibility  that  FA  was  either  affected  by  or  the  result 

 of  size  asymmetry  (i.e.,  the  allometric  effect  in  which  shape  variation  increases  with  size), 

 the  relationship  between  scores  and  left-right  difference  of  centroid  size  was  explored  𝑎 
 𝑝 

 (Klingenberg  2015:  896;  Klingenberg  and  McIntyre  1998:  1368)  (Table  8.24-Table  8.25 

 and  Figure  8.27).  Regression  tests  found  no  significant  relationship  between  either  scaled 

 M  1  (  F  (1,152)=1.436,  p=0.233)  or  M  1  scores  (  F  (1,146)=1.034,  p=0.319)  and  size  𝑎 
 𝑝 

 asymmetry.  In  summary,  size  was  not  a  predictor  of  the  univariate  measure  of  FA 

 employed, and an allometric effect was unlikely to have a meaningful impact on analyses. 

 Figure  8.26  The  relationship  between  M  1  and  M  1  scores  with  a  line  of  best  fit  plotted.  Regression  tests  𝑎 
 𝑝 

 inferred a positive linear connection between scores. 
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 Tooth  No.  Min  Q1  Median  Mean  Q3  Max  Std dev 
 M  1  924  23.49  25.35  26.10  26.20  27.04  30.03  1.19 
 M  1  888  23.64  25.74  26.46  26.53  27.28  30.11  1.16 

 Table 8.24 Summary of centroid size from all replicates. 

 Tooth  No.  Min  Q1  Median  Mean  Q3  Max  Std dev 
 M  1  154  0.000624  0.122740  0.256641  0.318606  0.470529  1.149850  0.246908 
 M  1  148  0.002028  0.151919  0.318877  0.372857  0.561840  1.569290  0.287740 

 Table 8.25 Individual differences in left-right centroid size. 

 Figure  8.27  Left-right  differences  in  centroid  size  plotted  against  M  1  (a)  and  M  1  (b)  scores.  No  significant  𝑎 
 𝑝 

 linear relationship was detected between scaled  scores and size.  𝑎 
 𝑝 

	8.3.4	 	Between-group	Comparisons:	Site,	Sex	and	Skeletal	Maturity	

 The  following  section  explores  between-groups  differences  in  FA  through  𝑎 
 𝑝 

 scores.  Thus,  individual  measures  of  FA  are  contrasted  between  sites  and  sexes  as  well  as 

 mature  and  immature  skeletons.  Through  this  it  was  possible  to  investigate  and  identify 

 differences that may imply significant disparities between stress experience. 

 Subtle  between-site  differences  in  FA  were  noted  (Table  8.26-Table  8.27).  Even 

 though  interquartile  ranges  overlapped,  Warwick  had  the  highest  average  M  1  and  M  1  𝑎 
 𝑝 

 scores.  The  most  visually  appreciably  difference  in  plotted  scores  was  in  M  1  values  𝑎 
 𝑝 
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 which  showed  that  those  associated  with  York  Barbican  were  much  lower  than  those  from 

 Warwick  assemblage  (Figure  8.28).  Statistical  testing  on  scaled  scores  supported  these 

 observations.  After  checking  underlying  assumptions  and  removing  an  outlying  value 

 from  the  York  Barbican  assemblage,  an  ANOVA  found  significant  differences  between 

 sites  in  scaled  M  1  scores  (  F  (3,149)=7.703,  p=<0.001)  with  moderate  effect  size  (  𝑎 
 𝑝 

ω 2 

 =0.12).  Post-hoc  pairwise  comparisons  with  Bonferroni  adjusted  thresholds  inferred 

 significant  differences  between  the  Warwick  and  the  Black  Gate  (p=0.007),  South  Shields 

 (p=0.018)  and  York  Barbican  assemblages  (p=<0.001).  Despite  this,  between-site 

 differences in M  1  scores were insignificant  (  F  (3,144)=0.776, p=0.509).  𝑎 
 𝑝 

 Site  No.  Min  Q1  Median  Mean  Q3  Max  Std dev 
 BG  60  1.000369  1.000816  1.001156  1.001330  1.001820  1.003155  0.000720 
 SH  23  1.000472  1.000906  1.001227  1.001295  1.001714  1.002417  0.000529 
 WS  17  1.000521  1.001344  1.001874  1.001908  1.002428  1.003410  0.000807 
 YB  54  1.000384  1.000638  1.001031  1.001090  1.001275  1.002447  0.000523 

 Table 8.26 A comparison of M  1  scores between  sites.  𝑎 
 𝑝 

 Site  No.  Min  Q1  Median  Mean  Q3  Max  Std dev 
 BG  52  1.000477  1.001253  1.001776  1.001837  1.002310  1.003591  0.000731 
 SH  22  1.001032  1.001491  1.001707  1.002075  1.002617  1.003846  0.000818 
 WS  27  1.000497  1.001426  1.001985  1.001995  1.002507  1.003570  0.000798 
 YB  47  1.000487  1.001115  1.001491  1.001805  1.002729  1.003522  0.000903 

 Table 8.27 A comparison of M  1  scores between  sites.  𝑎 
 𝑝 
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 Figure 8.28 A comparison of  M  1  (a) and M  1  (b)  scores between sites.  𝑎 
 𝑝 

 Differences  in  FA  between  females  and  males  were  not  readily  discernible  (Table 

 8.28-Table  8.29).  Points  of  central  tendency  in  scores  were  comparable  and  ranges  𝑎 
 𝑝 

 (interquartile  and  maximal)  overlapped,  for  example  (Figure  8.29).  This  impression  was 

 reinforced  through  statistical  testing  which  found  no  significant  differences  between 

 groups  in  scaled  M  1  (  t  =-0.600,  df=55.98,  p=0.551)  or  M  1  scores  (  t  =-1.399,  df=57.75, 

 p=0.167). 

 Sex  No.  Min  Q1  Median  Mean  Q3  Max  Std dev 
 Female  29  1.000369  1.000609  1.001041  1.000983  1.001273  1.001904  0.000413 
 Male  32  1.000384  1.000586  1.000925  1.001060  1.001358  1.002447  0.000580 

 Table 8.28 A comparison of M  1  scores between  sexes.  𝑎 
 𝑝 

 Sex  No.  Min  Q1  Median  Mean  Q3  Max  Std dev 
 Female  26  1.000477  1.001106  1.001371  1.001448  1.001897  1.003058  0.000610 
 Male  34  1.000493  1.001240  1.001411  1.001694  1.002271  1.003373  0.000751 

 Table 8.29 A comparison of M  1  scores between  sexes.  𝑎 
 𝑝 
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 Figure 8.29 A comparison of M  1  (a) and M  1  scores (b) between females and males.  𝑎 
 𝑝 

 When  scores  were  contrasted  between  skeletally  mature  and  immature  𝑎 
 𝑝 

 individuals,  it  was  observed  that  the  immature  cohort  had  higher  scores  for  both  M1s 

 (Table  8.30-Table  8.31  and  Figure  8.30).  After  removing  an  outlying  value  from  the 

 skeletally  mature  group,  a  t  -test  on  scaled  M  1  scores  produced  significant  results  𝑎 
 𝑝 

 (  t  =5.202,  df=128.4,  p=<0.001)  with  large  effect  size  (Cohen’s  d  =-0.848).  Similarly, 

 differences  in  M  1  scores  were  significant  (  t  =3.159,  df=136.1,  p=0.002)  with  a  medium  𝑎 
 𝑝 

 effect  size  (Cohen’s  d  =-0.526).  These  results  were  believed  important  for  three  reasons. 

 Firstly,  it  was  speculated  that  the  comparatively  high  frequency  of  immature  skeletons  in 

 the  Warwick  sample  may  have  influenced  the  significant  differences  in  M  1  scores  𝑎 
 𝑝 

 between  this  and  other  sites.  Secondly,  it  was  hypothesised  that  the  disparity  in  FA 

 between  skeletally  mature  and  immature  groups  accounted  for  the  bimodal  distribution  in 

 scores  noted  in  Section  8.3.3.  Thirdly,  and  most  importantly,  it  also  seemed  reasonable  to 

 propose  that  there  were  substantial  differences  in  maternally  mediated  early-life  stress 

 experience between the mature and immature individuals. 
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 SK  No.  Min  Q1  Median  Mean  Q3  Max  Std dev 
 Mature  79  1.000369  1.000608  1.000969  1.001056  1.001301  1.002447  0.000512 
 Immat  75  1.000421  1.000998  1.001349  1.001566  1.002113  1.003410  0.000734 
 Table 8.30 A comparison of M  1  scores between  individuals at different stages of skeletal development.  𝑎 

 𝑝 

 SK  No.  Min  Q1  Median  Mean  Q3  Max  Std dev 
 Mature  77  1.000477  1.001143  1.001492  1.001688  1.002215  1.003373  0.000723 
 Immat  70  1.000497  1.001469  1.001960  1.002102  1.002757  1.003846  0.000851 

 Table 8.31 A comparison of M  1  scores  between  individuals at different stages of skeletal development.  𝑎 
 𝑝 

 Figure 8.30 M  1  (a) and M  1  scores (b) contrasted  between mature and immature skeletons.  𝑎 
 𝑝 

	8.3.5	 	Summary	

 Significant  asymmetries  were  successfully  detected  in  M1  morphology. 

 Directional  asymmetry  accounted  for  a  small  percentage  of  morphological  variance  in 

 comparison  to  non-directional  asymmetry.  Further  tests  indicated  that  the  non-directional 

 component  to  asymmetry  was  the  result  of  fluctuating  asymmetry  (rather  than 

 antisymmetry).  Points  at  the  periphery  of  cusps,  along  the  outline  and  central  fissure 

 appeared  more  vulnerable  to  stress-induced  deviations  to  symmetry  than  cusp  apices. 

 Importantly,  measurement  error  was  marginal  and  size  had  no  significant  impact  on  FA. 

 When  measures  of  FA  (i.e.,  scores)  were  contrasted  between  groups,  sex  biases  were  𝑎 
 𝑝 

 absent  and  differences  between  sites  were  subtle.  Despite  this,  significant  and 
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 medium-to-large  differences  in  scaled  M  1  and  M  1  scores  were  detected  between  the  𝑎 
 𝑝 

 skeletally  mature  and  immature  cohorts,  with  the  latter  category  associated  with  the 

 higher  FA.  It  was  therefore  speculated  that  stress  experienced  during  early  life  may  have 

 influenced  length  of  life,  but  that  site-specific  stressors  and  sex  differentials  in  frailty 

 either played a minimal role in stress experience or were successfully mediated. 

	8.4	 	De�ining	the	Life-course	

 This  final  section  investigates  to  what  extent  fluctuating  asymmetry  (as  a  proxy  for 

 maternally-mediated  early-life  stress)  can  be  used  to  predict  later-life  stress  experience 

 and  outcomes.  As  part  of  this,  the  hypotheses  generated  in  the  initial  investigation  of 

 osteological  data  in  Section  8.2  are  tested.  As  discussed  previously,  regression  analysis 

 played  a  key  role  in  this  process.  After  ascertaining  whether  FA  scores  could  explain 

 outcome  variables,  models  containing  further  predictors  (e.g.,  site,  skeletal  maturity, 

 pathological  lesions,  etc)  were  constructed.  Of  these,  only  those  models  chosen  using  the 

 backwards  elimination  process  described  in  Section  7.5.2  have  been  presented.  By  taking 

 this  approach  it  was  possible  to  quantitatively  model  life-course  dynamics  and  infer  the 

 importance  of  early-life  stress  signals  transmitted  across  the  mother-child  nexus  in 

 relation  to  factors  such  as  context,  sex  and  age  and  their  combined  impact  on  frailty  and 

 resilience. 

	8.4.1	 	Length	of	Life	

 As  there  were  significantly  higher  M1  scores  in  the  skeletally  immature  cohort  𝑎 
 𝑝 

 it  was  hypothesised,  with  reference  to  past  research  (e.g.,  Roseboom  et  al.  2001;  Barker 

 and  Osmond  1986;  Blakey  and  Armelagos  1985),  that  early-life  stress  affected  mortality. 
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 To  investigate  further,  linear  regression  analyses  were  employed;  as  age  estimates  were 

 not  normally  distributed,  they  were  log  transformed.  As  it  was  suspected  that  the  strength 

 or  nature  of  the  relationship  between  early-life  stress  and  mortality  would  be  different  in 

 the immature and mature cohorts, they were treated separately. 

	8.4.1.1	 	Length	of	Life	in	the	Skeletally	Mature	Group	

 Regression  procedures  failed  to  detect  a  significant  linear  relationship  between 

 age  estimates  and  scaled  M  1  (  F  (1,57)=2.176,  p=0.146)  and  M  1  scores  (  F  (1,56)=  0.871,  𝑎 
 𝑝 

 p=0.355)  (Table  8.32-Table  8.33),  although  slope  coefficients  and  plots  of  age  estimates 

 against  FA  values  suggested  that  a  slight  negative  trend  may  exist.  The  inability  to  discern 

 a  statistically  significant  connection  between  FA  and  age-at-death  in  the  mature  cohort 

 was  somewhat  surprising  given  clinical  studies  have  established  substantial  differentials 

 in  later-life  morbidity  and  mortality  resulting  from  early-life  adversity  (e.g.,  Roseboom  et 

 al.  2001:  95;  Roseboom  et  al.  2000;  Lopuhaa  et  al.  2000;  Ravelli  et  al.  1998).  It  is 

 speculated  that  the  underrepresentation  of  older  mature  skeletons  in  the  study  sample  may 

 have limited the ability to detect similar patterns here. 

 Coefficient  Std error  t  p 
 Constant  3.523  0.059  59.76  <0.001 
 M  1  𝑎 

 𝑝  -0.108  0.071  -1.475  0.146 
 Table  8.32  Regression  of  log  transformed  estimates  of  age-at-death  in  skeletally  mature  individuals  with 
 scaled M  1  scores as a predictor variable.  𝑎 

 𝑝 

 Coefficient  Std error  t  p 
 Constant  3.582  0.057  62.51  <0.001 
 M  1  𝑎 

 𝑝  -0.058  0.062  -0.933  0.355 
 Table  8.33  Regression  of  log  transformed  estimates  of  age-at-death  in  skeletally  mature  individuals  with 
 scaled M  1  scores as a predictor variable.  𝑎 

 𝑝 

 Age-at-death  in  the  mature  cohort  was  in  fact  much  better  predicted  by  sex,  PD, 

 PNBF  and  the  interaction  of  the  latter  two  pathological  lesions  (  F  (4,58)=10.54,  p=<0.001, 

 R  2  =0.38)  (Table  8.34).  Unsurprisingly,  even  this  improved  model  was  unable  to  account 
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 for  variation  in  age  completely  as  demonstrated  by  residual  plots  (Figure  8.31).  The 

 model  did,  however,  reveal  factors  which  contributed  to  significant  differentials  in  length 

 of  life.  As  the  response  variable  (i.e.,  estimated  age)  had  been  log  transformed  and  was 

 not  in  its  natural  units,  to  infer  relative  risk  from  coefficient  values,  these  were 

 exponentiated,  one  was  subtracted  from  this  number  and  then  multiplied  by  100  (Gelman 

 and  Hill  2007).  From  this  it  was  found  that  males  were  estimated  to  have  a  length  of  life 

 23.2%  (95%  CI  [9.9,  34.6])  shorter  than  females.  PD  and  PNBF,  being  degenerative 

 diseases  associated  with  advancing  age  (e.g.,  Ogden  2008:  288-293;  Larsen  1991:  77-78) 

 (Section  8.4.3),  were  both  positive  predictors  of  estimated  age-at-death.  However,  the 

 interaction  of  the  two  produced  a  negative  coefficient  which  suggested  that,  in 

 comparison  to  individuals  without  either  lesion,  there  was  a  49.7%  (95%  CI  [23.1,  67.1]) 

 reduction  in  estimated  length  of  life  for  skeletally  mature  individuals  with  both.  Aside 

 from  reiterating  well-established  sex  differentials  in  life  expectancy  and  the  previously 

 inferred  degenerative  nature  of  PD  and  PNBF,  these  results  alluded  to  a  connection 

 between  PD  and  PNBF  and  hinted  that  their  combined  presence  was  perhaps  symptomatic 

 of an underlying pathological state that increased mortality risk in later-life. 

 238 



 Figure  8.31  Diagnostic  plots  of  residuals  from  the  regression  analysis  in  which  sex,  PNBF,  PD  and  the 
 interaction  of  the  latter  two  variables  were  employed  to  model  age  in  the  skeletally  mature  cohort.  Residual 
 variance  is  plotted  against  the  model’s  line  of  best  fit  (red  line)  (a);  residuals  compared  to  a  normal 
 distribution  (b);  a  scale-location  plot  to  assess  homoscedasticity  (c);  Cook’s  distances  to  identify  outlying 
 points. 

 Coefficient  Std error  t  p 
 Constant  3.228  0.118  27.461  <0.001 
 Sex (Male)  -0.264  0.080  -3.304  0.002 
 PNBF (Present)  0.841  0.195  4.320  <0.001 
 PD (Present)  0.596  0.129  4.625  <0.001 
 PNBF*PD  -0.687  0.212  -3.238  0.002 
 Table  8.34  Regression  of  log  transformed  estimated  age-at-death  in  skeletally  mature  individuals  with 
 significant predictors. 

	8.4.1.2	 	Length	of	Life	in	the	Skeletally	Immature	Group	

 Within  the  skeletally  immature  group,  there  was  a  significant  positive  linear  trend 

 between  estimated  age-at-death  and  scaled  M  1  (  F  (1,70)=7.455,  p=0.008,  R  2  =0.08)  as  well 

 as  M  1  values  (  F  (1,66)=4.391,  p=0.040,  R  2  =0.05)  (Table  8.35-Table  8.36).  An  increase  𝑎 
 𝑝 

 in  scaled  M  1  and  M  1  scores  by  one  unit  (which,  after  scaling,  represented  one  standard  𝑎 
 𝑝 

 deviation)  were  associated  with  an  estimated  19.5%  (95%  CI  [4.9,  36.1])  and  12.1%  (95% 

 CI  [0.6,  24.9])  increase  in  length  of  life  respectively.  Although  this  is  somewhat 

 counterintuitive  when  it  is  recalled  that  older  and  skeletally  mature  individuals  were 

 associated  with  reduced  FA  (and  low  R  2  scores  suggested  other  factors  played  critical 

 roles  in  determining  length  of  life  in  the  immature  cohort),  it  implied  that  elevated 
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 early-life  stress  may  have  been  beneficial  to  survival  during  development  (discussed 

 further  in  Section  9.3).  The  strength  of  this  relationship  varied  between  sites,  however. 

 Among  the  immature  skeletons  from  Warwick,  for  example,  there  was  only  a  weak 

 relationship  between  M  1  scores  and  age-at-death,  while  there  was  no  evidence  of  a  𝑎 
 𝑝 

 positive association between M  1  FA and age in the  assemblage (Figure 8.32). 

 Coefficient  Std error  t  p 
 Constant  2.136  0.075  28.57  <0.001 
 M  1  𝑎 

 𝑝  0.178  0.065  2.730  0.008 
 Table  8.35  Regression  of  log  transformed  estimates  of  age-at-death  in  skeletally  immature  individuals  with 
 scaled  M  1  s  cores as a predictor variable.  𝑎 

 𝑝 

 Coefficient  Std error  t  p 
 Constant  2.278  0.057  39.72  <0.001 
 M  1  𝑎 

 𝑝  0.114  0.054  2.096  0.040 
 Table  8.36  Regression  of  log  transformed  estimates  of  age-at-death  in  skeletally  immature  individuals  with 
 scaled M  1  s  cores as a predictor variable.  𝑎 

 𝑝 

 Figure  8.32  The  generally  positive  linear  relationship  between  estimated  age  in  the  immature  cohort  and 
 fluctuating  asymmetry  are  represented  in  the  upper  panels  (a  and  b),  while  in  the  lower  (c  and  d),  sites  have 
 been differentiated. 
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 Despite  being  significant  predictors,  scores  could  only  explain  a  small  𝑎 
 𝑝 

 proportion  of  variation  in  age-at-death  estimates  (i.e.,  R  2  ≤0.08)  and  regression  models 

 were  improved  with  the  addition  of  further  independent  variables.  In  the  M  1  sample,  in 

 addition  to  values,  immature  age-at-death  was  predicted  by  chronologically  matched  𝑎 
 𝑝 

 LEH  and  site  (  F  (5,62)=9.994,  p=<0.001,  R  2  =0.40).  Regression  coefficients  indicated  that 

 immature  individuals  with  matched  LEH  were  estimated  to  have  lived  53.9%  (95%  CI 

 [28.8,  83.9])  longer  than  those  without  and  that  skeletally  immature  individuals  from 

 York  Barbican  were  predicted  to  live  53.1%  (95%  CI  [21.7,  92.7])  longer  than  those  from 

 Black  Gate.  In  the  M  1  sample,  scaled  values,  chronologically  matched  LEH  and  the  𝑎 
 𝑝 

 interaction  between  the  two  made  significant  contributions  to  the  model  (  F  (3,67)=15.97, 

 p=<0.001,  R  2  =0.39).  Although  for  both  main  effects  coefficients  indicated  a  positive 

 correlation  with  age-at-death,  the  negative  coefficient  of  the  interaction  term  suggested 

 that  a  one-unit  increase  in  scores  and  the  presence  of  matched  LEH  were  estimated  to  𝑎 
 𝑝 

 have reduced length of life by 34.8% (95% CI [17.9, 48.2]) (Table 8.37-Table 8.38). 

 Coefficient  Std error  t  p 
 Constant  1.853  0.080  23.07  <0.001 
 M  1  𝑎 

 𝑝  0.377  0.089  4.258  <0.001 
 Matched LEH (Present)  0.706  0.128  5.520  <0.001 
 M  1  * Matched LEH  𝑎 

 𝑝  -0.428  0.115  -3.715  <0.001 
 Table  8.37  Regression  of  log  transformed  estimates  of  age-at-death  in  skeletally  immature  individuals  with 
 scaled M  1  scores and additional predictor  variables.  𝑎 

 𝑝 

 Coefficient  Std error  t  p 
 Constant  1.856  0.095  19.56  <0.001 
 M  1  𝑎 

 𝑝  0.101  0.043  2.330  0.023 
 Matched LEH (Present)  0.431  0.089  4.828  <0.001 
 Site (SH)  0.296  0.149  1.985  0.052 
 Site (WS)  0.074  0.121  0.611  0.543 
 Site (YB)  0.426  0.115  3.686  <0.001 
 Table  8.38  Regression  of  log  transformed  estimates  of  age-at-death  in  skeletally  immature  individuals  with 
 scaled M  1  scores and additional predictor  variables.  𝑎 

 𝑝 
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 Given  that  the  skeletally  mature  cohort  had  already  been  associated  with  a  higher 

 prevalence  of  LEH  (Section  8.2.3.1),  the  positive  contribution  made  by  matched  LEH  to 

 models  could  indicate  that  its  presence  is  a  marker  of  robustness  (i.e.,  the  capacity  to 

 endure  stress)  (Graham  et  al.  2010:  496;  Holling  1973:  17).  On  on  the  other  hand,  as  in 

 both  models  higher  scores  and  matched  LEH  presence  were  associated  with  a  longer  𝑎 
 𝑝 

 length  of  life,  it  might  be  inferred  that  elevated  early-life  and  childhood  stress  had  a 

 positive  effect  on  survival  during  development.  However,  as  the  interaction  of  the  two  in 

 the  M  1  sample  suggested  a  reduction  in  length  of  life,  it  supported  the  hypothesis  posed  in 

 Section  8.2.3.1  that  there  was  a  complicated  relationship  between  the  volume  and 

 intensity  of  stress  experience  and  later  outcomes.  When  plotting  residuals  against 

 predicted  values,  it  was  noted  that  variance  decreased  moderately  as  age  increased. 

 However,  quantile-quantile  plots  suggested  that  residuals  approximated  a  normal 

 distribution.  So,  although  factors  not  included  influenced  length  of  life  within  the 

 skeletally  immature  cohort,  the  model  was  reasonably  good  and  R  2  scores  indicated  a 

 considerable  proportion  of  variation  (39-40%)  had  successfully  been  explained,  inferring 

 the  patterns  identified  were  meaningful  (Figure  8.33-8.34).  It  was,  however,  wondered  if 

 the  relationship  between  perinates/infant  age-at-death  and  FA  would  conform  to  the  same 

 pattern.  Unfortunately,  due  to  the  sampling  procedure,  this  cohort  was  not 

 well-represented in the sample (Section 5.6). 
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 Figure  8.33  Diagnostic  plots  of  residuals  from  the  improved  regression  model  for  the  M  1  sample  in  which  scaled  scores,  chronologically  matched  LEH  and  the  interaction  𝑎 
 𝑝 

 of  the  two  have  been  used  to  predict  age  among  skeletally  immature  individuals.  Residual  variance  is  plotted  against  the  model’s  line  of  best  fit  (red  line)  with  individuals 
 identified  as  to  whether  matched  LEH  were  absent  (0)  or  present  (1)  (a);  residuals  compared  to  a  normal  distribution  (b);  a  scale-location  plot  to  assess  homoscedasticity  (c); 
 Cook’s distances employed to identify outlying residuals. 
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 Figure  8.34  Diagnostic  plots  of  residuals  from  the  improved  regression  model  for  the  M  1  sample  in  which  scaled  scores,  site  and  the  presence  of  chronologically  matched  𝑎 
 𝑝 

 LEH  have  been  used  to  predict  age  among  skeletally  immature  individuals.  Residual  variance  is  plotted  against  the  model’s  line  of  best  fit  (red  line)  with  individuals 
 identified  according  to  site  and  whether  matched  LEH  were  absent  (0)  or  present  (1)  (a);  residuals  compared  to  a  normal  distribution  (b);  a  scale-location  plot  to  assess 
 homoscedasticity (c); Cook’s distances employed to identify outlying residuals. 
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	8.4.2	 	Growth	and	Development	

 Strong  sex  and  age-related  patterns  in  growth  and  development  were  inferred  in 

 Section  8.2.2,  but  suggestions  have  been  made  that  other  factors  may  also  have  been 

 influential. Regression procedures were therefore employed to investigate further. 

	8.4.2.1	 	Mature	Long	Bone	Lengths	

 Fluctuating  asymmetry  proved  to  be  a  poor  predictor  of  long  bone  growth  and  M1 

 scores  failed  to  make  significant  contributions  to  regression  analyses.  For  example,  𝑎 
 𝑝 

 despite  the  fact  that  tibial  growth  is  often  regarded  as  comparatively  stress-sensitive  (e.g., 

 Pomeroy  et  al.  2012),  scaled  M  1  (  F  (1,24)=0.239,  p=0.629)  and  M  1  scores  𝑎 
 𝑝 

 (  F  (1,26)=0.568,  p=0.458)  could  not  be  employed  to  explain  variance  in  tibial  length.  As 

 such,  contrary  to  expectations,  no  substantial  connection  was  detected  between 

 osteological  measures  of  mature  growth  and  FA,  inferring  that  growth  outcomes  were  not 

 determined by early-life stress signals transmitted across the mother-child nexus. 

 In  contrast,  sex  and  chronologically  matched  LEH  explained  growth  outcomes 

 much  better  (although  too  few  intact  fibula  were  present  for  this  element  to  be  explored 

 effectively).  Sex  was  a  predictor  in  all  models,  while  matched  LEH  presence  made  a 

 significant  contribution  to  those  for  femoral,  tibial  and  humeral  length  (Table  8.39-Table 

 8.43).  As  expected,  coefficients  demonstrated  that  sexual  dimorphism  had  the  greatest 

 impact  on  long  bone  lengths  –  e.g.,  male  femora  were  estimated  to  have  been  53.9  mm 

 (95%  CI  [40.1,  67.9])  longer  than  female  femora.  Nevertheless,  it  was  found  that  matched 

 LEH  presence  predicted  shorter  bone  lengths.  For  instance,  matched  LEH  presence  was 

 associated  with  a  reduction  in  tibial  length  by  17.6  mm  (95%  CI  [3.0,  32.3]).  Overall, 

 these  models  accounted  for  long  bone  lengths  reasonably  well,  explaining  49-64%  of 

 variation.  As  posited  in  Section  8.2.2,  sexual  dimorphism  was  the  most  significant  factor. 
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 However,  the  contribution  of  matched  LEH  to  models  suggested  that  elevated  childhood 

 stress was associated with reduced growth in the larger skeletal elements. 

 Coefficient  Std error  t  p 
 Constant  429.823  6.720  63.958  <0.001 
 Sex (Male)  53.989  6.934  7.786  <0.001 
 Matched LEH (Present)  -22.441  7.317  -3.067  0.004 
 Table 8.39 Femoral length was predicted by sex and matched LEH (  F  (2,33)=31.49, p=<0.001, R  2  =0.64). 

 Coefficient  Std error  t  p 
 Constant  347.093  6.222  55.782  <0.001 
 Sex (Male)  44.577  7.314  6.094  <0.001 
 Matched LEH (Present)  -17.623  7.314  -2.409  0.023 
 Table 8.40 Tibial length was predicted by sex and matched LEH (  F  (2,28)=18.69, p=<0.001, R  2  =0.54). 

 Coefficient  Std error  t  p 
 Constant  316.324  4.917  64.338  <0.001 
 Sex (Male)  32.020  5.358  5.976  <0.001 
 Matched LEH (Present)  -19.523  5.430  -3.595  <0.001 
 Table 8.41 Humeral length was predicted by sex and matched LEH (  F  (2,39)=20.41, p=<0.001, R  2  =0.49). 

 Coefficient  Std error  t  p 
 Constant  222.933  2.666  83.619  <0.001 
 Sex (Male)  26.867  3.770  7.126  <0.001 
 Table 8.42 Radial length was predicted by sex only (  F  (1,28)=50.78, p=<0.001, R  2  =0.63). 

 Coefficient  Std error  t  p 
 Constant  237.545  3.419  69.488  <0.001 
 Sex (Male)  29.749  4.387  6.781  <0.001 
 Table 8.43 Ulna length was predicted by sex only (  F  (1,26)=45.98,  p=<0.001, R  2  =0.63). 

	8.4.2.2	 	Diaphyseal	Lengths	and	Developmental	Tempo	

 Unsurprisingly,  regression  models  demonstrated  that  age  best  explained 

 diaphyseal  lengths  in  the  skeletally  immature  cohort  (though  again  there  were  too  few 

 whole  fibulae  for  this  element  to  be  included  in  analyses).  Except  for  the  femur  and  tibia, 

 R  2  values  from  regression  analyses  indicated  that  >90%  of  variation  was  accounted  for  by 

 age  alone  (Table  8.44-Table  8.48).  Femoral  diaphyseal  lengths  were,  however,  better 

 explained  with  the  incorporation  of  matched  LEH  presence  into  the  model;  other  factors 

 (i.e.,  age)  being  held  constant,  individuals  with  matched  LEH  were  estimated  to  have 

 femora  that  were  shorter  by  31.5  mm  (95%  CI  [3.7,  59.3]).  Similarly,  tibial  length  was 

 more  accurately  modelled  through  the  inclusion  of  a  stress  marker;  PNBF  presence  was 

 associated  with  an  age-independent  growth  deficit  of  18.3  mm  (95%  CI  [1.9,  34.8]). 
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 Although  the  addition  of  these  terms  to  the  regression  models  only  increased  the 

 percentage  of  variation  explained  from  91%  to  93%  in  the  case  of  the  femur  and  89%  to 

 91%  for  the  tibia,  they  do  account  for  a  substantial  proportion  (  circa  20-30%)  of  variance 

 not  attributable  to  differences  in  age.  It  was  therefore  inferred  that  lower  limb  growth 

 during development was vulnerable to elevated childhood stress. 

 Coefficient  Std error  t  p 
 Constant  94.556  11.111  8.510  <0.001 
 Age  20.500  1.563  13.112  <0.001 
 Matched LEH (Present)  -31.502  13.891  -2.268  0.034 
 Table  8.44  Regression  of  femoral  diaphyseal  length  on  age  and  matched  LEH  presence  (  F  (2,20)=142.7, 
 p=<0.001, R  2  =0.93). 

 Coefficient  Std error  t  p 
 Constant  95.17  8.726  10.91  <0.001 
 Age  13.81  0.902  15.31  <0.001 
 PNBF (Present)  -18.33  8.241  -2.220  0.037 
 Table  8.45  Regression  of  tibial  diaphyseal  length  on  age  and  PNBF  presence  (  F  (2,21)=117.3,  p=<0.001, 
 R  2  =0.91). 

 Coefficient  Std error  t  p 
 Constant  85.38  5.855  14.58  <0.001 
 Age  11.89  0.500  23.76  <0.001 
 Table 8.46 Regression of humeral diaphyseal length on age (  F  (1,23)=564.7, p=<0.001, R  2  =0.95). 

 Coefficient  Std error  t  p 
 Constant  67.73  5.484  12.35  <0.001 
 Age  8.250  0.524  15.73  <0.001 
 Table 8.47 Regression of radial diaphyseal length on age (  F  (1,21)=247.5, p=<0.001, R  2  =0.92). 

 Coefficient  Std error  t  p 
 Constant  68.84  6.900  9.975  <0.001 
 Age  9.593  0.706  13.59  <0.001 
 Table 8.48 Regression of ulna diaphyseal length on age (  F  (1,11)=184.6, p=<0.001, R  2  =0.94). 

 When  attempting  to  ascertain  which  factors  influenced  pubertal  development, 

 cases  were  identified  which  suggested  early-life  stress  may  have  influenced  tempo.  For 

 example,  SK  268,  the  individual  highlighted  previously  as  evidencing  a  substantial  delay 

 in  maturation,  had  an  M  1  score  of  1.002436  (after  log  transformation  and  scaling,  this  𝑎 
 𝑝 

 produced  a  standardised  score  of  1.67)  which  fell  beyond  the  upper  quartile  of  M  1  values. 

 However,  the  search  for  statistical  connections  between  stress  markers  and  pubertal  stage 

 was  not  successful.  There  were  too  few  individuals  in  each  stage  to  treat  them  separately, 

 necessitating  that  categories  were  collapsed.  Assigning  skeletons  to  either  a  ‘pre-PHV’  or 
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 ‘post-PHV’  group,  however,  resulted  in  a  dramatic  loss  of  resolution  and  it  is  suspected 

 this confounded further quantitative exploration. 

 However,  as  several  skeletally  immature  individuals  were  associated  with  age 

 estimates  that  inferred  they  were  in  their  twenties  (i.e.,  an  age  when  long  bone  epiphyses 

 would  normally  be  fused),  it  was  theorised  that  the  attainment  of  maturity  more  generally 

 was  affected  by  other  factors  (e.g.,  early-life  stress)  in  addition  to  age.  Binary  logistic 

 regression  was  performed  to  investigate  further.  Unsurprisingly,  age  alone  was  a  highly 

 significant  predictor  of  whether  an  individual  was  skeletally  mature  or  not  (χ²=258.0, 

 p=<0.001,  R²=0.86)  (Table  8.49).  However,  it  was  also  found  that  M  1  scores  made  a 

 significant  contribution  to  the  model  (χ²=184.96,  p=<0.001,  R²=0.91),  with  coefficients 

 demonstrating  that  higher  scores  were  associated  with  the  immature  cohort  (Table  𝑎 
 𝑝 

 8.50).  Interactions  between  the  two  factors  were  not  significant  and  the  presence  of 

 matched  LEH  also  failed  to  make  a  significant  contribution  to  the  model.  A  comparison 

 of  McFadden’s  R²  indicated  that  although  age  on  its  own  could  accounted  for  the  majority 

 of  variation  in  skeletal  development,  the  addition  of  M  1  scores  to  the  model  helped  to  𝑎 
 𝑝 

 explain  circa  5%  more  variation.  Although  M  1  scores  were  not  a  significant  predictor  of 

 maturity,  they  also  produced  a  negative  coefficient  (-1.223).  Overall,  this  consistently 

 suggested that early-life stress influenced delays to somatic development. 

 Coefficient  Std error  z  p 
 Constant  -17.591  4.380  -4.017  <0.001 
 Age  0.896  0.224  3.991  <0.001 
 Table  8.49  Logistic  regression  with  estimated  age  predicting  whether  an  individual  was  skeletally  immature 
 (0) or mature (1). 

 Coefficient  Std error  z  p 
 Constant  -19.086  6.103  -3.127  0.002 
 Age  0.971  0.308  3.149  0.002 
 M  1  𝑎 

 𝑝  -1.621  0.773  -2.098  0.036 
 Table  8.50  Logistic  regression  with  estimated  age  and  scaled  M  1  scores  predicting  whether  an  individual  𝑎 

 𝑝 
 was skeletally immature (0) or mature (1). 
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	8.4.3	 	Later-life	Stress	Experience:	Comorbidities,	Resilience	and	Frailty	

 Early-life  stress  has  been  implicated  in  later-life  ill-health  (e.g.,  Gowland  2015; 

 Barker  2012).  To  further  investigate,  binary  logistic  regression  was  employed  to  ascertain 

 whether  FA  is  associated  with  other  stress  markers  and  whether  scores  can  be  𝑎 
 𝑝 

 employed  to  predict  either  their  presence  or  absence.  As  it  was  hypothesised  in  Section 

 8.2.3  that  factors  influencing  stress  marker  development  beyond  site,  sex  and 

 age/maturity  may  be  more  clearly  detected  through  the  distribution,  severity  and  activity 

 of lesions, these characteristics were also considered. 

	8.4.3.1	 	LEH	Presence	

 Through  binary  logistic  regression,  it  was  found  that  LEH  presence  could  not  be 

 predicted  with  scaled  M  1  (χ²=0.358,  p=0.550)  or  M  1  scores  (χ²=0.10,  p=0.920).  The  𝑎 
 𝑝 

 presence  or  absence  of  LEH  could,  to  an  extent,  be  explained  by  site  (χ²=11.649,  p=0.008, 

 R  2  =0.04)  with  coefficients  inferring  a  72.4%  (95%  CI  [35.0,  88.3])  reduction  in  the 

 relative  risk  of  developing  LEH  for  individuals  at  South  Shields  in  comparison  to  those  at 

 Black  Gate  (Table  8.51).  Similarly,  the  presence  of  chronologically  matched  LEH  was  not 

 predicted  by  scaled  M  1  (χ²=2.966,  p=0.085)  or  M  1  scores  (χ²=0.162,  p=0.687).  𝑎 
 𝑝 

 However,  in  addition  to  site,  sex  also  made  a  significant  contribution  to  the  regression 

 model  (χ²=203.7,  p=<0.001,  R  2  =0.67).  Again,  there  were  significant  differences  between 

 the  South  Shields  and  Black  Gate  assemblages  and  an  odds  ratio  of  2.83  (95%  CI  [1.03, 

 7.80])  inferred  that  males  were  at  a  higher  risk  of  developing  matched  LEH  than  females 

 (Table  8.52).  As  this  model  accounted  for  a  substantial  proportion  of  variation  (i.e.,  circa 

 67%),  it  supported  the  suppositions  advanced  in  Section  8.2.3  that  site-specific  influences 

 shaped differentials in frailty and that males were more vulnerable to childhood stress. 
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 Coefficient  Std error  z  p 
 Constant  0.859  0.239  3.598  <0.001 
 Site (SH)  -1.289  0.429  -3.007  0.002 
 Site (WS)  0.153  0.477  0.321  0.748 
 Site (YB)  -0.011  0.354  -0.032  0.974 
 Table 8.51 Regression of LEH absence (0) and presence (1) on site. 

 Coefficient  Std error  z  p 
 Constant  0.750  0.506  1.486  0.137 
 Site (SH)  -2.390  0.754  -3.170  <0.001 
 Site (WS)  -0.885  0.902  -0.982  0.326 
 Site (YB)  -0.837  0.581  -1.440  0.150 
 Sex (Male)  1.040  0.507  2.051  0.040 
 Table 8.52 Regression of chronologically matched LEH absence (0) and presence (1) on site. 

	8.4.3.2	 	Periodontal	Disease	

 Higher  M  1  scores  (χ²=4.160,  p=0.041,  R  2  =0.02)  were  associated  with  PD  𝑎 
 𝑝 

 absence  (Table  8.53).  However,  the  model  could  only  account  for  a  small  proportion  of 

 variation  (i.e.,  circa  2%)  and  there  was  no  significant  relationship  between  PD  and  M  1  𝑎 
 𝑝 

 scores  (χ²=1.452,  p=0.228).  As  it  had  been  established  that  PD  was  more  commonly 

 recorded  in  mature  skeletons,  who  also  generally  had  significantly  lower  FA,  it  seemed 

 likely  that  the  relationship  between  M  1  scores  and  PD  absence  was  specious.  Skeletal  𝑎 
 𝑝 

 maturity  was  better  able  to  predict  PD  presence  (χ²=  82.40,  p=<0.001,  R  2  =0.28)  (Table 

 8.54),  with  an  odds  ratio  of  16.2  (95%  CI  [8.04,  32.7])  suggesting  that  degeneration  of  the 

 alveolar  margin  was  an  age-dependent  process  with  older,  mature  individuals  being  more 

 vulnerable. 

 Coefficient  Std error  z  p 
 Constant  -0109  0.164  -0.668  0.504 
 M  1  𝑎 

 𝑝  -0.339  0.170  -1.993  0.046 
 Table 8.53 Regression of PD absence (0) and presence (1) on scaled  M  1  scores.  𝑎 

 𝑝 

 Coefficient  Std error  z  p 
 Constant  -1.781  0.279  -6.380  <0.001 
 Maturity (mature)  2.786  0.351  7.930  <0.001 
 Table  8.54  Regression  of  PD  absence  (0)  and  presence  (1)  on  skeletal  maturity  (i.e.,  whether  an  individual 
 was skeletally immature or mature). 
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 As  it  was  speculated  in  Section  8.2.3.3  that  exploring  the  severity  of  PD 

 expression  may  be  informative,  skeletons  absent  PD  were  grouped  with  those  that  only 

 expressed  mild  signs  of  the  disease,  while  moderate  and  severe  cases  were  combined. 

 When  binary  logistic  regression  was  performed  to  discern  which  factors  predicted  the 

 presence  of  the  more  severe  manifestations  of  the  stress  marker,  it  was  found  that  in 

 addition  to  age,  the  presence  of  PNBF  and  site  were  also  significant  explanatory  variables 

 (χ²=73.759,  p=<0.001,  R  2  =0.53)  (Table  8.55).  Odds  ratios  of  6.55  (95%  CI  [1.54,  27.8]) 

 and  9.25  (95%  CI  [1.70,  50.2])  suggested  the  chances  of  developing  moderate-to-severe 

 PD  were  significantly  higher  for  individuals  with  PNBF  and  those  originating  from  South 

 Shields.  This  analysis  implied  that  contextual  factors  influenced  severity  of  expression 

 and  that  PD  and  PNBF  were  either  associated  with  shared  risk  factors  or  the  same 

 underlying pathological processes. 

 Coefficient  Std error  z  p 
 Constant  -5.798  1.016  -5.709  <0.001 
 Age  0.074  0.018  4.032  <0.001 
 PNBF (Present)  1.879  0.723  2.600  0.009 
 Site (SH)  2.225  0.846  2.630  0.008 
 Site (WS)  0.404  1.104  0.366  0.714 
 Site (YB)  -1.460  0.957  -1.525  0.127 
 Table  8.55  Regression  of  PD  presence,  when  absent  and  mild  cases  are  grouped  together  (0)  and  moderate 
 and severe cases combined (1), on various factors. 

	8.4.3.3	 	Metabolic	De�iciency:	Cribra	Orbitalia	and	Scurvy	

 Maturity  and  site  were  significant  predictors  of  CO  presence  (χ²=34.91,  p=<0.001, 

 R  2  =0.15)  (Table  8.56),  as  speculated  in  Section  8.2.3.2.  An  odds  ratio  of  0.17  (95%  CI 

 [0.08,  0.35])  indicated  that  in  comparison  to  skeletally  immature  individuals  the  risk  of 

 mature  skeletons  exhibiting  CO  were  significantly  lower  and  that  age-related 

 vulnerability  was  key  in  lesion  development.  An  odds  ratio  of  2.31  (95%  CI  [1.01,  5.26]) 

 further  suggested  that  the  population  of  York  Barbican  was  at  a  higher  risk  of  developing 

 CO than that of Black Gate. 
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 Coefficient  Std error  z  p 
 Constant  0.992  0.340  2.721  0.007 
 Maturity (mature)  -1.775  0.361  -4.913  <0.001 
 Site (SH)  -0.480  0.545  -0.880  0.379 
 Site (WS)  0.098  0.542  0.182  0.856 
 Site (YB)  0.837  0.412  2.031  0.042 
 Table 8.56 Regression of CO absence (0) and presence (1) on skeletal maturity and site . 

 Higher  scores  were  also  generally  found  to  be  associated  with  CO  presence  𝑎 
 𝑝 

 (Table  8.57-Table  8.58).  While  a  significant  association  could  not  be  found  between  CO 

 and  M  1  scores  (χ²=1.325,  p=0.249),  scaled  M  1  values  were  significant  predictors  of  𝑎 
 𝑝 

 𝑎 
 𝑝 

 lesion  presence  (χ²=5.355,  p=0.021,  R  2  =0.03)  with  a  positive  coefficient  indicating  that 

 higher  M  1  FA  was  associated  with  an  increased  risk  of  developing  CO  (Table  8.59).  This 

 observation  should  be  interpreted  cautiously,  however.  As  CO  can  only  develop  in 

 skeletally  immature  individuals  (Brickley  2018:  898)  and  early-life  stress  was  believed  to 

 significantly  increase  mortality  risk  for  this  cohort,  the  connection  between  high  scores  𝑎 
 𝑝 

 and  CO  may  be  spurious.  Despite  this,  among  the  individuals  with  CO,  the  upper  range 

 and  mean  scores  were  higher  for  the  group  with  active  or  mixed  lesions  (Table  𝑎 
 𝑝 

 8.60-Table  8.61).  In  this  instance,  however,  statistical  significance  was  not  achieved  with 

 scaled  M  1  scores  (χ²=0.178,  p=0.673)  but  with  M  1  scores  and  skeletal  maturity  (χ²=  𝑎 
 𝑝 

 23.544,  p=<0.001,  R  2  =0.37)  (Table  8.62);  an  odds  ratio  of  4.89  (95%  CI  [1.78,  13.4]) 

 inferred  a  one-unit  increase  in  M  1  scores  was  associated  with  a  significantly  higher  risk  𝑎 
 𝑝 

 of  individuals  exhibiting  active  lesions.  In  sum,  the  relationship  between  FA  and  CO  was 

 variable,  but  did  hint  at  connections  between  maternally-mediated  early-life  stress, 

 metabolic deficiency and resilience. 
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 CO  No.  Min  Q1  Median  Mean  Q3  Max  Std dev 
 Absent  58  1.000396  1.000672  1.001065  1.001162  1.001347  1.002863  0.000600 
 Present  70  1.000384  1.000853  1.001202  1.001447  1.001936  1.003410  0.000766 
 Table 8.57 A summary of M  1  scores for individuals  without and with CO.  𝑎 

 𝑝 

 CO  No.  Min  Q1  Median  Mean  Q3  Max  Std dev 
 Absent  53  1.000477  1.001239  1.001496  1.001731  1.002315  1.003330  0.000756 
 Present  55  1.000497  1.001311  1.001764  1.001903  1.002477  1.003591  0.000804 
 Table 8.58 A summary of M  1  scores for individuals  without and with CO.  𝑎 

 𝑝 

 Coefficient  Std error  z  p 
 Constant  0.193  0.182  1.065  0.288 
 M  1  𝑎 

 𝑝  0.413  0.185  2.229  0.026 
 Table 8.59 Regression of CO absence (0) and presence (1) on  M  1  scores.  𝑎 

 𝑝 

 CO  No.  Min  Q1  Median  Mean  Q3  Max  Std dev 
 A/M  19  1.000421  1.000995  1.001162  1.001510  1.002140  1.003410  0.000820 

 Healed  51  1.000384  1.000767  1.000124  1.001423  1.001921  1.003266  0.000752 
 Table 8.60 A summary of M  1  scores for individuals  with active/mixed (A/M) and healed CO.  𝑎 

 𝑝 

 CO  No.  Min  Q1  Median  Mean  Q3  Max  Std dev 
 A/M  15  1.001249  1.001972  1.002693  1.002571  1.003135  1.003591  0.000795 

 Healed  40  1.000497  1.001169  1.001538  1.001653  1.002004  1.003033  0.000657 
 Table 8.61 A summary of M  1  scores for individuals  with active/mixed (A/M) and healed CO.  𝑎 

 𝑝 

 Coefficient  Std error  z  p 
 Constant  -0.805  0.439  -1.836  0.066 
 M  1  𝑎 

 𝑝  1.587  0.504  3.150  0.002 
 Maturity (mature)  -2.801  1.234  -2.270  0.023 
 Table 8.62 Regression of active/mixed (0) and healed CO (1) on scaled M  1  scores and skeletal maturity.  𝑎 

 𝑝 

 When  specific  metabolic  conditions  were  considered  in  relation  to  FA,  it  was 

 found  that  scores  were  usually  lower  among  individuals  diagnosed  with  scurvy  (Table  𝑎 
 𝑝 

 8.63-Table  8.64  and  Figure  8.35).  Although  the  small  number  of  individuals  involved 

 demands  cautious  interpretation,  these  results  suggested  that  the  chances  of  surviving 

 severe  metabolic  deficiency  long  enough  to  develop  diagnostic  skeletal  lesions  may  have 

 been  enhanced  if  developmental  stress  was  low.  This  further  supports  the  notion  of  a  link 

 between early-life experience and resilience. 
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 Disease  No.  Min  Q1  Median  Mean  Q3  Max  Std dev 
 Absent  148  1.000369  1.000792  1.001186  1.001313  1.001778  1.003410  0.000679 
 Present  6  1.000396  1.000782  1.000903  1.001079  1.001110  1.002351  0.000672 

 Table 8.63 A summary of M  1  scores for individuals  diagnosed with scurvy.  𝑎 
 𝑝 

 Disease  No.  Min  Q1  Median  Mean  Q3  Max  Std dev 
 Absent  146  1.000477  1.001261  1.001740  1.001910  1.002584  1.003846  0.000801 
 Present  2  1.000487  1.000489  1.000492  1.000492  1.000494  1.000497  0.000695 

 Table 8.64 A summary of M  1  scores for individuals  diagnosed with scurvy.  𝑎 
 𝑝 

 Figure  8.35  A  comparison  of  M  1  (a)  and  M  1  scores  (b)  between  individuals  with  evidence  of  a  scurvy  in  𝑎 
 𝑝 

 comparison to those without. 

	8.4.3.4	 	Periosteal	New	Bone	Formation	and	Speci�ic	Infection	

 The  presence  or  absence  of  PNBF  could  not  be  predicted  with  scaled  M  1 

 (χ²=0.137,  p=0.711)  or  M  1  scores  (χ²=1.255,  p=0.262).  Estimated  age  and  site  were  in  𝑎 
 𝑝 

 contrast  significant  predictors  of  PNBF  presence  (χ²=37.171,  p=<0.001,  R  2  =0.16)  (Table 

 8.65).  While  increasing  age  was  associated  with  an  increased  risk  of  developing  PNBF,  an 

 odds  ratio  of  2.63  (95%  CI  [1.17,  5.91])  inferred  the  chances  of  skeletons  exhibiting 

 PNBF  were  also  significantly  higher  in  the  York  Barbican  assemblage  than  the  Black 

 Gate. Site-specific influences and age therefore seem to affect vulnerability to PNBF. 
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 Coefficient  Std error  z  p 
 Constant  -1.971  0.394  -5.002  <0.001 
 Age  0.024  0.009  2.562  0.010 
 Site (SH)  0.490  0.561  0.874  0.382 
 Site (WS)  0.502  0.576  0.871  0.384 
 Site (YB)  0.968  0.404  2.393  0.012 
 Table 8.65 Regression of PNBF absence (0) and presence (1) on age and site. 

 Age  was  also  a  predictor  of  PNBF  activity  (χ²=9.997,  p=0.002,  R  2  =0.14)  with 

 positive  coefficients  inferring  older  individuals  were  more  likely  to  be  associated  with 

 healed/inactive  lesions  (Table  8.66).  Though  perhaps  influenced  by  the  moderately  higher 

 rates  of  active  lesions  in  the  immature  cohort  and  its  association  with  elevated  scores,  𝑎 
 𝑝 

 there  also  appeared  to  be  a  relationship  between  FA  and  lesion  activity.  Although  the 

 association  was  not  sufficiently  distinct  to  achieve  statistical  significance  with  either  M  1 

 (χ²=1.823,  p=0.177)  or  M  1  (χ²=3.347,  p=0.067)  scores,  as  noted  with  CO,  higher  average 

 scores  were  found  among  the  individuals  with  active  lesions  and  lower  average  scores  𝑎 
 𝑝 

 were  seen  among  those  with  healed/inactive  lesions.  As  well  as  justifying  the  speculation 

 that  important  patterns  may  be  discerned  in  the  characteristics  (e.g.,  activity  and 

 distribution)  of  periosteal  lesions,  these  results  again  linked  early-life  experience  with 

 resilience  and  the  ability  to  recover  from  perturbations  to  health  (Table  8.67-Table  8.68 

 and Figure 8.36). 

 Coefficient  Std error  z  p 
 Constant  -1.930  0.651  -2.965  0.003 
 Age  0.038  0.0170  2.229  0.026 
 Table 8.66 Regression of active/mixed (0)and  healed PNBF (1) on age. 

 PNBF  No.  Min  Q1  Median  Mean  Q3  Max  Std dev 
 A/M  28  1.000396  1.000792  1.001192  1.001343  1.001642  1.002840  0.000695 

 Healed  10  1.000384  1.000628  1.000986  1.001034  1.001273  1.002185  0.000529 
 Table 8.67 A summary of M  1  scores for individuals  with active/mixed (A/M) and healed PNBF.  𝑎 

 𝑝 

 PNBF  No.  Min  Q1  Median  Mean  Q3  Max  Std dev 
 A/M  25  1.000487  1.001463  1.002329  1.002188  1.002946  1.003846  0.000932 

 Healed  12  1.000477  1.000882  1.001424  1.001604  1.002341  1.002882  0.000859 
 Table 8.68 A summary of M  1  scores for individuals  with active/mixed (A/M) and healed PNBF.  𝑎 

 𝑝 
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 Figure 8.36 A comparison of  scores between  individuals with active/mixed (A/M) and inactive, healed  𝑎 
 𝑝 

 (H) PNBF. 

 Further  patterns  between  FA  and  PNBF  emerged  when  the  distribution  of  lesions 

 was  considered.  Despite  small  sample  sizes  inhibiting  the  detection  of  a  statistically 

 significant  association  between  scaled  M  1  (χ²=1.882,  p=0.170)  or  M  1  (χ²=2.220,  p=0.136) 

 scores  and  PNBF  distribution,  higher  scores  were  found  among  individuals  with  𝑎 
 𝑝 

 bilaterally  rather  than  unilaterally  distributed  PNBF  (Table  8.69-Table  8.70  and  Figure 

 8.36).  Again  though,  the  association  of  the  immature  cohort  with  slightly  higher  rates  of 

 bilateral  PNBF  as  well  as  elevated  FA  should  not  be  forgotten  as  a  potentially 

 complicating  factor.  Despite  this  caveat,  given  the  appreciably  higher  FA  among 

 individuals  with  bilateral  PNBF  and  the  connection  between  diffuse  periosteal  reactions 

 and  chronic  systemic  infection  (Roberts  2019;  Roberts  and  Buikstra  2019;  Steckel  et  al. 

 2019:  418;  DeWitte  and  Wood  2008:  1439;  Weston  2008),  it  is  suggested  that 

 maternally-mediated  early-life  stress  was  connected  to  infection  in  later-life.  This 

 supposition  was  supported  by  the  discovery  that  the  individuals  diagnosed  with  specific 
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 infections  also  had  higher  average  scores  than  those  without  (Table  8.71-Table  8.72  𝑎 
 𝑝 

 and Figure 8.37). 

 PNBF  No.  Min  Q1  Median  Mean  Q3  Max  Std dev 
 Unilateral  8  1.000567  1.000867  1.001007  1.001027  1.001146  1.001610  0.000321 
 Bilateral  25  1.000384  1.000770  1.001335  1.001390  1.002098  1.002840  0.000767 

 Table 8.69 A summary of M  1  scores for individuals  with unilaterally and bilaterally distributed PNBF.  𝑎 
 𝑝 

 PNBF  No.  Min  Q1  Median  Mean  Q3  Max  Std dev 
 Unilateral  7  1.000493  1.001052  1.001349  1.001561  1.002195  1.002593  0.000783 
 Bilateral  23  1.000477  1.001477  1.002394  1.002175  1.002914  1.003846  0.001005 

 Table 8.70 A summary of M  1  scores for individuals  with unilaterally and bilaterally distributed PNBF.  𝑎 
 𝑝 

 Infection  No.  Min  Q1  Median  Mean  Q3  Max  Std dev 
 Absent  147  1.000369  1.000791  1.001175  1.001302  1.001779  1.003410  0.000680 
 Present  7  1.000574  1.000869  1.001335  1.001362  1.001674  1.002539  0.000671 

 Table 8.71 A summary of M  1  scores for individuals  diagnosed with a specific infection.  𝑎 
 𝑝 

 Infection  No.  Min  Q1  Median  Mean  Q3  Max  Std dev 
 Absent  144  1.000477  1.001253  1.001736  1.001878  1.002523  1.003591  0.000792 
 Present  4  1.000497  1.001696  1.002562  1.002367  1.003232  1.003846  0.001436 

 Table 8.72 A summary of M  1  scores for individuals  diagnosed with a specific infection.  𝑎 
 𝑝 

 Figure  8.37  A  comparison  of  scores  between  individuals  with  unilateral  (1)  and  bilaterally  (2)  distributed  𝑎 
 𝑝 

 PNBF (a-b) as well as those with evidence of a specific infectious disease (c-d). 
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	8.5	 	Conclusion	

 From  the  osteological  data,  several  demographic  and  pathological  patterns  emerged. 

 Some  were  site-specific,  such  as  the  indicators  of  severe  non-specific  stress  and  evidence 

 of  infectious  disease  at  Warwick.  Differences  between  sexes  were  also  observed;  for 

 instance,  LEH  were  more  common  amongst  males,  while  females  lived  longer. 

 Meanwhile,  CO  and  PD  were  associated  with  skeletally  immature  and  mature  cohorts 

 respectively.  Consequently  site,  sex  and  age  were  effective  predictors  of  many  stress 

 markers. 

 Fluctuating  asymmetry  was  successfully  identified  and  isolated.  It  was  also  possible 

 to  explore  the  locations  at  which  stress-induced  deviations  to  symmetry  were  discovered 

 and  quantify  the  impact  of  potentially  confounding  variables.  Differences  between  sites 

 and  sexes  in  measures  of  fluctuating  asymmetry  were  found  to  be  slight,  while  the 

 disparity  between  skeletally  immature  and  mature  cohorts  was  more  pronounced.  The 

 age-related  trends  within  the  immature  group  indicated  a  complicated  relationship 

 between  early-life  stress  and  survival.  Moreover,  elevated  early-life  stress  may  have 

 delayed  the  attainment  of  skeletal  and  sexual  maturity.  There  was,  however,  little 

 evidence  of  a  direct  connection  between  FA  and  skeletal  growth  which  was  instead 

 accounted  for  by  sex  and  age,  although  childhood  stress  episodes  may  have  caused  lasting 

 growth  deficits.  Subtle  but  consistent  differences  were  inferred  in  the  asymmetry  scores 

 of  individuals  with  healed  and  active  pathological  lesions  plus  specific  conditions  and 

 chronic  systemic  infection,  suggesting  that  early-life  experience  impacted  later-life  frailty 

 and resilience. 

 This  points  towards  several  themes  of  discussion,  including:  1)  the  factors  that 

 define  life-course  trajectories,  especially  the  role  mothers  played  in  mediating 
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 environmental  stressors,  2)  the  impact  stressors  experienced  during  critical  periods  have 

 on  specific  life-course  outcomes  and  their  potential  adaptive  significance,  3)  the 

 developmental  mechanisms  through  which  early-life  stress  is  embodied,  and  4)  the 

 limitations  in  the  method  developed  for  this  project  and  potential  means  through  which  it 

 could be improved. 
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	Chapter	9:	 	Discussion	

	9.1	 	Introduction	

 This  chapter  begins  by  discussing  the  contextually  dependent  environmental  and 

 sociocultural  factors  underlying  stress  and  the  role  mothers  played  in  mediating  early-life 

 stress  for  dependent  offspring.  This  leads  onto  an  exploration  of  the  impact  stressors 

 experienced  during  critical  periods  had  on  life-course  trajectories  and  the  potential 

 adaptive  benefits  of  stress  experienced  during  periods  of  phenotypic  plasticity.  The 

 developmental  mechanisms  through  which  stress  is  embodied  are  also  discussed,  with 

 reference  to  how  these  affect  the  accuracy  of  M1  FA  as  a  proxy  for  early-life  stress. 

 Finally,  the  constraints  encountered  by  the  project  are  evaluated  along  with  their 

 implications, and suggestions for future improvements are made. 

	9.2	 	Life-course	Factors	

 As  discussed  in  Chapter  2,  life-course  theorists  have  postulated  that  context  and 

 links  between  individuals  influence  outcomes  (e.g.,  Giele  and  Elder  2013:  9-10; 

 Hendricks  2012:  229-230;  Kuh  et  al.  2004;  Elder  1994).  Empirical  research  has  supported 

 this  claim,  demonstrating  that  1)  environments  imprint  themselves  on  their  inhabitants 

 (e.g.,  Nilsson  et  al.  2018;  Skinner  2008),  2)  early  life  is  the  time  when  external  stimuli 

 have  the  greatest  impact  (e.g.,  King  et  al.  2012;  Roseboom  et  al.  2001;  Lopuhaa  et  al. 

 2000;  Ravelli  et  al.  1998)  and  3)  that  mothers  act  as  intermediaries  between  dependent 

 offspring  and  the  world  (Cheverko  2021:  61;  Agarwal  2016;  Gowland  2015;  Richardson 

 et  al.  2014).  This  section  investigates  the  connections  identified  in  this  project  between 

 sociocultural environment, stress experience, and the mother-child nexus. 
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	9.2.1	 	Context:	Environmental	Imprints	

 To  begin  with,  the  extent  to  which  site-specific  influences  imprinted  themselves 

 on  the  skeleton  is  discussed.  Consideration  is  also  made  of  the  sociocultural  dynamics 

 that may have mitigated, modulated or magnified stress experience. 

	9.2.1.1	 	Black	Gate	

 Three  skeletally  immature  individuals  from  Black  Gate  exhibited  lesions 

 consistent  with  a  diagnosis  of  scurvy.  This  indicates  that  portions  of  the  population 

 endured  severe  nutritional  deficiency  during  childhood  over  a  sufficiently  long  period  of 

 time  for  osteological  markers  of  specific  metabolic  disease  to  develop  (Brickley  and 

 Mays  2019;  Newman  2016:  110;  Snoddy  et  al.  2016;  Mays  2014;  Geber  and  Murphy 

 2012;  Mahoney-Swales  and  Nystrom  2009;  Mays  et  al.  2006;  Pinhasi  et  al.  2006;  Ortner 

 2003:  383-404).  Although  the  lesions  are  to  an  extent  indicative  of  survival  despite 

 chronic  insufficiency  (DeWitte  and  Stojanowski  2015:  405;  Wood  et  al.  1992:  356-357), 

 the  supposition  of  severe  metabolic  stress  among  a  subset  of  the  sample  also  helps  to 

 explain  the  patterns  noted  in  the  prevalence  of  another  marker  of  childhood  metabolic 

 stress,  namely  CO.  Specifically,  even  though  the  more  severe,  Grade  2  lesions  were 

 relatively  common  among  the  individuals  with  CO  (CPR=51.5%),  CO  was  less  frequently 

 encountered  at  Black  Gate  (CPR=47.1%)  than  other  sites.  In  fact,  an  odds  ratio  of  2.31 

 (95%  CI  [1.01,  5.26])  indicated  that  individuals  from  York  Barbican  were  at  a 

 significantly  greater  risk  of  developing  CO.  From  the  evidence  it  can  be  inferred  that, 

 although  potentially  severe  when  experienced,  metabolic  insufficiency  was  comparatively 

 uncommon.  As  it  has  been  posited  that  the  site  was  a  focal  point  for  a  collection  of  rural 

 settlements  (Mahoney  Swales  2012;  Nolan  et  al.  2010:  249;  Boulter  and  Rega  1993:  8),  it 

 is  speculated  that  periods  of  severe  deficiency  in  a  small  number  of  individuals  could 

 relate  to  seasonal  availability  of  food  with  shortages  potentially  left  unmitigated  due  to 
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 lack  of  socioeconomic  connectivity  within  a  dispersed  network  of  communities.  Despite 

 this,  average  M1  scores  were  similar  to  those  from  South  Shields  and  York  Barbican,  𝑎 
 𝑝 

 LEH  crude  prevalence  (CPR=70.2%)  rate  was  comparable  to  those  calculated  for  the 

 Warwick  and  York  Barbican  and  the  percentage  of  individuals  exhibiting  matched  LEH 

 (CPR=58.3%)  was  considerably  lower  than  at  Warwick  (CPR=66.7%).  Therefore,  for  the 

 majority  of  the  Black  Gate  sample,  early  life  and  childhood  stress  experience  appears  to 

 have been relatively unexceptional. 

 The  osteological  evidence  could  also  be  construed  as  suggesting  that  later-life 

 stress  was  not  as  pronounced  for  the  population  in  comparison  to  the  other  sites  assessed 

 here.  The  lowest  crude  (CPR=19.2%)  and  true  prevalence  rates  (TPR=7.2%)  for  PNBF 

 were  found  in  the  Black  Gate  assemblage  and  an  odds  ratio  of  2.63  (95%  CI  [1.17,  5.91]) 

 inferred  skeletons  from  York  Barbican  were  significantly  more  likely  to  exhibit  such 

 lesions.  The  lowest  rates  of  active  PNBF  (CPR=60.0%)  were  also  found  in  the  Black 

 Gate  sample  and  Grade  4  lesions  were  not  observed  at  all.  Cumulatively,  this  suggested 

 periosteal  reactions  were  more  likely  to  be  resolved  before  becoming  severe  than  at  other 

 sites  inferring  greater  resilience  and,  given  that  healed  lesions  have  been  associated  with 

 enhanced  survival  (e.g.,  DeWitte  2014b),  decreased  mortality  risk.  Similarly,  the  true 

 prevalence  of  PD  was  relatively  low  (TPR=34.1%),  the  most  severe  manifestations  of  the 

 disease  were  completely  absent,  and  an  odds  ratio  of  9.25  (95%  CI  [1.70,  50.2]) 

 suggested  that  individuals  from  South  Shields  were  at  a  significantly  higher  risk  of 

 developing  PD.  As  both  stress  markers  had  a  significant  association  with  age  and  skeletal 

 maturity,  it  appears  that  older  individuals  within  the  Black  Gate  population  were 

 relatively resilient in the face of later-life physiological perturbations. 
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 The  fact  that  individuals  from  Black  Gate  are  in  large  part  responsible  for  the 

 spike  in  mortality  among  males  in  their  early-to-mid-twenties  was  therefore  slightly 

 incongruous.  However,  as  it  has  been  hypothesised  that  in  more  highly  stressed  contexts 

 frailer  individuals  perish  before  reaching  maturity  (Zoëga  and  Murphy  2016:  580),  it  is 

 proposed  that  among  the  skeletons  that  reached  maturity  at  Black  Gate  there  were  frailer 

 members  of  the  living  population  that  would  not  have  survived  elsewhere.  As  it  has  been 

 theorised  that  the  community  was  relatively  egalitarian  and  that  status  was  acquired  in  life 

 (i.e.,  through  involvement  in  agriculture  or  craft  production)  (e.g.,  Mahoney  Swales  2019: 

 216;  Mahoney  Swales  2012:  416),  it  is  tempting  to  speculate  that  less  pronounced 

 structural  inequalities  created  an  environment  that  promoted  health  for  most  of  the 

 population  (Galtung  1969).  This  conjecture  must  be  treated  cautiously,  however,  as  the 

 supposition  of  an  egalitarian  community  was  made  based  on  funerary  investment  and  the 

 variety  in  burial  type  and  grave  goods  suggests  this  was  not  determined  by  a  single  set  of 

 conventions  (Nolan  et  al.  2010:  204-223).  Signals  derived  from  the  funerary  evidence 

 may therefore be mixed and generalisations based on them could be overly simplistic. 

	9.2.1.2	 	South	Shields	

 The  osteological  evidence  could  suggest,  if  interpreted  without  reference  to  the 

 Osteological  Paradox  (discussed  two  paragraphs  below),  that  the  individuals  from  South 

 Shields  had  the  least  stressful  childhoods.  South  Shields  was  the  only  assemblage  where 

 ≤70%  of  the  skeletons  exhibited  LEH  (CPR=39.4%)  and  had  by  far  the  lowest  prevalence 

 of  matched  LEH  presence  (CPR=27.3%).  It  was  estimated  through  regression  analyses 

 that  there  was  a  72.4%  (95%  CI  [35.0,  88.3])  reduction  in  the  relative  risk  of  developing 

 LEH  if  individuals  came  from  South  Shields  rather  than  Black  Gate.  Similarly,  CO  was 

 comparatively  uncommon  (CPR=34.8%),  especially  when  compared  to  Warwick  and 

 York  Barbican  where  the  crude  prevalence  rates  exceeded  60%.  These  low  prevalence 
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 rates  are  surprising  given  that  past  research  has  evidenced  a  significant  increase  in  LEH 

 prevalence  during  the  Industrial  period  in  many  European  samples  (Bereczki  et  al.  2019: 

 182-184)  and  historical  sources  indicate  the  environment  at  South  Shields  was  very  poor 

 (Figure  9.1).  For  instance,  records  talk  of  factories  emitting  “injurious”  fumes  which 

 covered  the  town  in  a  pall  of  smoke  (Report  of  the  Commissioners  1845:  185).  This  likely 

 contributed  to  maxillary  sinusitis  rates  that  were  more  than  twice  as  high  as  the  average 

 for  post-medieval  cities  as  well  as  conditions  such  as  phossy  jaw  (Roberts  et  al.  2016:  44; 

 Raynor  et  al.  2011;  Marx  2008).  Nevertheless,  it  is  unlikely  that  the  prevalence  rates  of 

 childhood  stress  markers  presented  here  are  underestimates;  previous  analyses  have  also 

 found  low  rates  of  developmental  stress  markers  such  as  LEH  and  CO  (e.g.,  Newman  et 

 al.  2019; Raynor  et al.  2011: 53-79). 

 Figure  9.1  The  Tyneside  area  was  home  to  a  mixture  of  industries  which  included  shipping,  chemical 
 refineries  and  collieries.  The  stress  markers  observed  in  the  South  Shields  assemblage  show  evidence  of  this 
 potentially  noxious  and  high  stress  environment  in  skeletally  mature  individuals  but  not  their  immature 
 counterparts. Image available from:  https://northumbrian-words.com/2019/03/25/the-rags-to-riches-poet/  . 

 Conversely,  skeletally  mature,  older  individuals  at  South  Shields  appear  to  have 

 been  relatively  frail.  As  above,  due  to  their  association  with  skeletal  maturity  and 
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 advancing  age  (Section  8.4.3),  PD  and  PNBF  are  used  to  illustrate  a  later-life 

 vulnerability  to  stress.  Among  the  individuals  with  PNBF,  those  from  South  Shields  had 

 the  highest  rates  of  active  lesions  (  CPR=85.7%)  as  well  as  the  highest  prevalence  of  the 

 most  severe  Grade  3  (  CPR=14.3%)  and  Grade  4  lesions  (  CPR=14.3%).  Additionally,  PD 

 affected  more  individuals  (  CPR=51.5%)  and  alveolar  sockets  (  TPR=51.5%)  at  South 

 Shields  than  any  other  site  and  it  was  the  only  assemblage  where  more  skeletons  were 

 affected  by  moderate-to-severe  (CPR=58.8%)  manifestations  of  the  lesion  than  mild 

 (CPR=41.2%).  In  fact,  the  odds  of  developing  moderate-to-severe  PD  were  9.25  (95%  CI 

 [1.70,  50.2])  times  greater  at  South  Shields  than  Black  Gate.  Moreover,  in  addition  to  the 

 one  diagnosis  of  osteomyelitis,  past  research  has  identified  syphilis  and  tuberculosis 

 among  adults  in  the  full  assemblage  at  rates  higher  than  might  be  expected  outside  of 

 hospital  sites  (  Raynor  et  al.  2011:  68-69;  Roberts  and  Cox  2003:  339-341;  Boulter  et  al. 

 1998  ).  As  mentioned  in  Section  5.3.2,  the  rate  of  degenerative  changes  in  the  spine  also 

 exceeded  the  post-medieval  average  (  Raynor  et  al.  2011:  64;  Roberts  and  Cox  2003:  352  ). 

 In  sum,  the  skeletally  mature  population  from  South  Shields  were  subjected  to  a  variety 

 of  degenerative  conditions,  often  with  little  evidence  of  healing  (Crespo  et  al.  2021; 

 Crespo  et  al.  2016;  DeWitte  and  Bekvalac  2011;  DeWitte  and  Bekvalac  2010;  Ogden 

 2008:  288).  This  suggests  a  lifestyle  that  increased  frailty  in  later-life  and  decreased 

 resilience  (DeWitte  and  Stojanowski  2015:  399;  Wood  et  al.  1992:  357;  DeWitte  2010:  8; 

 Vaupel 1988: 277). 

 The  incongruity  between  a  supposed  low-stress  childhood  and  higher  stress 

 later-life  has  confounded  past  palaeopathological  investigations  and  generated  several 

 possible  explanations.  With  reference  to  the  Osteological  Paradox,  previously  it  has  been 

 proposed  that  the  children  in  the  assemblage  died  as  a  result  of  acute  perturbations  to 

 health  before  stress  markers  could  develop  (Newman  et  al.  2019:  116-117;  Newman 

 265 



 2016:  198-199).  The  perception  that  stress  experience  during  this  stage  of  life  was 

 relatively  low  is  therefore  a  consequence  of  osteological  insensitivity  and  the  cohort 

 actually  represents  a  group  of  highly  stressed  non-survivors  (DeWitte  and  Stojanowski 

 2015:  416-418;  Wood  et  al.  1992:  349).  It  has  also  been  speculated  that  the  town’s  role  as 

 a  port  gave  children  greater  access  to  nutritional  resources  and,  unlike  in  many  other 

 industrial  cities,  when  they  undertook  work  it  was  in  outdoor  activities  such  as 

 ship-building  which  were  putatively  healthier  than  working  in  industries  like  cotton 

 manufacturing  (Newman  et  al.  2019:  116-117;  Newman  2016:  198-199;  Raynor  et  al. 

 2011:  106).  Neither  of  these  hypotheses  is  completely  satisfying,  however.  If  the 

 population  of  South  Shields  was  exposed  to  such  extreme  environmental  stressors,  M1  𝑎 
 𝑝 

 scores  should  reflect  that  to  some  degree  and  this  was  not  the  case.  Meanwhile,  given 

 contemporary  descriptions  of  the  harmful  industrial  pollutants  that  affected  the  air  quality 

 in  South  Shields  and  the  Tyneside  region  (e.g.,  Report  of  the  Commissioners  1845  ),  it  is 

 wondered  to  what  extent  employment  outdoors  represented  a  significantly  healthier  mode 

 of living than indoor work. 

 It  is  hypothesised  here  that  post-medieval  economic  migration  contributed  to  the 

 apparent  disconnect  between  childhood  and  later-life  stress.  During  the  Industrial 

 Revolution,  manufacturing  cities  underwent  rapid  expansion  that  could  only  be  sustained 

 through  migration  (Panayi  1995:  35;  Friedlander  1992;  Redford  and  Chaloner  1976: 

 132-137;  Ravenstein  1885:  199).  South  Shields  was  no  exception  and  by  the  19  th  century 

 the  town  was  the  home  to  a  considerable  number  of  incomers  (Bland  2006:  68;  Panayi 

 1995:  163).  As  well  as  adult  migrants,  rural  children  often  relocated  to  urban  centres  to 

 undertake  apprenticeships  and  find  employment  (Gowland  et  al.  2018:  45;  Pelling  1994; 

 Sharpe  1991;  Report  of  the  Commissioners  1833:  12).  Though  the  shift  may  have  brought 

 economic  possibilities,  it  was  often  deleterious  to  health.  Contemporaries  observed  that 
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 “chronic  diseases”  and  “irregular  developments”  were  often  seen  after  the  “child  from  an 

 agricultural  district  .  .  .  blooming  with  rosy  health,  full  of  vitality,  is  transported  to  a 

 crowded  town  .  .  .  [where]  it  is  exposed  to  miasmatic  evaporations,  shut  up  in  a  narrow 

 street,  its  home  is  damp  and  cold,  its  food  poor  and  badly  cooked.  .  .”  (Gaskell  1836: 

 157-158).  It  is  thus  proposed  that  young,  healthy  migrants  supplemented  the  town’s 

 population  and  had  their  health  transformed  and  diminished  by  the  hazardous 

 environment  and  demands  of  industrial  labour  –  which  even  at  the  time  was  described  as 

 “exceedingly  prejudicial  to  life”  –  leaving  them  vulnerable  and  less  resilient  to 

 subsequent  stressors  (Buckley  et  al.  2021:  549;  Buckley  2021;  Sledzik  and  Sandberg 

 2002:  185-207;  Gaskell  1836:  220).  Given  the  quoted  historical  sources  and  that 

 osteological  investigations  have  found  similar  rates  of  childhood  stress  markers  in  other 

 industrial  assemblages  (  Raynor  et  al.  2011:  50-53;  Boulter  et  al.  1998;  Brickley  et  al. 

 2006  )  (Section  5.3.2),  this  explanation  may  be  generalisable  to  other  post-medieval  sites. 

 Whichever  explanation  (or  combination  thereof)  is  true,  from  a  life-course  perspective  the 

 assemblage  clearly  articulates  that  life-course  outcomes  are  not  always  dependent  on 

 developmental experiences. 

	9.2.1.3	 	Warwick	

 The  data  suggest  that  the  population  of  medieval  Warwick  endured  high  levels  of 

 stress  which  negatively  impacted  life-course  outcomes.  Although  likely  influenced  by  the 

 higher  relative  frequency  of  immature  skeletons  (who  generally  had  elevated  FA),  the 

 only  significantly  higher  scores  among  sites  were  associated  with  M  1  s  from  Warwick  𝑎 
 𝑝 

 skeletons  (  F  (3,149)=7.703,  p=<0.001).  Furthermore,  a  greater  percentage  of  skeletons 

 (CPR=73.3%)  as  well  as  teeth  (TPR=22.1%)  from  Warwick  exhibited  LEH  than  other 

 sites  and  more  individuals  had  matched  LEH  (CPR=22.1%).  Moreover,  CO  prevalence  at 

 Warwick  (CPR=60.9%)  was  only  marginally  exceeded  by  that  among  the  skeletons  from 
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 York  Barbican  (CPR=65.4%).  Early-life  and  childhood  stress  therefore  appear  to  have 

 been  highest  at  Warwick,  potentially  because  of  repeated  episodes  of  stress.  This 

 interpretation  is  consistent  with  previous  work  which  theorised  that,  due  to  the 

 over-exploitation  of  the  region’s  natural  and  agricultural  resources,  the  population  was 

 left  especially  vulnerable  to  the  calamities  (e.g.,  the  Great  Famine,  livestock  diseases,  the 

 Black  Death)  that  affected  Britain  generally  in  the  late-13  th  to  14  th  century  (Slavin  2013; 

 Gethin  n.d.;  John  1997;  Proudfoot  1983;  Harley  1958)  (Figure  9.2).  It  is  proposed 

 therefore  that  exploitative  sociocultural  practices  contributed  to  early-life  and  childhood 

 stress  which  increased  mortality  during  periods  of  vulnerability  (i.e.,  during  development 

 and  among  the  oldest  individuals)  noted  in  previous  studies  (Nolan  2019).  However,  the 

 over-representation  of  immature  skeletons  from  the  site  (i.e.,  69.0%  of  skeletons  from 

 Warwick  assessed  by  this  project  were  immature  compared  to  36.2%  in  the  entire 

 assemblage)  and  the  association  of  that  cohort  with  higher  scores  mean  that  inferences  𝑎 
 𝑝 

 regarding early-life experience are made cautiously (Newman 2019; Hill n.d.). 

 Figure  9.2  Increasing  agricultural  production  and  environmental  degradation  (i.e.,  clearing  of  forest)  along 
 with  a  rising  population  is  thought  to  have  left  medieval  Warwickshire  vulnerable  to  the  disasters  that 
 impacted  Britain  and  continental  Europe  in  the  14  th  century.  Image  from  the  Luttrell  Psalter  available  from: 
 https://thehistoryjar.com/2020/07/22/medieval-field-measurements/  . 

 Although  it  is  difficult  to  assess  health  in  maturity  from  a  sample  in  which  most 

 individuals  are  skeletally  immature,  later-life  stress  was  also  likely  elevated.  For  example, 
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 although  the  crude  prevalence  of  PNBF  was  moderate  (CPR=24.0%)  in  comparison  to 

 other  sites,  Warwick’s  true  prevalence  was  highest  (TPR=16.1%)  suggesting  that 

 periosteal  reactions  were  diffuse  when  present.  Furthermore,  all  individuals  affected  had 

 bilaterally  expressed  PNBF  and  there  was  a  high  rate  of  active/mixed  lesions 

 (CPR=83.3%).  This  patterning  of  periosteal  lesions  suggests  that  systemic  physiological 

 stress,  possibly  as  a  result  of  chronic  infection,  was  a  relatively  common  risk  at  Warwick 

 and,  as  lesions  were  often  unresolved,  resilience  was  low  (Roberts  2019;  Roberts  and 

 Buikstra  2019;  Steckel  et  al.  2019:  418;  DeWitte  and  Wood  2008:  1439;  Weston  2008). 

 Similarly,  the  two  cases  of  active  specific  infection  in  the  skeletons  assessed  by  this 

 project  and  the  identification  of  tuberculosis  in  the  wider  assemblage  (Newman  2019: 

 10-15;  Hill  n.d.:  4-5),  indicate  that  even  though  individuals  survived  with  infection,  they 

 experienced  disease  for  a  prolonged  period  (i.e.,  long  enough  for  skeletally  diagnostic 

 signs  to  develop)  without  healing  rather  than  at  discrete  stages  of  the  life-course  after 

 which recovery was achieved. 

 It  is  likely  that  social  influences  on  life-course  outcomes  were  more  negative  than 

 positive.  Specifically,  there  was  a  profound  gap  between  lower  and  higher  status  groups 

 during  the  medieval  era  which  became  especially  pronounced  between  circa  11  th  -14  th 

 centuries.  During  this  period,  structural  inequalities  were  created,  perpetuated  and 

 justified  through  laws  and  religious  doctrines  which  curtailed  the  freedoms  and 

 opportunities  of  the  lower  social  strata  (Abels  2009;  Hatcher  1994:  10;  Galtung  1969). 

 Various  statutes,  for  instance,  limited  the  maximum  wages  of  labourers  (Clark  2007:  117; 

 Cohn  2007;  Hatcher  1994:  10-11;  Poos  1983).  Despite  this,  sources  indicate  that  local 

 elites  at  times  made  efforts  to  alleviate  the  hardships  faced  by  the  wider  population.  At 

 Warwick  in  the  12  th  century  local  aristocrats  established  several  religious  houses  which 

 included  a  leprosarium  that  likely  provided  care  for  the  sick,  destitute  and  infirm 
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 generally  (Gethin  n.d.:  6;  Roffey  2012:  205;  Sweetinburgh  2004).  Nevertheless,  after 

 several  were  gifted  to  Warwick’s  collegiate  church,  in  spite  of  popular  protest,  the 

 ecclesiastical  authorities  closed  a  number  of  small  parish  churches  (including  St 

 Lawrence’s)  in  the  14  th  century,  possibly  to  consolidate  their  fiscal  assets  (Gethin  n.d.: 

 15).  It  can  thus  be  surmised  that  social  support  was  not  reliably  available  and  therefore 

 likely  inadequate  to  provide  for  a  population  that  lived  through  a  series  of  disasters  that 

 spanned  generations.  In  fact,  the  entrenched  structural  inequalities  potentially  magnified 

 stress experience for individuals of lower social status at Warwick. 

	9.2.1.4	 	York	Barbican	

 As  All  Saints’  Church  cemetery  was  in  use  during  the  same  period  as  St 

 Lawrence’s,  it  is  reasonable  to  assume  that  the  York  Barbican  sample  was  exposed,  to  a 

 greater  or  lesser  extent,  to  the  same  range  of  nation-wide  catastrophes  that  impacted 

 Warwick.  Thus,  both  would  have  been  affected  by  the  extremes  in  weather  (e.g.,  freezing 

 winters)  experienced  across  England  and  Wales  between  1314-1317  and  which  caused 

 crop  failures  leading  to  the  Great  Famine  (Slavin  2013).  Likewise,  the  Great  Bovine 

 Pestilence  (1319-1350),  which  was  responsible  for  an  estimated  62%  mortality  in  bovine 

 livestock  between  1319-1320  alone  and  depleted  the  availability  of  meat  and  dairy 

 products,  would  have  affected  both  locations  (Slavin  2012:  1240-1242).  Given  nutritional 

 insufficiency  has  been  cited  as  a  potential  causal  agent  in  CO  development  (e.g., 

 Papathanasiou  et  al.  2019:  198;  Geber  and  Murphy  2012:  516;  Goodman  and  Martin 

 2002:  27-29;  Stuart‐Macadam  1992:  39),  the  high  rates  of  CO  among  the  skeletons  from 

 Warwick  (CPR=60.9%)  and  York  Barbican  (CPR=65.4%)  may  be  evidence  for  these 

 periods of food shortage causing heightened metabolic stress. 
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 Despite  being  exposed  to  these  stressors,  the  York  Barbican  population  appears  to 

 have  been  well-buffered  during  early  life  and  childhood.  York  Barbican’s  average  M1  𝑎 
 𝑝 

 scores  fell  below  those  from  elsewhere,  suggesting  the  population  experienced  the  lowest 

 levels  of  early-life  stress.  Similarly,  the  only  site  to  be  associated  with  a  lower  true 

 prevalence  of  LEH  and  fewer  skeletons  with  matched  LEH  was  South  Shields,  inferring 

 that  childhood  stress  was  also  relatively  moderate,  especially  when  compared  to 

 contemporary  Warwick.  Based  on  these  observations,  it  is  hypothesised  that,  in  addition 

 to  maternal  influences  (Section  9.2.2),  the  York  Barbican  sample  benefitted  from  further 

 buffering  mechanisms.  It  is  conjectured  that  the  city’s  function  as  a  centre  of  trade 

 allowed  it  access  to  resources  that  offset  local  food  shortages  (Goldberg  2019:  163; 

 Mahoney  Swales  2012:  220;  Barrett  et  al.  2004:  619-621;  Tilliot  1961:  84-106)  (Figure 

 9.3).  Although  transported  foodstuffs  would  not  have  the  same  nutritional  quality  as  fresh 

 produce  and  may  not  have  been  able  to  support  normal  metabolic  functioning,  they  would 

 likely  have  modulated  the  worst  stress  events  (Newman  2016:  178;  Sharpe  2012:  1478). 

 This  theory  could  explain  the  high  rates  of  CO  coupled  with  the  evidence  of  low  early-life 

 and childhood stress. 
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 Figure  9.3  Medieval  York  by  Ridsdale  Tate  (1914).  Although  a  high  population  density  likely  promoted 
 infectious  diseases  prevalence,  as  a  centre  of  commerce,  craft  production  and  administrative  power,  York’s 
 population  may  well  have  had  access  to  resources  that  enabled  it  to  better  buffer  against  the  adversities  it 
 faced in the 14  th  century. 

 There  is  also  evidence  that  later-life  stress  was  influenced  by  sociocultural  factors. 

 The  highest  rates  of  PNBF,  a  lesion  associated  with  increasing  age,  were  found  among  the 

 individuals  from  York  Barbican  (CPR=41.2%)  while  an  odds  ratio  of  2.63  (95%  CI  [1.17, 

 5.91])  suggested  that  skeletons  from  the  site  were  significantly  more  likely  to  have  PNBF 

 than  those  from  Black  Gate.  Although  the  population  was  at  a  higher  risk  of  developing 

 PNBF,  as  the  site  was  associated  with  the  lowest  rate  of  PD  (CPR=3.2%)  it  does  not  seem 

 that  this  frailty  was  due  to  a  physiological  predisposition  towards  an  inflammatory 

 response.  Moreover,  York  Barbican  produced  the  lowest  rates  of  bilateral  (CPR=57.1%) 

 and  greater-than-Grade  1  lesions  (CPR=21.5%);  the  rate  of  active/mixed  PNBF  was  also 

 relatively  low  (CPR=64.3%),  being  only  marginally  higher  than  Black  Gate’s 

 (CPR=60.0%).  Overall,  the  patterning  of  PNBF  among  the  York  Barbican  skeletons 

 contrasted  starkly  with  that  seen  at  Warwick  (where  the  diffuse,  bilateral  and  active 

 lesions  were  used  to  imply  the  presence  of  chronic  systemic  stress,  possibly  resulting 

 from infection) and therefore required an alternative explanation. 
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 As  traumatic  injury  was  relatively  common  in  medieval  Britain  (e.g.,  Dittmar  et 

 al.  2021;  Grauer  and  Miller  2017;  Grauer  and  Roberts  1996),  the  high  frequency  of  PNBF 

 in  the  York  Barbican  assemblage  may  have  been  secondary  to  localised  trauma,  the 

 effects  of  which  could  have  been  mitigated  through  care  to  reduce  the  rate  of  systemic 

 sequelae  (Dittmar  et  al.  2023;  Grauer  and  Roberts  1996).  This  explanation  is  consistent 

 with  past  research  on  York’s  lower  status  St.  Helen-on-the-Walls  assemblage.  Analysis 

 found  that  most  traumatic  fractures  were  well-aligned  and  subsequently  healed  without 

 substantial  deformity.  This  was  interpreted  as  evidence  of  the  availability  of  treatment  by 

 specialists  for  even  the  poorer  inhabitants  of  the  city  (Grauer  and  Roberts  1996).  It  is 

 unlikely,  however,  that  the  urban  environment  exerted  a  purely  beneficial  influence  on 

 health.  Higher  population  densities,  which  were  accentuated  by  the  shared 

 accommodation  occupied  by  poorer  residents  (Goldberg  2019:  175),  likely  increased  the 

 risk  of  transmission  of  communicable  diseases,  potentially  accounting  for  the  cases  of 

 leprosy in the sample (CPR=4.3%) (Kelmelis  et al.  2020: 175; Barreto  et al.  2014). 

	9.2.1.5	 	Summary	

 Site-specific  influences  imprinted  themselves  on  the  skeletal  remains  of  the 

 populations  that  inhabited  them.  The  Black  Gate  sample,  for  example,  was  likely  affected 

 by  seasonal  shortages  that  the  socioeconomic  networks  of  the  agricultural  community 

 were  not  capable  of  mitigating  (Mahoney  Swales  2019;  Mahoney  Swales  2012;  Nolan  et 

 al.  2010;  Boulter  and  Rega  1993).  Similarly,  the  sample  from  Warwick  was  unable  to 

 buffer  the  catastrophes  that  affected  medieval  Britain  and  were  magnified  by 

 environmental  degradation  specific  to  the  region  (Slavin  2013;  Gethin  n.d.;  John  1997; 

 Proudfoot  1983;  Harley  1958).  Conversely,  the  trade  networks  into  which  urban  York  was 

 integrated  likely  mitigated  the  impact  of  the  events  which  affected  rural  Warwick  so 

 negatively,  although  high  population  densities  would  have  increased  the  relative  risk  of 
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 contracting  a  communicable  infection  (Goldberg  2019;  Slavin  2013;  Slavin  2012).  The 

 osteological  data  from  industrial  South  Shields  suggests  that  negative  later-life  outcomes 

 were  not  the  result  of  early-life  or  childhood  adversity  indicating  that  life-course 

 trajectories  were  not  necessarily  deterministically  imprinted  on  individuals  by  contextual 

 influences  during  development.  Reflecting  on  these  trends,  two  points  become  apparent. 

 Firstly,  the  ability  to  detect  site-specific  differences  in  stress  experience  effectively  in 

 osteological  remains  is  dependent  upon  selecting  assemblages  from  substantially  different 

 contexts.  Secondly,  it  is  also  crucial  to  employ  measures  of  stress  and  analytical  methods 

 that  are  sufficiently  sensitive  to  register  even  subtle  differences.  The  latter  point  is 

 discussed further in Section 9.4. 

	9.2.2	 	Links:	The	Mother-Child	Nexus	

 Continuing  with  the  theme  of  crucial  life-course  factors,  theory  states  that 

 connections  between  individuals  influence  outcomes  (Giele  and  Elder  2013:  10; 

 Hendricks  2012:  229;  Kuh  et  al.  2004;  Elder  1994).  Although  social  networks  were 

 explored  initially,  research  on  biological  links  has  shown  that  mothers  particularly  shape 

 the  life-course  by  acting  as  intermediaries  for  contextual  influences  (Cheverko  2021:  61; 

 Agarwal  2016;  Gowland  2015).  This  section  explores  the  role  the  mother-child  nexus 

 played in offspring development. 

	9.2.2.1	 	Maternal	Buffering	

 Differences  between  sites  in  FA  were  at  most  minor.  That  is,  there  were  no 

 significant  differences  between  sites  in  M  1  scores  (  F  (3,144)=0.776,  p=0.509).  𝑎 
 𝑝 

 Moreover,  though  significant,  M  1  scores  (  F  (3,149)=7.703,  p=<0.001)  were  only  𝑎 
 𝑝 

 slightly  higher  in  the  Warwick  assemblage  and  possibly  influenced  by  biases  in  sampling 

 (i.e.,  a  relatively  high  frequency  of  immature  skeletons).  It  could  therefore  be  proposed 
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 that  either  1)  M1  FA  is  an  insensitive  stress  marker,  2)  differences  between  sites  in  the 

 nature  and  magnitude  of  stress  were  not  as  distinct  as  initially  presumed  or,  3)  that  stress 

 was  mitigated  during  early  life.  The  latter  interpretation  is  more  likely  when  reference  is 

 made  to  previous  research  and  the  findings  of  this  project  which  have  established  the 

 unique  characteristics  of  the  sites  studied  (e.g.,  Slavin  2013;  Raynor  et  al.  2011  ;  John 

 1997).  Similarly,  although  it  could  be  argued  that  the  strength  of  canalisation  in  dental 

 growth  and  development  prevents  pronounced  deviations  to  symmetry  in  response  to 

 site-specific  stimuli,  previous  work  has  revealed  significant  FA  differences  between  sites 

 in  other  teeth  (e.g.,  Barrett  et  al.  2012;  Guatelli-Steinberg  et  al.  2006).  It  is  therefore 

 theorised  that  mothers  protected  dependent  offspring  whilst  in  utero  and  during  early 

 postnatal  life  (i.e.,  when  M1  crowns  are  forming)  to  such  an  extent  that  deviations  to 

 normal development were much less pronounced than expected. 

 Further  dental  observations  suggested  maternal  stress  buffering  continued  until  the 

 beginning  of  childhood.  Specifically,  the  frequency  of  chronologically  matched  LEH  was 

 low  prior  to  the  second  year  of  life,  after  which  there  was  a  dramatic  increase  (Figure 

 9.4);  only  9.6%  of  matched  LEH  were  estimated  to  have  formed  before  approximately  1.9 

 years  of  age  compared  to  25.7%  and  29.9%  in  the  2.0-2.9  years  and  3.0-3.9  years 

 categories  respectively.  The  disparity  between  the  percentage  of  LEH  forming  before  1.9 

 years  and  after  that  point  was  most  pronounced  at  Warwick,  where  only  2.9%  of  matched 

 LEH  were  estimated  to  have  formed  before  the  second  year.  Given  the  extreme  stressors 

 associated  with  this  site,  this  again  pointed  towards  the  influence  of  an  effective  early-life 

 buffering  mechanism.  As  isotopic  data  suggests  that  in  many  premodern  societies 

 weaning  occurred  around  the  second  year  (e.g.,  Stantis  et  al.  2020;  Beaumont  et  al.  2015; 

 Henderson  et  al.  2014;  Haydock  et  al.  2013),  it  is  proposed  that  mothers  were 

 physiologically  protecting  their  offspring  up  until  that  point,  after  which  weaned  and 
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 immunologically  naive  infants  were  more  directly  exposed  to  sociocultural  and 

 environmental  stressors  (Simon  et  al.  2015),  and  therefore  more  likely  to  suffer  episodes 

 of  stress  and  consequently  develop  chronologically  matched  LEH.  This  is  supported  by 

 the  significant  association  of  matched  LEH  with  site  through  binary  logistic  regression 

 (χ²=203.7,  p=<0.001,  R  2  =0.67),  which  inferred  that  stress  episodes  in  childhood  were 

 influenced  by  exogenous,  site-specific  factors.  A  similar  interpretation  was  made  by 

 Sandberg  et  al.  (2014)  who,  after  comparing  both  types  of  data,  found  that  LEH 

 frequency increased when isotope profiles inferred weaning occurred. 

 Figure  9.4  The  sharp  increase  in  matched  LEH  frequency  after  approximately  the  second  year  is  thought  to 
 be  due  to  the  cessation  of  direct  maternal  support  through  weaning  leading  to  elevated  stress  experience. 
 The  later  decline  (i.e.,  after  the  fifth  to  sixth  year)  is  likely  accounted  for  by  immune  maturation  that  occurs 
 throughout  childhood  and  eventually  leads  to  a  greater  resistance  to  external  perturbations  to  health  (Simon 
 et al.  2015). 

 Due  to  sex  differentials  in  frailty,  males  likely  benefitted  more  from  maternal 

 buffering.  Given  well-established  sex  biases  in  frailty  (e.g.,  DeWitte  2010;  Stinson  1985), 

 the  association  of  males  with  various  pathological  lesions  was  expected.  For  example,  a 

 greater  number  of  males  (CPR=71.4%)  had  chronologically  matched  LEH  than  females 

 (CPR=50.0%)  and  an  odds  ratio  of  2.83  (95%  CI  [1.03,  7.80])  inferred  that  males  were  at 

 a  significantly  greater  risk  of  developing  such  defects.  Moreover,  a  higher  proportion  of 
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 males  (CPR=40.0%)  were  affected  by  PNBF  than  females  (CPR=25.7%).  Overall,  this 

 strongly  suggests  that  males  were  more  vulnerable  to  episodes  of  childhood  and  later-life 

 stress  and,  as  length  of  life  was  estimated  to  have  been  23.2%  (95%  CI  [9.9,  34.6]) 

 shorter  for  males,  it  is  hypothesised  that  increased  frailty  throughout  life  contributed  to 

 earlier  age-at-death.  Despite  this,  there  were  no  significant  differences  between  females 

 and  males  in  either  M  1  (  t  =-0.600,  df=55.98,  p=0.551)  or  M  1  scores  (  t  =-1.399,  𝑎 
 𝑝 

 df=57.75,  p=0.167)  suggesting  that  males  did  not  experience  elevated  levels  of  in  utero  or 

 early-postnatal  stress.  This  is  consistent  with  past  bioarchaeological  studies  which  failed 

 to  detect  sex  differences  in  dental  FA  (e.g.,  O’Donnell  and  Moes  2020:  166;  Perzigian 

 1977:  84;  Bailit  et  al.  1970:  632).  Furthermore,  a  smaller  proportion  of  matched  LEH 

 formed  before  1.9  years  of  age  in  males  (9.8%)  than  females  (14.8%).  As  the  frequency 

 of  matched  LEH  increases  more  dramatically  for  males  (i.e.,  it  more  than  doubles  to 

 23.0%)  after  the  second  year  of  life  (Section  8.2.3.1),  it  is  believed  to  be  additional 

 evidence  of  male  offspring  benefitting  from  maternal  buffering  during  early  life  and  then, 

 due  to  their  innate  frailty,  experiencing  a  greater  frequency  of  stress  episodes 

 post-weaning. 

	9.2.2.2	 	A	Mother’s	Health,	the	Maternal		Lineage	and	Past	Environments	

 The  evidence  suggests  that,  despite  substantial  disparities  between  sites  (i.e.,  in 

 sociocultural  and  environmental  stressors),  contextually-specific  influences  exerted 

 surprisingly  little  impact  on  early-life  stress  experience.  Given  mothers  appear  to  have 

 moderated  environmental  stress  during  early-life,  it  is  hypothesised  that  differences  in  FA 

 were  therefore  connected  to  maternal  condition  (e.g.,  nutritional  status  and  health)  and  the 

 impact this had on buffering capacity. 
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 Much  previous  research  has  inferred  stress  impacting  the  mother-child  nexus 

 relates  to  nutritional  provisioning  (e.g.,  Hales  and  Barker  2013;  Roseboom  et  al.  2001; 

 Chávez  et  al  .  2000).  Associating  FA  with  nutritional  status  was,  however,  not  possible. 

 While  areas  of  poorly  mineralised  dentine  matrix  have  been  observed  in  M1s  and 

 associated  with  vitamin  D  shortages,  demonstrating  that  M1  malformation  can  be 

 influenced  by  maternally-mediated  nutritional  deficiency,  other  factors  (e.g.,  renal 

 disease,  autoimmune  disorders  and  genetic  predisposition)  can  also  cause  these  defects 

 (Brickley  et  al.  2020;  D’Ortenzio  et  al.  2018).  Similarly,  as  CO  has  often  been  employed 

 as  a  “nutritional  stress  indicator”  (e.g.,  Papathanasiou  et  al.  2019:  198;  Geber  and  Murphy 

 2012:  516;  Goodman  and  Martin  2002:  27-29;  Stuart‐Macadam  1992:  39),  the  elevated 

 M1  scores  observed  in  individuals  with  active  CO  could  support  a  connection  between  𝑎 
 𝑝 

 early-life  stress  and  nutritional  deficiency.  However,  CO  may  develop  years  after  M1 

 formation  is  complete  and  be  influenced  by  a  diverse  range  of  factors  (O’Donnell  et  al. 

 2020;  Brickley  2018;  Antoine  and  Hillson  2016:  223-234;  Harris  2016:  145;  Walker  et  al. 

 2009;  Weinberg  and  Miklossy  2008;  Stuart‐Macadam  1992;  Weinberg  1984).  Thus, 

 connections  between  maternal  access  to  nutritional  resources  and  M1  FA,  while 

 reasonable, are speculative. 

 It  has  also  been  suggested  that  early-life  stress  is  influenced  by  maternal  health 

 and  well-being  more  generally  (e.g.,  Gowland  2018;  Gowland  2015:  533;  Thayer  and 

 Kuzawa  2011:  800).  Although  health  encompasses  the  subject  of  nutrition  and  maternal 

 access  to  food  influences  offspring  development  (e.g.,  breastfeeding  infants  receive  less 

 nutritional  support  from  malnourished  mothers)  (e.g.,  Gowland  2015:  533;  Roseboom  et 

 al.  2001;  Chávez  et  al  .  2000),  it  may  be  affected  by  many  factors.  For  example,  Lee  et  al. 

 (2020)  found  significant  differentials  in  the  risk  of  later-life  ill-health  among  offspring 

 along  with  a  dose-response  relationship  based  upon  whether  mothers  had  been  host  to  an 
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 active  infection  during  pregnancy  and,  if  so,  its  severity.  It  is  therefore  conjectured  that 

 differences  in  maternal  health  affected  a  mother’s  ability  to  buffer  offspring  from 

 stressors  (e.g.,  the  immature  cohort,  in  which  FA  was  higher,  may  have  had  mothers  that 

 were  in  general  less  healthy).  Unfortunately,  it  was  not  possible  to  substantiate  this 

 hypothesis  more  thoroughly  as  the  collections  assessed  were  not  associated  with  the 

 documentary  data  necessary  to  explore  maternal  health  and  fluctuating  asymmetry  is  a 

 non-specific  stress  marker.  Overall,  however,  it  seems  reasonable  to  propose  variance  in 

 FA  between  individuals  is  related  to  differences  in  maternal  health  status  and  access  to 

 nutritional  resources  and  the  impact  these  had  on  mediating  contextual  stressors. 

 Early-life  stress  markers  therefore  also  shed  light  on  maternal  condition  as  well  as 

 environmental stress load. 

 Additionally,  it  has  been  argued  that  maternal  buffering  and  influences  are  not 

 only  determined  by  the  mother’s  health  and  circumstances  whilst  pregnant/breastfeeding, 

 but  also  environments  experienced  by  the  mother  earlier  in  life  as  well  as  health  in  the 

 maternal  lineage.  Given  that  later-life  morbidity  (such  as  susceptibility  to  inflammatory 

 conditions  and  resilience)  are  influenced  by  early-life  stress  (Section  9.3.1.1),  it  can  be 

 contended  that  a  mother's  condition  was  in  part  dependent  on  her  own 

 maternally-mediated  developmental  experience  (i.e.,  either  during  foetal  development  or 

 breastfeeding).  This  is  congruent  with  the  concept  of  the  intergenerational  transmission  of 

 mitotically-stable  phenotypes;  that  is,  stressors  influencing  the  mother  can  also  affect 

 their  dependent  offspring  and,  for  female  offspring  developing  in  utero  ,  their  ova,  thereby 

 potentially  impacting  up  to  three  generations  (Gowland  2015;  Thayer  and  Kuzawa  2011: 

 798;  Skinner  2008).  It  has  also  been  proposed  that  the  maternal  lineage  can  cue  an 

 ancestral/transgenerational  phenotype  (Gowland  2015:  534-535;  Gluckman  et  al.  2010: 

 10;  Kuzawa  2007:  655;  Jablonka  et  al.  1995:  133).  There  is,  however,  growing 
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 speculation  regarding  the  validity  of  supposing  highly-canalised,  meiotically-stable 

 ancestral/transgenerational  phenotypes  (i.e.,  those  perpetuated  through  sexual 

 reproduction  without  the  requirement  for  direct  exposure  to  a  stressor)  in  humans  (Lu  et 

 al.  2019;  D’Urso  and  Brickner  2014;  Susser  et  al.  2012;  Thayer  and  Kuzawa  2011:  798; 

 Gluckman  et  al.  2010:  13;  Kierszenbaum  2006;  Jablonka  et  al.  1995).  Aside  from  the 

 fact  that  the  empirical  support  for  such  phenotypes  is  based  upon  studies  from  plants  and 

 animals  with  much  quicker  life-histories  (Van  Winkle  and  Ryznar  2018;  Susser  et  al. 

 2012;  Galler  et  al.  1994;  Galler  and  Seelig  1981),  theoretically  it  has  been  doubted  that 

 phenotypes  programmed  by  signals  reflecting  an  ancestral  environment  would  be 

 sufficiently  responsive  to  the  environmental  shifts  experienced  and  often  provoked  by 

 comparatively  long-lived  species  such  as  humans  (Prince-Buitenhuys  and  Bartelink  2021; 

 Lu  et  al.  2019;  Horsthemke  2018;  Fuentes  et  al.  2010).  It  may  therefore  not  be  safe  to 

 assume  that  the  phenotypic  inertia  required  for  a  meiotically  stable  transgenerational 

 transmission  of  phenotype  would  be  beneficial  for  humans  (Hodson  and  Gowland  2020: 

 45;  D’Urso  and  Brickner  2014;  Thayer  and  Kuzawa  2011:  798;  Gluckman  et  al.  2010:  10; 

 Skinner 2008; Kuzawa 2007: 655; Holland Jones 2005; Jablonka  et al.  1995: 133). 

	9.2.2.3	 	Summary	

 Although  it  was  not  possible  to  discern  the  influence  of  the  ancestral  maternal 

 lineage  in  the  shaping  of  a  transgenerational  phenotype,  the  importance  of  the 

 mother-child  connection  and  intergenerational  influences  in  past  populations  was 

 evaluated.  Mothers  mitigated  against  both  environmental  perturbations  to  development  as 

 well  as  innate  differentials  to  those  external  stimuli.  Maternal  buffering  likely  persisted 

 until  approximately  the  second  year  of  life  when  weaning  frequently  occurred  in 

 premodern  populations  (e.g.,  Stantis  et  al.  2020;  Beaumont  et  al.  2015;  Henderson  et  al. 

 2014;  Haydock  et  al.  2013).  It  is  proposed  that  variance  between  individuals  in  FA  is 
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 related  to  maternal  health  and  well-being,  with  morbidity  potentially  impacted  by  her  own 

 maternally-mediated  developmental  experience,  in  addition  to  environmental  stress-load; 

 FA  could  therefore  be  employed  to  explore  maternal  condition  as  well  as  offspring 

 early-life  stress.  Overall,  it  appears  that  maternal  influences  were  highly  beneficial.  This 

 is  significant  as  it  provides  a  counterpoint  to  clinical  interpretations  which  at  times 

 portray  the  physiological  cues  impacting  the  mother-child  nexus  as  largely  deleterious  to 

 offspring  health  and  development  (e.g.,  Barker  2012;  Roseboom  et  al.  2001;  Barker  and 

 Osmond  1986).  This  difference  likely  reflects  disparities  in  the  volume  and  intensity  of 

 stress experienced by past and modern populations. 

	9.3	 	Critical	Periods,	Life-course	Models	and	Adaptive	Perspectives	

 This  section  is  divided  into  two  parts.  Firstly,  different  stages  of  the  life-course  are 

 discussed  to  explore  the  implications  and  origins  of  stress  experienced  at  that  particular 

 time  of  life.  Interactions  between  stressors  operating  at  different  stages  are  also  discussed 

 and  models  employed  to  illustrate  how  it  is  believed  stressors  coalesced  to  shape  the 

 life-course.  In  the  second  part,  themes  such  as  the  adaptive  significance  of  phenotypic 

 plasticity and life-course trade-offs are discussed along with evolutionary theory. 

	9.3.1	 	A	Model	of	Stress	

 It  has  been  found  that  certain  stress  markers  can  be  confidently  associated  with 

 early  life,  childhood/adolescence  and  later-life/maturity.  The  importance  of  each  of  these 

 stages  is  evaluated  and,  for  childhood  and  later-life,  the  factors  potentially  underlying 

 stress  are  explored  (refer  to  Section  9.2.2.2  for  a  discussion  of  maternal  status  as  a  source 

 of  early-life  stress).  The  consequences  of  stress  experienced  at  different  stages  is 

 discussed as are the interactions of experiences occurring over the life-course. 
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	9.3.1.1	 	Early	Life	

 It  has  been  proposed  that  stress-induced  early-life  alterations  to  physiological 

 phenotype  impact  morbidity  (Lu  et  al.  2019:  252;  Gowland  2015:  533;  McDade  2012: 

 17286;  Monaghan  2007:  1637).  As  higher  M1  scores  were  seen  among  individuals  𝑎 
 𝑝 

 with  markers  of  inflammation  and  infection  (Figure  9.5),  the  results  of  this  project  are 

 congruent  with  this  hypothesis.  Although  elevated  FA  and  inflammatory/infectious 

 lesions  could  result  from  the  same  underlying  frailty,  previous  research  suggests  a  causal 

 relationship  and  that  morbidity  is  embedded  in  early-life  experience  (e.g.,  Roseboom  et 

 al.  2001;  Lopuhaa  et  al.  2000;  Ravelli  et  al.  1998;  Barker  and  Osmond  1987).  Similarly, 

 while  the  higher  M1  scores  among  individuals  with  bilateral  and  active  PNBF  as  well  𝑎 
 𝑝 

 as  active  CO  could  be  influenced  by  the  generally  higher  prevalence  of  these  lesion 

 characteristics  and  FA  among  immature  skeletons  (Table  9.1-9.2),  the  association  may  be 

 indicative  of  early-life  stress  diminishing  the  physiological  capacity  to  recover  from 

 subsequent  perturbations.  If  this  were  the  case,  the  higher  prevalence  of  active  lesions  in 

 the  immature  cohort  could  implicate  early-life  stress  and  its  effect  on  resilience  in 

 reduced  survivorship.  Whilst  acknowledging  the  logical  pitfalls  associated  with  proposing 

 causality  because  one  event  precedes  another,  past  research  does  support  the  latter 

 interpretation  (e.g.,  Tan  et  al.  2021;  O’Donnell  and  Moes  2020).  In  sum,  it  is  conjectured 

 that  elevated  early-life  stress  increased  morbidity,  specifically  a  susceptibility  to 

 inflammatory  conditions  and  infection,  as  well  as  possibly  impairing  recovery,  raising 

 mortality  risk  and  reducing  an  individual’s  chances  of  surviving  into  maturity.  Increased 

 mortality  due  to  a  vulnerability  to  inflammatory  conditions  would  also  align  well  with  the 

 finding  that  the  interaction  of  PNBF  and  PD  predicted  a  significantly  reduced  length  of 

 life in the mature cohort (Section 8.4.1.1). 
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 Figure  9.5  A  comparison  of  M  1  (a)  and  M  1  scores  (b)  between  individuals  with  unilateral  (1)  and  𝑎 
 𝑝 

 bilaterally  (2)  distributed  PNBF  (a-b)  Although  a  coarse  proxy  for  infection,  bilateral  PNBF  evidences  a 
 systemic  inflammatory  response  which  can  be  caused  by  infectious  pathogens.  The  higher  FA  among  the 
 group with bilateral PNBF therefore suggests a link between early-life stress and infection. 

 Maturity  PNBF Unilateral (CPR)  PNBF Bilateral (CPR)  Total 
 Mature  9 (31.0%)  20 (69.0%)  29 

 Immature  3 (17.6%)  14 (82.4%)  17 
 Table 9.1 A tabular comparison of the frequency of skeletally mature and immature individuals with PNBF 
 that have unilateral and bilateral lesions. 

 Maturity  Healed PNBF (CPR)  Active/Mixed (CPR)  Total 
 Mature  15 (48.4%)  16 (51.6%)  31 

 Immature  3 (12.0%)  22 (88.0%)  25 
 Table 9.2 A tabular comparison of the frequency of skeletally mature and immature individuals with PNBF 
 that have active/mixed lesions compared to healed. 

 Even  if  the  pathological  pathways  are  speculative,  the  finding  that  there  were 

 significant  differences  with  moderate-to-strong  effect  size  in  M  1  (  t  =5.202,  df=128.4, 

 p=<0.001)  and  M  1  scores  (  t  =3.159,  df=136.1,  p=0.002)  between  skeletally  immature  𝑎 
 𝑝 

 and  mature  groups  supports  the  supposition  that  early-life  stress  affected  survival  into 

 maturity  and  is  well-corroborated  by  past  findings.  In  archaeological  populations,  for 

 instance,  individuals  with  LEH  on  deciduous  and  early-forming  permanent  dentition  (i.e., 

 teeth  that  develop  prenatally  and  in  early-postnatal  life)  often  have  significantly  shorter 

 lives  than  those  without  (e.g.,  Temple  2014:  541;  Armelagos  et  al.  2009;  Blakey  and 

 Armelagos  1985:  376),  while  clinical  studies  have  linked  severe  in  utero  stress  with 
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 higher  adulthood  mortality  risk  (e.g.,  Roseboom  et  al.  2001:  95;  Barker  and  Osmond 

 1986:  1077-1079).  However,  it  is  unlikely  that  early-life  stress  operated  independently  in 

 defining  mortality  risk;  a  one-unit  increase  in  scaled  M  1  scores  as  well  as  matched  𝑎 
 𝑝 

 LEH  presence  was  associated  with  a  34.8%  (95%  CI  [17.9,  48.2])  reduction  in  length  of 

 life  for  immature  individuals.  It  can  therefore  be  inferred  that  stresses  experienced 

 throughout  development  accumulated  to  define  mortality  risk,  though  it  is  possible  that 

 early-life  experience  initiated  a  “chain  of  risk”  in  which  experiences  were  linked  and 

 exposure  to  one  raised  the  probability  of  others  (Kuh  et  al.  2003:  779;  Riley  1989;  Rutter 

 1989)  (Figure  9.6).  Given  that  site  and  sex  were  predictors  of  matched  LEH  presence  it  is 

 probable  that  site-specific  factors  and  sex  differentials  in  frailty  modified  the  extent  to 

 which  later  stressors  built  upon  earlier  deleterious  influences,  however  (DeWitte  2010; 

 Kuh  et al.  2003: 779; Riley 1989; Stinson 1985). 

 Figure  9.6  The  hypothesised  connections  between  stressors  and  mortality  during  immaturity.  The  proxies 
 employed  in  analyses  are  given  in  brackets.  Modifying  factors  are  also  highlighted  (blue  text  in  clear  cells). 
 Statistically  significant  relationships  are  indicated  by  solid  lines;  dashed  lines  show  connections  not  tested 
 through  inferential  methods,  but  suggested  through  descriptive  statistics  and  past  research.  The  latter  are  the 
 pathways through which it is suspected early-life stress influences mortality  . 
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 Despite  the  aforementioned  associations  with  morbidity  and  mortality  in 

 childhood  and  later-life,  it  is  believed  that  early-life  stress  also  promoted  immediate 

 survival.  The  significant  positive  correlations  between  M  1  (  F  (1,70)=7.455,  p=0.008, 

 R  2  =0.08)  and  M  1  scores  (  F  (1,66)=4.391,  p=0.040,  R  2  =0.05)  and  age-at-death  estimates  𝑎 
 𝑝 

 in  the  immature  cohort  may  evidence  this.  To  illustrate,  a  one-unit  increase  in  scaled  M  1 

 and  M  1  scores  was  associated  with  a  19.5%  (95%  CI  [4.9,  36.1])  and  12.1%  (95%  CI  𝑎 
 𝑝 

 [0.6,  24.9])  increase  in  length  of  life  respectively.  Even  though  the  nature  of  the  changes 

 provoked  by  early-life  stimuli  which  aided  survival  can  only  be  conjectured  from 

 osteological  remains,  clinical  data  suggests  that  adaptations  to  physiological  phenotype 

 which  increase  susceptibility  to  later-life  disease  do  in  fact  initially  promote  beneficial 

 responses  to  health  insults.  It  has  been  found  that  an  aggressive  inflammatory  response  to 

 pathogen  infection  helps  to  contain  the  spread  of  disease,  despite  being  associated  with 

 later  increases  in  morbidity  and  mortality  related  to  hyperinflammation  (such  as  a  higher 

 risk  of  cardiovascular  disease)  (e.g.,  Tan  et  al.  2021;  Gustine  and  Jones  2021;  Oishi  and 

 Manabe  2018;  Zietek  and  Rath  2016).  This  suggests  that  early  life  was  critical  in  cueing 

 adaptations  to  phenotype  that,  though  associated  with  changes  in  later-life  frailty  and 

 resilience  which  impacted  mortality,  were  conducive  to  short-term  survival  (the  theme  of 

 trade-offs  is  explored  further  in  Section  9.3.2.1).  In  sum,  the  data  suggests  that  stress 

 experience during early life was exceptionally important in shaping life-course outcomes. 

	9.3.1.2	 	Childhood	and	Adolescence	

 Childhood  was  a  time  of  increased  vulnerability.  The  rise  in  matched  LEH 

 frequency  after  approximately  the  second  year  of  life  infers  an  escalation  in  the  number  of 

 stress  episodes  experienced.  This  was  likely  a  result  of  weaning  and  the  concomitant 

 cessation  of  direct  nutritional  and  immunological  support  from  mothers  and  intensified 
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 exposure  of  offspring  to  sociocultural  or  environmental  stressors  (Stantis  et  al.  2020; 

 Beaumont  et  al.  2015;  Henderson  et  al.  2014;  Sandberg  et  al.  2014;  Haydock  et  al.  2013). 

 It  seems  reasonable  to  assume  that  increased  stress  exposure  also  led  to  elevated  mortality 

 risk.  This  is  corroborated  by  historical  records  which,  although  charting  a  declining  trend 

 by  the  19  th  century,  indicate  that  in  industrialising  England  circa  25%  of  individuals  died 

 before  their  fifth  year  (Newton  2015:  218;  Pozzi  and  Ramiro  Fariñas  2015:  55;  Vallin 

 1991).  Risk  likely  diminished  in  later  childhood,  after  approximately  the  fifth  or  sixth 

 year  of  life,  when  the  frequency  of  matched  LEH  also  declines,  due  to  the  gradual 

 maturation of the immune system throughout this period (Simon  et al.  2015). 

 Aside  from  increased  vulnerability,  childhood  is  associated  with  high  phenotypic 

 plasticity  (Gowland  2015:  530;  Barker  2012:  186),  and  proxies  for  childhood  stress  can 

 therefore  be  linked  with  later-life  outcomes.  Specifically,  even  though  a  great  deal  of 

 variation  in  mature  long  bone  lengths  was  explained  by  sex,  significant  negative 

 correlations  were  observed  with  matched  LEH  presence  in  the  largest  long  bones  (i.e.,  the 

 femur,  tibia,  fibula  and  humerus).  For  example,  matched  LEH  presence  predicted  an 

 estimated  reduction  in  humeral  length  by  19.5  mm  (95%  CI  [8.7,  30.7]).  It  is  therefore 

 speculated  that  the  adverse  childhood  experiences  causing  the  formation  of 

 chronologically  matched  LEH  also  reduced  skeletal  growth  (Figure  9.7).  However,  it  was 

 found  that  in  addition  to  age,  M  1  scores  (χ²=184.96,  p=<0.001,  R²=0.91)  were  𝑎 
 𝑝 

 significant  predictors  of  skeletal  maturity.  With  coefficients  inferring  higher  scores  were 

 associated  with  the  immature  cohort,  it  was  hypothesised  that  early-life  stress  was 

 implicated  in  developmental  delays.  It  is  possible  that  maturation  was  delayed  due  to 

 health  insults  in  adolescence,  susceptibility  to  which  was  influenced  by  early-life  stress 

 and  its  association  with  increased  frailty  and  decreased  resilience.  Alternatively,  delays 

 may  have  been  programmed  to  allow  immature  individuals  more  time  to  both  grow  and 
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 accrue  the  somatic  resources  necessary  to  successfully  achieve  maturation.  Whichever  is 

 the  case  (these  themes  are  explored  further  in  Section  9.4),  it  suggests  that  childhood  and 

 adolescent  growth  and  development  was  to  a  greater  or  lesser  extent  intertwined  with 

 maternally mediated early-life experiences. 

 Figure  9.7  Although  regression  models  did  not  indicate  that  sex,  site  and  matched  LEH  presence  interacted 
 to  impacted  long  bone  growth,  as  matched  LEH  presence  was  predicted  by  sex  and  site,  it  is  believed  that 
 innate  sex  differentials  in  vulnerability  had  the  capacity  to  mediate  sociocultural/environmental  stressors 
 (DeWitte  2010;  Kuh  et  al.  2003:  779;  Rutter  1989;  Stinson  1985).  Meanwhile,  with  M1  scores  predicting  𝑎 

 𝑝 
 whether  individuals  had  attained  skeletal  maturity  or  not,  it  seems  likely  that  maternally-mediated  early-life 
 stress  influenced  developmental  tempo  with  delays  potentially  creating  greater  opportunities  for  catch-up 
 growth to occur and somatic resources to be accumulated. 

 It  has  been  hypothesised  that  the  leading  causes  of  childhood  stress  in  the  past 

 included  metabolic  stress  linked  to  malnutrition/undernutrition  (e.g.,  Newman  2016:  16; 

 Geber  and  Murphy  2012;  Horrell  and  Oxley  2012)  and  infection  (e.g.,  Hayward  et  al. 

 2016;  Crimmins  and  Finch  2006;  Finch  and  Crimmins  2004).  As  CO  was  common 

 amongst  immature  skeletons  (CPR=75.0%),  metabolic  stress  appears  to  have  been  a 

 widespread  problem  for  younger  and  skeletally  immature  individuals.  However,  the 
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 perception  that  dietary  deficiency  was  relegated  to  or  most  keenly  felt  by  the  young  is 

 likely  influenced  by  differentials  in  the  responsiveness  of  bone  to  metabolic  stressors 

 (Brickley  2018:  898-899;  Walker  et  al.  2009:  111).  So,  although  an  odds  ratio  of  0.17 

 (95%  CI  [0.08,  0.35])  demonstrated  that  there  were  significantly  fewer  mature  skeletons 

 with  CO  (CPR=34.8%),  this  may  only  reflect  the  fact  that  older  skeletons  were  less  likely 

 to  manifest  the  osteological  signs  of  metabolic  stress.  Similarly,  a  reduction  in 

 requirements  for  energetic/metabolic  resources  once  growth  and  development  have  been 

 completed  may  account  for  the  lower  rate  of  active/mixed  lesions  in  mature 

 (CPR=12.5%)  compared  to  immature  skeletons  (CPR=36.8%)  (Brickley  and  Mays  2019: 

 532;  Newman  2016:  110-111;  Ortner  2003:  386-387).  In  sum,  although  poor  dietary 

 provisioning  likely  did  contribute  to  metabolic  disease,  with  the  evidence  at  hand  it  is  not 

 possible to say that malnutrition/undernutrition was predominantly a childhood affliction. 

 In  contrast,  there  is  better  evidence  to  support  the  hypothesis  that  infection  was  a 

 greater  risk  during  childhood  and  adolescence  (Hayward  et  al.  2016;  Crimmins  and  Finch 

 2006;  Finch  and  Crimmins  2004).  While  specific  diagnoses  were  generally  rare 

 (CPR=3.8%),  six  of  the  eight  individuals  for  whom  a  particular  infection  could  be 

 identified  were  skeletally  immature.  Although  all  these  individuals  were  associated  with 

 age  estimates  indicating  they  likely  died  in  their  mid-to-late  teens,  given  the  time 

 diagnostic  lesions  take  to  form  (Roberts  and  Buikstra  2019:  368;  Roffey  2012:  216; 

 Ortner  2003:  264;  Boldsen  2001:  380;  Andersen  and  Manchester  1992:  122),  their  initial 

 experience  of  disease  may  have  been  much  earlier  in  life  (i.e.,  in  childhood).  Furthermore, 

 although  a  coarse  proxy  for  infection  (Roberts  2019;  Roberts  and  Buikstra  2019;  Steckel 

 et  al.  2019:  418;  DeWitte  and  Wood  2008:  1439;  Weston  2008),  bilateral  PNBF  was  more 

 common  among  the  subset  of  immature  individuals  with  lesions  (CPR=82.3%)  than 

 mature  skeletons  with  PNBF  (CPR=69.0%).  There  was  also  a  higher  rate  of  active/mixed 
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 lesions  among  immature  skeletons  with  PNBF  (CPR=88.0%)  compared  to  mature 

 individuals  (CPR=51.6%)  and  it  was  found  that  age  was  a  significant  predictor  of  lesion 

 healing  (χ²=9.997,  p=0.002,  R  2  =0.14)  with  older  individuals  more  likely  to  have  healed 

 lesions.  Although  not  conclusive,  this  data  supports  the  theory  that  childhood  and 

 adolescent  mortality  and  morbidity  were  impacted  by  infection  (Hayward  et  al.  2016; 

 Crimmins and Finch 2006; Finch and Crimmins 2004). 

	9.3.1.3	 	Maturity	and	Later-life	

 Thus  far  it  has  been  posited  that  early-life  and  childhood  stress  contributed  to  a 

 range  of  life-course  outcomes  that  persisted  into  or  affected  individuals  even  after  skeletal 

 maturity  had  been  attained  (e.g.,  susceptibility  to  infection,  final  growth,  etc).  Previous 

 research  has  also  demonstrated  that  even  in  past  populations  where  adult  life-ways  could 

 be  exceptionally  onerous,  links  can  still  often  be  found  between  formative  experiences 

 and  outcomes  that  are  seemingly  disconnected  (e.g.,  Wilson  2014).  This  is  not  always 

 apparent,  however.  Most  notably,  it  was  found  that  while  the  early-life  and  childhood 

 experiences  of  individuals  from  South  Shields  appear  to  have  been  relatively  stable  (e.g., 

 LEH  prevalence  rates  were  low),  the  sample  exhibited  signs  of  chronic,  later-life  disease 

 (e.g.,  the  highest  rates  of  moderate-to-severe  PD)  .  It  was  suggested  that  the  discrepancy 

 between  stress  experience  at  different  life-course  stages  was  the  result  of  a  relatively 

 well-buffered  childhood  followed  by  a  harmful  later-life  environment  (Section  9.2.1.2). 

 Comparable  results  have  been  reported  elsewhere.  For  example,  historic  American 

 military  samples  have  shown  higher  prevalence  rates  for  activity-related  osteological 

 modifications  and  younger  average  age-at-death  compared  to  non-military  groups,  but 

 generally  less  evidence  of  early-life/childhood  stress  –  i.e.,  recruits  selected  for  their 

 robusticity  had  their  health  diminished  and  life  expectancy  shortened  (Sledzik  and 

 Sandberg  2002:  185-207).  Although  these  examples  may  promote  an  “adult  lifestyle” 

 289 



 model  of  health,  they  suggest  that  early-life  and  childhood  experience  exercised  a 

 variable  pressure  in  past  lives  (Giele  and  Elder  2013:  5;  Macmillan  2005:  8;  Laub  and 

 Sampson 2003). 

 As  the  combined  presence  of  inflammatory  lesions  (i.e.,  PNBF  and  PD)  in  mature 

 skeletons  predicted  a  49.7%  (95%  CI  [23.1,  67.1])  reduction  in  estimated  length  of  life,  it 

 is  inferred  that  later-life  physiology  was  generally  important  in  defining  mortality  risk  for 

 older  individuals  (Figure  9.8).  This  is  consistent  with  clinical  research  which  has 

 proposed  localised  and  non-fatal  inflammatory  lesions  such  as  PD  as  well  as  chronic  and 

 potentially  fatal  metabolic  conditions  like  cardiovascular  disease  are  symptomatic  of  a 

 pathological  physiology  (Rachlani  et  al.  2017;  Lockhart  et  al.  2012;  Andriankaja  et  al. 

 2010).  A  plethora  of  factors  have  been  implicated  in  the  development  of  such  a 

 physiological  phenotype.  For  example,  diets  high  in  sugar  and  fats  as  well  as  exposure  to 

 environmental  pollutants  are  risk  factors  (Rachlani  et  al.  2017;  Lockhart  et  al.  2012; 

 Andriankaja  et  al.  2010).  This  may  explain  why  the  prevalence  of  PD  was  so  high  at 

 post-medieval  South  Shields  (CPR=51.5%).  During  the  post-medieval  period,  sugar 

 consumption  increased  by  83%  between  1814-1832  (Newman  2016:  60;  Gaskell  1836: 

 118-119)  and,  with  the  proliferation  of  factories  and  evermore  readily  tobacco,  exposure 

 to  respiratory  toxins  became  more  frequent.  Gaskell  (1836),  for  instance,  reports  that  the 

 air  in  industrial  centres  was  “injurious  in  a  very  marked  way”  and  that  “tobacco  is  very 

 largely  consumed  by  male  and  female  labourers  indiscriminately”.  As  South  Shields  was 

 overshadowed  by  a  “dense  atmosphere  of  smoke”  and  osteological  reports  have  identified 

 skeletons  with  pipe-smoking  notches  (  Eastlake  2013:  49;  Raynor  et  al.  2011:  55;  Report 

 of  the  Commissioners  1845:  185),  these  problems  certainly  affected  the  town.  Thus,  the 

 causes  of  stress  experienced  by  skeletally  mature  individuals  are  likely  in  many  cases  to 

 have been influenced by contextually specific factors. 
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 Figure  9.8  The  hypothesised  life-course  model  employed  to  explain  mortality  risk  in  the  skeletally  mature 
 cohort.  The  proxies  employed  are  given  in  brackets.  Modifying  factors  are  also  highlighted  (blue  text  in 
 clear  cells).  Statistically  significant  relationships  are  indicated  by  solid  lines;  dashed  lines  show  connections 
 not tested through inferential methods, but suggested through descriptive statistics and past research. 

 Contextually  specific  influences  were  not,  however,  the  only  factors  to  impact 

 later-life  morbidity  and  mortality.  Given  that  previous  investigations  have  established  that 

 many  skeletons  in  the  assemblages  studied  showed  signs  of  degenerative  joint  disease 

 (Chapter  5),  it  seems  highly  likely  that  adult  activity  and  occupation  affected  later-life 

 morbidity  and  well-being  in  past  populations  generally  (e.g.,  Mahoney  Swales  2019; 

 Raynor  et  al.  2011;  McIntyre  n.d.).  Moreover,  sex  influenced  outcomes  in  maturity.  Even 

 though  alterations  to  physiological  phenotype  have  been  linked  to  early-life  stress  here 

 and  in  past  research  (Crespo  et  al.  2021:  78;  Crespo  et  al.  2016;  DeWitte  2014b;  Barker 

 2012;  Lockhart  et  al.  2012;  Andriankaja  et  al.  2010),  as  males  have  been  found  to  be 

 more  vulnerable  to  inflammatory  responses  (Roberts  and  Buikstra  2019:  364;  Lockhart  et 

 al.  2012:  2524;  Andriankaja  et  al.  2010:  255;  Shiau  and  Reynolds  2010),  sex  differentials 

 in  frailty  likely  contributed  to  risk  (DeWitte  2010;  Stinson  1985).  Male  frailty  may 

 explain  why  sex  was  a  significant  predictor  of  age-at-death  among  skeletally  mature 

 individuals  with  males  estimated  to  have  lives  23.2%  (95%  CI  [9.9,  34.6])  shorter  than 

 females.  Previous  studies  have,  however,  also  inferred  age-specific  risks  among  females, 

 speculating  that  these  are  associated  with  pregnancy.  That  is,  at  South  Shields  there  was  a 

 291 



 higher-than-expected  frequency  of  deaths  among  young  adult  females  while  in  the  York 

 Barbican  assemblage  there  is  a  young  female  who  appears  to  have  died  around  the  time  of 

 childbirth  (Section  5.5.2)  (  Raynor  et  al.  2011:  44-46;  McIntyre  n.d.:  78;  Bruce  2003:  53). 

 Overall,  as  social  categorisations  of  sex  could  also  have  influenced,  inter  alia  ,  occupation, 

 access  to  education  and  resources  (Stewart  2011:  481-482;  Sledzik  and  Sandberg  2002; 

 Van  Staa  et  al.  2001:  517-522;  Cockburn  1991),  it  seems  reasonable  to  propose  that  sex 

 became  more  important  to  life-course  experiences  and  outcomes  after  maturity  was 

 attained. 

 It  should  not,  however,  be  forgotten  that  mortality  could  have  been  related  to  less 

 predictable  circumstances.  Although  the  surrounding  events  are  impossible  to  reconstruct, 

 among  the  Black  Gate  and  York  Barbican  assemblages  there  were  skeletons  with 

 evidence  of  peri-mortem  sharp  force  trauma  and  it  has  been  speculated  that  their  deaths 

 resulted  from  intentional  violence  (Nolan  et  al.  2010:  251-252;  McIntyre  n.d.:  32)  (Figure 

 9.9).  The  fact  that  similar  trauma  was  not  more  common  indicates  that  violence  was  likely 

 not  a  widespread  societal  problem  and  that  these  individuals  were  possibly  the  victims  of 

 actions unrelated to broader contextual trends. 

 Figure  9.9  An  image  from  the  medieval  Topographia  Hibernica  (available  at: 
 http://irisharchaeology.ie/2015/11/a-violent-death-in-early-medieval-meath/  )  depicting  a  fatal  attack  (a)  and 
 the  osteological  evidence  of  such  an  act  (b)  (Fiorato  et  al.  2000).  Although  analyses  do  not  suggest 
 violence  was  common,  for  some  individuals  it  was  more  significant  than  subtle  forces  acting  over  the 
 life-course. 
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	9.3.1.4	 	Summary	

 Initially,  the  effects  of  stress  at  different  stages  of  the  life-course  were  explored 

 and,  where  not  discussed  previously,  the  origins  of  stress  were  hypothesised.  From  this  it 

 emerged  that  early-life  experience  was  likely  critical  in  influencing  survival  beyond  an 

 individual’s  formative  years  and  into  physical  maturity  as  well  as  later-life  frailty  and 

 resilience.  Meanwhile,  stresses  during  childhood  seemingly  either  constrained  or 

 programmed  reduced  somatic  growth.  Although  discerning  the  underlying  causes  of 

 stress  was  challenging,  it  is  suggested  that  differences  in  early-life  stress  could  be  related 

 to  nutritional  deficiency  and  variance  in  maternal  health  while  episodes  of  infection 

 contributed  to  childhood  adversity  (e.g.,  Hayward  et  al.  2016;  Hales  and  Barker  2013; 

 Gluckman  et  al.  2010;  Gluckman  et  al.  2007;  Crimmins  and  Finch  2006;  Finch  and 

 Crimmins  2004;  Bateson  et  al.  2004).  Mortality  among  skeletally  mature  individuals  was 

 impacted  by  unique  environmental  factors  as  well  as  sex  and  the  association  of 

 inflammatory  lesions  with  reduced  length  of  life  is  in  line  with  the  supposition  that 

 physiological  phenotype  affects  later-life  morbidity.  By  considering  connections  between 

 life-course  phases  it  was  possible  to  discern  how  entangled  they  were.  Although  it  cannot 

 be  implied  that  distant  events  were  at  the  root  of  all  outcomes,  it  appears  that  stressors 

 experienced  during  periods  of  heightened  phenotypic  plasticity  (i.e.,  early-life  and 

 childhood)  can  initiate  a  chain  of  risk  in  which  harmful  influences  accumulate  to  shape 

 outcomes  in  growth  and  development  as  well  as  health  and  longevity  (Cheverko  2021: 

 61;  Giele  and  Elder  2013:10;  Davey  Smith  2011;  Kuh  et  al.  2003:  779;  Sledzik  and 

 Sandberg 2002; Shanahan 2000: 670-671; Rutter 1989). 
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	9.3.2	 	Adaptive	Perspectives	on	Stress	and	Plasticity	

 In  the  previous  section  it  was  suggested  that  stressors  experienced  at  particular 

 stages  of  the  life-course  had  programmed  outcomes,  some  of  which  could  be  considered 

 positive  (to  an  extent)  while  others  were  negative.  This  section  reviews  these  inferences 

 to  more  directly  address  the  subjects  of  phenotypic  plasticity,  life-course  trade-offs  and 

 adaptive significance. 

	9.3.2.1	 	The	Thrifty	Phenotype:	Short-term	Bene�its	and	Later	Trade-offs	

 Elevated  maternally-mediated  early-life  stress  negatively  impacted  development 

 and  length  of  life.  The  significantly  higher  M  1  (  t  =5.202,  df=128.4,  p=<0.001)  and  M  1  𝑎 
 𝑝 

 scores  (  t  =3.159,  df=136.1,  p=0.002)  among  the  skeletally  immature  group  intimates  that 

 early-life  stress  shortened  the  life-course.  Given  this  finding,  it  may  be  wondered  how 

 stress  experienced  during  periods  of  phenotypic  plasticity  may  confer  adaptive 

 advantages.  Such  a  position  becomes  tenable,  however,  when  the  relationship  between 

 length  of  life  and  M1  FA  is  considered  in  the  immature  cohort.  Within  this  group,  there 

 was  a  significant  (although  modest)  positive  correlation  between  scores  and  𝑎 
 𝑝 

 age-at-death  estimates.  That  is,  the  regression  of  age  on  M  1  and  M  1  scores  produced 

 coefficients  of  0.178  and  0.114  respectively  which,  when  exponentiated,  inferred  that  a 

 one-unit  increase  in  scaled  scores  predicted  an  estimated  19.5%  (95%  CI  [4.9,  36.1])  𝑎 
 𝑝 

 and  12.1%  (95%  CI  [0.6,  24.9])  increase  in  length  of  life.  Although  the  broad  CIs  of  these 

 estimates  and  low  R²  values  associated  with  the  regressions  (Section  8.4.1.2)  encourages 

 a  cautious  interpretation,  among  “non-survivors”  it  seems  that  stress  experienced  in  early 

 life  was  linked  to  adaptations  that  enhanced  chances  of  survival  in  the  short-term  but 

 decreased  it  long-term.  Due  to  the  associations  between  higher  M1  scores  and  𝑎 
 𝑝 

 inflammatory  lesions  (i.e.,  active  and  bilateral  PNBF),  it  was  cautiously  hypothesised  that 
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 these  adaptations  involved  the  programming  of  a  highly  active  (potentially  aggressive) 

 physiological  phenotype  (Section  9.3.1.1).  This  is  consistent  with  the  Thrifty  Phenotype 

 Hypothesis  which  proposes  adaptations  during  periods  of  plasticity  maximise  the  chances 

 of  immediate  survival  at  the  expense  of  trade-offs  in  later-life  morbidity  and  mortality 

 (Hales and Barker 2013; Armelagos  et al.  2009; Hales  and Barker 2001). 

 It  was  also  noted  that  some  individuals  experienced  delays  in  pubertal 

 development,  and  it  is  believed  that  early-life  experience  influenced  physical  maturation. 

 SK  268  from  Black  Gate,  for  example,  despite  being  dentally  mature  (i.e.,  M3s  were  fully 

 formed  and  in  occlusion)  and  possessing  an  ADBOU  age  estimate  suggesting  they  were 

 in  their  early  twenties,  was  thought  to  only  be  in  Stage  3  of  puberty  inferring  they  had  not 

 yet  achieved  sexual  maturation  (Lewis  et  al.  2016:  51;  Shapland  and  Lewis  2013).  Other 

 aspects  of  their  development  also  appear  to  have  been  slowed.  For  instance,  although 

 senescent  changes  in  the  pelvis  were  present  (i.e.,  exostoses  on  the  ilium),  SK  268’s  distal 

 ulnar  and  humeral  epiphyses  as  well  as  iliac  crest  were  unfused  (these  would  generally 

 fuse  during  adolescence)  (Schaefer  et  al.  2009;  Scheuer  and  Black  2000).  Given  SK  268’s 

 higher-than-average  M1  FA,  delays  could  be  related  to  early-life  experience  (Section 

 8.4.2.2).  Although  age  and  pubertal  stage  estimates  are  subject  to  error  and  individual 

 case  studies  should  be  treated  cautiously,  binary  logistic  regression  demonstrated  that,  in 

 addition  to  age,  M  1  scores  (χ²=184.96,  p=<0.001,  R²=0.91)  were  significant  predictors  𝑎 
 𝑝 

 of  skeletal  maturity  within  the  sample,  adding  weight  to  the  hypothesis  of  stress-related 

 delays.  Despite  negative  connotations,  it  can  however  be  argued  that  developmental 

 delays  are  not  entirely  disadvantageous.  Although  stalled  sexual  maturation  could  have 

 impacted  reproductive  life-histories,  delays  in  epiphyseal  fusion  may  have  provided  extra 

 time  for  catch-up  growth  to  compensate  for  deficits  or  allowed  individuals  the 

 opportunity  to  accrue  sufficient  somatic  resources  to  pass  through  the  physiologically 
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 demanding  and  stressful  process  of  maturation  (Kralick  and  McGrath  2021;  Pittet  et  al. 

 2017;  Agarwal  2016:  134;  Ellison  and  Reiches  2012:  90;  Fujita  et  al.  2012;  Hinde  2009; 

 Kinoshita  et  al.  2003:  110;  Tanner  and  Whitehouse  1980).  Although  speculative,  this 

 again  implicates  stress  in  the  catalysation  or  programming  of  short-term  benefits  (i.e., 

 longer  growth  period)  at  the  expense  of  later  trade-offs  (i.e.,  shortened  reproductive 

 period). 

 Broadly,  this  supposition  is  supported  by  the  finding  that  the  lengths  of  several 

 skeletal  elements  (the  femur,  tibia  and  humerus)  were  negatively  correlated  with  matched 

 LEH  presence.  As  matched  LEH  act  as  a  proxy  for  a  stress  event  rather  than  a  prolonged 

 exposure  (Hassett  2012:  560-561;  Temple  et  al.  2012:  1639;  Temple  2007;  Hillson  2005: 

 169)  (Section  6.3.1),  it  seems  plausible  to  suggest  that  the  association  between  childhood 

 stress  and  persistent  growth  deficits  may  not  be  indicative  of  the  same  underlying  harmful 

 experience.  Furthermore,  if  the  presence  of  matched  LEH  and  reduced  skeletal 

 dimensions  were  the  consequence  of  a  continuous  stress  exposure  preventing  catch-up 

 growth,  then  it  could  be  expected  that  there  would  be  a  similar  relationship  between 

 matched  LEH  presence  and  diaphyseal  lengths,  which  was  not  generally  the  case 

 (matched  LEH  only  predicted  reduced  femoral  diaphyseal  length).  These  findings  could 

 therefore  suggest  that  growth  deficits  associated  with  childhood  stress  are  indicative  of 

 programmed  constraint,  again  aligning  well  with  the  Thrifty  Phenotype  hypothesis  which 

 posits  that  in  poor  environments  growth  is  modulated  to  match  resource  availability 

 (Agarwal  2016:  134;  Barker  and  Lampl  2013:  Barker  2012:  186).  Although  this  inference 

 is  made  tentatively,  similar  results  have  been  found  in  living  populations.  For  instance, 

 anthropometric  comparison  by  Pomeroy  et  al.  (2012)  between  two  genetically  similar 

 groups  exposed  to  substantially  different  levels  of  developmental  stress  found  that  head 

 proportions  showed  the  smallest  size  differences  followed  by  autopod  (i.e.,  hand  and  foot) 
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 dimensions,  while  long  bones  (specifically  the  ulna  and  tibia)  evidenced  the  greatest 

 differences.  Pomeroy  et  al.  (2012),  with  reference  to  the  Thrifty  Phenotype  Hypothesis, 

 proposed  that  a  trade-off  in  constrained  long  bone  growth  had  been  made  to  protect 

 development  in  areas  of  specialist  and  critical  functioning  (i.e.,  the  brain,  hands  and  feet), 

 essentially  prioritising  the  features  most  likely  to  enhance  survival  at  the  expense  of  other 

 later-life outcomes 

	9.3.2.2	 	Alternative	Theories:	PARs	and	Maternal	Capital	

 Although  the  Thrifty  Phenotype  theory  is  a  popular  explanation  of  the  significance 

 of  developmental  plasticity,  others  have  been  expounded.  The  hypothesis  of  Predictive 

 Adaptive  Responses  has,  for  example,  received  considerable  attention.  In  short,  a  PAR  is 

 a  phenotypic  change  that  is  not  immediately  beneficial  and  advantages  are  felt  in  later-life 

 (Gluckman  et  al.  2010:  9;  Gluckman  et  al.  2007:  4;  Wells  2007:  335).  However,  the 

 evidence  produced  by  this  project  strongly  suggests  that  responses  to  early-life  stress 

 were  beneficial  in  the  short-term  and  linked  to  negative  long-term  consequences.  For 

 instance,  although  inflammatory  responses  to  infection  indicate  a  strong  immune 

 response,  it  has  been  suggested  that  early-life  stress  induced  a  shift  towards  a  pathological 

 hyper-inflammatory  phenotype  and  increased  morbidity/mortality  (Crespo  et  al.  2021:  78; 

 Crespo  et  al.  2016;  DeWitte  2014b;  Barker  2012;  Lockhart  et  al.  2012;  Andriankaja  et  al. 

 2010).  Furthermore,  while  it  is  possible  that  the  positive  linear  relationship  between  𝑎 
 𝑝 

 scores  and  age  estimates  among  the  immature  skeletons  indicates  a  predictive  adaptation 

 (Lu  et  al.  2019:  254),  the  significantly  higher  FA  among  the  group  points  compellingly  to 

 the  conclusion  that  phenotypic  adaptations  to  early-life  stress  were  eventually  associated 

 with  unambiguously  negative  later-life  outcomes  (i.e.,  non-survival).  Moreover,  as 

 humans  are  noted  for  manipulating  environments  in  processes  of  construction  and 

 reconstruction  (e.g.,  Prince-Buitenhuys  and  Bartelink  2021;  Wells  2012:  232;  Fuentes  et 
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 al.  2010),  to  the  extent  that  it  has  been  hypothesised  that  such  actions  are  highly 

 conserved  behavioural  characteristics  (Wells  2012:  232;  Fuentes  et  al.  2010),  it  may  be 

 doubted  how  well  later-life  environment  can  be  predicted  and  consequently  the  value  of 

 predictive adaptations (Lu  et al.  2019). 

 The  Maternal  Capital  Model  is  also  an  unlikely  explanation  of  developmental 

 adaptations.  Although  maternal  constraint  in  resource  allocation  could  plausibly  induce  a 

 phenotype  associated  with  short-term  benefits  –  e.g.,  maternal  nutritional  regulation  could 

 enable  greater  accuracy  in  the  matching  of  growth  outcomes  to  resource  availability 

 (Wells  2012:  231;  Wells  2007:  235)  –  the  data  gathered  here  does  not  support  this.  If 

 mothers  were  constraining  offspring  provisioning  to  maximise  their  own  success,  it  would 

 be  expected  that  between-site  differences  in  FA  would  be  commensurate  with  the  stresses 

 operating  in  those  contexts  (i.e.,  in  harsher  environments,  mothers  would  reduce  offspring 

 investment  and  FA  would  increase).  However,  differences  in  M1  FA  between 

 assemblages  were  largely  insignificant,  despite  the  prevalence  of  later  forming  stress 

 markers  inferring  substantial  between-site  disparities  in  stress  experience  (Section  9.2.1). 

 Therefore,  in  conjunction  with  the  evidence  of  maternal  buffering  and  post-weaning 

 increases  in  stress  (Section  9.2.3),  it  is  hypothesised  that  mothers  protected  their  offspring 

 from  environmental  adversity,  rather  than  modulating  resource  allocation  in  response  to 

 it.  However,  to  fully  explore  (and  therefore  exclude)  the  Maternal  Capital  Model,  it  would 

 be  necessary  to  access  data  on  maternal  age,  social  status,  access  to  nutritional  resources, 

 number  and  sex  of  offspring  as  well  as  number  of  previous  births  in  order  to  evaluate  the 

 most  appropriate  investment  strategy  for  individual  mothers  (Pittet  et  al.  2017;  Fujita  et 

 al.  2012; Wells 2012: 231-234; Charnov 1997; Charnov  1991; Trivers and Willard 1973). 
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	9.3.2.3	 	Contradictions	and	Complications:	Cue	or	Stressor?	

 From  the  discussion  so  far,  it  can  be  surmised  that  the  skeletons  with  the  lowest  𝑎 
 𝑝 

 scores  were  either  the  youngest  immature  individuals  or  those  that  had  reached  skeletal 

 maturity.  This  seemingly  odd  occurrence  may  be  accounted  for  by  the  degree  to  which 

 early-life  and  later-life  conditions  matched.  For  example,  if  an  individual  were  to 

 experience  low  environmental  stress  during  development  and  they  continued  to  inhabit  a 

 rich  milieu  throughout  life  (i.e.,  there  was  high  fidelity  between  environments),  then  it 

 would  be  expected  that  the  traces  of  early-life  stress  (e.g.,  M1  FA)  would  be  low  and  that 

 proxies  for  later-life  fitness  (e.g.,  length  of  life)  would  suggest  positive  outcomes  because 

 the  phenotype  programmed  during  development  matched  well  with  the  demands  of  later 

 conditions  (Gluckman  et  al.  2010:  10;  Monaghan  2007:  1638;  Jablonka  et  al.  1995).  This 

 patterning  of  experiences  and  outcomes  is  sometimes  called  the  “silver  spoon”  effect  (Lu 

 et al.  2019: 252; Monaghan 2007: 1638; Stamps 2006). 

 In  contrast,  if  an  individual  experienced  a  later-life  environment  which  was 

 substantially  different  from  their  developmental  one  (i.e.,  there  was  low  fidelity),  then  the 

 match  between  the  phenotype  programmed  during  development  and  later-life 

 environment  would  likely  be  poor  (Gluckman  et  al.  2010:  10;  Monaghan  2007: 

 1637-1638;  Jablonka  et  al.  1995).  This  may  account  for  the  immature  individuals  with 

 low  scores  but  who  died  early  in  childhood  and  also  the  lack  of  a  positive  linear  𝑎 
 𝑝 

 relationship  between  M1  scores  and  age  estimates  among  Warwick’s  immature  𝑎 
 𝑝 

 skeletons.  Warwickshire  was  subjected  to  increasingly  unsustainable  agricultural 

 exploitation  between  the  11-13  th  centuries,  rendering  it  vulnerable  to  natural  disasters  that 

 decimated  human  as  well  as  life-stock  populations  and  devastated  the  area’s  fragile 

 economy  (Slavin  2013;  John  1997:  41;  Proudfoot  1983;  Harley  1958:  18;  Gethin  n.d.). 
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 Given  this  instability,  it  can  be  expected  that  there  was  a  potential  for  very  low  fidelity 

 between  maternal  cues  and  the  environments  inhabited  by  offspring  (Gluckman  et  al. 

 2010:  10;  Jablonka  et  al.  1995).  This  is  consistent  with  clinical  studies  which  have  found 

 that  even  positive  changes  in  circumstances  can  be  associated  with  negative  outcomes. 

 For  example,  when  individuals  endure  an  impoverished  developmental  period  in  which 

 nutritional  shortages  are  common,  metabolic  changes  relating  to  insulin  sensitivity  and 

 body  fat  regulation  occur  that  increase  the  risk  of  diabetes  and  cardiovascular  disease  if 

 later  environments  are  resource  rich  (e.g.,  Hales  and  Barker  2013;  Hales  and  Barker  2001; 

 Roseboom  et al.  2001: 95; Barker and Osmond 1987). 

 In  this  section,  the  term  cue  and  stressor  have  become  collocated  at  points.  It  has 

 been  proposed  that  environmental  stress  cues  phenotypic  adaptations  that  promote 

 success,  with  the  data  from  this  and  other  projects  suggesting  that  short-term  survival  is 

 prioritised  (e.g.,  DeWitte  2014b;  Temple  2014;  Roseboom  et  al.  2001:  95;  Barker  and 

 Osmond  1987).  Thus,  the  stimuli  that  impact  the  mother-child  nexus  both  contain 

 information  on  and  are  a  product  of  environmental  stressors.  However,  cues  that  catalyse 

 changes  maximising  the  chances  of  short-term  survival  may  result  in  a  phenotype  that  is 

 suboptimal  in  later-life.  Essentially,  phenotypic  alterations  cued  by  stress  make  the  “best 

 of  a  bad  job”  and  it  is  not  expected  that  the  costs  of  experiencing  adversity  can  be 

 completely  offset  (Lu  et  al.  2019:  252;  Monaghan  2007:  1637).  It  is  also  likely  that  the 

 magnitude  of  stress  experienced  was  important  in  determining  how  beneficial  cues  were. 

 To  elaborate,  although  higher  M1  scores  were  correlated  positively  with  length  of  life  𝑎 
 𝑝 

 in  the  immature  cohort,  the  negative  coefficient  of  the  interaction  in  the  regression  model 

 between  M  1  scores  and  matched  LEH  predicted  a  34.8%  (95%  CI  [17.9,  48.2])  reduction 

 in  length  of  life  with  a  one-unit  increase  in  scaled  scores  and  the  presence  of  matched  𝑎 
 𝑝 

 LEH.  Consequently,  while  the  terms  cue  and  stressor  may  be  interchangeable  to  an  extent, 
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 the  volume  and  intensity  of  experience  was  likely  key  in  defining  the  exact  impact  of 

 stressors (Gowland 2015: 533; Richardson  et al.  2014). 

	9.3.2.4	 	Summary	

 The  association  of  elevated  FA  with  later  age-at-death  estimates  in  skeletally 

 immature  individuals  suggests  that  stressors  experienced  during  early  life  catalysed 

 adaptations  which  enhanced  chances  of  short-term  survival.  Immediate  benefits  seem  to 

 have  come  at  the  expense  of  long-term  trade-offs,  however.  The  significantly  higher  FA 

 among  immature  skeletons  infers  that  heightened  early-stress  likely  delayed  somatic 

 development  and  eventually  contributed  to  earlier  age-at-death.  The  association  of  higher 

 FA  with  inflammatory  lesions,  indicators  of  chronic  disease  and  active  pathological 

 lesions  also  suggests  the  programming  of  a  hyper-inflammatory  physiology  which, 

 despite  initial  benefits,  was  associated  with  increased  morbidity  and  mortality  risk.  The 

 connection  between  matched  LEH  presence  and  reduced  long  bone  lengths  is  also 

 consistent  with  the  theory  that  developmental  stress  contributed  to  programming 

 developmental  tempo  and  growth  profiles.  Overall,  results  support  the  Thrifty  Phenotype 

 Hypothesis  as  an  explanation  for  the  evolutionary  significance  of  phenotypic  plasticity, 

 however,  given  the  observational  rather  than  experimental  nature  of  the  evidence  gathered 

 any inferences are conjectural and tentative. 
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	9.4	 	Embodying	Stress:	The	Challenges	of	Skeletal	Assessments	

 With  a  few  notable  exceptions  (e.g.,  Davey  Smith  2011;  Laub  and  Sampson  2003; 

 Sledzik  and  Sandberg  2002),  much  past  research  could  be  construed  as  suggesting  that 

 there  is  a  direct  and  unambiguous  causal  connection  between  early-life  stress  and 

 later-life  experiences  and  outcomes  (e.g.,  Dancause  et  al.  2011;  Roseboom  et  al.  2001; 

 Lopuhaa  et  al.  2000;  Ravelli  et  al.  1998;  Barker  and  Osmond  1987).  However,  when 

 searching  for  correlations  and  associations  between  archaeologically  durable  osteological 

 proxies  for  stress  throughout  the  life-course,  the  statistical  signals  identified  were  often 

 faint.  As  this  thesis  focuses  upon  employing  M1  FA  as  a  proxy  for  maternally-mediated 

 stress,  this  section  begins  by  discussing  the  mechanisms  through  which  early-life  stress  is 

 embodied  on  the  M1  occlusal  surface.  This  is  contrasted  to  other  processes  through  which 

 maternally-mediated  stress  is  embodied.  Finally  the  effectiveness  of  the  skeletal  proxies 

 for later-life stress and outcomes are discussed. 

	9.4.1	 	Error,	Algorithms	and	the	Patterning	Cascade	

 Although  it  might  be  argued  that  the  aforementioned  subtle  statistical  connections 

 could  have  been  influenced  by  methodological  inaccuracy,  Procrustes  ANOVA  results 

 indicated  that  error  was  small  (i.e.,  accounting  for  circa  2%  of  variance).  As  the 

 production  of  each  replicate  measure  required  the  repetition  of  every  stage  in  the  data 

 acquisition  process,  it  can  be  assumed  that  the  estimate  of  error  is  accurate,  implying  the 

 techniques  employed  to  quantify  FA  were  reliable  and  consistently  applied.  Therefore, 

 rather  than  focusing  on  observer  error,  the  processes  through  which  stress  induced  dental 

 variation  is  manifested  and  the  impact  this  has  when  employing  M1  FA  as  a  proxy  for 

 early-life stress are discussed. 

 302 



 In  Chapter  3  it  was  proposed  that  empirical  evidence  supported  the  Patterning 

 Cascade  Model  (PCM)  of  dental  development  (Hunter  et  al.  2010;  Brook  2009; 

 Salazar-Ciudad  and  Jernvall  2002;  Jernvall  and  Jung  2000).  Thus,  the  spatial  relationships 

 between  the  features  found  on  multi-cusped  teeth  are  thought  to  be  the  result  of  a  network 

 of  genes  that  interact  through  a  series  of  feedback  loops  across  which  disruptions  to 

 development  ripple  to  affect  later-forming  traits  (Lynnerup  and  Klaus  2019:  53;  Tamura 

 and  Nemoto  2016  ;  Riga  et  al.  2014:  398;  Rizk  et  al.  2013:  139;  Hunter  et  al.  2010:  1; 

 Brook  2009;  Salazar-Ciudad  and  Jernvall  2002;  Jernvall  and  Jung  2000).  The  patterns  in 

 variation  noted  in  this  project  are  consistent  with  this  hypothesis  (Figure  9.10). 

 Specifically,  PCA  revealed  that  fluctuating  asymmetric  variation  in  occlusal  morphology 

 was  not  easily  summarised  by  a  small  number  of  orthogonally  rotated  eigenvectors 

 composed  of  highly  correlated  variables.  Thus,  instead  of  variation  being  isolated  in 

 specific  features,  it  was  dispersed  across  the  occlusal  surface,  as  would  be  expected  if 

 developmental  errors  were  the  result  of  integrated  and  iterative  processes  (Hunter  et  al. 

 2010;  Townsend  et  al.  2003:  355;  Salazar-Ciudad  and  Jernvall  2002;  Jernvall  and  Jung 

 2000).  Despite  this  diffuse  pattern,  when  vector  displacements  were  compared  between 

 the  shape  configurations  with  the  most  extreme  differences  in  each  PC,  differences  were 

 more  apparent  among  semi-landmarks  located  along  the  outline  as  well  as  landmarks 

 positioned  at  fissure  junctions  and  pits.  Cusp  apices  showed  less  variation,  but  distal 

 cusps  were  more  vulnerable  to  deviations  to  symmetry  than  the  earlier-forming  mesial 

 ones.  This  further  supports  the  PCM  as  it  implies  that  stress-induced  developmental 

 perturbations  caused  a  cascade  of  reactions  that  flowed  down  chains  of  interactions  with 

 later-forming  regions  affected  to  a  greater  extent  (Hunter  et  al.  2010:  5;  Townsend  et  al. 

 2003: 355). 

 303 



 Figure  9.10  Vector  displacements  between  reference  (  individual  with  least  variance)  and  target  (  individual 
 with  most  variance)  shapes  in  the  first  PC  of  variation  in  configurations  (mesial  is  up).  Greater  FA  𝐴 

 𝑝 
 variation is found on the periphery of cusps while earlier forming mesial cusps vary least. 

 Although  the  patterns  discerned  through  PCA  are  consistent  with  the  theoretical 

 expectations  associated  with  the  PCM,  the  interpretation  is  not  itself  free  from 

 uncertainties.  Firstly,  without  direct  experimental  control,  it  is  impossible  to  establish  that 

 the  patterns  observed  in  inert  dental  materials  are  the  consequence  of  a  cascade  of 

 bimolecular  reactions  (Lynnerup  and  Klaus  2019:  52;  Antoine  and  Hillson  2016:  223; 

 Hunter  et  al.  2010;  Brook  2009;  Salazar-Ciudad  and  Jernvall  2002;  Jernvall  and  Jung 

 2000).  Secondly,  the  least-squares  algorithm  used  in  the  Procrustes  registration  process 

 has  been  noted  to  spread  variation  among  nearby  landmarks  and  this  likely  contributed  to 

 the  dispersed  patterning  of  variation  to  some  degree  (Klingenberg  2021;  Klingenberg 

 2013;  Klingenberg  and  McIntyre  1998:  1366-1367;  Chapman  1990:  260).  However,  the 

 results  found  here  are  comparable  to  those  reported  elsewhere  which  are  free  of  the 

 complications  imposed  by  Procrustes  registration.  For  example,  Hunter  et  al.  (2010:  5) 

 inferred  that  the  negative  correlation  between  distances  among  the  main  M  1  cusps  and 

 Carabelli  cusp  size  (graded  non-metrically)  was  the  result  of  developmental  perturbations 

 inhibiting  growth  of  the  main  enamel  knots  and  therefore  leading  to  increased  potential 
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 for  growth  on  the  occlusal  periphery.  Similarly,  Riga  et  al  .  (2014)  found  significantly 

 more  variability  in  the  ASU  graded  development  of  accessory  cusps  located  along  the 

 occlusal  outline  among  individuals  with  evidence  of  stress  (LEH  presence).  In  sum,  it 

 seems  unlikely  that  the  patterns  identified  by  this  project  and  described  here  are  entirely 

 the  result  of  computational  idiosyncrasies  and  at  worst  genuine  patterns  of  variation  were 

 accentuated.  This  does,  however,  lead  to  further  questions  regarding  the  use  of  M1 

 occlusal FA as a proxy for early-life stress which are discussed in the following section. 

	9.4.2	 	M1	FA,	Early-life	Stress	and	the	Osteological	Paradox	

 The  multi-layered  and  iterative  pathways  through  which  the  spatial  patterning  of 

 molar  cusps  is  determined  suggests  that  developmental  errors  could  produce  non-additive 

 effects  (Riga  et  al.  2014:  398;  Hunter  et  al.  2010:  1;  Brook  2009;  Salazar-Ciudad  and 

 Jernvall  2002;  Jernvall  and  Jung  2000;  Jernvall  2000:  2645).  This  may  in  part  have 

 contributed  to  the  skewed  distribution  of  untransformed  M1  scores  and  outlying  values  𝑎 
 𝑝 

 that  could  not  be  accounted  for  by  error.  Allometry,  or  the  effect  of  shape  variation 

 increasing  with  size  due  to  the  difficulties  associated  with  maintaining  developmental 

 canalisation  in  larger  structures,  was  also  considered  as  a  potential  confounding  factor. 

 However,  as  regression  tests  found  no  significant  relationship  between  M  1 

 (  F  (1,152)=1.436,  p=0.233)  or  M  1  scores  (  F  (1,146)=1.034,  p=0.319)  and  size  𝑎 
 𝑝 

 asymmetry,  it  seems  unlikely  that  allometry  affected  the  distribution  of  FA  scores.  It  is 

 more  plausible  to  suggest  that  individuals  with  outlying  FA  values  were  either  exposed  to 

 stressors  that  went  beyond  the  normal  range  of  experience.  Or,  alternatively,  that  stressors 

 endured  at  key  points  during  the  cascade  of  biomolecular  interactions  that  characterise  the 

 PCM  reverberated  across  the  various  feedback  loops  and  disproportionately  affected 
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 phenotype  (e.g.,  if  the  development  of  the  primary  enamel  knot  were  to  be  affected  by 

 stress, it would impact the growth of multiple secondary knots). 

 If  the  latter  interpretation  is  correct,  then  the  extent  to  which  stressors  are 

 embodied  in  M1s  varies  depending  upon  when  stress  is  experienced.  So,  although  it  was 

 possible  to  offset  the  statistical  challenges  associated  with  exploring  non-normal 

 distributions  through  transformations,  it  remains  an  open  question  as  to  how  accurately 

 M1  scores  reflect  early-life  stress.  The  situation  becomes  more  problematic  when  it  is  𝑎 
 𝑝 

 recalled  that  fluctuating  asymmetry  is  more  accurately  described  as  a  measure  of 

 developmental  instability  rather  than  stress  per  se  .  As  such,  FA  is  influenced  by  the 

 volume  of  developmental  noise  (itself  an  aggregate  of  exogenous  stressors  and  intrinsic 

 stochastic  processes)  as  well  as  stability  in  the  developmental  process  which  is 

 determined  by  an  organism’s  ability  to  buffer  developmental  noise  and  maintain 

 developmental  homeostasis  (Graham  and  Ozener  2016:  163;  Klingenberg  2015:  892; 

 Graham  et  al.  2010:  496-497;  Escós  et  al.  2000:  331;  Graham  et  al.  1998:  2;  Nicolis  and 

 Prigogine  1989;  Holling  1973:  17;  Selye  1973;  Waddington  1957).  More  simply  put,  FA 

 is  the  sum  of  everything  negatively  impacting  development  minus  the  organism’s 

 capacity to offset these deleterious influences. 

 This  raises  the  issue  of  the  Osteological  Paradox.  As  healthier  persons  are  more 

 capable  of  maintaining  developmental  homeostasis  they  embody  stressors  to  a  lesser 

 degree  than  frailer  individuals.  Conversely,  differing  levels  of  stress  could  be  embodied  to 

 the  same  extent  based  upon  differences  in  robustness  (e.g.,  a  highly-stressed  healthy 

 individual  may  develop  similar  stress  markers  to  a  less  robust  individual  enduring  lower 

 stress)  (DeWitte  and  Stojanowski  2015:  405;  Wood  et  al.  1992:  356-357).  Consequently, 

 M1  scores  can  only  be  considered  a  coarse  proxy  for  early-life  stress  that  reflect,  to  an  𝑎 
 𝑝 
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 unquantifiable  degree,  a  variety  of  hidden  processes  and  biases.  This  complication  likely 

 accounts  for  the  difficulties  past  researchers  have  had  in  discerning  direct  and 

 unambiguous  relationships  between  FA  and  other  measures  of  health  and  fitness  (e.g., 

 Hoover  and  Matsumura  2008:  474;  Møller  1999;  Bailit  et  al.  1970:  635-636).  When 

 discussing  maternally-mediated  stress,  this  issue  is  magnified  as  both  mother  and 

 offspring have the capacity to offset developmental perturbations. 

	9.4.3	 	Alternative	Methods	or	Invisible	Imprints?	

 As  M1  scores  are  an  imperfect  stress  measure,  it  may  be  wondered  if  viable  𝑎 
 𝑝 

 alternatives  exist.  The  “stress  hormone”  cortisol  is  potentially  a  means  of  assessing 

 general  physiological  responses  to  adversity.  Cortisol  is  regulated  by  the 

 Hypothalamic-Pituitary-Adrenal  (HPA)  axis.  The  hypothalamus  is  an  executive  region  of 

 the  brain  formed  by  a  collection  of  nuclei  that  modulates  homeostasis  via  regulation  of 

 the  anterior  lobe  of  the  pituitary  gland  (Lewis  2019:  567;  Betts  et  al.  2017:  563).  When 

 exposed  to  a  stressor,  the  hypothalamus  produces  corticotropin-releasing  hormone  (CRH) 

 which  is  detected  by  the  pituitary  gland  (Carrera  et  al.  2020:  2;  Quade  et  al.  2020:  2; 

 Edwards  and  Boonstra  2018;  Betts  et  al.  2017:  705;  Jung  et  al.  2011).  CRH  stimulates  the 

 pituitary’s  anterior  lobe  to  secrete  adrenocorticotropic  hormone  (ACTH)  which,  when 

 encountered  by  the  adrenal  glands,  stimulates  the  production  of  cortisol  (Lewis  2019: 

 567;  Betts  et  al.  2017:  747-749).  Exposure  to  cortisol  has  been  associated  with  various 

 life-course  outcomes  (e.g.,  shortened  reproductive  life-history  and  suppressed 

 immunocompetence)  (Carrera  et  al.  2020:  2;  Lu  et  al.  2019:  253;  Betts  et  al.  2017:  760; 

 Houtepen  et  al.  2016;  Thayer  and  Kuzawa  2014).  The  HPA  axis  is  thus  a  mechanism 

 which  directly  controls  physiological  responses  to  exogenous  stimuli  and  therefore 

 cortisol  levels  should  provide  a  good  indicator  of  stress  experience.  The  extent  to  which 

 cortisol  concentrations  can  be  investigated  archaeologically  is  debatable,  however.  Webb 
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 et  al.  (2010)  successfully  detected  and  analysed  cortisol  levels  in  hair  samples, 

 demonstrating  that  HPA  activation  can  be  directly  assessed  to  reconstruct  short-term 

 life-histories.  However,  the  attempt  to  reconstruct  early-life  stress  experience  by  Quade  et 

 al.  (2020)  met  with  mixed  results;  while  cortisol  was  successfully  identified  in  dental 

 materials,  concentrations  were  low  and  not  all  teeth  produced  measurable  results.  Overall, 

 the  viability  of  assessing  cortisol  concentrations  and  directly  evaluating  HPA  activation  is 

 still uncertain in skeletal remains. 

 Epigenetic  processes  which  alter  genome  expression  and  are  stress-responsive 

 may  also  provide  alternative  measures  of  early-life  stress  to  M1  scores.  These  𝑎 
 𝑝 

 processes  include  modifications  to  the  proteins  (histones  and  chromatin)  around  which 

 DNA  is  spooled  and  organised,  the  activity  of  non-coding  RNA  at  “enhancer”  loci  and 

 the  addition  of  methyl  compounds  which  act  as  repressors  (Vaiserman  2015:  255;  D’Urso 

 and  Brickner  2014;  Aalto  and  Pasquinelli  2012;  Choi  and  Friso  2010:  9-12;  Kim  et  al. 

 2010)  (Figure  9.11).  Studies  demonstrate  that  these  processes  (especially  methylation)  are 

 responsible  for  durable  outcomes  associated  with  early-life  experience.  For  instance,  in  a 

 study  of  pregnant  Québécois  women  affected  by  the  1998  ice  storms  (Cao-Lei  et  al.  2014: 

 2;  King  et  al.  2012:  274;  Lechat  1979),  it  was  found  that  objective  measures  of  maternal 

 stress  (e.g.,  time  without  power)  predicted  offspring  outcomes  such  as  birth  weight  and 

 length,  childhood  body  mass  index  and  teenage  insulin  secretion  (Dancause  et  al.  2013; 

 Dancause  et  al.  2012;  King  et  al.  2012:  274-282;  Dancause  et  al.  2011).  Moreover,  when 

 assessed  a  decade  later,  a  strong  dose-response  relationship  was  detected  between 

 measures  of  maternal  stress  and  offspring  DNA  methylation  (Cao-Lei  et  al.  2014). 

 Importantly,  the  assessment  of  epigenetic  modifications  is  becoming  more  plausible  in 

 archaeological  contexts.  Islands  of  methylation  in  sequenced  DNA  have  now  been 

 identified  in  millenia-old  remains  and  the  problems  associated  with  degradation  and 
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 contamination  are  not  as  restrictive  as  they  once  were  (Briggs  et  al.  2010;  Green  et  al. 

 2009;  Pruvost  et  al.  2005;  Höss  et  al.  1996).  However,  despite  this,  the  methods  require 

 equipment  that  is  beyond  the  scope  of  most  bioarchaeological  projects  and,  aside  from  a 

 small  number  of  case  studies,  the  detection  of  epigenetic  alterations  is  still  currently 

 considered to be on the “frontiers” of the discipline (Klaus 2014; Green  et al.  2009). 

 Figure  9.11  The  length  of  DNA  strands  is  disproportionate  to  cell  size  and  so  they  are  organised  around 
 several  proteins  (chromatin  and  histones).  Stress-induced  modifications  to  these  proteins  or  the  addition  of 
 chemical  repressors  can  alter  DNA  expression  and  influences  later-course  outcomes  (Vaiserman  2015; 
 D’Urso  and  Brickner  2014;  Aalto  and  Pasquinelli  2012;  Choi  and  Friso  2010;  Kim  et  al.  2010).  Image 
 available from:  https://www.genome.gov/genetics-glossary/Chromatin  . 

 As  maternal  influences  define  the  gut  microbiome  of  dependent  offspring 

 (Kapourchali  and  Cresci  2020;  Chong  et  al.  2018;  Cong  et  al.  2016;  Caricilli  and  Saad 

 2013;  Brown  et  al.  2012),  evaluation  of  bacterial  diversity  may  also  be  informative. 

 Microbiota  translocate  from  the  maternal  gut  to  the  placenta  and  the  colonisation  of  the 

 foetal  intestine  is  achieved  through  the  ingestion  of  amniotic  fluid  which  is  initiated  circa 
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 the  tenth  week  post-conception  (Kapourchali  and  Cresci  2020:  387;  Chong  et  al.  2018:  3). 

 Shared  bacterial  DNA  in  mothers  and  breastfed  infants  further  suggests  that  breast  milk 

 mediates  the  vertical  transfer  of  microbial  communities  to  the  infant’s  gut  postnatally 

 (Chong  et  al.  2018:  3;  Pannaraj  et  al.  2017).  As  a  consequence  of  this  transfer,  a  mother’s 

 health  status  and  physiological  condition  influences  the  complexity  and  richness  of  the 

 offspring  microbiome  until  weaning  age.  An  evolving  body  of  research  is  beginning  to 

 explore  the  interplay  between  maternal  influences,  gut  microbiome  dysfunction,  and 

 health  outcomes  –  thus  far,  dysbiosis  has  been  associated  with  infant  immune,  intestinal 

 and  metabolic  conditions  (Kapourchali  and  Cresci  2020;  Chong  et  al.  2018;  Cong  et  al. 

 2016;  Kundu  et  al  2017;  Caricilli  and  Saad  2013;  Brown  et  al.  2012).  Archaeologically,  it 

 has  been  possible  to  explore  gut  microbiota  through,  for  example,  the  analysis  of 

 sediments  from  occupation  sites  (e.g.,  Rampelli  et  al.  2021;  Lugli  et  al.  2017; 

 Santiago-Rodriguez  et  al.  2016).  The  analysis  of  gut  microbiota  is  challenging  if  taking  a 

 life-course  approach,  however.  Specifically,  foetal  and  postnatal  microbiome  fluctuations 

 may  stabilise  during  infancy  (Kapourchali  and  Cresci  2020:  389;  Chong  et  al.  2018:  3; 

 Cong  et  al.  2016:  303;  Brown  et  al.  2012:  1095-1096),  meaning  that  information  relating 

 to  these  periods  is  lost  in  most  cases  and  the  method  is  of  limited  use  in  generating 

 information  pertaining  to  the  life-course  trajectories  among  “survivors”  (DeWitte  and 

 Stojanowski 2015: 416-418; Wood  et al.  1992: 349). 

 In  summary,  cortisol  levels,  DNA  methylation  and  gut  microbiota  richness  are  not 

 only  stress-responsive,  they  contribute  to  later-life  outcomes.  It  is  therefore  arguable  that 

 they  may  provide  more  accurate  predictors  of  life-course  trajectories  than  M1  scores;  𝑎 
 𝑝 

 although  M1  FA  is  symptomatic  of  early-life  stress,  it  does  not  contribute  to  early-life 

 programming.  However,  the  requirement  for  expensive  equipment  means  that  their 

 assessment  in  bioarchaeological  investigations  is  currently  limited.  Moreover,  the 
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 methods  through  which  they  can  be  evaluated,  while  having  gone  beyond  the  purely 

 theoretical,  are  still  uncertain  and  have  not  been  validated  in  large  samples  (e.g.,  Rampelli 

 et  al.  2021;  Quade  et  al.  2020;  Briggs  et  al.  2010).  So,  rather  than  considering  these 

 methods  as  more  desirable  alternatives  to  quantifications  of  M1  FA,  it  may  be  better  to 

 view  them  as  complementary  techniques  whose  results  can  be  compared  and  contrasted  in 

 order to evaluate accuracy and sensitivity more comprehensively. 

	9.4.4	 	Proxies	for	Later	Experience	

 From  the  past  two  sections  it  can  be  observed  that,  although  responsive  to  the 

 same  experiences,  the  mechanisms  through  which  early-life  stress  influences  life-course 

 trajectories  (e.g.,  DNA  methylation)  and  is  preserved  skeletally  (i.e.,  dental  fluctuating 

 asymmetry)  are  different  and  this  likely  impacted  the  effectiveness  of  M1  scores  as  𝑎 
 𝑝 

 predictors  of  life-course  trajectories.  It  further  raises  the  question  of  how  effectively  the 

 other  skeletal  stress  markers  employed  reflected  later-life  stress  experience  and  so  that  is 

 discussed here. 

 As  is  usual  (e.g.,  Primeau  et  al.  2015;  Temple  et  al.  2012;  Blakey  and  Armelagos 

 1985),  LEH  were  employed  as  a  non-specific  marker  of  episodes  of  childhood  stress. 

 Given  the  range  of  experimental  studies  in  animals  that  have  increased  LEH  prevalence 

 through  artificially  induced  metabolic  deficiencies  and  physiological  disturbances  (e.g., 

 Kreshover1960;  Kreshover  and  Hancock  1956;  Kreshover  and  Bear  1953a;  Kreshover 

 and  Bear  1953b),  this  assumption  seems  safe.  However,  the  identification  of  LEH 

 macroscopically  is  difficult.  It  is  possible,  for  example,  for  prevalence  rates  to  be  inflated 

 through  the  inclusion  in  frequency  counts  of  accentuated  perikymata  which,  though 

 visible  on  imbricational  enamel  and  very  similar  to  LEH,  are  not  stress-induced  (Hillson 

 1996:  167-166;  Goodman  and  Rose  1990:  67).  Consequently,  two  methods  were 
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 employed  to  mitigate  this.  Firstly,  only  “trough-like”  depressions  were  counted  and, 

 secondly,  LEH  were  matched  across  chronological  zones  (Primeau  et  al.  2015;  Temple  et 

 al.  2012;  Hillson  2005:  171-174;  Goodman  and  Rose  1990:  70;  Blakey  and  Armelagos 

 1985).  Even  with  these  measures,  it  is  not  possible  to  be  certain  that  a  depression  on  the 

 surface  of  a  tooth  genuinely  represents  an  underlying  disruption  to  amelogenesis  without 

 histological  examination  (Hillson  1996:  167-166;  Goodman  and  Rose  1990:  67).  Despite 

 this,  results  presented  in  this  thesis  are  concordant  with  those  of  other  projects.  For 

 instance,  it  has  been  found  that  the  incidence  of  LEH  increases  past  the  period  of 

 early-life  maternal-dependence  and  peaks  in  childhood  (Temple  2014:  541;  Temple  et  al. 

 2012:  1638;  Armelagos  et  al.  2009:  267;  Yamamoto  1992).  It  is  therefore  supposed  that 

 the  record  of  stress  reconstructed  through  matched  LEH  incidence  reflects  with  relatively 

 high  accuracy  the  perturbations  experienced  during  childhood  that  were  sufficiently 

 intense or prolonged to disrupt amelogenesis. 

 When  assessing  other  proxies  for  childhood  stress  (i.e.,  CO  and  long  bone  lengths) 

 a  different  suite  of  problems  are  encountered.  The  extent  to  which  CO  preserves  a  record 

 of  metabolic  stress  is  debatable,  for  instance.  CO  is  caused  by  the  expansion  of  the  red 

 blood  cell  producing  marrow  and  the  concomitant  atrophy  of  surrounding  cortical  and 

 trabecular  bone  (Brickley  2018:  899;  Jaffe  1972:  697).  Yet,  as  the  space  available  for  red 

 marrow  expands  throughout  childhood  (i.e.,  the  diploë  becomes  larger),  increased  red 

 blood  cell  production  can  be  accommodated  without  expansion  (Brickley  2018:  900). 

 Consequently,  the  degree  to  which  a  metabolic  stressor  is  embodied  is  not  only 

 determined  by  the  intensity  of  the  deficiency,  but  also  age.  Even  when  CO  forms,  as 

 cortical  bone  can  remodel  and  heal,  lesions  may  be  lost  in  part  or  completely  (Steckel  et 

 al.  2019:  403-404;  Brickley  2018:  900;  Walker  et  al.  2009:  111).  It  is  speculated  these 

 complicating  factors  may  account  for  the  fact  that,  unlike  matched  LEH  presence,  CO 
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 presence  failed  to  predict  outcomes  such  as  mature  long  bone  lengths.  Regarding  long 

 bones,  as  catch-up  growth  can  compensate  for  deficits  in  skeletal  development  (through 

 either  increases  in  growth  rate  or  extension  of  the  period  of  time  over  which  growth 

 occurs),  length  variance  may  not  be  the  best  indicator  of  childhood/adolescent  stress 

 (Agarwal  2016:  134;  Cameron  2012:  18-20;  Bogin  and  Loucky  1997).  In  one  relatively 

 extreme  clinical  example,  a  deficit  of  approximately  6  years’  growth  was  completely 

 recovered  once  the  subject  had  been  diagnosed  with  severe  coeliac  disease  and  their  diet 

 was  adjusted  to  facilitate  nutritional  absorption  (Tanner  and  Whitehouse  1980).  Thus, 

 although  it  is  believed  that  growth  programming  was  identified  in  the  regression  models 

 in  which  matched  LEH  presence  predicted  long  bone  length,  long  bone  lengths  in 

 themselves likely poorly reflect developmental stress. 

 While  remodelling  can  also  obscure  PNBF  (Weston  2008:  51-52),  other 

 interpretative  problems  are  associated  with  the  lesion.  Throughout  the  thesis,  it  has  been 

 proposed  that  bilateral  lesions  suggest  the  presence  of  a  systemic  inflammatory  response 

 to  infection.  While  the  palaeopathological  literature  supports  this  assertion  (Roberts  2019; 

 Roberts  and  Buikstra  2019;  Steckel  et  al.  2019:  418;  Weston  2008)  (Figure  9.12),  and  it 

 has  been  recognised  that  bilateral  lesions  are  only  a  crude  proxy  for  such,  further 

 discussion  is  warranted.  Firstly,  it  must  be  acknowledged  that  certain  conditions  can 

 produce  bilateral  PNBF  without  the  influence  of  an  infectious  pathogen.  For  example, 

 even  though  hypertrophic  osteoarthropathy  is  noted  for  producing  symmetrically 

 distributed  lesions  and  has  been  associated  with  infectious  diseases  such  as  TB,  several 

 non-infectious  pathologies  lead  to  secondary  HOA  (Grauer  2019:  503;  Binder  and  Saad 

 2017;  Mays  and  Taylor  2002).  Moreover,  high  mechanical  stresses  can  produce  bilateral 

 reactions  on  the  periosteum  of  the  lower  limb  (e.g.,  Drubach  et  al.  2001;  Nielsen  et  al. 

 1991).  It  has  been  speculated  that  this  has  led  to  elevated  levels  of  PNBF  in  past 
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 populations,  such  as  an  assemblage  of  French  Napoleonic  soldiers  in  which  most  lower 

 limb  long  bones  (TPR=70%)  exhibited  PNBF  (Marques  et  al  .  2019:  161;  Cerdá  et  al. 

 2003).  Overall,  while  it  can  be  said  that  PNBF  is  a  robust  embodiment  of  stress  and  that 

 bilateral  distributions  are  not  unreasonably  associated  with  an  inflammatory  response  and 

 an  infectious  aetiology,  an  element  of  caution  must  remain  in  the  interpretation  of 

 periosteal  lesions.  For  example,  using  the  identification  of  HOA  and  the  high  prevalence 

 of  bilateral  PNBF  in  the  Warwick  assemblage  as  evidence  of  infectious  disease  presence 

 should be treated carefully. 

 Figure  9.12  Shading  illustrates  the  distributions  of  PNBF  associated  with  osteomyelitis  (a),  tuberculosis  (b) 
 leprosy  (c)  and  syphilis  (d).  Commonly  affected  sites  are  cross-hatched  while  the  locations  of  diagnostic 
 lesions  are  indicated  by  black  (Rogers  and  Waldron  1989:  622-623).  Note  that  bilateral  distributions  are 
 common. 

 Moreover,  although  PD  was  employed  to  explore  later-life  physiology  and 

 inflammation,  it  is  possible  that  it  is  indicative  of  senescence  rather  than  pathological 

 change.  If  so,  the  odds  ratio  of  16.2  (95%  CI  [8.04,  32.7])  inferring  older,  mature 

 individuals  were  at  a  significantly  higher  risk  of  developing  PD  than  immature  ones  may 

 314 



 just  highlight  normal,  age-related  deterioration  of  alveolar  morphology.  Comparable 

 inferences  have  been  made  elsewhere.  For  instance,  while  entheseal  change  is  known  to 

 be  partly  age-dependent  (e.g.,  Niinimäki  and  Baiges  Sotos  2013;  Jurmain  et  al.  2012; 

 Villotte  and  Knüsel  2012),  it  has  emerged  that  modifications  of  a  specifically 

 inflammatory  nature  are  significantly  influenced  by  age  (e.g.,  Moshrif  et  al.  2022;  Bakirci 

 et  al  .  2020).  Yet,  it  is  still  possible  that  the  more  severe  manifestations  of  inflammatory 

 change  are  pathological.  Polachek  et  al.  (2017),  for  instance,  reported  that  acute  entheseal 

 inflammation  was  not  associated  with  advancing  age  but  other  risk  factors  (e.g.,  weight). 

 This  is  consistent  with  the  results  of  this  project  which  found  that  moderate-to-severe  PD 

 was  predicted  by  several  variables  in  addition  to  age.  However,  further  biases  may 

 complicate  lesion  interpretation.  Physiological  changes  during  pregnancy,  for  example, 

 down-regulate  immune  function  and,  although  these  alterations  re-adjust  following  birth, 

 they  leave  pregnant  females  vulnerable  to  a  variety  of  inflammatory  pathogens  and  at  a 

 greater  risk  of  PD  (Wu  et  al.  2015;  Borgo  et  al.  2014;  Armitage  2000).  As  such,  it  appears 

 that  although  PD  can  reflect  physiological  adaptations  to  stressors,  these  may  be 

 temporary.  Furthermore,  factors  such  as  diet  and  oral  hygiene  are  also  critical  in  PD 

 development  and  it  is  unlikely  that  the  skeletal  manifestations  of  the  disease  precisely 

 reflect  clinically  recognised,  soft-tissue  symptoms  (Kinaston  et  al.  2019:  771;  Ogden 

 2008: 288; Armitage 2000: 162; Larsen 1997: 77-78). 

 Length  of  life  is  perhaps  the  most  compelling  indicator  of  whether  an  individual 

 had  managed  to  successfully  endure  stressors  over  the  life-course.  Consequently,  the 

 ability  to  accurately  assess  age-at-death  is  key  to  life-course  and  palaeoepidemiological 

 research.  As  discussed  in  Chapter  6,  in  immature  individuals  age-at-death  can  be 

 estimated  with  relative  ease  and  precision  through  dental  development  (e.g.,  AlQahtani  et 

 al.  2010).  The  same  cannot  be  said  for  the  assessment  of  senescent  changes  in  mature 
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 skeletons.  Although  a  transition  analysis  permits  the  generation  of  individual  point 

 estimates  of  age  facilitating  quantitative  exploration  (e.g.,  DeWitte  2018:  5),  it  is  an 

 imperfect  technique.  Aside  from  violating  several  assumptions  (such  as  the  independence 

 of  traits)  (Getz  2020;  Boldsen  et  al.  2002),  testing  of  the  TA  3  program  in  a  known 

 age-at-death  population  found  that  only  in  70.8%  of  cases  did  known  age  fall  within  the 

 point  estimate’s  95%  CI  (Getz  and  Byrnes  2021;  DeWitte  2018:  5).  Despite  this,  the 

 program  has  outperformed  traditional  methods  and  TA  2  in  terms  of  accuracy  (Galimary 

 and  Getz  2021;  Getz  and  Byrnes  2021)  and  likely  represents  the  best  means  of 

 approximating  sample-level  mortality  patterns  (Getz  2020:  7;  DeWitte  2018:  5).  In  short, 

 estimating  age  for  the  oldest  of  the  old  remains  a  persistent  challenge  for 

 bioarchaeologists  but  fundamental  to  exploring  connections  between  early-life  and 

 later-life  morbidity  –  especially  as  many  later-life  pathological  conditions  associated  with 

 early-life  adversity  do  not  often  produce  skeletal  lesions,  but  do  increase  mortality  risk 

 (e.g., Mozaffarian  et al.  2016; Sanchis-Gomar  et al.  2016: 6; Roseboom  et al.  2001). 

 In  sum,  the  efficacy  with  which  the  lesions  chosen  to  reflect  stress  experience 

 after  the  period  of  maternal  dependence  is  variable.  While  LEH  form  a  durable  and 

 chronologically  reliable  record  of  stress  that  can  be  interpreted  with  relative  ease  and 

 accuracy  (Primeau  et  al.  2015;  Temple  et  al.  2012;  Hillson  2005:  171-174;  Goodman  and 

 Rose  1990),  bone  remodelling  and  age-related  sensitivity  makes  CO  a  more  obscure 

 proxy  for  childhood  metabolic  stress  (Steckel  et  al.  2019:  403-404;  Brickley  2018; 

 Walker  et  al.  2009).  Similarly,  even  though  bilateral  PNBF  is  frequently  associated  with  a 

 well-progressed  inflammatory  response  to  infection,  other  chronic  stressors  may  be 

 implicated  (Roberts  2019;  Roberts  and  Buikstra  2019;  Steckel  et  al.  2019:  418;  Drubach 

 et  al.  2001;  Nielsen  et  al.  1991).  Meanwhile,  whilst  consistently  linked  to  an 

 inflammatory  physiology  and  diseases  influenced  by  early-life  stress  in  the  clinical 

 316 



 literature  (e.g.,  Barker  2012;  Lockhart  et  al.  2012;  Andriankaja  et  al.  2010),  the  plethora 

 of  complicating  factors  make  PD  a  perplexing  non-specific  embodiment  of  stress 

 (Kinaston  et  al.  2019:  771;  Armitage  2000:  162;  Larsen  1997:  77-78).  The  estimation  of 

 age-at-death  in  skeletal  remains  continues  to  be  a  thorny  subject:  individual  estimates  of 

 age  are  likely  to  be  inaccurate,  but  the  process  of  generating  those  estimates  is  becoming 

 more  objective  and  is  capable  of  approximating  sample-level  mortality  patterns  which  are 

 key  to  bioarchaeological  research  (Getz  2020;  DeWitte  2018;  Buckberry  2015:  327; 

 Gowland 2007: 158; Boldsen  et al.  2002). 

	9.4.5	 	Summary	

 It  is  speculated  that  the  relationships  between  M1  FA  and  later-life  experiences 

 were  relatively  subtle  in  part  due  to  differences  in  the  mechanisms  through  which  stress  is 

 manifested.  HPA  axis  mediated  cortisol  production,  DNA  methylation  and  gut  microbial 

 population  are  all  influenced  by  maternally-mediated  early-life  experience  and  appear  to 

 have  direct  and  causal  relationships  with  later-life  outcomes  (Carrera  et  al.  2020; 

 Kapourchali  and  Cresci  2020;  Chong  et  al.  2018;  Betts  et  al.  2017:  760;  Houtepen  et  al. 

 2016;  Cong  et  al.  2016;  Vaiserman  2015;  D’Urso  and  Brickner  2014;  Thayer  and  Kuzawa 

 2014;  Caricilli  and  Saad  2013;  Brown  et  al.  2012;  Choi  and  Friso  2010).  Assessment  of 

 these  processes  is  beyond  most  bioarchaeological  projects,  however,  due  to  constraints  in 

 the  archaeological  survival  of  the  imprints  they  leave  and  the  accessibility  of  specialist 

 equipment  needed  to  observe  what  may  endure  (e.g.,  Rampelli  et  al.  2021;  Quade  et  al. 

 2020;  Briggs  et  al.  2010).  By  contrast,  fluctuating  asymmetry  appears  to  be  the  result  of  a 

 stress-responsive  network  of  feedback  loops  (i.e.,  the  PCM)  through  which  dental 

 morphology  alone  is  determined  and,  which  due  to  the  nature  of  the  cascading 

 interactions,  may  not  accurately  reflect  the  underlying  volume  and  intensity  of  stress 

 experienced  (  Tamura  and  Nemoto  2016  ;  Riga  et  al.  2014;  Rizk  et  al.  2013;  Hunter  et  al. 
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 2010;  Brook  2009;  Salazar-Ciudad  and  Jernvall  2002;  Jernvall  and  Jung  2000;  Jernvall 

 2000:  2645).  However,  M1  FA  represents  an  archaeologically  durable  proxy  for 

 maternally-mediated  stress  which  can  be  effectively  assessed  through  readily  available 

 equipment/software  and  conveniently  summarised  with  M1  scores.  So,  although  a  𝑎 
 𝑝 

 variety  of  factors  (e.g.,  bone  remodelling)  have  the  capacity  to  obscure  the  connections 

 between  early-life  events  and  subsequent  outcomes,  it  is  believed  that  meaningful  signals 

 do  survive  in  the  archaeological  record  and  that  these  can  be  employed  to  disentangle  the 

 interactions between stressors experienced over the life-course. 

	9.5	 	Further	Considerations	and	Future	Improvement	

 In  the  previous  section,  the  extent  to  which  stress  is  embodied  was  explored  to 

 critically  evaluate  the  utility  of  the  osteological  and  dental  stress  markers  employed  and 

 explain  the  sometimes-subtle  quantitative  connections  between  them.  This  final  section 

 evaluates  further  factors  which  influenced  results.  Attention  is  given  to  considerations 

 relating to two and three-dimensional analyses, skeletal preservation and sample nature. 

	9.5.1	 	Two-dimensional	and	Three-dimensional	Analysis	

 By  describing  and  analysing  M1  occlusal  morphology  in  two  rather  than  three 

 dimensions  it  was  possible  to  offset  the  demand  for  perfectly  preserved  and  completely 

 unworn  teeth.  That  is,  the  position  of  features  could  be  estimated  in  the  x-y  plane  with 

 some  confidence  even  when  (slightly)  worn,  but  it  is  doubtful  that  the  height  of  features 

 along  the  z  axis  could  have  been  accurately  approximated.  However,  as  teeth  are 

 three-dimensional  structures,  it  seems  highly  unlikely  that  perturbations  to  the 

 developmental  cascade  described  by  the  PCM  did  not  also  affect  the  height  of  occlusal 

 features  (Jernvall  and  Jung  2000:  182;  Jernvall  2000).  It  could  therefore  be  contended  that 
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 important  information  was  lost  in  the  “flattening”  of  three-dimensional  objects  into 

 two-dimensional coordinate configurations (Klingenberg 2015: 889). 

 The  investigative  value  of  three-dimensional  analyses  is,  however,  variable.  The 

 use  of  three-dimensional  procedures  has  in  the  past  been  limited  by  the  expense  and 

 availability  of  the  necessary  equipment.  However,  the  requisite  tools  (e.g.,  micro 

 computed  tomography  scanners)  are  becoming  increasingly  more  commonplace  and,  as  a 

 result,  a  variety  of  studies  have  been  conducted  to  test  the  benefits  and  limitations  of  three 

 versus  two-dimensional  protocols  (e.g.,  Wasiljew  et  al.  2020;  Hendrick  et  al.  2019;  Attard 

 et  al.  2018;  Buser  et  al.  2018;  Marcy  et  al.  2018;  Benazzi  et  al.  2011a).  These  projects 

 have  met  with  mixed  results.  For  example,  Buser  et  al.  (2018)  and  Wasiljew  et  al.  (2020) 

 both  investigated  cranial  shape  in  fish  through  Procrustean  techniques  to  explore  within 

 and  between-group  differences.  Buser  et  al.  (2018:  815)  found  generally  smaller  pairwise 

 differences  between  groups  in  their  two-dimensional  dataset  and  hypothesised  that  this 

 could  be  the  result  of  variance  being  reduced  through  the  loss  of  the  z  axis.  Despite  this, 

 two  and  three-dimensional  analyses  supported  the  same  hypotheses  and  small  differences 

 were  only  apparent  where  variability  was  predominantly  located  along  the  z  axis  (Buser  et 

 al.  2018).  Similarly,  Wasiljew  et  al.  (2020)  reported  that  two  and  three-dimensional 

 procedures  performed  near-equally  when  comparing  clustering  of  species  and  sexes  after 

 subjecting  Procrustes-aligned  configurations  to  PCA,  and  further  went  onto  caution  that 

 the  additional  time  and  effort  it  took  to  produce  three-dimensional  data  was  restrictive.  In 

 sum,  the  gains  associated  with  three-dimensional  analyses  are  often  marginal  and 

 practically costly. 

 When  assessing  teeth,  further  concerns  emerge.  Reflective  enamel  surfaces,  for 

 example,  make  direct  scanning  challenging.  To  work  around  this  problem,  fine  powders 

 can  be  applied  to  teeth  to  reduce  their  reflectiveness  or  moulds  can  be  taken  and  then  used 
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 to  produce  replica  casts.  However,  powders  can  confound  later  microwear  analysis  and 

 the  fabrication  of  moulds/casts  is  time  consuming  (Benazzi  et  al.  2011a:  311).  Moreover, 

 and  with  specific  reference  to  fluctuating  asymmetry,  after  performing  a  Procrustes 

 ANOVA,  Marcy  et  al.  (2018:  9-10)  found  that  measurement  error  accounted  for  a 

 relatively  high  proportion  of  variation  in  a  three-dimensional  analysis  and  cautioned  the 

 small  morphometric  variances  associated  with  fluctuating  asymmetry  may  be  lost  or 

 obscured  in  three-dimensional  datasets.  Even  if  these  practical  complications  were  to  be 

 overcome,  it  seems  unlikely  that  contrasting  the  results  of  two  and  three-dimensional 

 evaluations  of  M1  FA  would  be  especially  rewarding.  As  the  PCM  of  dental  development 

 suggests  that  the  morphogenesis  of  occlusal  features  is  heavily  influenced  by  distances 

 between  enamel  knots  and  their  inhibitory  fields  rather  than  differences  in  cusp  height 

 (e.g.,  Paul  et  al.  2017;  Hunter  et  al.  2010;  Jernvall  and  Jung  2000;  Jernvall  2000),  it  is 

 argued  that  the  utilisation  of  two-dimensional  procedures  was  theoretically  appropriate. 

 This  is  supported  by  various  studies  which  have  found  that  individual  cusp  form  is 

 dependent  on  the  overall  spatiotemporal  patterning  of  cusps  –  e.g.,  Hunter  et  al.  (2010) 

 found  that  distances  between  main  cusps  could  be  used  to  predict  the  overall  size  of 

 accessory  cusps.  In  sum,  it  seems  doubtful  that  the  findings  of  a  three-dimensional  study 

 would  be  substantially  different  from  those  generated  by  this  two-dimensional  project 

 and,  if  differences  in  results  did  exist,  it  is  likely  that  the  increased  statistical  noise  in  a 

 necessarily  smaller  sample  would  obscure  patterns  rather  than  clarify  them  (Bardua  et  al. 

 2019: 19; Watanabe 2018: 2; Paul  et al.  2017). 
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	9.5.2	 	Skeletal	Completeness	and	Life-history	Trade-offs	

 The  paramount  requirement  for  teeth  caused  complications  when  assessing  other 

 skeletal  variables.  To  illustrate,  even  though  the  femur  is  the  most  robust  long  bone  and  it 

 is  generally  better  preserved  archaeologically  (White  and  Folkens  2005:  255),  only  42 

 mature  skeletons  in  the  sample  had  femora  while  other  less  robust  elements  were  better 

 represented  (e.g.,  58  mature  skeletons  possessed  one  or  both  humeri).  This  idiosyncratic 

 pattern  is  likely  related  to  the  practice  of  grave  intercutting.  In  cemeteries  in  which  grave 

 markers  were  not  used  or  where  temporary  markers  were  common,  the  position  of  burials 

 was  often  lost  (McIntyre  and  Bruce  2010:  34;  Nolan  et  al.  2010:  151).  Consequently, 

 subsequent  interments  cut  through  older  graves  and  the  transection  of  skeletons  is  not 

 uncommon;  in  the  York  Barbican  assemblage,  for  instance,  42.9%  of  skeletons  were  less 

 than  a  quarter  complete  (McIntyre  n.d.:  12).  As  paired  M1s  were  a  requirement  for 

 inclusion  in  the  project’s  sample,  there  was  an  obvious  bias  towards  collecting  data  from 

 skeletons  in  which  the  more  superiorly  located  elements  had  survived.  Consequently,  it  is 

 believed  this  inhibited  the  identification  of  potentially  subtle  statistical  connections 

 between  M1  scores  and  long  bone  lengths,  especially  in  the  lower  limb  which  is  𝑎 
 𝑝 

 generally  considered  more  sensitive  to  stress-induced  growth  disruptions  (e.g.,  Pomeroy 

 et al.  2012; Liu  et al.  2009; Wadsworth  et al.  2002). 

 It  is  speculated  that  the  inability  to  effectively  explore  the  relationship  between 

 stress  and  pubertal  tempo  was  a  greater  loss  to  the  project,  however.  Reproduction  is 

 widely  regarded  as  an  objective  marker  of  success  from  an  evolutionary  perspective  and  a 

 goal  around  which  other  aspects  of  life-history  are  organised  and  mediated  (e.g., 

 Gluckman  et  al.  2010:  8;  Kuzawa  2007;  Charnov  2001).  It  has  also  been  posited 

 theoretically  and  validated  empirically  that  diverting  energetic  resources  in  order  to 

 achieve  reproductive  capacity  and  raise  offspring  is  costly.  Thus,  in  adverse  environments 
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 in  which  resources  are  constrained,  various  life-history  trade-offs  must  be  made  to 

 balance  short  and  long-term  demands.  For  example,  young  mothers  that  prioritise 

 investment  in  offspring  may  inhibit  their  own  growth  and  development  and  thereby 

 diminish  their  long-term  reproductive  success  (e.g.,  Pittet  et  al.  2017;  Fujita  et  al.  2012; 

 Hinde  2009;  Charnov  2001;  Charnov  1997;  Charnov  1991).  As  it  has  also  been 

 speculated  that  sexual  maturation  and  reproductive  debut  are  malleable  life-history  traits 

 responsive  to  contextual  factors  (e.g.,  Pittet  et  al.  2017:  14;  Johnson  2003:  87-93; 

 Bercovitch  and  Berard  1993)  and  that  the  method  proposed  by  Shapland  and  Lewis 

 (2013)  has  successfully  identified  variance  in  pubertal  tempo  likely  in  response  to 

 environmental  stress  (DeWitte  and  Lewis  2020;  Gowland  et  al.  2018;  Lewis  et  al  .  2016), 

 it  was  expected  that  age-independent  relationships  between  stress  markers  and  pubertal 

 stage  would  be  identifiable.  However,  due  to  the  requirement  for  reasonably  complete  and 

 well-preserved  remains,  pubertal  stage  could  only  be  estimated  for  41  skeletons  –  too  few 

 for a thorough quantitative exploration of pubertal tempo and stress experience. 

 Despite  this,  as  it  was  hypothesised  that  elevated  stress  had  led  to  delays  in 

 skeletal  development  (Section  9.4.2),  it  is  believed  that  further  investigation  would  be 

 productive.  Stress-induced  alterations  to  developmental  tempo  could  be  explored  in 

 several  ways.  Firstly,  while  Shapland  and  Lewis  (2013)  include  fusion  stages  of  several 

 epiphyses  in  their  method,  as  somatic  development  is  an  integrated  process  (i.e.,  pubertal 

 tempo  is  not  unrelated  to  other  aspects  of  growth  and  development)  it  is  conjectured  that 

 more  epiphyseal  changes  could  be  encompassed  as  well  as  long  bone  lengths  (Malina  et 

 al.  2015;  Ellison  and  Reiches  2012:  90;  Morris  et  al.  2010),  enabling  a  fuller  assessment 

 of  skeletal  changes  –  though  this  may  hinge  upon  the  accurate  estimation  of  sex  in 

 immature  remains.  Secondly,  in  order  to  map  relationships  between  observations  and 

 predict  pubertal  stage,  it  is  supposed  that  a  more  statistically  rigorous  approach  would  be 

 322 



 beneficial.  Given  that  a  Bayesian  approach  has  proven  amenable  to  estimating  age  from 

 reference  collections  through  ordinally  graded  stages  of  senescent  change  (despite  the 

 somewhat  unrealistic  assumptions  necessary  to  conduct  a  transition  analysis)  (e.g., 

 Boldsen  et  al.  2021;  Boldsen  et  al.  2002;  Konigsberg  and  Frankenberg  2013),  it  is 

 predicted  that  similar  success  could  be  achieved  in  estimating  pubertal  stage  and 

 attainment of life-history traits such as reproductive maturation. 

	9.5.3	 	Maternal	Lineage,	Maternal	Condition	and	Documented	Assemblages	

 Strong  links  have  been  found  between  later-life  outcomes,  early-life  programming 

 and  the  maternal  lineage  through  both  clinical  observation  (e.g.,  Susser  et  al.  2012;  Stein 

 et  al.  2008;  Kaati  et  al.  2002)  and  experimental  research  (e.g.,  Van  Winkle  and  Ryznar 

 2018;  Galler  et  al.  1994;  Galler  and  Seelig  1981).  Despite  this  evidence  for 

 intergenerational  and  transgenerational  influences  on  early-life  programming  and 

 later-life  phenotype,  the  interpretations  presented  here  suggest  that  maternal  influences 

 reflect  cues  relating  to  the  immediate  environment  and  potentially  a  mother’s 

 developmental  conditions  rather  than  an  ancestral  environment.  Although  there  is  some 

 theoretical  doubt  as  to  the  adaptive  benefits  of  ancestral  influences  in  longer-lived  species 

 such  as  humans  (e.g.,  Lu  et  al  .  21019;  Horsthemke  2018;  Wells  2007),  the  failure  to  find 

 evidence  for  ancestral/transgenerational  influences  on  life-course  outcomes  is  also  the 

 consequence  of  the  samples  employed.  The  assemblages  studied  are  characteristic  of  most 

 archaeological  samples  in  that  the  skeletons  are  largely  devoid  of  personal  identifying 

 information  so  that  familial  connections  cannot  be  made  between  individuals,  while  the 

 chronological  relationships  between  grave  cuts  were  often  unclear  through  a  combination 

 of  intercutting,  poor  recording  and  incomplete  stratigraphic  analysis  (McIntyre  and  Bruce 

 2010;  Nolan  et  al.  2010;  Raynor  et  al.  2009;  Gethin  n.d.).  Consequently,  it  was  not 

 possible  to  trace  stress  experience  across  matrilineal  kinship  groups  or  broader  cohorts 
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 corresponding  to  generations.  A  small  number  of  assemblages,  such  as  the  Spitalfields 

 collection  (Molleson  et  al.  1993:  123-130),  do  exist  in  which  identifiable  family  groups 

 are  represented  and  these  likely  represent  the  best  opportunity  to  explore 

 bioarchaeologically  matrilineal  influences  on  life-course  trajectories.  Alternatively, 

 cemeteries  with  clearly  defined  chronological  deposits  can  produce  assemblages  that 

 could  be  grouped  into  generational  cohorts  through  which  the  links  between  ancestral 

 stress and descendent outcomes may be discernible (e.g., Zoëga and Murphy 2016: 576). 

 Skeletal  collections  associated  with  more  comprehensive  records  may  also  afford 

 the  chance  to  evaluate  the  impact  of  maternal  life-history  and  fitness  more  thoroughly  on 

 offspring  outcomes  in  past  populations.  A  better  understanding  of  mothers  would  likely 

 prove  invaluable  to  understanding  offspring  life-course  trajectories.  Primiparous  mothers, 

 for  example,  are  subjected  to  greater  physical  stresses  and  are  less  capable  of 

 physiologically  nurturing  dependent  offspring  than  mothers  who  have  already  given  birth 

 and  breastfed  (Morino  et  al.  2019;  Pittet  et  al.  2017;  Sharma  et  al.  2016;  Fujita  et  al. 

 2012;  Hinde  2009).  Regarding  physical  stressors,  first  birth  provokes  a  suite  of 

 biochemical  reactions  that  enable  morphological  alterations  in  the  pelvic  girdle  to 

 facilitate  childbirth  and,  although  many  of  these  are  transitory  in  nature,  others  persist 

 (Pany-Kucera  et  al.  2022;  Morino  et  al.  2019;  Huseynov  et  al.  2016).  Similarly,  though 

 cellular  apoptosis  post-weaning  reduces  the  number  of  secretory  cells  in  the  mammary 

 gland,  enough  remain  after  first  pregnancy  to  suggest  that  multiparous  females  are  more 

 capable  of  breastfeeding  offspring  (Lang  et  al.  2012;  Matulka  et  al.  2007;  Oakes  et  al. 

 2006).  Unsurprisingly,  offspring  of  primiparous  mothers  experience  higher  levels  of 

 morbidity  and  mortality  (Sharma  et  al.  2016:  69;  Sunderland  et  al.  2008).  Aside  from 

 parity,  a  mother’s  own  somatic  development,  social  status  and  access  to  resources  has 

 been  shown  to  affect  offspring  support.  For  instance,  young  mothers  still  growing 
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 themselves  do  not  have  access  to  the  same  bodily  reserves  as  mature  mothers  (Pittet  et  al. 

 2017;  Tardif  et  al.  2001),  while  mothers  with  multiple  offspring  must  divide  their  support 

 (Hinde  and  Milligan  2011:  18;  Tardif  et  al.  2001),  and  the  availability  of  resources  within 

 the  same  environment  can  vary  depending  upon  maternal  social  status  (Pittet  et  al.  2017; 

 Fujita  et  al.  2012).  As  such,  it  is  hypothesised  that  access  to  detailed  maternal  life-history 

 data  has  the  capacity  to  unlock  further  within-group  variation  in  maternally-mediated 

 early-life  experience  and  its  impact  on  offspring  life-course  trajectories.  However,  for 

 past  populations,  such  predictions  will  likely  go  untested  given  the  scarcity  of  such 

 detailed data. 

	9.5.4	 	Summary	

 After  reviewing  comparative  research,  it  is  believed  that  the  use  of  a 

 two-dimensional  protocol  is  a  better  option  than  a  three-dimensional  as  it  is  supposed  that 

 the  additional  data  would  contribute  statistical  noise  rather  than  novel  information  at  the 

 expense  of  sample  size  reduction.  It  was  further  speculated  that  low  skeletal  completeness 

 inhibited  a  thorough  exploration  of  the  effects  of  stress  upon  skeletal  growth  and  pubertal 

 tempo.  Finally,  it  was  hypothesised  that  the  inability  to  determine  matrilineal  connections 

 between  individuals  in  the  sample  inhibited  a  more  thorough  exploration  of 

 intergenerational  cues  and  potentially  obscured  transgenerational  influences  on  early-life 

 programming and later-life phenotype. 
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	Chapter	10:	 	Conclusion	

	10.1		Research	Aims	

 This  study  aimed  to  1)  develop  a  statistically-valid  and  precise  method  of 

 quantifying  FA  in  dentition  from  archaeological  human  remains,  2)  use  the  data  generated 

 under  aim  1  to  examine  exposure  to  physiological  stress  during  early  life,  and  3)  explore 

 the  impact  of  early-life  stressors  on  life-course  trajectories  and  later-life  outcomes.  In 

 order  to  determine  whether  these  aims  have  been  achieved,  the  research  questions 

 outlined in the introductory chapter are reviewed. 

	10.2		Research	Questions	

 1.  Is dental fluctuating asymmetry a sensitive indicator of early-life stress? 

 Perturbations  to  developmental  processes  reflect  the  impact  of  external  stressors, 

 endogenous  fluctuations  and  an  organism’s  ability  to  buffer  these  insults  and  maintain 

 developmental  homeostasis.  Given  this  interplay  of  factors,  in  paired  structures  in  which 

 the  target  phenotype  has  perfect  bilateral  symmetry,  fluctuating  asymmetry  is  a  coarse 

 proxy  for  stress  experience  during  development  rather  than  a  sensitive  indicator  (Graham 

 and  Ozener  2016:  163;  Klingenberg  2015:  892;  Graham  et  al.  2010:  496-497;  Escós  et  al. 

 2000:  331;  Selye  1973;  Holling  1973:  17).  Despite  this,  recent  bioarchaeological  studies 

 which  have  included  dental  FA  have  produced  results  in  which  the  relationships  between 

 stressors,  stress  markers  and  outcomes  align  with  theoretical  and  clinical  expectations 

 (e.g.,  O’Donnell  and  Moes  2020;  Barker  2012;  Barrett  et  al.  2012;  Guatelli-Steinberg  et 

 al.  2006;  Roseboom  et  al.  2001),  validating  the  use  of  dental  FA  as  marker  of  stress 

 (imperfect  as  it  may  be).  Importantly  for  a  life-course  approach,  because  odontogenesis  is 

 highly  canalised  chronologically,  the  timing  of  stress  experience  can  be  approximated 
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 with  a  reasonable  degree  of  accuracy;  as  first  permanent  molars  crowns  form  during 

 foetal  and  early-postnatal  life,  M1  occlusal  FA  reflects  early-life  stress  experience 

 (Klingenberg  2015;  AlQahtani  et  al.  2010;  Smith  et  al.  2010).  M1  FA  therefore  presents 

 an  invaluable  opportunity  through  which  to  explore  life-course  dynamics  in  past 

 populations. 

 The  robusticity  of  dental  materials  also  renders  dental  FA  an  archaeologically 

 durable  stress  marker  (Barrett  et  al.  2012;  Guatelli-Steinberg  et  al.  2006;  Hillson  2005). 

 Although  dental  wear  and  loss  may  make  the  assessment  of  older  individuals  challenging, 

 as  enamel  does  not  remodel  throughout  life  (Lynnerup  and  Klaus  2019:  52;  Antoine  and 

 Hillson  2016:  223),  assessments  of  M1  FA  enable  early-life  stress  experience  to  be 

 evaluated  in  both  skeletally  immature  and  mature  individuals.  Moreover,  as  GM 

 assessments  of  occlusal  morphology  do  not  require  destructive  sampling  and  can  be 

 implemented  with  equipment/software  that  is  readily  available  for  most  (Adams  et  al. 

 2021;  Olsen  and  Westneat  2015),  M1  FA  has  the  potential  to  be  assessed  in  larger  samples 

 and  more  precisely  without  damaging  human  remains  and  limiting  future  research. 

 Crucially,  the  consistency  of  results  produced  by  more  recent  studies  of  dental  FA  (GM 

 and  traditional)  and  their  correspondence  with  clinical  analogues  suggests  that  the 

 methodological  problems  associated  with  early  projects  have  to  a  large  extent  been 

 overcome  (e.g.,  O’Donnell  and  Moes  2020;  Barker  2012;  Barrett  et  al.  2012; 

 Guatelli-Steinberg  et  al.  2006).  In  sum,  M1  FA  is  an  archaeologically  durable  and 

 accessible  proxy  for  early-life  stress  that  can  be  measured  reliably  and  which  persists  in 

 the remains of survivors and non-survivors. 
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 2.  In  past  populations,  to  what  extent  did  early-life  stress  determine  life-course 

 trajectories in growth, development, morbidity and mortality? 

 Somewhat  surprisingly,  it  did  not  appear  that  early-life  stress  affected  growth 

 directly.  Instead,  childhood  experience  was  implicated  in  perturbations  to  growth  and  it 

 was  hypothesised  that  deficits  which  persisted  in  skeletally  mature  individuals 

 represented  phenotypic  reprogramming  rather  than  a  failure  of  catch-up  growth  (Agarwal 

 2016:  134;  Cameron  2012:  18-20;  Bogin  and  Loucky  1997;  Tanner  and  Whitehouse 

 1980).  Higher  M1  FA  was,  however,  associated  with  the  immature  cohort  and  within  the 

 sample  there  were  individuals  with  elevated  scores  that  also  evidenced  delays  in  𝑎 
 𝑝 

 pubertal  development.  Potentially,  elevated  early-life  stress  delayed  maturation  so  that 

 growth  could  take  place  over  a  longer  time  in  adverse  environments,  suggesting  that 

 early-life  experience  may  have  indirectly  affected  growth  trajectories.  It  was  further 

 possible  to  make  inferences  regarding  mortality  and  morbidity.  These  were  based  on  the 

 finding  of  significantly  higher  FA  in  the  immature  cohort  in  comparison  to  the  mature 

 skeletons,  the  positive  correlation  observed  between  immature  age  estimates  and  M1  𝑎 
 𝑝 

 scores  (the  GM  quantification  of  early-life  stress),  and  the  higher  scores  associated  with 

 inflammatory  stress  markers  and  active  health  insults.  Together,  this  was  taken  to 

 evidence  the  impact  of  adaptations  (likely  revolving  around  physiological  phenotype)  that 

 increased  the  chances  of  short-term  survival  at  the  expense  of  later-life  frailty,  resilience 

 and  mortality  risk.  Overall,  the  data  consistently  support  the  Thrifty  Phenotype 

 Hypothesis (Hales and Barker 2013; Armelagos  et al.  2009; Hales and Barker 2001). 
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 3.  Is  it  possible  to  infer  which  factors  and  dynamics  created  disparities  in  stress 

 experience? 

 After  reviewing  the  life-course  approach  it  was  theorised  that  contextually  specific 

 environmental  and  sociocultural  influences  were  responsible  for  stress  experience 

 (Cheverko  2021:  61;  Giele  and  Elder  2013:  9-10;  Hendricks  2012:  229-230).  This,  in 

 essence,  appeared  to  be  highly  accurate.  Past  research  had  speculated  that  the  Black  Gate 

 assemblage  was  associated  with  a  dispersed  and  relatively  egalitarian  rural  community 

 (Mahoney  Swales  2019;  Mahoney  Swales  2012;  Nolan  et  al.  2010).  It  is  believed  that  the 

 generally  moderate  rates  of  stress  markers  and  small  number  of  skeletons  with  lesions 

 consistent  with  scurvy  evidence  a  reasonably  equitable  society  with  some  members 

 occasionally  affected  by  seasonal  resource  availability.  Given  the  contemporaneous 

 accounts  of  19  th  century  South  Shield’s  noxious  environment  (e.g.,  Salmon  1856;  Report 

 of  the  Commissioners  1845;  Mackenzie  1834  ),  it  was  unsurprising  to  find  skeletal 

 evidence  of  chronic  later-life  stress  in  the  collection.  What  was  perplexing,  however,  was 

 the  inference  of  relatively  good  childhood  health.  A  variety  of  hypotheses  have  been 

 developed  to  explain  this,  most  of  which  revolve  around  child-labour  practices  in 

 Industrial  Britain  and  some  specific  to  South  Shields  (Newman  et  al.  2019:  116-117; 

 Newman  2016:  198-199;  Raynor  et  al.  2011:  106).  Meanwhile,  the  disasters  of  the  14  th 

 century,  which  included  several  famines  and  the  Black  Death,  are  thought  to  have 

 contributed  to  the  significantly  higher  levels  of  stress  and  mortality  before  maturity  seen 

 in  the  Warwick  assemblage  (Nolan  2019;  Slavin  2013;  John  1997;  Proudfoot  1983; 

 Harley  1958).  Although  high  population  density  likely  promoted  the  spread  of  infectious 

 disease  in  the  York  Barbican  population,  the  skeletal  evidence  suggests  the  community 

 was  relatively  well-buffered  by  its  commercial  connections  in  terms  of  nutritional 

 resources  and  possibly  also  in  the  provision  of  specialist  care  (Goldberg  2019;  Grauer  and 
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 Roberts  1996;  Tilliot  1961).  Extrapolating  from  these  case  studies,  it  is  posited  that 

 localised contexts uniquely imprint themselves upon the populations which inhabit them. 

 It  was  also  predicted  that  mothers  and  the  maternal  lineage  modified  early-life 

 experience  (Cheverko  2021:  61;  Gowland  2015;  Giele  and  Elder  2013).  The  skeletal 

 evidence  strongly  suggests  that  mothers  very  successfully  mediated  stress.  Despite  the 

 distinct  patterns  in  later-life  stress  experience,  early-life  stress  as  inferred  through  M1  FA 

 was  not  generally  significantly  different  between  sites.  As  the  frequency  of  stress 

 episodes  inferred  through  matched  LEH  also  increased  after  the  supposed  cessation  of 

 breastfeeding  (Primeau  et  al.  2015;  Sandberg  et  al.  2014),  it  is  theorised  that  mothers 

 protected  dependent  offspring,  providing  a  more  stable  developmental  experience  and 

 that  variance  in  offspring  early-life  experience  is  related  to  maternal  condition  and  their 

 ability  to  effectively  mitigate  stressors.  Aside  from  buffering  against  harmful  stressors,  as 

 early-life  stress  has  been  implicated  in  phenotypic  programming  for  adaptive  advantage 

 (Pomeroy  et  al.  2012;  Gluckman  et  al.  2010;  Hales  and  Barker  2001),  it  seems  that  the 

 mother-child  nexus  was  also  key  to  enhancing  the  likelihood  of  offspring  survival  in  the 

 short-term.  This  interpretation  is  significant  because  it  contrasts  with  clinical 

 understandings  of  the  mother-child  relationship  which  can,  at  times,  characterise  the 

 stressors  impacting  this  nexus  as  detrimental  to  offspring  health  and  development  (e.g., 

 Barker  2012;  Roseboom  et  al.  2001;  Barker  and  Osmond  1986).  As  developmental 

 experience  appeared  to  be  highly  influential  in  later-life  morbidity,  it  was  also  suggested  a 

 mother’s  own  developmental  experience  would  have  impacted  the  level  of  support 

 available  to  her  own  dependent  offspring,  supporting  the  concept  of  intergenerational 

 health  and  mitotically-stable  phenotypes  (Gowland  2015;  Thayer  and  Kuzawa  2011:  798; 

 Skinner  2008).  What  was  not  apparent  were  ancestral/transgenerational  influences.  It  may 

 be  that  such  influences  are  more  important  for  organisms  with  quicker  life-histories  (Lu  et 
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 al.  2019;  Van  Winkle  and  Ryznar  2018;  Susser  et  al.  2012).  However,  the  inability  to 

 identify  transgenerational  relationships  in  archaeological  samples  prevented  this  theory 

 being  explored  and  will  likely  inhibit  future  investigations.  Overall,  the  data  suggests  that 

 mothers  played  a  direct  role  in  protecting  offspring  during  the  critical  period  of  early  life 

 and  stimulated  phenotypic  adaptations  which  were  beneficial  in  the  short-term  but 

 associated with increased morbidity and mortality later in life. 

	10.3		Summary	

 Returning  once  more  to  the  project’s  aims,  a  statistically-valid  and  precise  method 

 of  quantifying  FA  in  the  dentition  of  archaeologically  recovered  human  remains  was 

 successfully  developed,  however,  FA  is  not  a  precise  measure  of  stress  (Graham  and 

 Ozener  2016;  Klingenberg  2015;  Graham  et  al.  2010).  Despite  this  M1  FA  quantified 

 through  GM  methods  represents  a  durable  and  accessible  proxy  for  maternally-mediated 

 early-life  stress  (Lynnerup  and  Klaus  2019;  Antoine  and  Hillson  2016;  Smith  et  al.  2010) 

 and,  as  such,  is  an  extremely  useful  measure  for  bioarchaeologists  taking  a  life-course 

 approach.  Consequently,  by  utilising  the  methods  developed  for  this  project  along  with  a 

 suite  of  osteological  observations,  it  was  possible  to  examine  early-life  stress  exposure 

 and  its  later-life  impacts  in  past  populations.  From  this  investigation  it  was  possible  to 

 show  that  localised  contextual  stressors  imprinted  themselves  upon  samples  derived  form 

 past  populations  and  that  mothers  mediated  stress  experience  for  dependent  offspring  and 

 played  a  role  in  phenotypic  adaptations  that  maximised  the  chances  of  immediate  survival 

 at  the  expense  of  increased  frailty,  decreased  resilience  and  greater  mortality  risk  in 

 later-life. 

 More  broadly  the  successes  of  this  project  help  to  reiterate  the  assertion  made  at 

 the  beginning  of  the  thesis.  That  is,  the  capacity  for  bioarchaeological  research  to  enhance 
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 our  collective  understanding  of  the  human  experience  through  the  assessment  of  skeletal 

 tissues  which  embody  both  biological  and  cultural  influences  and  preserve  information 

 otherwise  lost  to  the  historical  record  (Agarwal  2021;  Cheverko  et  al.  2021;  Buikstra 

 1977).  Bioarchaeology  and  the  findings  emanating  from  the  field  should  therefore  be 

 regarded  as  complementary  to  a  range  of  disciplines  and  not  viewed  as  a  niche  interest 

 with limited significance. 

	10.4		Future	Work	

 Aside  from  the  recommendations  made  in  Chapter  9  which  largely  related  to 

 difficulties  identified  in  the  specific  approach  taken  here,  several  broader  directions  for 

 future  work  emerge  from  the  reflections  on  the  project’s  aims  and  questions.  One 

 potential  avenue  of  research  is  that  of  phenotypic  programming.  Although  this  is  not 

 novel,  it  is  believed  that  more  work  could  be  done  in  the  field  of  bioarchaeology  to 

 ascertain  or  reinterpret  the  extent  to  which  later-life  outcomes  are  determined  by  early-life 

 and  childhood  experiences.  For  example,  previous  research  has  shown  that  developmental 

 stress  can  be  associated  with  reduced  growth.  In  past  work  this  has  at  times  been  viewed 

 as  a  failure  of  catch-up  growth  to  adequately  compensate  for  deprivation-induced  delays 

 to  development,  but  equally  it  could  be  the  result  of  phenotypic  reprogramming  and  the 

 calibration  of  skeletal  dimensions  to  be  more  sustainable  in  a  resource-deprived 

 environment  (Agarwal  2016;  Cameron  2012;  Bogin  and  Loucky  1997;  Tanner  and 

 Whitehouse  1980).  Moreover,  it  has  been  inferred  in  clinical  research  that  early-life  stress 

 causes  alterations  to  physiological  phenotype  that  influences  morbidity  concerning 

 metabolic  and  inflammatory  conditions  (e.g.,  Barker  2012;  Lockhart  et  al.  2012; 

 Andriankaja  et  al.  2010).  Attempts  made  here  to  link  inflammatory  lesions  and  M1  FA 

 were  promising  but  not  conclusive.  Although  undoubtedly  difficult  when  studying 

 skeletal  remains,  it  is  speculated  that  more  could  be  done  to  assess  physiological 
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 phenotype.  Potentially,  inflammatory  modifications  to  joints  and  entheses  could  be 

 assessed  so  that  much  more  holistic  multidimensional  profiles  could  be  created  through 

 which  to  explore  an  integrated  phenotypic  response  to  general  physiological  stress 

 (Bakirci  et al  . 2020; Polachek  et al.  2017; Selye  1973). 

 Regarding  alterations  to  phenotype  in  response  to  stress,  it  is  believed  that  the 

 morphological  data  generated  by  this  project  can  be  investigated  further.  Patterns  were 

 identified  which  suggested  that  stress-induced  deviations  to  bilateral  occlusal  symmetry 

 in  paired  molars  were  manifested  to  a  greater  extent  at  the  periphery  of  cusps  and  that 

 mesial  cusp  apices  were  least  affected.  This  supported  the  PCM  which  posits  that,  in 

 multi-cusped  teeth,  cusps  are  developmental  units  whose  growth  is  chronologically 

 sequenced  and  linked  through  biomolecular  feedback  loops  (Salazar-Ciudad  and  Jernvall 

 2002;  Jernvall  and  Jung  2000).  With  support  from  past  empirical  research,  it  was 

 therefore  surmised  that  stress-induced  developmental  “errors”  could  ripple  across  these 

 physiological  networks,  increasing  morphological  variation  in  later-forming  occlusal 

 features  (Riga  et  al.  2014;  Hunter  et  al.  2010;  Jernvall  and  Jung  2000).  This  finding  was 

 important  as  it  contributed  to  the  discussion  surrounding  the  sensitivity  of  M1  FA  as  a 

 proxy  for  early-life  stress.  However,  more  research  could  be  conducted  to  ascertain  to 

 what  extent  cusp  development  is  integrated  (Adams  and  Collyer  2019;  Adams  and 

 Collyer  2016).  The  topic  of  developmental  integration/modularity  was  not  pursued  in  this 

 project,  which  from  the  start  focused  upon  the  associations  between  stress  experienced  at 

 different  phases  of  the  life-course  and  later-life  outcomes,  but  continuing  geometric 

 morphometric  investigations  of  the  data  gathered  would  likely  provide  valuable  insights 

 for the fields of dental anthropology and developmental biology. 
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 It  is  also  believed  that  the  incorporation  of  historical  sources,  where  possible,  to  a 

 much  greater  extent  would  be  valuable.  To  illustrate,  although  lived  experience  can  be 

 investigated  through  osteological  remains  alone  and  likely  provides  the  only  source  of 

 information  for  more  chronologically  distant  epochs,  the  interpretation  of  skeletal  patterns 

 of  stress  exposure  at  South  Shields  was  enriched  using  contemporary  accounts  (e.g., 

 Fordyce  1857;  Salmon  1856;  Mackenzie  1834;  Report  of  the  Commissioners  1845  ). 

 Though  obtaining  such  data  becomes  increasingly  challenging  as  the  gulf  in  time  widens 

 and  could  necessitate  a  multidisciplinary  approach  engaging  historians  as  well  as 

 osteologists,  it  is  believed  that  the  inclusion  of  more  detailed  data  on  contextually-specific 

 sociocultural  and  environmental  factors  would  add  a  great  deal  of  inferential  nuance. 

 Moreover,  information  pertaining  to  site-specific  practices  concerning  pregnant  females 

 and  mothers  with  dependent  offspring  (e.g.,  whether  diet  and  work  were  modified  as  a 

 result  of  pregnancy  or  remained  the  same)  would  be  invaluable  in  evaluating  the  impact 

 of  factors  such  as  maternal  condition  and  weaning  age  on  the  efficacy  of  maternal 

 buffering. 

 Finally,  it  is  recommended  that  more  work  be  done  to  focus  on  the  mothers  in  the 

 mother-child  dyad.  As  a  consequence  of  the  early  formulation  and  articulation  of  the 

 research  questions,  this  thesis  has  largely  focused  upon  the  impact  maternally-mediated 

 stress  had  upon  offspring  development,  life-course  experiences  and  final  outcomes.  So, 

 although  maternal  diet  and  health  have  been  discussed,  it  has  been  in  relation  to  the 

 impact  that  they  had  upon  their  offspring.  In  contrast,  other  work  has  employed  stress 

 markers  which  form  whilst  maternally  dependent  to  explore  more  directly  the  mother’s 

 health  (e.g.,  Hodson  and  Gowland  2020;  Beaumont  et  al.  2015;  Gowland  2015).  Given 

 the  competing  demands  placed  upon  mothers  (i.e.,  the  need  to  provision  offspring  and 

 themselves)  which  increase  vulnerability  to  stress  and  decrease  resilience,  mothers 
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 represent  a  sensitive  indicator  of  a  society  or  culture’s  capacity  to  successfully  buffer 

 harmful  influences.  Although  limited  in  sample  size  due  to  the  destructive  nature  of 

 sampling,  incremental  isotopic  analyses  of  dental  materials  have  been  employed  to 

 investigate  maternal  stress  experience,  access  to  resources  and  the  demands  of 

 reproduction/pregnancy/breastfeeding  (e.g.,  Feuillâtre  et  al.  2022;  Beaumont  et  al.  2015; 

 Fuller  et  al.  2006:  51).  It  is  proposed  that  a  project  which  employs  both  the  method 

 developed  here  and  isotopic  testing  on  M1s  has  the  potential  to  validate  the  association 

 between  M1  FA,  offspring  early-life  stress  experience  and  maternal  diet  and  physiological 

 status. 
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	Appendix	1:	Osteological	Terminology	

 Appendix  1.1  A  basic  illustrative  key  to  the  human  skeleton  (a)  and  the  component  elements  of  long  bones 
 (b).  Image  adapted  from  work  available  at  https://www.biologycorner.com/worksheets/skeleton_label.html 
 held under a Creative Commons Attribution-NonCommercial-ShareAlike 4.0 International License. 
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 Term  Definition 
 Axial Skeleton  The bones of the trunk – i.e., the vertebrae, sacrum, ribs, and sternum 

 Appendicular skeleton  Upper and lower limbs bones as well as the shoulder and pelvic girdles 
 Superior  Located towards the head; synonymous with cranial 

 Inferior  The  opposite  of  superior  –  i.e.,  body  parts,  or  aspects  of  them,  located  away 
 from the head 

 Anterior  Positioned  toward  the  front  of  the  body  –  e.g.,  the  sternum  is  located  anterior 
 to the vertebral column 

 Posterior  The opposite of anterior – i.e., toward the back of the individual 

 Medial  Located  toward  the  midline.  The  vertebral  column  is  medial  in  relation  to  the 
 upper limb 

 Lateral  The opposite of medial – i.e., away from the midline 

 Proximal  Nearest  the  axial  skeleton  –  e.g.,  the  proximal  end  of  the  humerus  is  the  end 
 toward the shoulder 

 Distal  The opposite of proximal – i.e., farthest from the axial skeleton 

 Epiphysis 
 The  end  segment  of  a  long  bone  that  is  expanded  for  articulation.  Epiphyses, 
 which  are  also  sites  of  secondary  ossification,  are  separated  from  diaphysis  by 
 a growth plate in immature skeletal remains 

 Metaphysis  The expanded and flared ends of the diaphysis 

 Diaphysis  The  shaft  of  a  long  bone.  The  primary  ossification  centres  for  long  bones  are 
 in the diaphyses 

 Growth plate 

 A  cartilaginous  layer  located  beneath  the  epiphysis.  In  immature  remains,  As 
 the  cartilage  grows  away  from  the  primary  ossification  centre  in  the 
 diaphysis,  the  tissue  on  the  diaphyseal  side  is  replaced  by  bone  leading  to 
 increased long bone length 

 Cortical bone  Also  known  as  compact  bone,  this  is  a  dense  external  bone  surface  that 
 surrounds the medullary cavity 

 Medullary cavity  The marrow-filled canal in the diaphysis of a long bone 

 Trabecular bone 

 Porous,  lightweight  bone  also  called  spongy  or  cancellous  bone.  Located  deep 
 to  protuberances  where  tendons  attach,  vertebral  bodies,  long  bone  epiphyses, 
 in  short  bones  (e.g.,  carpals),  and  within  flat  bones  (e.g.,  scapulae  and  cranial 
 bones) 

 Appendix 1.2 Terms used to describe and define skeletal elements (White  et al.  2012). 
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	Appendix	2:	Supplementary	Osteological	Data	

	Mortality	

 Age Cat.  BG  SH  WS  YB  Combined 
 0.0-5.0  7 (9.9%)  4 (16.7%)  1 (4.0%)  7 (11.1%)  19 (10.4%) 
 5.1-10.0  10 (14.1%)  2 (8.3%)  13 (52.0%)  6 (9.5%)  31 (16.9%) 

 10.1-15.0  11 (15.5%)  3 (12.5%)  5 (20.0%)  6 (9.5%)  25 (13.7%) 
 15.1-20.0  7 (9.9%)  5 (20.8%)  2 (8.0%)  16 (25.4%)  30 (16.4%) 
 20.1-25.0  10 (14.1%)  0 (0.0%)  1 (4.0%)  8 (12.7%)  19 (10.4%) 
 25.1-30.0  6 (8.5%)  1 (4.2%)  0 (0.0%)  1 (1.6%)  8 (4.4%) 
 30.1-35.0  4 (5.6%)  0 (0.0%)  0 (0.0%)  1 (1.6%)  5 (2.7%) 
 35.1-40.0  4 (5.6%)  1 (4.2%)  0 (0.0%)  2 (3.2%)  7 (3.8%) 
 40.1-45.0  3 (4.2%)  2 (8.3%)  0 (0.0%)  3 (4.8%)  8 (4.3%) 
 45.1-50.0  3 (4.2%)  1 (4.2%)  1 (4.0%)  2 (3.2%)  7 (4.4%) 
 50.1-55.0  4 (5.6%)  1 (4.2%)  0 (0.0%)  4 (6.4%)  9 (4.9%) 
 55.1-60.0  1 (1.4%)  3 (12.5%)  1 (4.0%)  5 (7.9%)  10 (5.5%) 
 60.1-65.0  0 (0.0%)  1 (4.2%)  1 (4.0%)  0 (0.0%)  2 (1.1%) 
 65.1-70.0  0 (0.0%)  0 (0.0%)  0 (0.0%)  0 (0.0%)  0 (0.0%) 
 70.1-75.0  1 (1.4%)  0 (0.0%)  0 (0.0%)  1 (1.6%)  2 (1.1%) 
 75.1-80.0  0 (0.0%)  0 (0.0%)  0 (0.0%)  0 (0.0%)  0 (0.0%) 
 80.1-85.0  0 (0.0%)  0 (0.0%)  0 (0.0%)  0 (0.0%)  0 (0.0%) 
 85.1-90.0  0 (0.0%)  0 (0.0%)  0 (0.0%)  0 (0.0%)  0 (0.0%) 

 >90  0 (0.0%)  0 (0.0%)  0 (0.0%)  1 (1.6%)  1 (0.5%) 
 Sum  71  24  25  63  183 
 Appendix 2.1 A tabular summary of mortality in the overall sample as well as for each site. 
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 Age Cat.  Female  Male  Combined 
 15.0-20.0  3 (10.0%)  1 (2.6%)  4 (5.8%) 
 20.1-25.0  2 (6.7%)  10 (25.6%)  12 (17.4%) 
 25.1-30.0  2 (6.7%)  3 (7.7%)  5 (7.3%) 
 30.1-35.0  0 (0.0%)  3 (7.7%)  3 (4.3%) 
 35.1-40.0  4 (13.3%)  2 (5.1%)  6 (8.7%) 
 40.1-45.0  2 (6.7%)  6 (15.4%)  8 (11.6%) 
 45.1-50.0  4 (13.3%)  3 (7.7%)  7 (10.1%) 
 50.1-55.0  3 (10.0%)  6 (15.4%)  9 (13.0%) 
 55.1-60.0  7 (23.3%)  3 (7.7%)  10 (14.5%) 
 60.1-65.0  1 (3.0%)  1 (2.6%)  2 (2.9%) 
 65.1-70.0  0 (0.0%)  0 (0.0%)  0 (0.0%) 
 70.1-75.0  1 (3.0%)  1 (2.6%)  2 (2.9%) 
 75.1-80.0  0 (0.0%)  0 (0.0%)  0 (0.0%) 
 80.1-85.0  0 (0.0%)  0 (0.0%)  0 (0.0%) 
 85.1-90.0  0 (0.0%)  0 (0.0%)  0 (0.0%) 

 >90  1 (3.0%)  0 (0.0%)  1 (1.5%) 
 Sum  30  39  69 
 Appendix 2.2 A tabular summary of mortality differences between females and males. 

	Growth	–	Mature	Long	Bones	

	Comparisons	between	Sites	

 Site  Count  Min  Q1  Median  Mean  Q3  Max  Std dev 
 BG  17  407.0  423.0  439.0  445.8  464.0  492.0  27.2 
 SH  10  427.0  441.5  456.5  460.7  476.8  512.0  27.7 
 WS  2  398.0  404.3  410.5  410.5  416.8  423.0  17.7 
 YB  13  379.0  422.0  442.0  438.8  456.0  517.0  34.7 

 Combine  42  379.0  423.3  442.5  445.5  464.0  517.0  30.9 
 Appendix 2.3 A tabular comparison of femoral length in millimetres between sites 

 Site  Count  Min  Q1  Median  Mean  Q3  Max  Std dev 
 BG  14  332.0  350.0  363.5  366.9  388.3  407.0  23.5 
 SH  9  334.0  345.0  360.0  367.0  385.0  406.0  27.5 
 WS  5  319.0  332.0  332.0  353.4  388.0  396.0  35.7 
 YB  12  312.0  344.0  360.5  357.1  370.3  395.0  23.9 

 Combine  40  312.0  344.0  359.5  362.3  385.0  407.0  25.7 
 Appendix 2.4 A tabular comparison of tibial length in millimetres between sites. 

 Site  Count  Min  Q1  Median  Mean  Q3  Max  Std dev 
 BG  3  328.0  340.0  352.0  351.0  362.5  373.0  22.5 
 SH  5  337.0  342.0  362.0  361.0  370.0  394.0  23.0 
 WS  1  323.0  323.0  323.0  323.0  323.0  323.0  N/A 
 YB  4  338.0  354.5  361.5  356.5  363.5  365.0  12.5 

 Combine  14  323.0  338.0  360.0  354.4  365.0  394.0  20.1 
 Appendix 2.5 A tabular comparison of fibula length in millimetres between sites. 
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 Site  Count  Min  Q1  Median  Mean  Q3  Max  Std dev 
 BG  20  290.0  308.5  332.0  326.5  341.0  356.0  19.6 
 SH  13  288.0  314.0  333.0  329.1  345.0  355.0  21.0 
 WS  4  298.0  300.3  308.0  313.0  320.8  338.0  18.2 
 YB  21  274.0  292.0  315.0  313.4  328.0  374.0  26.2 

 Combine  58  274.0  302.0  321.0  321.4  340.0  374.0  23.0 
 Appendix 2.6 A tabular comparison of humeral length in millimetres between sites. 

 Site  Count  Min  Q1  Median  Mean  Q3  Max  Std dev 
 BG  14  215.0  225.5  237.0  238.7  251.3  269.0  16.0 
 SH  9  215.0  235.0  237.0  239.4  252.0  257.0  15.2 
 WS  2  216.0  217.8  219.5  219.5  221.3  223.0  4.9 
 YB  13  200.0  223.0  236.0  233.5  246.0  262.0  17.2 

 Combine  38  200.0  223.0  236.0  236.1  251.0  269.0  16.1 
 Appendix 2.7 A tabular comparison of radial length in millimetres between sites. 

 Site  Count  Min  Q1  Median  Mean  Q3  Max  Std dev 
 BG  10  239.0  249.0  260.0  260.7  274.0  282.0  15.9 
 SH  9  229.0  250.0  254.0  256.3  269.0  276.0  15.9 
 WS  4  232.0  235.0  236.5  243.8  245.3  270.0  17.6 
 YB  10  226.0  242.0  247.0  253.8  274.0  279.0  19.2 

 Combine  33  226.0  241.0  252.0  255.3  270.0  282.0  17.2 
 Appendix 2.8 A tabular comparison of ulna length in millimetres between sites. 

 Appendix 2.9 An illustrative comparison of lower limb long bone lengths compared by site. 
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 Appendix 2.10 An illustrative comparison of upper limb long bone lengths compared by site. 

	Comparisons	between	Sexes	

 Sex  Count  Min  Q1  Median  Mean  Q3  Max  Std dev 
 Female  14  379.0  407.5  421.0  417.0  426.8  442.0  17.2 
 Male  21  424.0  446.0  464.0  466.7  478.0  517.0  24.7 

 Appendix 2.11 A tabular comparison of femoral length in millimetres between sexes. 

 Sex  Count  Min  Q1  Median  Mean  Q3  Max  Std dev 
 Female  12  312.0  330.5  344.5  339.8  347.8  368.0  16.0 
 Male  20  334.0  363.0  383.0  377.6  395.3  407.0  22.4 

 Appendix 2.12 A tabular comparison of tibial length in millimetres between sexes. 

 Sex  Count  Min  Q1  Median  Mean  Q3  Max  Std dev 
 Female  6  323.0  330.3  337.5  336.7  341.0  352.0  10.3 
 Male  6  360.0  363.5  367.5  370.8  372.3  394.0  12.3 

 Appendix 2.13 A tabular comparison of fibula length in millimetres between sexes. 

 Site  Count  Min  Q1  Median  Mean  Q3  Max  Std dev 
 Female  16  274.0  298.0  301.0  306.6  316.0  356.0  18.9 
 Male  26  288.0  317.8  337.5  334.1  346.5  374.0  18.6 

 Appendix 2.14 A tabular comparison of humeral length in millimetres between sexes. 

 Sex  Count  Min  Q1  Median  Mean  Q3  Max  Std dev 
 Female  15  200.0  217.5  223.0  222.9  228.5  241.0  10.3 
 Male  15  234.0  241.0  252.0  249.8  255.5  269.0  10.4 

 Appendix 2.15 A tabular comparison of radial length in millimetres between sexes. 

 Sex  Count  Min  Q1  Median  Mean  Q3  Max  Std dev 
 Female  11  226.0  234.0  239.0  237.5  241.5  250.0  6.7 
 Male  17  236.0  265.0  270.0  267.3  277.0  282.0  13.4 

 Appendix 2.16 A tabular comparison of ulna length in millimetres between sexes. 
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 Appendix 2.17 An illustrative comparison of lower limb bone lengths compared between females and 
 males. 

 Appendix 2.18 An illustrative comparison of upper limb bone lengths compared between females and 
 males. 
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	Growth	–	Immature	Diaphyses	

	Comparisons	between	Sites	

 Site  Count  Min  Q1  Median  Mean  Q3  Max  Std dev 
 BG  8  139.0  164.5  234.0  244.8  307.0  409.0  92.6 
 SH  5  141.0  156.0  268.0  250.2  343.0  343.0  97.9 
 WS  6  246.0  268.5  305.5  300.0  332.8  345.0  40.8 
 YB  5  136.0  158.0  242.0  218.4  262.0  294.0  68.2 

 Combine  24  136.0  164.5  261.5  254.2  312.5  409.0  79.4 
 Appendix 2.19 A tabular comparison of femoral diaphyseal length in millimetres between sites. 

 Site  Count  Min  Q1  Median  Mean  Q3  Max  Std dev 
 BG  10  121.0  149.5  188.5  191.6  238.5  251.0  49.4 
 SH  3  118.0  165.0  212.0  202.3  244.5  277.0  79.9 
 WS  7  159.0  203.0  231.0  226.3  259.5  269.0  40.5 
 YB  5  112.0  124.0  237.0  218.4  270.0  349.0  100.4 

 Combine  25  112.0  159.0  212.0  207.0  251.0  349.0  61.4 
 Appendix 2.20 A tabular comparison of tibial diaphyseal length in millimetres between sites. 

 Site  Count  Min  Q1  Median  Mean  Q3  Max  Std dev 
 BG  3  130.0  154.0  178.0  167.7  186.5  195.0  33.7 
 SH  2  115.0  137.8  160.5  160.5  183.3  206.0  64.3 
 WS  4  189.0  202.5  216.0  221.0  234.5  263.0  31.6 
 YB  2  109.0  134.0  159.0  159.0  184.0  209.0  70.7 

 Combine  11  109.0  154.0  195.0  184.2  208.0  263.0  48.0 
 Appendix 2.21 A tabular comparison of fibula diaphyseal length in millimetres between sites. 

 Site  Count  Min  Q1  Median  Mean  Q3  Max  Std dev 
 BG  17  110.0  162.0  222.0  210.8  261.0  320.0  66.8 
 SH  4  109.0  207.3  242.0  213.0  247.8  259.0  69.8 
 WS  4  190.0  200.5  230.5  228.3  258.3  262.0  36.6 
 YB  5  105.0  124.0  190.0  189.2  210.0  317.0  83.8 

 Combine  30  105.0  163.8  219.5  209.8  258.5  320.0  64.8 
 Appendix 2.22 A tabular comparison of humeral diaphyseal length in millimetres between sites. 

 Site  Count  Min  Q1  Median  Mean  Q3  Max  Std dev 
 BG  13  82.0  95.0  126.0  131.2  169.0  190.0  38.1 
 SH  1  171.0  171.0  171.0  171.0  171.0  171.0  NA 
 WS  5  110.0  129.0  155.0  151.2  181.0  181.0  31.5 
 YB  5  89.0  146.0  166.0  163.6  177.0  240.0  54.5 

 Combine  24  82.0  107.5  145.0  143.8  172.5  240.0  40.8 
 Appendix 2.23 A tabular comparison of radial diaphyseal length in millimetres between sites. 

 Site  Count  Min  Q1  Median  Mean  Q3  Max  Std dev 
 BG  8  90.0  101.8  123.5  136.4  164.3  208.0  43.7 
 SH  2  186.0  189.8  193.5  193.5  197.3  201.0  10.6 
 WS  2  147.0  161.5  176.0  176.0  190.5  205.0  41.0 
 YB  2  90.0  114.8  139.5  139.5  164.3  189.0  70.0 

 Combine  14  90.0  103.8  152.0  150.6  188.3  208.0  45.5 
 Appendix 2.24 A tabular comparison of ulna diaphyseal length in millimetres between sites. 
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 Appendix 2.25 An illustrative comparison of the relationship between diaphyseal length measured in millimetres and estimated age. 
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	LEH	

	Comparisons	between	Sites	

 Site  1-1.9  2-2.9  3-3.9  4-4.9  5-5.9 
 BG  7 (8.6%)  23 (28.4%)  23 (28.4%)  16 (19.8%)  10 (12.3%) 
 SH  1 (6.3%)  6 (37.5%)  5 (31.3%)  3 (18.8%)  0 (0.0%) 
 WS  1 (2.9%)  9 (26.5%)  13 (38.2%)  8 (23.5%)  3 (8.8%) 
 YB  9 (16.1%)  10 (17.9%)  15 (26.8%)  16 (28.6%)  5 (8.9%) 

 Combine  18 (9.6%)  48 (25.7%)  56 (29.9%)  43 (23.0%)  18 (9.6%) 
 Appendix 2.26 A tabular comparison of the frequency of stress episodes inferred through matched LEH 
 compared by site and in the overall sample (continued below). 

 Site  6-6.9  9-9.9  10-10.9  11-11.9  Total 
 BG  0 (0.0%)  1 (1.2%)  1 (1.2%)  0 (0.0%)  81 
 SH  0 (0.0%)  1 (6.2%)  0 (0.0%)  0 (0.0%)  16 
 WS  0 (0.0%)  0 (0.0%)  0 (0.0%)  0 (0.0%)  34 
 YB  0 (0.0%)  1 (1.8%)  0 (0.0%)  0 (0.0%)  56 

 Combine  0 (0.0%)  3 (1.6%)  1 (0.5%)  0 (0.0%)  187 

	Comparisons	between	Sites	

 Sex  LEH Absent (CPR)  LEH Present (CPR)  Total 
 Female  11 (30.6%)  25 (69.4%)  36 
 Male  9 (18.4%)  40 (81.6%)  49 

 Appendix 2.27 A tabular comparison of the frequency of skeletons with LEH by sex. 

 Sex  LEH Absent (TPR)  LEH Present (TPR)  Total 
 Female  718 (87.7%)  101 (12.3%)  819 
 Male  914 (81.4%)  209 (18.6%)  1,123 

 Appendix 2.28 A tabular comparison of the frequency of teeth with LEH by sex. 

 Sex  Matched Defect Absent  Matched Defect 
 Present  Total 

 Female  18 (50.0%)  18 (50.0%)  36 
 Male  14 (28.6%)  35 (71.4%)  49 

 Appendix  2.29  A  tabular  comparison  of  the  frequency  of  skeletons  by  sex  with  chronologically  matched 
 LEH. 

 Sex  1-1.9  2-2.9  3-3.9  4-4.9  5-5.9 
 Female  4 (14.8%)  7 (25.9%)  6 (22.2%)  6 (22.2%)  3 (11.1%) 
 Male  6 (9.8%)  14 (23.0%)  22 (36.1%)  13 (21.3%)  4 (6.6%) 

 Appendix 2.30 A tabular comparison of the frequency of stress episodes inferred through matched LEH 
 compared by site (continued below). 

 Sex  6-6.9  9-9.9  10-10.9  11-11.9  Total 
 Female  0 (0.0%)  1 (3.7%)  0 (0.0%)  0 (0.0%)  27 
 Male  0 (0.0%)  2 (3.3%)  0 (0.0%)  0 (0.0%)  61 

 398 



	Immature/Mature	Skeletons	Compared	

 Maturity  LEH Absent (CPR)  LEH Present (CPR)  Total 
 Mature  31 (27.7%)  81 (72.3%)  112 

 Immature  43 (41.4%)  61 (58.6%)  104 
 Appendix 2.31 A tabular comparison of the frequency of skeletally mature and immature individuals with 
 LEH. 

 Maturity  LEH Absent (TPR)  LEH Present (TPR)  Total 
 Mature  2,139 (85.7%)  356 (14.3%)  2,495 

 Immature  1,261 (82.3%)  273 (17.7%)  1,534 
 Appendix 2.32 A tabular comparison of the frequency of teeth with LEH from skeletally mature and 
 immature individuals. 

 Maturity  Matched Defect Absent  Matched Defect 
 Present  Total 

 Mature  50 (44.6%)  62 (55.4%)  112 
 Immature  55 (52.9%)  49 (47.1%)  104 

 Appendix 2.33 A tabular comparison of the frequency of skeletally mature and immature individuals with 
 chronologically matched LEH used to infer an episode of stress. 

 Maturity  1-1.9  2-2.9  3-3.9  4-4.9  5-5.9 
 Mature  10 (9.9%)  26 (25.7%)  33 (30.7%)  24 (22.8%)  8 (7.9%) 

 Immature  7 (8.2%)  22 (25.8%)  25 (29.4%)  20 (23.5%)  10 (11.8%) 
 Appendix 2.34 A tabular comparison of the frequency of skeletally mature and immature individuals with 
 stress episodes inferred through matched LEH (continued below). 

 Maturity  6-6.9  9-9.9  10-10.9  11-11.9  Total 
 Mature  0 (0.0%)  3 (3.0%)  0 (0.0%)  0 (0.0%)  101 

 Immature  0 (0.0%)  0 (0.0%)  1 (1.2%)  0 (0.0%)  85 

	CO	

	Comparisons	between	Sites	

 Site  CO Absent (TPR)  CO Present (TPR)  Total 
 BG  68 (55.3%)  55 (44.7%)  123 
 SH  31 (70.5%)  13 (29.5%)  44 
 WS  22 (52.4%)  20 (47.6%)  42 
 YB  32 (35.2%)  59 (64.8%)  91 

 Appendix 2.35 A tabular comparison of the frequency of orbits with CO by site (TPR in brackets). 

 Site  Inactive CO (CPR)  Active/Mixed (CPR)  Total 
 BG  25 (75.8%)  8 (24.2%)  33 
 SH  7 (87.5%)  1 (12.5%)  8 
 WS  10 (71.4%)  4 (28.6%)  14 
 YB  22 (64.7%)  12 (35.3%)  34 

 Appendix 2.36 A tabular comparison of the frequency of skeletons with CO that had active/mixed lesions 
 compared to inactive/healed by site. 

	Comparisons	between	Sexes	

 Sex  CO Absent (CPR)  CO Present (CPR)  Total 
 Female  22 (75.9%)  7 (24.1%)  29 
 Male  26 (59.1%)  18 (40.9%)  44 

 Appendix 2.37 A tabular comparison of the frequency of skeletons with CO by sex. 
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 Sex  CO Absent (TPR)  CO Present (TPR)  Total 
 Female  41 (75.9%)  13 (24.1%)  54 
 Male  51 (62.2%)  31 (37.8%)  82 

 Appendix 2.38 A tabular comparison of the frequency of orbits with CO by sex. 

 Sex  Inactive CO (CPR)  Active/Mixed (CPR)  Total 
 Female  7 (100.0%)  0 (0.0%)  7 
 Male  15 (83.3%)  3 (16.7%)  18 

 Appendix 2.39 A tabular comparison of the frequency of skeletons with CO that have active/mixed lesions 
 compared to inactive/healed by sex. 

 Sex  Grade 1 CO (CPR)  Grade 2 CO (CPR)  Total 
 Female  1 (14.3%)  6 (85.7%)  7 
 Male  10 (55.6%)  8 (44.4%)  18 

 Appendix 2.40 A tabular comparison of CO severity in sex cohorts. 

	Immature/Mature	Skeletons	Compared	

 Maturity  CO Absent (CPR)  CO Present (CPR)  Total 
 Mature  60 (65.2%)  32 (34.8%)  92 

 Immature  19 (25.0%)  57 (75.0%)  76 
 Appendix 2.41 A tabular comparison of the frequency of skeletally mature and immature individuals with 
 CO absent and present. 

 Maturity  CO Absent (TPR)  CO Present (TPR)  Total 
 Mature  118 (68.2%)  55 (31.8%)  173 

 Immature  35 (27.6%)  92 (72.4%)  127 
 Appendix 2.42 A tabular comparison of the frequency of orbits with CO absent and present from skeletally 
 mature and immature individuals. 

 Maturity  Inactive CO (CPR)  Active/Mixed (CPR)  Total 
 Mature  28 (87.5%)  4 (12.5%)  32 

 Immature  36 (63.2%)  21 (36.8%)  57 
 Appendix 2.43 A tabular comparison of the frequency of skeletally mature and immature individuals with 
 active/mixed and inactive/healed CO. 

 Maturity  Grade 1 CO (CPR)  Grade 2 CO (CPR)  Total 
 Mature  16 (50.0%)  16 (50.0%)  32 

 Immature  31 (54.4%)  26 (45.6%)  57 
 Appendix 2.44 A tabular comparison of lesion severity in skeletally mature and immature individuals with 
 CO. 

	PD	

	Comparisons	between	Sexes	

 Sex  PD Absent (CPR)  PD Present (CPR)  Total 
 Female  8 (22.2%)  28 (77.8%)  36 
 Male  10 (20.4%)  39 (79.6%)  49 

 Appendix 2.45 A tabular comparison of the frequency of skeletons with PD absent and present by sex. 

 Sex  PD Absent (TPR)  PD Present (TPR)  Total 
 Female  94 (40.5%)  138 (59.5%)  232 
 Male  149 (50.0%)  149 (50.0%)  298 

 Appendix 2.46 A tabular comparison of the frequency of teeth with surrounding alveolar bone with PD 
 absent and present by sex. 
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	Immature/Mature	Skeletons	Compared	

 Maturity  PD Absent (CPR)  PD Present (CPR)  Total 
 Mature  30 (26.8%)  82 (73.2%)  112 

 Immature  89 (85.6%)  15 (14.4%)  104 
 Appendix 2.47 A tabular comparison of the frequency of skeletally mature and immature individuals with 
 PD. 

 Maturity  PD Absent (TPR)  PD Present (TPR)  Total 
 Mature  337 (49.8%)  340 (50.2%)  677 

 Immature  304 (89.1%)  37 (10.9%)  341 
 Appendix 2.48 A tabular comparison of the frequency of teeth from skeletally mature and immature 
 individuals with surrounding alveolar bone with PD. 

 Maturity  Mild PD (CPR)  Moderate PD (CPR)  Severe PD (CPR)  Total 
 Mature  62 (75.6%)  18 (21.9%)  2 (2.4%)  82 

 Immature  14 (93.3%)  1 (6.7%)  0 (0.0%)  15 
 Appendix 2.49 A tabular comparison of lesion severity in skeletally mature and immature individuals with 
 PD. 

	PNBF	

	Comparisons	between	Sexes	

 Sex  PNBF Absent (CPR)  PNBF Present (CPR)  Total 
 Female  26 (74.3%)  9 (25.7%)  35 
 Male  27 (60.0%)  18 (40.0%)  45 

 Appendix 2.50 A tabular comparison of the frequency of skeletons with PNBF absent and present by sex. 

 Sex  PNBF Absent (TPR)  PNBF Present (TPR)  Total 
 Female  267 (89.0%)  33 (11.0%)  300 
 Male  351 (86.9%)  53 (13.1%)  404 

 Appendix 2.51 A tabular comparison of the frequency of bones with PNBF absent and present by sex. 

 Sex  PNBF Unilateral (CPR)  PNBF Bilateral (CPR)  Total 
 Female  2 (25.0%)  6 (75.0%)  8 
 Male  5 (29.4%)  12 (70.6%)  17 

 Appendix 2.52 A tabular comparison of the frequency of skeletons with PNBF that have unilateral and 
 bilateral lesions by sex. 

	Immature/Mature	Skeletons	Compared	

 Maturity  PNBF Absent (CPR)  PNBF Present (CPR)  Total 
 Mature  71 (69.6%)  31 (30.4%)  102 

 Immature  72 (74.2%)  25 (25.8%)  97 
 Appendix 2.53 A tabular comparison of the frequency of skeletally mature and immature individuals with 
 PNBF absent and present by life stage. 

 Maturity  PNBF Absent (TPR)  PNBF Present (TPR)  Total 
 Mature  783 (89.5%)  92 (10.5%)  875 

 Immature  549 (89.4%)  65 (10.6%)  614 
 Appendix 2.54 A tabular comparison of the frequency of bones from skeletally mature and immature 
 individuals with PNBF absent and present by life stage. 
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 Maturity  PNBF Unilateral (CPR)  PNBF Bilateral (CPR)  Total 
 Mature  9 (31.0%)  20 (69.0%)  29 

 Immature  3 (17.6%)  14 (82.4%)  17 
 Appendix 2.55 A tabular comparison of the frequency of skeletally mature and immature individuals with 
 PNBF that have unilateral and bilateral lesions. 

 Maturity  Inactive PNBF (CPR)  Active/Mixed (CPR)  Total 
 Mature  15 (48.4%)  16 (51.6%)  31 

 Immature  3 (22.0%)  22 (88.0%)  25 
 Appendix 2.56 A tabular comparison of the frequency of skeletally mature and immature individuals with 
 PNBF that have active/mixed lesions compared to inactive/healed. 
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	Appendix	3:	Supplementary	Pathological	Data	

 Skeleton  Site  Description  Diagnosis 

 523  BG 

 Right  ulna  and  radius  were  abnormally  bowed. 
 There  was  a  large  fracture  callus  approximately  two 
 thirds  of  the  way  down  the  ulna  shaft,  towards  the 
 distal  end.  The  radial  fracture  appeared  to  be  in  the 
 same area as the  Pronator Teres  insertion 

 Greenstick  fracture  of  ulna 
 and  radius  (  typical  of  ), 
 potentially  linked  to  a  fall 
 onto  an  outstretched  hand 
 (  consistent with  ) 

 574  BG  Incomplete development of S1-S4 neural arches  Spina  Bifida  Occulta  (typical 
 of) 

 300  BG 

 Lateral  border  of  the  right  scapula  showed 
 callus/osseous  growth  in  the  region  of  origin  for  the 
 Teres  Major  muscle.  Right  scapula  is  very  robust 
 and  the  glenoid  fossae  is  notably  larger  than  the  left. 
 Unilateral  nature  of  changes  strongly  supports 
 supposition  this  is  pathological/activity  related  and 
 not normal growth 

 Heterotopic  Ossification 
 (  typical of  ) 

 179  BG  PNBF observed in the maxillary sinus  Maxillary  sinusitis  (t  ypical 
 of  ) 

 167  BG  PNBF  observed  in  the  right  maxillary  sinus;  absent 
 from left 

 Maxillary  sinusitis 
 (  consistent with  ) 

 493  BG 
 Clavicle  healed  in  misalignment;  Very  large  callus 
 on  left  clavicle,  which  is  also  much  shorter.  Also, 
 callous on the left lamina of axis 

 Fracture  of  left  clavicle  and 
 subsequent  misalignment 
 (  typical  of  );  fracture  of  C2 
 lamina (  typical of  ) 

 547  SH 
 Border  of  the  scapulae  showed  callus/osseous 
 growth  in  the  region  of  origin  for  the  Teres  Major 
 muscle 

 Heterotopic  Ossification 
 (  consistent with  ) 

 649  SH 

 Lateral  border  of  the  left  scapula  showed 
 callus/osseous  growth  in  the  region  of  origin  for  the 
 Teres  Major  muscle.  Unilateral  nature  of  lesion, 
 strongly  supports  supposition  this  is 
 pathological/activity related and not normal growth 

 Heterotopic  Ossification 
 (  typical of  ) 

 268  SH 
 Right  fibula  was  expanded  as  well  as  covered  with 
 PNBF  distally,  while  a  well-healed  fracture  callus 
 was located proximally. Bilateral tibial PNBF 

 Fracture  of  right  fibula 
 (  typical  of  )  resulting  in 
 systemic  infection  (  consistent 
 with  ) 

 490  WS  Callus on fibula diaphysis  Fracture of fibula (t  ypical of  ) 

 496  WS  PNBF observed in the maxillary sinus  Maxillary  sinusitis  (t  ypical 
 of  ) 

 359  WS 
 Cloaca  in  the  region  of  right  M2  on  both  the  lingual 
 and  buccal  sides  of  the  maxillary  alveolus,  directly 
 above the M  2  root apices 

 Abscess (  typical of  ) 

 2775  YB  Large,  well-modelled  callus  on  the  mandible  in  the 
 region of the left canine 

 Fracture  of  mandible  (  typical 
 of  ) 

 3807  YB  Separation  of  bone  fragments  from  both  distal 
 femoral articulations 

 Osteochondritis  Dissecans 
 (  typical of  ) 

 2228  YB  Lumbarisation of S1  Developmental variation 

 2670  YB  Periapical  lesion  of  right  M1,  which  also  evidences 
 a carious lesion that has penetrated root  Abscess (  typical of  ) 

 2830  YB  Well-remodelled  PNBF  observed  in  the  maxillary 
 sinus 

 Maxillary  sinusitis  (  typical 
 of  ) 

 3279  YB  Incomplete development of S1-S4 neural arches  Spina  Bifida  Occulta  (  typical 
 of  ) 

 2786  YB  Erosive  periapical  lesions  in  the  maxilla  associated 
 with left P1-P2 and left M  2  Abscess (  typical of  ) 
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 3425  YB 

 Incomplete  development  of  S1-S4  neural  arches. 
 Also,  dense  nodules  of  bone  have  developed  in  the 
 olecranon  fossa  of  the  left  humerus  and  around  the 
 ulna's  coronoid  process  as  well  as  smaller  spicules 
 in  the  trochlear  notch;  expansion  of  the  radius' 
 proximal articular surface with the ulna 

 Spina  Bifida  Occulta  (  typical 
 of  );  subluxation  of  left 
 humeroulnar  joint  (  consistent 
 with  ) 

 3354  YB 

 Large  build-up  of  new  bone  at  the  edges  of  the  left 
 distal  humeral  articular  surface,  proximal  ulna  and 
 radius  (in  places  where  there  articulate  with 
 humerus  and  each  other).  Eburnation  at  the  distal 
 humeral  capitate  and  radial  fovea.  Has  the 
 appearance of a pseudo-joint 

 Subluxation  of  left 
 humeroradial  and 
 humeroulnar  joints 
 (  consistent with  ) 

 Appendix 3.1 A summary of pathological lesions noted, but not discussed within the body of the thesis. 
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