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Abstract 

The mode of subsistence of the earliest populations that colonised Remote Ocea

nia, the people associated with the Lapita Cultural Complex, remains a con

tentious issue and, for many Pacific islands, the extent to which chronologically 

later prehistoric populations relied upon horticultural products is unknown. The 

overarching aim of this thesis is to assess the diet and subsistence of six pre

historic Pacific Island skeletal samples to understand the possible health im

plications of these dietary. patterns. This research is the first study focused on 

analysing variations in diet between the sexes and between age cohorts within 

prehistoric Pacific Island skeletal samples to assess the possible health implica

tions of potentially culturally moderated food-related practices. 

The materials used in this study span 3000 years of Pacific Island prehistory and 

include four Lapita-associated skeletal samples from Vanuatu (Teouma [n=49], 

Uripiv [n=5] and Vao [n=4]) and Papua New Guinea (Watom [n=4]) and two 

skeletal samples that date much later in prehistory ( 600-400 BP) from Papua 

New Guinea (Nebira [n=31]) and the Solomon Islands (Taumako [n=l58]). 

The objectives of this study were to characterise the diet of these six skeletal 

samples by analysing carbon, nitrogen and sulphur stable isotopes of bone and 

tooth collagen (the distal root portion of the first molar root, formed from ages 

5-9) in conjunction with tooth wear and oral health indicators (caries, calculus, 

periapical cavities, periodontal disease and antemortem tooth loss) to assess if 

these methods were comparative or complementary for reconstructing past diet. 

The second objective used the prevalence of linear enamel hypoplasia (LEH) as 

a non-specific indicator of stress to assess the health of the skeletal samples. The 

third objective was to compare the dietary and health profiles of the adults and 
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subadults to assess whether there were differences between survivors and non

survivors. Lastly evidence LEH was compared between the cemetery samples 

to investigate whether the possible diachronic dietary transitions were associated 

with a decline in health. 

The dietary results indicated that there were temporal variations in diet and 

subsistence; the chronologically earliest sample, Teouma, practised a broad

spectrum hunting/gathering and marine foraging subsistence and, at the other 

sites, there was an increase on the reliance of horticultural products over time. 

The exception to this trend was the skeletal sample from Taumako, which had 

dietary evidence of a heavy reliance on marine products. Sexual differences in 

the protein portion of the diet only occurred at Teouma, the chronologically ear

liest site. The LEH results indicated there was a decline in health over time. 

At Taumako there were dietary and health differences between the survivors and 

non-survivors; the non-survivors were consuming less protein and had more evi

dence of stress than the survivors. At a number of sites, the stable isotope values 

of tooth collagen indicated that, as children, the adult individuals had consumed 

more protein from higher trophic levels than as adults. 

From these data it is suggested that the stable isotope analysis may have over

represented the high protein marine portion of the diet, although it did show 

evidence of dietary change over time. The dental evidence assisted in the stable 

isotope analysis of diet, but the consumption of betel nut may have affected the 

oral health in a number of skeletal samples and therefore could influence the ef

fectiveness of using oral health as a dietary indicator in the Pacific islands. The 

dietary differences between the sexes observed in the earliest populations may 

have been a result of 'ranked' social structure of Lapita-associated populations. 

The later populations may have had culturally-induced dietary differences be

tween males and females but these may have centred around foods that could 

not be identified by the current analyses because they were of a similar food 

type, but prepared in a 'special' manner, such as a pudding, making any differ

ences invisible isotopically. The analysis of childhood diets (of the adults who 

survived) did not follow the dietary patterns observed in modem-day Pacific 

islands, which document a lower protein diet of children compared to adults. 

However, the diet of the non-survivors did agree with modem accounts, and this 

type of diet may have contributed to their early death. The health assessments 

indicated that there was an increase in stress as populations became more re-
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liant on horticulture, although it is inconclusive as to whether or not this was a 

result of a decrease in nutritional quality and/or a response to the higher preva

lence of infectious disease associated with larger population sizes and increased 

sedentism. 

iv 



Acknowledgements 

This thesis could not have been undertaken without the help of a number of 

extremely important people. Their support and assistance has been essential in 

the completion of this thesis and, without them, the entire process would have 

been much less enjoyable. 

Firstly, I would like to express my thanks and gratitude to my supervisor, Hallie 

Buckley. Her willingness to assist both in the completion of this research and in 

development of my career as a Biological Anthropologist has been exceptional. 

There were a number of times we (literally) weathered storms together and have 

had a lot of fun whilst doing so, especially in the field. Special thanks to David 

Smith, Hallie's husband, for helping with the international travel to exotic lo

cales in the Pacific islands and beyond. 

I would also like to thank Nancy Tayles and Sian Halcrow for their support with 

this project and, as members of my Chair of Advisors, for their valuable input 

into the research. Also to Kasey Robb and Aimee Foster, tenkyu tru and tenkyu 

tumas! Having you guys around in the office and in the field has made the 

process more fun than it probably should have been. Special thanks to Kasey for 

sharing her archaeological expertise while in Papua New Guinea, and for still 

being friends with me after sharing a two-person tent for month. Thanks also to 

Tony Sapsford, for being my buddy in the department for quite a few years now. 

The assistance of Ken Neal was invaluable. His expertise of stable isotope anal

ysis has been a huge help to me personally and he has been instrumental in the 

analysis of the samples themselves. 

The University of Otago and the Department of Anatomy and Structural Biol

ogy deserve a huge acknowledgment for the continued support and assistance of 

V 



this project. Thanks to the New Zealand Federation of Graduate Women for its 

grants supporting both the chemical analyses and international travel to attend 

conferences overseas. 

A number of staff in the University have assisted me at various times throughout 

the last three years. Most recently and very importantly, I would like to express 

my gratitude to Andrew Gray from the Department of Social and Preventative 

Medicine, who taught me a huge amount about statistics and the benefits of using 

Stata. Many thanks to Grace Gardner for her willingness to help me in the lab 

and the lovely chats whilst doing so. Thanks to the staff in Scott 115; especially 

Shirley Douglas and Illone Kokay, for assisting with my random queries; the IT 

department for technical support; Diane Guevremont for putting up with con

stant borrowing of the sonicator; Len Stevenson for assistance with the freeze 

drier; Steve Sutton at the Dental School for allowing me to use the resources in 

his lab; and Chris and Kimberly Smith for their personal support. 

I am also very thankful to the archaeologists - Dimitri Anson, Stuart Bedford and 

Matthew Spriggs, Hermann Mandui and Matthew Leavesley who made it possi

ble for me to excavate a number of prehistoric burial sites and, importantly, the 

local communities on Watom, Uripiv and Vao for their permission to excavate 

the ancient human remains interred on their lands. 

I am forever indebted to Rob Guthrie, my very good friend for a few years now, 

for the many long hours he has spent helping me format this thesis in LATEX. 

A huge thanks to Allison Stoddart and John McCafferty for their friendship and 

for putting up with a lot of skeleton talk, as well as helping to proofread a large 

part of this thesis. Rachel Gibb is also much appreciated for her friendship and 

the support she provided through proofreading. Thank you to Nicole McCrossin 

for the many 'study parties' and tasty treats during the final stages of the thesis. 

Kevin Mills deserves special thanks for being one of my best and longest stand

ing friends in New Zealand. Further thanks goes to Jean Viljoen, Tess Trotter, 

Joseph Rapley, Tim Smith, Leigh Paterson, Kelly Richardson, Elliot Higbee and 

Hanna and Phoebe Smith, the people that have been there for me through thick 

and thin. 

Most importantly, I would like to thank my family including: my parents, grand

parents, and Amber and the little ones, Ewan and Sequoia. Mom and Dad, thank 

you for supporting me through the years of University and for always being there 

vi 



for me. This thesis would not have been possible without you and I hope to make 

you proud with my future endeavors. 

vii 



Contents 

1 Introduction 1 

1.1 The Prehistoric Pacific Islands •••••• 0 3 

1.1.1 Pacific Colonisation and Dispersal . 5 

1.1.2 Prehistoric Pacific Island Subsistence 6 

1.2 Palaeodietary Analysis •• 0 • 0 0 12 

1.2.1 Indirect Evidence of Diet . 13 

1.2.2 Direct Evidence of Diet from the Skeleton . 14 

1.3 Non-specific Indicators of Stress ... 15 

1.4 The Inherent Bias of Skeletal Samples 16 

1.4.1 Extrinsic Factors 16 

1.4.2 Intrinsic Factors 17 

1.5 Research Aims and Objectives 18 

1.6 Thesis Structure . . . . . . . . 20 

2 Materials: The Archaeological Sites and Skeletal Samples 22 

2.1 Introduction . . . . . . 22 

2.2 Lapita-associated Sites 23 

2.3 Teouma, Efate Island, Vanuatu 23 

2.3.1 The Site ........ 23 

2.3.2 The Burials from Teouma 25 

2.3.3 The Environment at Teouma 26 

viii 



2.3.4 Prehistoric Subsistence at Teouma . . 27 

2.4 Uripiv and Vao, Northeast Malekula, Vanuatu 29 

2.4.1 The Sites and Burials . . . . . . . . 29 

2.4.2 The Environment at Uripiv and Vao 30 

2.4.3 Prehistoric Subsistence at Uripiv and Vao 31 

2.5 Watom Island, East New Britain, Papua New Guinea 32 

2.5.1 The Site ......... 32 

2.5.2 The Burials from Watom 34 

2.5.3 The Environment at Watom 35 

2.5.4 Prehistoric Subsistence at Watom 36 

2.6 Summary of Lapita-associated Sites ... 38 

2.7 Sites that Post-date the Lapita Cultural Complex . 43 

2.8 Taumako, Duff Islands, Southeast Solomon Islands 43 

2.8.1 The Site ........... 43 

2.8.2 The Burials from Taumako . 45 

2.8.3 The Environment at Taumako 46 

2.8.4 Prehistoric Subsistence at Taumako 48 

2.9 Nebira, South Coast, Papua New Guinea . 50 

2.9.1 The Site ......... 50 

2.9.2 The Burials from Nebira 52 

2.9.3 The Environment at Nebira. 53 

2.9.4 The Inhabitants of Nebira 54 

2.9.5 Prehistoric Subsistence at Nebira . 55 

2.10 Summary of Sites that Post-date the Lapita Cultural Complex . 57 

3 Stable Isotope Analysis for Dietary Reconstruction 59 

3.1 Introduction . 59 

3.2 Bone Biology 60 

ix 



3.2.1 Organic Composition of Bone 60 

3.2.2 Inorganic Composition of Bone 60 

3.2.3 Types of Bone •••••••• 0 61 

3.2.4 Modelling and Remodelling of Bone . 61 

3.3 Tooth Biology . . . . . . . 62 

3.4 General Isotope Chemistry 63 

3.4.1 History of Stable Isotope Analysis 64 

3.5 Interpreting Palaeodiet 66 

3.5.1 Carbon 68 

3.5.2 Nitrogen 71 

3.5.3 Sulphur . 73 

3.5.4 Food Webs and Trophic Levels . 75 

3.5.5 Factors that can Influence Isotope Variation 75 

3.5.6 Diagenesis 82 

3.6 Methods ...... 83 

3.6.1 Collagen Extraction and Purification . 83 

3.6.2 Collagen and Dentine Extraction Protocol . 85 

3.7 Methods for Analysis by Mass Spectrometer . . . . 87 

3.7.1 Carbon and Nitrogen Stable Isotope Analysis 87 

3.7.2 Reference Standards and Quality Control 88 

3.7.3 Sulphur Stable Isotope Analysis 88 

3.7.4 Measurement Error . . . . . . . 89 

3.8 Methods for Assessing Collagen Integrity 89 

3.9 Statistical Analysis of Stable Isotope Data 91 

3.10 Stable Isotope Results . . . . . . . . 92 

3.10.1 Measurement Error Results . 92 

3.10.2 Dietary Baseline ...... 93 

X 



3.10.3 Human Stable Isotope Results 96 

3.10.4 Teouma 97 

3.10.5 Uripiv . 102 

3.10.6 Vao .. 105 

3.10.7 Watom 108 

3.10.8 Taumako 111 

3.10.9 Nebira .. 119 

3.10.10 Overall Sample Comparison of Bone and Tooth Collagen 813C, 815N, 

834S Results .. 124 

3.11 Dietary Interpretations 125 

3.11.1 Dietary Baseline 126 

3.11.2 Teouma 127 

3.11.3 Uripiv . 138 

3.11.4 Vao .. 142 

3.11.5 Watom 145 

3.11.6 Taumako 149 

3.11.7 Nebira .. 161 

3.11.8 Overall Skeletal Sample Comparisons 169 

3.11.9 Concluding Remarks . . ....... 174 

4 Dental Wear and Dental Pathology 175 

4.1 Introduction . . . 175 

4.2 Tooth Macrowear 176 

4.3 Caries ...... 178 

4.3.1 Caries and Subsistence 181 

4.4 Calculus ...... 183 

4.5 Periapical Cavities 186 

4.6 Periodontal disease 188 

xi 



4.7 Antemortem Tooth Loss (AMTL) . . . . . . . . . . . . . . . . . . . . . . 191 

4.8 Palaeodietary Research Using Indicators of Dental Health and Tooth Macrowear193 

4.9 Methods . . . . . . . . 197 

4.9.1 Dental Census 197 

4.9.2 Caries Recording and Analysis . 

4.9.3 Calculus Recording and Analysis 

4.9 .4 Periapical Cavities Recording and Analysis 

4.9.5 Periodontal Disease Recording and Analysis 

198 

201 

202 

203 

4.9.6 Antemortem Tooth Loss Recording and Analysis 204 

4.10 Tooth Wear and Dental Health Results 205 

4.10.1 Teouma 205 

4.10.2 Uripiv . 214 

4.10.3 Vao . . 218 

4.10.4 Watom 224 

4.10.5 Taumako 229 

4.10.6 Nebira. . 246 

4.10.7 Skeletal Sample Comparisons of Tooth Wear and Oral Health 260 

4.11 Summary of Tooth Wear and Oral Pathologies . . . . . . . . . 270 

4.11.1 Teouma Summary of Tooth Wear and Oral Pathologies 270 

4.11.2 Uripiv Summary of Tooth Wear and Oral Pathologies . 272 

4.11.3 Vao Summary of Tooth Wear and Oral Pathologies . . 273 

4.11.4 Watom Summary of Tooth Wear and Oral Pathologies 274 

4.11.5 Taumako Summary of Tooth Wear and Oral Pathologies 275 

4.11.6 Nebira Summary of Tooth Wear and Oral Pathologies. 276 

5 Linear Enamel Hypoplasia as a Non-specific Indicator of Stress 279 

5.1 Introduction ....... . 

5.1.1 Growth and Stress 

xii 

279 

280 



5 .1.2 Diet, Disease and Stress . . . . . . . . . . . . . . . . . . . . . 281 

5.1.3 Caveats Associated with Interpreting Stress in Past Populations 283 

5.2 Developmental Enamel Defects . . . . . . . . . . . 

5.2.1 Deciduous Teeth, LEH and Circular Caries 

5.3 Bioarchaeological Studies of Disturbance of Growth 

5.3.1 Pacific Island Studies of Childhood Growth Disturbance 

5.4 Methods . . . . . . . . . 

5.4.1 Permanent Teeth 

5.4.2 Deciduous Teeth 

5.4.3 Statistical Analysis of LEH . 

5.5 Results ..... 

5.5.1 Teouma 

5.5.2 Uripiv . 

5.5.3 Vao .. 

5.5.4 Watom 

5.5.5 Taumako 

5.5.6 Nebira .. 

5.5.7 Comparisons Between Samples 

5.5.8 LEHSummary ... 

5.5.9 Concluding Remarks 

6 Discussion and Conclusion 

6.1 Introduction . . . . . . 

6.2 Addressing the Hypotheses 

6.2.1 Teouma . . . . . . 

6.2.2 Uripiv, Vao and Watom . 

6.2.3 Uripiv . 

6.2.4 Vao .. 

xiii 

284 

287 

288 

290 

293 

293 

295 

295 

296 

296 

300 

302 

304 

306 

314 

319 

325 

328 

329 

329 

330 

332 

336 

337 

339 



6.2.5 VVatom . 

6.2.6 Taumako 

6.2.7 Nebira .. 

6.2.8 Inter-population Comparisons 

6.3 Conclusions . . . . . . . . . . . . . . 

References 

A Appendices 

A.1 Pacific Island Plant and Animal Baseline Data . 

A.2 Human Stable Isotope Data . . . . . . . . . . . 

xiv 

341 

342 

348 

351 

363 

370 

402 

402 

413 



List of Tables 

1.1 Lapita-associated plants and animals included in the 'transported landscape'. 

Kirch ( 1997) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9 

2.1 Faunal species identified from Teouma, Efate Island, Vanuatu. 27 

2.2 Lapita-associated osteological analyses relevant to this thesis. Modified from 

Buckley et al. (2008). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39 

2.3 Selected studies of prehistoric Pacific Island stable isotope studies for dietary 

purposes. . ............................ . 

2.4 Edible plants in the Santa Cruz Islands, adapted from Yen (1974). 

2.5 Radiocarbon dates from the Nebira site, Papua New Guinea. . .. 

2.6 Selected published studies of prehistoric Pacific Island health from popula-

42 

50 

51 

tions that post date the Lapita Cultural Complex. . . . . . . . . . . . . . . 58 

3.1 Isotopes, their natural abundances in terrestrial ecosystems and the reference 

standards used for the present study. . . . . . . . . . . . . . . . . . . . . . 67 

3.2 Collagen samples excluded for falling outside either the parameters for atomic 

C:N ratio (2.9-3.6) or atomic N:S ratio (200±100). . . . . . . . . . . . . . 93 

3.3 Studies used to construct the Pacific island baseline values used in this thesis. 95 

3.4 Dietary categories for baseline data from Pacific island food resources. . . . 96 

3.5 Teouma mean bone collagen 813C, 515N and 534S values (%ol SD), adults 

and subadults. . . . . . . . . . . . . . . . . . . . . . . . . . 

3.6 Teouma mean tooth collagen 513C and 815N values (±1 SD). 

3.7 Teouma mean 513C and 515N values for tooth and bone collagen, including 

differences between the two tissues. . 

XV 

97 

101 

101 



3.8 Uripiv mean bone collagen 813C, 815N and 834S values and mean tooth col-

lagen 813C, 815N values (±1 SD), including differences between the Lapita

associated subadults and post Lapita adult. . . . . . . . . . . . . . . . . . . 102 

3.9 Bone collagen 813C and 815N values for Lapita-associated subadults from 

Uripiv. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102 

3.10 Vao mean bone collagen 813C, 815N and 834S values and mean tooth colla-

gen 813C, 815N values (±1 SD), including differences between the Lapita

associated and post Lapita adults. . . . . . . . . . . . . . . . . . . . . . . . 105 

3.11 Watom mean bone collagen 813C, 815N and 834S values and mean tooth col-

lagen 813C, 815N values (±1 SD). . . . . . . . . . . . . . . . . . . . . . . . 108 

3.12 Taumako mean bone collagen 813C, 815N and 834S values (±1 SD), adults only.111 

3.13 Taumako mean bone collagen 813C, 815N and 834S values (±1 SD), subadults 

only. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113 

3.14 Difference between adult and subadult mean bone 813C, 815N and P 4S values 

from Taumako, using Student's t-test. . . . . . . . . . . . . . . . . . . . . 115 

3.15 Taumako mean tooth collagen 813C and 815N values (±1 SD), adults and 

subadults. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116 

3.16 Taumako mean 813C and 815N values for tooth and bone collagen, including 

differences between the two tissues using Student's t-test. . . . . . . . . . . 118 

3.17 Nebira mean bone collagen 813C, 815N and 834S values (±1 SD), adults only. 119 

3.18 Nebira mean bone collagen 813C, 815N and 834S values (±1 SD), subadults 

only. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121 

3.19 Nebira mean tooth collagen 813C and 815N values(± 1 SD), adults and subadults.123 

3.20 Nebira mean 813C and 815N values for tooth and bone collagen, including 

differences between the two tissues using Student's t-test. 123 

4.1 Severe attrition in prehistoric Marianas skeletal samples. 177 

4.2 Caries frequencies in prehistoric Marianas and Hawaiian Islands skeletal 

samples, adults only. . . . . . . . . . . . . . . . . . . . . . . 183 

4.3 Calculus frequencies in prehistoric Marianas skeletal samples. 186 

4.4 Alveolar resorption in prehistoric Marianas skeletal samples. 191 

xvi 



4.5 Dental pathology profile of populations practicing various subsistence economies.196 

4.6 Dental census recording scheme. 197 

4.7 Caries recording scheme. . . 200 

4.8 Calculus recording scheme .. 

4.9 Recording scheme for periapical cavities. 

4.10 Periodontal recording scheme. 

4.11 Teouma adult dental census. 

4.12 Teouma adult tooth wear ... 

4.13 Teouma adult caries prevalence. 

4.14 Teouma adult caries, by caries type. 

4.15 Teouma adult calculus prevalence. . 

4.16 Teouma adult calculus, by calculus degree .. 

4.17 Teouma adult periapical cavities. . . . . . . 

4.18 Teouma adult periapical cavities, by mouth region. 

4.19 Teouma adult periodontal disease, by individual. . 

4.20 Teouma adult AMTL. . . . . . . . . . 

4.21 Uripiv post-Lapita adult dental census. 

4.22 Uripiv Lapita-associated subadult dental census, deciduous teeth .. 

4.23 Uripiv post-Lapita adult tooth wear. . . . . . . . . . . . . . . 

4.24 Uripiv Lapita-associated subadult tooth wear, deciduous teeth. 

4.25 Uripiv post-Lapita adult caries prevalence .... 

4.26 Uripiv post-Lapita adult caries, by caries type. 

4.27 Uripiv post-Lapita adult calculus prevalence .. 

4.28 Uripiv post-Lapita adult calculus, by calculus degree. 

4.29 Uripiv post-Lapita adult periapical cavities. . .... 

4.30 Uripiv post-Lapita adult periodontal disease, by individual. 

4.31 Vao Lapita-associated adult dental census. . . . . . . . . . 

xvii 

201 

202 

203 

205 

206 

207 

207 

210 

211 

212 

212 

213 

213 

214 

214 

215 

215 

215 

216 

216 

216 

217 

217 

218 



4.32 Vao post-Lapita adult dental census. . . . . . . . . . . . 

4.33 Vao post-Lapita subadult dental census, deciduous teeth. 

4.34 Vao Lapita-associated adult tooth wear. 

4.35 Vao post-Lapita adult tooth wear ..... 

4.36 Vao post-Lapita subadult tooth wear, deciduous teeth. 

4.37 Vao Lapita-associated adult caries prevalence. . . 

4.38 Vao Lapita-associated adult caries, by caries type. 

4.39 Vao Lapita-associated adult calculus prevalence. 

4.40 Vao Lapita-associated adult calculus prevalence .. 

4.41 Vao post-Lapita adult calculus prevalence ..... 

4.42 Vao post-Lapita adult calculus, by calculus degree. 

4.43 Vao post-Lapita subadult calculus prevalence, deciduous teeth. 

4.44 Vao post-Lapita subadult calculus prevalence, deciduous teeth. 

4.45 Vao Lapita-associated adult periapical cavities. . . . . . . . . 

4.46 Vao Lapita-associated adult periapical cavities, by mouth region. 

4.47 Vao Lapita-associated adult periodontal disease, by individual. 

4.48 Watom adult dental census. 

4.49 Watom adult tooth wear. . 

4.50 Watom adult caries prevalence. 

4.51 Watom adult caries, by caries type. 

4.52 Watom adult calculus prevalence .. 

4.53 Watom adult calculus, by calculus degree. 

4.54 Watom adult periapical cavities. . . . . . 

4.55 Watom adult periapical cavities, by mouth region. 

4.56 Watom adult periodontal disease, by individual. 

4.57 Taumako adult dental census .......... . 

4.58 Taumako subadult dental census, deciduous teeth. 

xviii 

218 

219 

219 

219 

220 

220 

220 

221 

221 

221 

222 

222 

222 

223 

223 

223 

224 

224 

225 

226 

226 

226 

227 

227 

228 

229 

229 



4.59 Taumako subadult dental census, permanent teeth .. 

4.60 Taumako adult tooth wear. . ......... . 

4.61 Taumako subadult tooth wear, deciduous teeth. 

4.62 Taumako subadult tooth wear, permanent teeth. 

4.63 Wilcoxon p values of differences between adult and subadult overall tooth 

wear at Taumako. . . . . . . . . . 

4.64 Taumako adult caries prevalence .. 

4.65 Taumako adult caries, by caries type .. 

4.66 Taumako subadult caries prevalence, deciduous teeth. 

4.67 Taumako subadult caries type by tooth, deciduous teeth .. 

4.68 Taumako subadult caries prevalence, permanent teeth. 

4.69 Taumako subadult caries type by tooth, permanent teeth. 

4.70 Fisher's exact p values of differences between adult and subadult caries 

prevalence at Taumako, by individual. 

4. 71 Taumako adult calculus prevalence. . 

4.72 Taumako adult calculus, by calculus degree. 

4. 73 Taumako sub adult calculus prevalence, deciduous teeth .. 

4.74 Taumako subadult calculus, by calculus degree, deciduous teeth. 

4.75 Taumako subadult calculus prevalence, permanent teeth. . ... 

4.76 Taumako subadult calculus, by calculus degree, permanent teeth. 

4.77 Taumako adult periapical cavities. . ........ . 

4.78 Taumako adult periapical cavities, by mouth region .. 

4.79 Taumako adult periodontal disease, by individual. 

4.80 Taumako adult AMTL. . . 

4.81 Nebira adult dental census. 

4.82 Nebira subadult dental census, permanent teeth. 

4.83 Nebira adult tooth wear. . . . . . . . . . . . . 

4.84 Nebira subadult tooth wear, permanent teeth. 

xix 

230 

230 

232 

233 

233 

234 

236 

236 

236 

237 

238 

238 

238 

239 

240 

240 

240 

240 

242 

242 

242 

244 

246 

246 

247 

249 



4.85 Wilcoxon p values of differences between adult and subadult overall tooth 

wear at Nebira. . ...... . 

4.86 Nebira adult caries prevalence. 

4.87 Nebira adult caries, by caries type. 

4.88 Nebira subadult caries prevalence, permanent teeth. 

4.89 Nebira subadult caries type by tooth, permanent teeth. 

4.90 Nebira adult calculus prevalence. 

4.91 Nebira adult calculus, by calculus degree. 

4.92 Nebira subadult calculus prevalence, permanent teeth .. 

4.93 Nebira subadult calculus, by calculus degree, permanent teeth. 

4.94 Nebira adult periapical cavities. . . . . . . . . . . 

4.95 Nebira adult periapical cavities, by mouth region. 

4.96 Nebira adult periodontal disease, by individual. 

4.97 Nebira adult AMTL. . . . . . . . . . . . . . . 

4.98 Median overall tooth wear of the six skeletal samples, adults only. 

250 

250 

250 

251 

252 

253 

254 

254 

254 

255 

256 

257 

258 

260 

4.99 Kruskal-Wallis p values for the significant differences between the median 

overall tooth wear among the six skeletal samples, adults only. . . . . . . . 260 

4.100Kruskal-Wallis p values for the significant differences between the median 

anterior tooth wear among the six skeletal samples, adults only. . . . . . . . 260 

4.101Kruskal-Wallis p values for the significant differences between the median 

posterior tooth wear among the six skeletal samples, adults only. . . . . . . 261 

4.102Median overall tooth wear of subadults from Taumako and Nebira, perma-

nent teeth only. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 262 

4.103Fisher's exact p values for the significant differences between individuals 

affected by caries among the six skeletal samples, adults only. . . . . . . . 263 

4.104 Fisher's exact p values for the significant differences between individuals af

fected by caries in the Teouma, Taumako and Nebira skeletal samples, adults 

only. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 263 

XX 



4.1 05Fisher's exact p values for the significant differences between individuals af

fected by massive caries in the Teouma, Taumako and Nebira skeletal sam-

ples, adults only. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 263 

4.106Fisher's exact p values for the significant differences between individuals 

affected by root caries in the Teouma, Taumako and Nebira skeletal samples, 

adults only. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 263 

4.107Fisher's exact p values for the significant differences between individuals 

affected by calculus among the six skeletal samples, adults only. . . . . . . 265 

4.108Teouma intra-population comparison of tooth wear and dental health, indi

vidual level. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 272 

4.1 09Taumako intra-population comparison of tooth wear and dental health, indi

viduallevel. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 276 

4.11 ONebira intra-population comparison of tooth wear and dental health, individ-

ual level. ........................... . 

4.111 Dental pathology profiles (DPP) for the six skeletal samples. 

5.1 LEH recording scheme ....... . 

5.2 Data recorded for each type of LEH. 

5.3 Prevalence ofLEH in the adults from Teouma, by sex. 

5.4 Prevalence of LEH in the adults from Teouma, by age. 

277 

277 

294 

295 

297 

298 

5.5 Prevalence of LEH in the adult individuals from Teouma, by sex and age. 298 

5.6 Prevalence of LEH and circular caries in the subadult deciduous dentition 

from Uripiv. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

5.7 Prevalence ofLEH in the post-Lapita adults from Uripiv, by sex. 

5.8 Prevalence ofLEH in the Lapita-associated and post-Lapita adults from Vao, 

300 

301 

by sex. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 302 

5.9 Prevalence of LEH in the Lapita-associated adults from Vao, by age. 303 

5.10 Prevalence ofLEH in the adults from Watom, by sex. 304 

5.11 Prevalence ofLEH in the adults from Watom, by age. 305 

5.12 Prevalence ofLEH in the subadult deciduous dentitions from Taumako. 306 

xxi 



5.13 Prevalence of circular caries in the subadult deciduous dentition from Taumako. 307 

5.14 Prevalence ofLEH in the permanent subadult dentition from Taumako.. 308 

5.15 Prevalence ofLEH in the adults from Taumako, by sex. . 309 

5.16 Prevalence ofLEH in the adults from Taumako, by age. . 311 

5.17 Prevalence of LEH in the adult individuals from Taumako, by sex and age. . 311 

5.18 Prevalence ofLEH in the permanent subadult dentition from Nebira. 314 

5.19 Prevalence ofLEH in the adults from Nebira, by sex. 315 

5.20 Prevalence of LEH in the adults from Nebira, by age. 316 

5.21 Prevalence ofLEH in the adult individuals from Nebira, by sex and age. 316 

5.22 Comparison of LEH prevalence in Taumako and Nebira subadult permanent 

dentition. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 319 

5.23 Comparison of overall LEH prevalence in adult individuals between all the 

skeletal samples. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 321 

5.24 Comparison of overall LEH prevalence in adult male individuals between all 

the skeletal samples. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 321 

5.25 Comparison of overall LEH prevalence in adult female individuals between 

all the skeletal samples. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 321 

5.26 Fisher's exact p values for the significant differences between individuals 

affected by LEH among the six skeletal samples. . . . . . . . . . . . . . . 322 

5.27 Fisher's exact p values for the significant differences between male individ-

uals affected by LEH among the six skeletal samples. . . . . . . . . . . . . 323 

5.28 Fisher's exact p values for the significant differences between female indi-

viduals affected by LEH among the six skeletal samples. 324 

5.29 Teouma male and female LEH comparison. . 325 

5.30 Taumako male and female LEH comparison. . 326 

5.31 Taumako survivor (adults) and non-survivor (subadults) LEH comparison. 326 

5.32 Nebira male and female LEH comparison. . . . . . . . . . . . . . . . . 327 

5.33 Nebira survivor (adults) and non-survivor (subadults) LEH comparison. 327 

xxii 



6.1 Comparison of diet and LEH between male and female individuals from 

Teouma. 334 

6.2 Comparison of diet and LEH between male and female individuals from 

Taumako. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 344 

6.3 Comparison of LEH of permanent teeth and diet between survivors (adults) 

and non-survivors (subadults) from Taumako. . . . . . . . . . . . . . . . . 347 

6.4 Comparison of diet and LEH between male and female individuals from 

Nebira. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 349 

6.5 Comparison of LEH of permanent teeth and diet between survivors (adults) 

and non-survivors (subadults) from Nebira. . . . . . . . . . . . . . . . . . 351 

A.1 Modern Pacific island terrestrial plant stable isotope values used in this study 

(515N, 513C and 534S). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 402 

A.2 Modern Pacific island marine plant stable isotope values used in this study 

(515N, 513C and 534S). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 405 

A.3 Modern Pacific island terrestrial and aquatic animal stable isotope values 

used in this study (515N, 513C and 534S). . . . . . . . . . . . . . . . . . . . 406 

A.4 Modern Pacific island marine shellfish stable isotope values used in this 

study (515N, 513C and 534S). . . . . . . . . . . . . . . . . . . . . . . . . . 407 

A.5 Modern Pacific island marine animal stable isotope values used in this study 

(515N, 513C and 534S). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 408 

A.6 Prehistoric Pacific island marine animal stable isotope values used in this 

study (515N, 513C and 534S). . . . . . . . . . . . . . . . . . . . . . . . . . 410 

A.7 Prehistoric Pacific island terrestrial animal stable isotope values used in this 

study (515N, 513C and 534S). . . . . . . . . . . . . . . . . . . . . . . . . . 411 

A.8 Human bone stable isotope values used in this study (515N, 513C and S34S), 

adults and subadults from Teouma. . . . . . . . . . . . . . . . . . . . . . . 414 

A.9 Human tooth stable isotope values used in this study ( 513C and 515N), adults 

from Teouma. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 415 

A.lO Human bone stable isotope values used in this study (515N, 513C and 534S), 

adults and subadults from Uripiv, Vao and Watom.. . . . . . . . . . . . . . 416 

xxiii 



A.11 Human tooth stable isotope values used in this study ( o13C and o15N), adults 

and subadults from Uripiv, Vao and Watom. . . . . . . . . . . . . . . . . . 417 

A.12 Human bone stable isotope values used in this study (o15N, o13C and o34S), 

adults and subadults from Taumako. . . . . . . . . . . . . . . . . . . . . . 418 

A.13 Human tooth stable isotope values used in this study (o13C and o15N), adults 

and subadults from Taumako. . . . . . . . . . . . . . . . . . . . . . . . . . 422 

A.14 Human bone stable isotope values used in this study (o15N, o13C and o34S), 

adults and subadults from Nebira. . . . . . . . . . . . . . . . . . . . . . . 425 

A.15 Human tooth stable isotope values used in this study ( o13C and o15N), adults 

and subadults from Nebira. . . . . . . . . . . . . . . . . . . . . . . . . . . 426 

xxiv 



List of Figures 

1.1 Near and Remote Oceania, including islands of the archaeological sites 4 

2.1 Map of Vanuatu . . . . . . 24 

2.2 Map of Papua New Guinea 32 

2.3 Map ofWatom Island . . . 33 

2.4 Map of the Southeast Solomon Islands 44 

2.5 Map ofTaumako Island . . . . . . . . 47 

2.6 Map of the South Coast of Papua New Guinea . 51 

3.1 Teouma bone collagen <)BC and 815N values (n=49). 98 

3.2 Teouma bone collagen 834S and 815N values (n=20). . 99 

3.3 Teouma tooth collagen <)BC and 815N values (n=9). 100 

3.4 Uripiv bone collagen <)BC and 815N values (n=5). 103 

3.5 Uripiv bone collagen P4S and 815N values (n=2). 104 

3.6 Uripiv tooth collagen <)BC and 815N values (n=2). 104 

3.7 Vao bone collagen <)BC and 815N values (n=4). 106 

3.8 Vao bone collagen 834S and 815N values (n=l). 106 

3.9 Vao tooth collagen <)BC and 815N values (n=3). 107 

3.10 Watom bone collagen 813C and 815N values (n=4). . 109 

3.11 Watom bone collagen 834S and 815N values (n=3). . 109 

3.12 Watom tooth collagen <)BC and 815N values (n=l). 110 

3.13 Taumako bone collagen <)BC and 815N values (n=120). 112 

XXV 



3.14 Taumako bone collagen 834S and 815N values (n=99) .. 113 

3.15 Taumako tooth collagen 813C and 815N values (n=82) .. 117 

3.16 Nebira bone collagen 813C and 815N values (n=28). 120 

3.17 Nebira bone collagen 834S and 815N values (n=18). 121 

3.18 Nebira tooth collagen 813C and 815N values (n=26). 122 

3.19 Dietary framework for 813C and 815N values 127 

3.20 Dietary framework for 815N and J34S values 128 

3.21 Dietary framework for 813C and 834S values 129 

3.22 Teouma human bone collagen 813C and 815N values with reference to a Pa-

cific island dietary baseline. . . . . . . . . . . . . . . . . . . . . . . . . . . 130 

3.23 Teouma mean bone collagen 834S and 815N values (±1SD) with reference to 

a Pacific island dietary baseline. . . . . . . . . . . . . . . . . . . . . . . . 131 

3.24 Teouma mean bone collagen 834S and813C values (±1SD) with reference to 

a Pacific island dietary baseline. . . . . . . . . . . . . . . . . . . . . . . . 132 

3.25 Teouma mean bone collagen 813C and 815N values (±1SD) with reference to 

a Pacific island dietary baseline. . . . . . . . . . . . . . . . . . . . . . . . 135 

3.26 Teouma tooth collagen 813C and 815N values with reference to a Pacific is-

land dietary baseline. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136 

3.27 Teouma mean bone and tooth collagen 813C and 815N values (±1SD) with 

reference to a Pacific island dietary baseline. . . . . . . . . . . . . . . . . . 137 

3.28 Uripiv bone and tooth collagen 813C and 815N values with reference to a 

Pacific island dietary baseline. . . . . . . . . . . . . . . . . . . . . . . . . 139 

3.29 Uripiv bone collagen 834S and 815N values with reference to a Pacific island 

dietary baseline. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140 

3.30 Uripiv bone collagen 834S and813C values with reference to a Pacific island 

dietary baseline. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141 

3.31 Vao bone and tooth collagen 813C and 815N values with reference to a Pacific 

island dietary baseline. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143 

3.32 Vao bone collagen 834S and 815N values with reference to a Pacific island 

dietary baseline. . . . . . . . . . . . . . 144 

xxvi 



3.33 Vao bone collagen 534S and513C values with reference to a Pacific island 

dietary baseline. 144 

3.34 Watom bone and tooth collagen 513C and 515N values with reference to a 

Pacific island dietary baseline. . . . . . . . . . . . . . . . . . . . . . . . . 146 

3.35 Watom bone collagen P4S and 515N values with reference to a Pacific island 

dietary baseline. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147 

3.36 Watom bone collagen P4S and513C values with reference to a Pacific island 

dietary baseline. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148 

3.37 Taumako bone collagen 513C and 515N values with reference to a Pacific 

island dietary baseline. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149 

3.38 Taumako mean bone collagen 534S and 515N values (±1SD) with reference 

to a Pacific island dietary baseline. . . . . . . . . . . . . . . . . . . . . . . 150 

3.39 Taumako mean bone collagen 534S and513C values (±1SD) with reference 

to a Pacific island dietary baseline. . . . . . . . . . . . . . . . . . . . . . . 151 

3.40 Taumako mean bone collagen 513C and 515N values (±1SD) with reference 

to a Pacific island dietary baseline. . . . . . . . . . . . . . . . . . . . . . . 153 

3.41 Lowess curve of best fit of Taumako subadult bone collagen 513C values in 

reference to female (dotted yellow line) and male (dotted green line) mean 

bone collagen 513C values. . . . . . . . . . . . . . . . . . . . . . . . . . . 155 

3.42 Lowess curve of best fit of Taumako subadult bone collagen 515N values in 

reference to female (dotted yellow line) and male (dotted green line) mean 

bone collagen 515N values. . . . . . . . . . . . . . . . . . . . . . . . . . . 156 

3.43 Lowess curve of best fit of Taumako subadult bone collagen 534Svalues in 

reference to female (dotted yellow line) and male (dotted green line) mean 

bone collagen 534S values. . . . . . . . . . . . . . . . . . . . . . . . . . . 157 

3.44 Taumako tooth collagen 513C and 515N values with reference to a Pacific 

island dietary baseline. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 158 

3.45 Taumako mean tooth collagen 513C and 515N values (±1SD) with reference 

to a Pacific island dietary baseline. . . . . . . . . . . . . . . . . . . . . . . 159 

3.46 Taumako mean bone and tooth collagen 513C and 515N values (±1SD) with 

reference to a Pacific island dietary baseline. . . . . . . . . . . . . . . . . . 160 

xxvii 



3.47 Nebira bone collagen 813C and 815N values with reference to a Pacific island 

dietary baseline. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161 

3.48 Nebira mean bone collagen 834S and 815N values (±1SD) with reference to 

a Pacific island dietary baseline. . . . . . . . . . . . . . . . . . . . . . . . 162 

3.49 Nebira mean bone collagen 834S and813C values (±1SD) with reference to a 

Pacific island dietary baseline. . . . . . . . . . . . . . . . . . . . . . . . . 163 

3.50 Nebira mean bone collagen 813C and 815N values (±1SD) with reference to 

a Pacific island dietary baseline. . . . . . . . . . . . . . . . . . . . . . . . 165 

3.51 Nebira tooth collagen 813C and 815N values with reference to a Pacific island 

dietary baseline. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 166 

3.52 Nebira mean tooth collagen 813C and 815N values (±1SD) with reference to 

a Pacific island dietary baseline. . . . . . . . . . . . . . . . . . . . . . . . 167 

3.53 Nebira mean bone and tooth collagen 813C and 815N values (±1SD) with 

reference to a Pacific island dietary baseline. . . . . . . . . . . . . . . . . . 168 

3.54 All samples mean bone collagen 813C and 815N values (±1SD) with refer-

ence to a Pacific island dietary baseline. . . . . . . . . . . . . . . . . . . . 170 

3.55 All samples mean bone collagen 834S and 815N values (±1SD) with refer-

ence to a Pacific island dietary baseline. . . . . . . . . . . . . . . . . . . . 171 

3.56 All samples mean bone collagen 834S and813C values (±1SD) with reference 

to a Pacific island dietary baseline. . . . . . . . . . . . . . . . . . . . . . . 172 

3.57 All samples mean tooth collagen 813C and 815N values (±1SD) with refer-

ence to a Pacific island dietary baseline. 173 

4.1 Dental pathology inter-relationships 194 

4.2 Tooth wear recording scheme . 199 

4.3 Calculus recording scheme . . 201 

4.4 Teouma adult tooth wear, by sex. 206 

4.5 Teouma adult tooth wear, by age groups. 208 

4.6 Teouma adult caries, % of teeth and individuals affected. 208 

4.7 Teouma adult caries, by caries type. ••• 0 0 0 0 •• 0 • 209 

xxviii 



4.8 Teouma adult calculus, %of individuals affected. . ... 

4.9 Teouma adult calculus, by degree of calculus formation .. 

4.10 Watom adult tooth wear, overall sample. 

4.11 Taumako adult tooth wear, by sex. . . . 

4.12 Taumako adult tooth wear, by age groups. 

4.13 Taumako subadult tooth wear, deciduous teeth. 

4.14 Taumako subadult tooth wear, permanent teeth. 

4.15 Taumako adult caries, % of teeth and individuals affected .. 

4.16 Taumako adult caries, by caries type ........ . 

4.17 Taumako adult calculus, % of individuals affected. 

4.18 Taumako adult calculus, by degree of calculus formation. 

4.19 Taumako adult periapical cavities, % of individuals affected. 

4.20 Taumako adult periodontal disease (PD), % of individuals affected by hori-

zontal PD and 'pockets'. . . . . . . . . . . . . . 

4.21 Taumako adult AMTL, % of individuals affected. 

4.22 Nebira adult tooth wear, by sex. . ... 

4.23 Nebira adult tooth wear, by age groups. 

4.24 Nebira subadult tooth wear, permanent teeth. 

4.25 Nebira adult caries, %of teeth and individuals affected. 

4.26 Nebira adult caries, by caries type. . . . . . . . . 

4.27 Nebira adult calculus, % of individuals affected. . 

4.28 Nebira adult calculus, by degree of calculus formation. 

4.29 Nebira adult periapical cavities, % of individuals affected. 

4.30 Nebira adult periodontal disease (PD), % of individuals affected by horizon

tal PD and 'pockets'. . . . . . . . . . . . . . . 

4.31 Nebira adult AMTL, % of individuals affected. 

4.32 All sample comparison of adult tooth wear, overall wear. 

210 

211 

225 

231 

231 

232 

233 

235 

237 

239 

241 

243 

244 

245 

247 

248 

249 

251 

252 

253 

255 

256 

258 

259 

261 

4.33 All sample comparison of adult caries, % of teeth and individuals affected. . 262 

xxix 



4.34 All sample comparison of adult caries, by caries type. . . . . . . . . 264 

4.35 All sample comparison of adult calculus, % of individuals affected. . 265 

4.36 All sample comparison of adult calculus, by degree of calculus formation. 266 

4.37 All sample comparison of adult periapical cavities, % of individuals affected. 267 

4.38 All sample comparison of adult periodontal disease (PD), % of individuals 

affected by horizontal PD and 'pockets'. . . . . . . . . . . . . . . . . 268 

4.39 All sample comparison of adult of AMTL, % of individuals affected. . 269 

4.40 All sample comparison of all oral pathologies, % of individuals affected. . 278 

5.1 Association between parasitic infection, childhood nutritional status, growth 

and function. From Briend (1998, 337). . . . . . . . . . . . . . 282 

5.2 Teouma adult LEH prevalence by sex, %of individuals affected. 

5.3 Teouma adult LEH prevalence by age, % of individuals affected. 

5.4 Taumako subadult LEH prevalence in the deciduous dentition,% of individ-

299 

299 

uals affected. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 307 

5.5 Taumako adult LEH prevalence by sex,% of individuals affected. 310 

5. 6 Taumako adult LEH prevalence by sex and age, % of individuals affected. 312 

5.7 Taumako LEH prevalence by age, adults and subadults (permanent dentition 

only), %of individuals affected. . ............... . 313 

5.8 Nebira adult LEH prevalence by sex, % of individuals affected. . 317 

5.9 Nebira adult LEH prevalence by sex and age,% of individuals affected. 318 

5.10 Nebira LEH prevalence by age, adults and subadults (permanent dentition 

only),% of individuals affected. . . . . . . . . . . . . . . . . . . . . . . . 318 

5.11 Taumako and Nebira, subadult LEH prevalence in the permanent dentition, 

% of individuals affected. . . . . . . . . . . . . . . . . . . . . . . . . . . 320 

5.12 All population comparison of adult LEH prevalence,% of teeth affected. . 322 

5.13 Teouma, Taumako and Nebira comparison of adult LEH prevalence, %of 

individuals affected. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 323 

6.1 Interpretations of diet from the analyses of the Teouma skeletal sample. 336 

XXX 



6.2 Interpretations of diet from the analyses of the Uripiv skeletal sample. 339 

6.3 Interpretations of diet from the analyses of the Vao skeletal sample. 340 

6.4 Interpretations of diet from the analyses of the Watom skeletal sample. . 342 

6.5 Interpretations of diet from the analyses of the Taumako skeletal sample .. 347 

6.6 Interpretations of diet from the analyses of the Nebira skeletal sample. .. 351 

6.7 Interpretations of health and diet from overall analyses for all the skeletal 

samples ..................................... 369 

xxxi 



Chapter 1 

Introduction 

"Food .. .is a truly biocultural entity" (Schutkowski, 2008b, p.141). The specific foods people 

eat determine the nutritional adequacy of their diet and, importantly, the availability of these 

foods is both an environmentally and culturally moderated phenomenon. Inadequate nutri

tion can lead to short and long-term health consequences for a person and directly affect the 

communities they live in (Haas and Harrison, 1977). 

Understanding the effect of nutrition on the health of past populations has been a fo

cus of bioarchaeological research for decades. However, the analytical techniques devel

oped over the last forty years that utilise stable isotopes have led to the improvement of 

palaeonutritional studies and have opened the door to more directly understanding how the 

foods people ate influenced their health and, ultimately, their survival in prehistoric envi

ronments (Katzenberg, 2000; Pate, 1994; Schoeninger, 1995). Palaeodietary research using 

stable isotopes is a relatively new line of inquiry in the Southwest Pacific Islands (Ambrose 

et al., 1997; Field et al., 2009; Leach et al., 2003, 2000; McGovem-Wilson and Quinn, 1996; 

Quinn, 1990). Most bioarchaeological health-related research in this area of the world has 

focused on palaeopathology and growth in prehistory, using more indirect methods to anal

yse the diet of past communities (Buckley, 2000b, 2001; Buckley et al., 2008; Houghton, 

1989c; Pietrusewsky, 1976; Pietrusewsky et al., 1997). 

This thesis aims to make a significant new contribution to understanding prehistoric 

Pacific island diet and health by 1) directly analysing the chemical signatures in calcified 

tissues (bone and teeth) and examining the tooth wear and oral health of six prehistoric 

skeletal samples to assess prehistoric diet; 2) investigating the possible affect of diet on health 

by evaluating indicators of non-specific stress; and 3) investigating at the intra-population 

level potential variations in diet and health between the sexes and survivors (adults) vs. non-
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survivors (subadults); 4) analysing, at an inter-population level, variations in diet and health 

overtime. 

Stable isotope analysis of bone collagen and tooth dentine will be used in conjunction 

with tooth wear and oral health to investigate the diet of these skeletal samples. Chemical 

analysis of tooth dentine will provide information about the childhood diet around the age 

at which the tooth was forming and, for adults, the bone collagen stable isotope values are 

representative of the diet until approximately ten years prior to death (Fuller et al., 2003; 

Hedges et al., 2007). Stress will be determined by assessing an indicator of non-specific 

stress (linear enamel hypoplasia) in the dentitions of the adults and subadults. The analysis 

of the teeth to compare the childhood diet of the adults (survivors) with the subadults (non

suvivors) may illuminate the extent to which nutrition may have affected mortality in these 

prehistoric samples. These analyses will also assist in understanding if there were sexual 

differences in food allocation in childhood. 

The skeletal samples used in this thesis span 3000 years of prehistory and as many 

kilometres across the Pacific Ocean. The oldest cemetery sample (rv3100 BP) is from 

Teouma, Efate Island, Vanuatu and is representative of a founding population (Bedford et al., 

2006). Other Lapita samples are from the islands of Uripiv and Vao, located off North East 

Malekula, Vanuatu and Watom Island, Papua New Guinea, all of which post-date the Teouma 

site (Beavan-Athfield et al., 2008; Bedford, 2003; Petchey and Green, 2005). The other two 

skeletal samples are from later in prehistory, all dated to the last 1000 before present (BP). 

These cemetery samples are from Nebira, Papua New Guinea (Bulmer, 1979, 1978) and 

Taumako, Solomon Islands (Leach and Davidson, 2008). 

It is important in bioarchaeological studies to draw upon as many lines of evidence as 

possible to most accurately reconstruct past behaviour. Therefore, archaeological, linguistic, 

and ethnographic evidence will be used in conjunction with the chemical and biological data 

to support dietary interpretations within the specific socioeconomic and environmental con

text of each island. The temporal and spatial differences between these samples can assist in 

understanding food choices within the ecological sphere of the Pacific Islands and help iden

tify the specific socio-cultural trends within each population in addition to the subsequent 

effect of diet on population health, especially with regards to subadults. 

This chapter will outline the background of Pacific Island colonisation and food pro

duction, the relationship between diet and health, the theoretical basis of analysing palaeodiet 

and stress in prehistoric skeletal samples, and the aims and objectives of this thesis and limi

tations of the current study. It must be noted the term 'Pacific Islands' is used when referring 
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the islands in the Pacific as a geographic entity, in all other cases 'Pacific islands' is used. 

1.1 The Prehistoric Pacific Islands 

The prehistory of the Pacific Islands has been shown to be a complex mix of ex

ternal influences and local processes of cultural change against the background 

of a dynamic environment in a variety of settings (Thomas, 1999, p.130). 

The Pacific Islands embody a diverse cultural, biological and linguistic landscape 

shaped by the complex prehistory ofthe area (Hurles et al., 2003; Kirch, 2000). In the 1830s 

three areas, Melanesia, Polynesia and Micronesia, were differentiated on perceived cultural 

affinities to more easily 'classify' Pacific Island people. Over time, these terms have proven 

to be over- simplistic and unrepresentative of 'culture-historical unity' (or lack thereof), with 

the exception of Polynesia (Kirch, 2000). Therefore, in this thesis the terms Melanesia and 

Micronesia are used only with reference to the geographical areas they represent. 

Green (1991) recommended the terms Near and Remote Oceania be used instead of 

the above-mentioned terms. These areas represent the two regions of prehistoric settlement: 

Near Oceania was settled during the Pleistocene and Remote Oceania was settled after 3500 

before present (BP) (Figure 1.1 ). The early settlement ( rv60,000-40,000 BP) of Near Oceania 

was facilitated by the relatively short distances between these islands and the rich biodiver

sity found in this region (Green, 1991, 1997). 

Understanding food production systems and diet in the prehistoric Pacific islands is 

complicated by two factors: the biogeographical variation and the complex history of coloni

sation of both Near and Remote Oceania. Islands have different environmental selection 

pressures compared to continents (Anderson, 2002), which not only affected the pattern of 

prehistoric settlement but also the range of endemic plants and animals that could be used as 

food, especially in Remote Oceania (Spriggs, 1993). A high degree of natural selection in 

Remote Oceania created environments favourable to introduced plants and animals because 

of a lack of indigenous predators and competitive plants (Kirch, 1979). 
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Figure 1.1 : Near and Remote Oceania with islands of the archaeological sites circled in red: l)Nebira, South Coast 
Papua, New Guinea; 2) Watom, East New Britain, Papua New Guinea; 3) Taumako, Duff Islands, 
Solomon Islands; 4&5) Uripiv and Vao, North East Malekula, Vanuatu 5) Teouma, Efate Island, Vanuatu. 
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Understanding the possible dietary items available to the populations being analysed 

is essential for dietary analysis as the unique prehistory of the Pacific Islands has directly in

fluenced subsistence patterns and food availability. The following section will briefly review 

the colonisation of the Pacific and the plant and animal production systems thought to have 

been utilised in prehistory, taking into account the complex biogeography of both Near and 

Remote Oceania. 

1.1.1 Pacific Colonisation and Dispersal 

Variations in ocean levels during the Pleistocene resulted in the amalgamation of many of 

the islands that constitute modem day island South East Asia, forming a landmass termed 

Sunda. Land changes also occurred to the east, eventually linking Australia, Papua New 

Guinea and West Papua, creating a large continent known as Sahul. Sunda and Sahul were 

separated by a number of smaller islands that formed an area termed Wallacea and similarly, 

as a result of deep ocean trenches, the islands of the Bismarck Archipelago were never part of 

Sahul (Bellwood, 1993). The spread of modem Homo sapiens from Sunda to Sahul occurred 

rapidly around 60,000 to 40,000 BP, marking the beginning of the human colonisation of the 

Pacific (Kirch, 2000). 

Crossing Wallacea would have necessitated a number of repeated journeys over the 

open ocean, strongly suggesting these people were purposefully voyaging into unsettled 

lands (Bellwood, 1993). Later settlements around 30,000 BP occurred in a similar fash

ion throughout the Solomon Islands and in the Bismarck Archipelagos, but no evidence has 

emerged suggesting these people reached New Caledonia or Vanuatu during the Pleistocene 

(Gosden, 1993; Hurles et al., 2003). 

There was a long hiatus in Pacific colonisation after this initial Pleistocene settlement 

of Near Oceania. However, at around 3500 BP evidence of a new type of settlement appears 

in the Bismarck Archipelago to the east, recognisable in the archaeological record by highly 

decorated dentate-stamped and plainware pottery and new types of domesticated plants and 

animals in addition to novel tools (Spriggs, 1997a; Summerhayes, 2001b). This 'cultural 
I 

complex' has been termed 'Lapita' (Kirch, 2000). The origins of the people associated with 

the Lapita cultural complex have been debated; early theories of indigenous development in 

the Bismarck Archipelago have been overshadowed by a South East Asian model of popula

tion expansion mostly as a result oflinguistic and DNA evidence (Green, 1997; Kirch, 2000; 

Hurles et al., 2003). 
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Subsequent to the appearance of the Lapita-associated material culture in the Bismarck 

Archipelago, identical archaeological evidence indicated colonisation of New Caledonia, the 

Solomon Islands, Vanuatu and later in Fiji, Samoa and Tonga by Lapita-associated popula

tions (Sand, 2001). The rapid dispersal of the Lapita-associated peoples over thousands of 

miles of open ocean is unparalleled by any other colonisation in world prehistory (Green, 

1997). By about 2500 BP the Lapita-associated dentate-stamped pottery disappeared from 

the archaeological record and was replaced by more regionalised pottery traditions that de

veloped from Lapita (Green, 1997). 

After this 2500 BP benchmark, voyages farther east commenced; by 700 BP all of 

the islands of Polynesia in addition to continental South America had been reached and, in 

most cases, successfully colonised. There is a lack of archaeological evidence to support 

exactly when (and where) early East Polynesian cultural traditions developed but, by Euro

pean arrival post 1595 A.D., the Polynesian islands farther east were inhabited by groups of 

people sharing a similar speech community, supporting the theory of a central East Polyne

sian homeland (Kirch, 1984a). Around 1500 AD these long-distance expeditions appear to 

have entirely stopped. The cessation in long distance voyaging resulted in regionalised cul

tural traditions being formed in Polynesia and a 'reassortment and resegregation' in modes 

of subsistence and associated cultural concepts (Kirch, 1984a, p.88). 

1.1.2 Prehistoric Pacific Island Subsistence 

Importantly for this thesis, the division between Near and Remote Oceania also marks the 

beginning of a stark reduction in endemic flora and fauna of the islands, with edible plants 

and animals becoming more scarce in an easterly movement (Spriggs, 1993). The rich biota 

of Southeast Asia serves as the homeland of most indigenous Pacific plants and animals but 

the increasing distance between islands and a simpler geology has resulted in the restric

tion in the diversity of plants and animals in Remote Oceania (Groube, 1988; Kirch, 1979). 

Island biotas are extremely vulnerable to anthropogenic impact as a result of the lack of nat

ural predators and competitive plants on the islands and the small land mass of the islands 

themselves (Steadman, 1999). 

Human settlement would have been highly disruptive to any oceanic island ecosystem 

and, using the Polynesian islands as an example, humans have "extensively modified the 

biota of their surroundings and often the physical landscapes as well" (Kirch, 1979, p.288). 

This vulnerability of island ecosystems is further evidenced by the numerous floral and fau-
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nal extinctions of terrestrial plants and animals on most, if not all, Pacific islands occupied by 

humans (Anderson, 2002; Kirch, 1997; Steadman, 1993, 1995, 1999; Steadman and Kirch, 

1990; Steadman et al., 2002). 

Successful human settlement is reliant on adequate food sources. The lack of indige

nous tubers and fruits east of the Bismarck Archipelago and limited distribution of terrestrial 

animals (with the exception of birds) east of the Solomon Islands and Vanuatu would have 

made successful colonisation incredibly difficult without the introduction of new foods for 

continuous occupation of Remote Oceanic islands (Spriggs, 1993). 

Pleistocene Subsistence 

During the Pleistocene in Near Oceania, there is evidence that human populations manipu

lated the environment for subsistence. Both the purposeful movement of animals and evi

dence of the genetic manipulation of certain plants (e.g. Canarium and Colocasia species) 

have been found in sites associated with Pleistocene occupation (Gosden, 1993; Leaves

ley, 2005; Wickler and Spriggs, 1988; Yen, 1990). From this archaeological evidence and 

palaeoenvironmental research, it has been hypothesised that during this time Near Oceanic 

communities practiced arboriculture in addition to "casual root-cropping, hunting and fishing 

as part of an overall strategy of life" (Gosden, 1995, p.815). 

The early Holocene marked the development of high intensity agricultural systems in 

the highlands of Papua New Guinea, the earliest dating to 9000 BP (Golson, 1989; Therin 

et al., 1989; White and O'Connell, 1982). The establishment of a limited number of cul

tivars began well before the Lapita-associated people voyaged into Near Oceania (Groube, 

1988). However, the Lapita-associated populations are attributed with bringing with them a 

'transported landscape' of the quintessential domesticates found in the Pacific Islands today 

(Green, 1991; Kirch, 1997). 

Lapita Subsistence 

Early Lapita-associated occupation sites are predominately coastal and situated near resource

rich fringing reefs. Not surprisingly, fish and shellfish are usually represented in the archaeo

logical record more than any other animal remains at these sites (Burley, 1999; Kirch, 1997). 

High concentrations of shellfish in Lapita-associated middens on Tonga led Groube (1971, 

p.312) to suggest the earliest settlers were "Oceanic strandloopers" who subsisted primar

ily on food from marine environments with little dietary input from cultivated plants and 
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domestic animals. However, subsequent excavations at early Lapita-associated occupation 

sites and additional lines of evidence have revealed a more complex picture of early Lapita 

subsistence. 

Green (1979, p.37) highlighted that the size of settlement, the presence of pig and 

chicken bone and " ... cooking ovens, pottery, cooking vessels, adzes, vegetable scrapers and 

peelers in shell, and other tools typical of Oceanic societies that utilised tree and root crops" 

in Lapita-associated sites all argued strongly against such a restricted maritime subsistence 

pattern theorised by Groube (1971). Kirch (1997, 1979) further noted that Lapita settle

ments were typically situated near stretches of arable land and commented on the linguistic 

evidence for arboriculture and horticulture from reconstructions of Proto-Oceanic words for 

cultivated plants, domestic animals and horticultural techniques. 

Palaeoenvironmental evidence of forest clearance, presumably for horticulture, has 

been reported at a number of Lapita-associated sites (although primarily late-Lapita) (Hope 

et al., 1999; Kirch, 1997, 2000) and archaeobotanical evidence has shed light on specific 

crops utilised by Lapita-associated populations (Gosden, 1992; Rather, 1992; Horrocks and 

Bedford, 2005; Horrocks and Nunn, 2007; Kirch, 1997; Lentfer and Green, 2004). Kirch 

(2000, p.11 0) suggests that Lapita subsistence economies were "based on a strategy of 'trans

ported landscapes' and on. the exploitation of naturally available resources". In addition 

to archaeological evidence, genetic research of modem and prehistoric animals thought to 

have been part of the Lapita-associated transported landscape has established their Southeast 

Asian origin, although the chronology of these introductions is unresolved (Dobney et al., 

2008; Matisoo-Smith, 2007; Matisoo-Smith et al., 1999, 1998; Storey et al., 2008). 

Although many Pacific Island populations live in very close proximity to the ocean, 

modem ethnographic and historic accounts of subsistence emphasise the importance of ter

restrial wild and domesticated plants and animals as major food sources (Table ??) (Houghton, 

1996; Yen, 1985). Barrau (1973) noted that, generally, Oceanic peoples traditionally con

sume 80% of their foods from wild and cultivated plant resources. However, the preservation 

of faunal, and especially floral (macrobotanical remnants, phytoliths and pollen), remains 

in archaeological contexts is well known to be inadequate for a comprehensive dietary re

construction of humans (Schoeninger and Moore, 1992; Schwarcz and Schoeninger, 1991). 

Faunal remains are almost always better represented in the archaeological record than plant 

remains, and middens can represent a much longer time frame, or entirely different tempo

ral periods than human cemeteries, and therefore may not be representative of the diet of 

the people interred in these cemeteries (Ambrose, 1993; Hedges et al., 2005; Tykot, 2004). 
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Table 1.1: Lapita-associated plants and animals included in the 'transported landscape'. 
Kirch (1997) 

Tree and plant foods Root foods Domestic/Cornmensal animals 
Cocos nucifera (coconut) Colocasia esculenta (taro) Gal/us gal/us (chicken) 
Metroxylon spp. (sago palm) Cyrtosperma chamissonis (swanp taro) Canisfamiliaris (dog) 
Arctocarpus altilis (breadfruit) Alocasia macrorrhiza (giant taro) Sus scrofa (pig) 
Pandanus dubius (pandanus nut) Dioscorea alata. (greater yam) Rattus exulans (Pacfic rat) 
Pandanus tectorius (screwpine) Piper methysticum (kava) 
Australimusa type (banana) 
Musa hybrids (banana) 
Canarium spp (canarium nut) 
Terminalia catappa (Indian almond) 
Areca catechu (betel nut) 
Cycas circinalis ( Cycad) 
Spondias dulcis (vi apple) 
Morinda citrifolia (Indian mulberry) 
Pometia pinnata 
Burckella obovata 
Dracontomelon dao (New Guinea walnut) 
Barringtonia sp. (Cut nut) 
Corynocarpus cribbeanus 
Inocarpus fagiferus (Tahitian chestnut) 
Pangium edule 
Curcuma longa (Tumeric) 
Saccharum officinarum (sugar cane) 
Abelmoschus manihot 
Eugenia sp. (malay apple) 

Many Pacific island cultigens reproduce asexually (i.e. most species of yam, taro and ba

nana) and therefore leave no seed or pollen traces to be found in the archaeological record 

(Hill and Evans, 1989; Therin et al., 1989), although banana phytoliths and starch remains 

from root crops have been positively identified at some Lapita-associated sites (Rather, 1992; 

Rorrocks and Nunn, 2007; Lentfer and Green, 2004). Despite this, researchers remain uncer

tain to what extent the Lapita-associated people relied on cultivated plants and domesticated 

animals during initial settlement periods (Rather, 1992; Kirch, 1997). 

From the original 'strandlooper' theory suggested by Groube (1971) and the develop

ment of the idea of a 'transported landscape' of subsistence foods by Kirch (1997, 1979), 

other intermediate hypotheses of Lapita subsistence have emerged. For example, Burley 

et al. (2001, p.102) suggested an economy focused on 'optimal foraging' of both marine and 

land-based plants and animals. This theory is formulated from faunal evidence and settle

ment patterns at the Lapita-associated sites in the Ra'apai island group and on Tongatapu, 

Kingdom of Tonga (although they do note palynological data indicative of gardening) (Bur

ley, 1998; Burley et al., 2001). 

In summary, the introduction of a majority of domesticated plants and animals used to

day for subsistence purposes in the Pacific islands can be attributed to the people associated 

with the Lapita cultural complex (Kirch, 2000). What remains uncertain is the chronology 
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of these introductions and the extent to which they were utilised in the variable island envi

ronments inhabited by the earliest Lapita settlers and their descendants (Field et al., 2009; 

Gosden, 1992; Kennett et al., 2006). With regard to Polynesia, Kirch (1984a, p.84) argues 

"in a fledgling colony's first years, transplanted cultigens and animals could not have pro

vided a sufficient basis for subsistence, and the settling party would have had to depend 

heavily upon naturally abundant resources, particularly shellfish, fish, wild birds, and wild 

plants". 

The first Lapita populations potentially faced hardships similar to those of the Poly

nesian colonists. However, as attested by the many floral and faunal extinctions, the Lapita 

people exploited their new environments to the fullest (Anderson, 2002; Green, 1991; Kirch, 

1997; Steadman, 1999). Even today wild foods are important resources, especially in the 

larger western islands such as Papua New Guinea and, importantly, as discussed below, the 

reasons behind food choice are as much culturally constructed as they are dependent on 

environmental conditions (Barrau, 1973; Yen, 1985). 

Post-Lapita Subsistence 

Later in prehistory, the stark decline in biodiversity in the smaller, more easterly islands in 

addition to climatic variations in the second millennium AD would have made these islands 

extremely vulnerable to rapid anthropogenic change. An adoption of agricultural systems 

from the time of initial occupation would have been necessary for survival (Anderson, 2002). 

Moreover, the diversity of cultivated plants followed a pattern of easterly reduction similar 

to that of the endemic biota (Barrau, 1973). To compensate for this lack of variety of plant 

cultigens, a 'refinement and diversification' of specific plant species (e.g. breadfruit and taro) 

was undertaken. In addition to large-scale cultivation, this 'refinement and diversification' in 

Remote Oceania (especially in Polynesia and the Polynesian Outliers) was associated with 

cultural changes such as the development of the Polynesian chiefdoms (Kirch, 1984a; Yen, 

1989). 

Pacific Diet in a Socio-cultural Context 

In many parts of the world, the prehistoric transition from hunter/gatherer systems to pre

dominantly agricultural forms of subsistence has been associated with a general decline in 

health and growth (Cohen and Armelagos, 1984; Cook, 1984; Larsen, 2002; Lukacs, 1992). 

It has been suggested that this health change was a result of a shift from a broad-spectrum 
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subsistence associated with hunting and gathering toward a less varied and, in many cir

cumstances, less nutritious diet composed of foods grown for agricultural purposes (Larsen, 

1995). Stress in these communities was also most likely associated with an increase in in

fectious disease resulting from the increased sedentism necessary for the establishment and 

maintenance of agricultural crops. Ill health has been observed in skeletal samples by a 

higher prevalence of non-specific indicators of stress (e.g. linear enamel hypoplasia), certain 

types of dental disease (e.g. caries and periodontal disease) and growth disruption during 

childhood in prehistoric agriculturalists compared to earlier non-agricultural groups (Cohen, 

1989; Cohen and Armelagos, 1984). 

It is important to acknowledge that the traditional food production in both Near and 

Remote Oceania is a horticultural system rather than an agricultural system. The distinction 

is made between the two systems because horticultural subsistence involves the cultivation 

of a number of annual and perennial plants, usually on a continuous basis rather than the 

seasonal cycle of crops (primarily cereal plants) that is usually associated with the term 

'agriculture' (Krieger, 1943; Harris, 2007). It is also recognised that regional, inter- and 

even intra-island variation in subsistence practices, including the selection and cultivation of 

certain horticultural plants, the raising of domestic animals and the exploitation of indigenous 

resources (including marine foods) is a result of both ecology and cultural choices (Yen, 

1993, 1985). The almost complete lack of any skeletal material predating the Lapita Cultural 

Complex and the diversity of subsistence patterns in Near Oceania before 3500 BP ensures 

any comparison similar that between pre-agricultural and agricultural populations in other 

parts of the world would be unfeasible. 

By analysing the diet of six skeletal samples that span the initial settlement of Remote 

Oceania in Vanuatu to the Protohistoric period in a Polynesia Outlier and Near Oceania, 

this thesis will investigate the reliance on marine or terrestrial ecosystems for food and the 

possible effects of diet on oral health and growth disruption. From these observations, this 

thesis will investigate trends in subsistence in different island environments over time. The 

health assessments of these cemetery samples can also assist with interpretations of diet and 

subsistence patterns because, as mentioned above, the type and prevalence of certain non

specific indicators of stress can be associated with certain types of subsistence patterns. 

In most modern Pacific Island societies the concept of food differs from European

based views of food philosophy. Starchy staple foods such as yam, taro, sweet potato and 

breadfruit are an integral part of a true 'meal' and also necessary for a person to feel satiated 

after eating. All other foods, including meat and seafood, are considered accompanying 
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foods to a starchy staple vegetable or as a snack food if eaten at any time other than a 

meal (Barrau, 1958; Pollock, 1986, 1992; Barrau, 1973, 1961). Although variable from 

island to island, child-feeding practices in the Pacific Islands are also dictated by cultural 

ideologies, some of which can negatively impact on a child's health and growth (Heywood 

and Jenkins, 1992). Feeding practices such as the early introduction of solid foods before 

the age of six months can introduce pathogens, and feeding primarily low-protein starch

based supplementary foods to children can cause protein malnutrition or other micronutrient 

deficiencies (Chowning, 1985; Jenkins, 1998b; Heywood and Jenkins, 1992; Gillogly Akin, 

1985). Additionally, certain culturally-induced food restrictions (food taboos) can result in 

the undernutrition of a child (Jenkins et al., 1984; Chowning, 1985; Gillogly Akin, 1985; 

Jenkins, 1998a), although some researchers have suggested that such culturally-moderated 

dietary restrictions can act to reduce the impact of malaria in young children (Lepowsky, 

1985). 

Assessing diet and ill-health of past populations may also inform about certain cultural 

practices in prehistory. Through linguistic reconstructions of early Austronesian and Proto

Oceanic kinship terms Kirch (2000, p.114) has proposed that "there were critical distinctions 

based on gender, birth order, age, and affinity (marriage)" in Ancestral Oceanic communi

ties. As mentioned above, ethnographic accounts of modem day Pacific islands comment on 

'food restrictions' for certain members of a society (such as women and children) that may 

have affected health, although the specifics of these restrictions are sometimes dependent on 

other social taboos, such as menstruation, and vary widely between islands (Pollock, 1992; 

Marshall, 1985; Jenkins, 1998a). 

The analysis of diet in conjunction with non-specific indictors of stress and the com

parison of sub-groups (i.e. males, females and subadults) within each sample will help to 

ascertain whether certain groups were receiving different types of foods. This will poten

tially contribute to the limited knowledge of cultural food-related practices on prehistoric 

Pacific islands in addition to assisting in understanding the relationship between diet and 

health within each community. The potential relationship between food taboos and health in 

a Pacific Island context will be further discussed in Chapter 5. 

1.2 Palaeodietary Analysis 

Dietary reconstructions of past populations can assist in understanding past lifeways. Prior to 

the advent of stable isotope analyses, prehistoric subsistence patterns of ancient humans were 
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mainly inferred from archaeological evidence and direct observations of bones and teeth. 

Faunal and floral remains, assessment of the distribution of archaeological evidence at sites, 

coprolites, residue of pots, tools, palaeoenvironmental, linguistic, ethnographic and bioar

chaeological examinations of dental and skeletal tissues constituted the main lines of inquiry 

to understand the economic systems before written histories (Schwarcz and Schoeninger, 

1991). 

Importantly, biogeographical variation between islands in the Pacific has led to sub

sistence patterns which, although fundamentally similar, are adapted by people at an island

specific level as a result of both the cultural and physical environments (Kirch, 2000; Sand, 

2001). In this study, direct analyses of human calcified tissues will not only assist in un

derstanding diet in the Pacific islands at a population level, but will assess diet at a finer, 

individual level, previously unattainable through archaeological and other related analyses. 

This type of intra-population analysis will potentially illuminate age and/or sexual variations 

in diet as a result of differential access to foods. Additionally, analysing both the child

hood diet of the adults and the diet of the deceased subadults will test whether patterns of 

subsistence could have affected survivorship in these populations. 

To investigate the diet of prehistoric Pacific Island communities, a combination of 

available evidence will be used: archaeological and other related data, dental markers of diet 

from the skeletons and chemical evidence of diet from stable isotope analysis of human bone 

collagen and tooth dentine. These lines of evidence will be introduced briefly here, but are 

reviewed in-depth in subsequent chapters. 

1.2.1 Indirect Evidence of Diet 

Archaeological evidence of past human diet relies on the material left behind by prehistoric 

communities and the subsequent preservation of these materials. Plant and animal remains, 

in addition to the material culture associated with food procurement, are all used as evidence 

of the past diet (Gilbert and Mielke, 1985). The above discussion, outlining the general the

ories of Pacific island subsistence strategies, is primarily based on archaeological evidence 

from Oceania. However, archaeological evidence is an indirect method of ascertaining past 

diet and such a directly comparative approach can lead to over-simplistic interpretations of 

subsistence. The complexity of Oceanic subsistence and associated cultural patterns, both 

before and after the introduction of the Lapita Cultural Complex, has led to the abovemen

tioned disputes regarding both prehistoric subsistence strategies and the presence of certain 
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domesticates in the diet (Groube, 1988; Kennedy, 2008; Yen, 1985, 1989). 

"Biogeographical, genetic, palaeoenvironmental, historical, ethnographic and present

day ecological studies" are further lines of evidence which can be drawn on to help re

construct past subsistence strategies (Harris, 2007, p.16). Biogeographical, genetic and 

palaeoenvironmental data have been discussed above with regard to subsistence in the pre

historic Pacific Islands. Although valuable for understanding processes of subsistence, his

torical and ethnographic accounts are limited as they may not directly relate to prehistoric 

populations (Harris, 2007). However, historical and ethnographic evidence will be used in 

this study to assist in interpretations of diet for the most recent skeletal samples (Taumako 

and Nebira). 

1.2.2 Direct Evidence of Diet from the Skeleton 

Dental evidence 

Macroscopic observations of teeth and their surrounding bony structures (alveolar bone) can 

also assist in understanding prehistoric diet. Teeth are the first contact point for food entering 

the body and certain responses of dental tissues can provide information on diet type and 

food preparation techniques (Hillson, 1996). Responses of teeth are generally limited to the 

destruction of the dental tissues such as attrition and oral pathologies, with the exception 

of calculus formation (Hillson, 2005). This thesis will examine attrition, caries, periapical 

cavities, periodontal disease, calculus and antemortem tooth loss to assist in understanding 

prehistoric diet and each of these pathologies will be reviewed in detail in Chapter 4. 

Stable Isotope Evidence 

Relatively recently, chemical analyses have been used to reconstruct prehistoric diets. Stable 

isotope analysis of human bone and tooth collagen is one such chemical method routinely 

applied to cemetery samples to analyse diets (Katzenberg and Harrison, 1997; Schwarcz and 

Schoeninger, 1991). Stable isotope analysis is a direct means of characterising diets because 

the tissues of the actual people are being tested (Ambrose, 1993). Such a direct means of 

dietary analysis is an advantage over more traditional methods using archaeological and lin

guistic evidence as intra-population variation in diet can be ascertained (Katzenberg, 2000). 

A limited number of studies have reconstructed the diets of prehistoric Pacific Island commu

nities at only a population level or to assist in interpreting radiocarbon dates (Ambrose et al., 
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1997; Beavan-Athfield et al., 2008; Davidson and Leach, 2001; Field et al., 2009; Leach 

et al., 1996, 2003, 2000; McGovern-Wilson and Quinn, 1996; Quinn, 1990; Valentin et al., 

2006). In this thesis, stable isotope analysis is vital for addressing sexual and age-related 

trends in diet at an individual level, in addition to potential effects of diet on survivorship. 

Specifically addressing age and sex related differences in diet within prehistoric Pacific Is

land skeletal samples has not been attempted previously. 

Stable isotope analyses of the individuals within a cemetery sample can also assist di

etary interpretations from macroscopic observations of the dentition. A number of studies 

have used this dualistic approach of complementary methods to assist in strengthening di

etary interpretations (Arnay-de-la Rosa et al., 2009; Katzenberg, 1993; Lillie and Richards, 

2000; Lillie et al., 2003; Lubell et al., 1994; Magennis, 1999; Prowse et al., 2008; Trianta

phyllou et al., 2008; Valentin et al., 2006). 

Sex and age variations in diet can elaborate on socio-cultural practices between the 

sexes and in childhood (e.g. preferential food allocation and/or food taboos) and the potential 

biological costs of these practices (Turner et al., 2007). With regard to age differences in diet, 

many studies have focused on the age of weaning in prehistoric cemetery samples (Clayton 

et al., 2006; Goodman, 1991a; Williams et al., 2005). Identifying the onset of weaning 

is not the focus of this thesis; rather the interest of this study is to assess childhood feeding 

practices and the influence of solid foods on the health of children. Therefore, only subadults 

past the age of infancy will be used to assess whether there were any age-related differences 

in diet that may have affected the health and survivorship of these individuals, which may be 

associated with culturally proscribed practices. 

1.3 Non-specific Indicators of Stress 

"Nutritional status is more than dietary intake. It is a reflection of the physio

logical balance of the individual, and it is a function of a variety of interacting 

factors, including political-economic and ecological conditions" (Goodman and 

Rose, 1991, p.279)" 

The response of the skeleton to 'limiting resources' such as inadequate food or water and 

certain stressors like heat or parasites is restricted to a few types of skeletal and dental mani

festations (Goodman, 1991a; Goodman et al., 1988). Disruption of skeletal growth resulting 

in linear enamel hypoplasia (LEH) is a response to environmental, cultural, biological or 
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psychological restraints and stressors (Goodman, 1991b; Goodman et al., 1987). 

These responses can occur as a result of chronic malnutrition. However, nutritional 

deficiencies can also result in the body's inability to respond normally to other stressors such 

as pathogens. Thus, stressors can work synergistically and the response of the skeletal and 

dental tissues are termed 'non-specific' (Goodman, 1991a). Goodman et al. (1988, p.178) 

suggest that when non-specific indicators, such as LEH, are used in conjunction with ev

idence of growth retardation, "patterns of generalized (sic) nutritional deficiency" can be 

understood. However, the preservation and demography of the skeletal samples used in this 

study do not allow for long bone measurements to be used for growth analysis and therefore 

only LEH will be used as a measure of stress in these samples. 

Studies that combine non-specific indicators of stress and stable isotope analyses for 

dietary reconstructions are relatively few. However the limited studies that have been un

dertaken have analysed the relationship between diet and stress in prehistoric populations 

from North America (Hutchinson and Norr, 2006), South America (White et al., 2006) and 

Northern Europe (Polet and Katzenberg, 2003). 

1.4 The Inherent Bias of Skeletal Samples 

When studying archaeological skeletal samples it is important to recognise that the samples 

themselves are inherently biased and can therefore never truly represent the living population 

the skeletons originally derived from. These biases can be divided into extrinsic and intrinsic 

factors as outlined by Waldron (1994, p.ll-25). 

1.4.1 Extrinsic Factors 

Extrinsic factors can affect the demographic profile of a cemetery population. Firstly, inclu

sion in a burial ground is culturally determined and there is no way of knowing whether the 

people interred are representative of the living population. Inclusion in or exclusion from a 

cemetery can be determined by factors including age, sex, social status and disease (Pinhasi, 

2008b). 

Secondly, preservation can affect the final number of individuals available for bioar

chaeological study. Taphonomic considerations include physical, chemical and biological 

factors that act upon skeletal remains. Disturbance from plant roots, animals and anthro-
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pogenic activity (including the removal of bones for cultural purposes) affect the final num

ber of skeletal elements present (Pinhasi, 2008b). As will be discussed in the following 

chapter, bone diagenesis is a complex phenomenon dictated by microbial action, tempera

ture, pH and water (Hedges, 2002; Turner-Walker, 2008). The type of bone can also dictate 

the survival in the burial environment; elements with a high proportion of trabecular bone 

(e.g. vertebral bodies) and small bones (e.g. hand and foot bones) are less represented than 

bones with a high percentage of cortical bone (e.g. humerus and femur) and bones of a larger 

size (e.g. arm and leg bones) (Waldron, 1987). 

Other extrinsic factors include the proportion of skeletons discovered and recovered. 

Most excavations are unable to exhume all the burials within a cemetery and it is unknown 

whether the individuals recovered are a true random sample of those interred (Waldron, 

1994). Subadult bones are also under-represented in most archaeological contexts and this 

has, in part, been attributed to misidentification of subadult remains by non-experts during 

excavation (Lewis, 2007). The final recovery can also influence the proportion of skele

tal elements available for assessment. Fragile skeletons can crumble when excavated and 

cleaned, and misidentification of bones by non-specialists will affect the absolute number of 

individuals and skeletal elements (Lewis, 2007; Waldron, 1994). 

1.4.2 Intrinsic Factors 

Skeletal samples are representative of the deceased, not the living population. In addition 

to the variations between dead and living populations in age structure, the inherent nature 

of cemetery populations representing only the dead can affect interpretations of health and 

well-being in the past (Waldron, 1994; Wright and Yoder, 2003). These issues constitute 

the 'Osteological Paradox', as outlined by Wood et al. (1992). Namely, 'selective mortality' 

and 'hidden heterogeneity of risk' are key issues that need to be recognised, especially with 

regard to studies "that examine the biological costs of cultural behaviour and disease causing 

conditions" (Wright and Yoder, 2003, p.45). 

'Selective mortality' is a consequence of the composition of the skeletal sample and 

refers to the fact that only the individuals who show skeletal manifestations of disease and 

then died will be analysed for the given condition (Wood et al., 1992). A skeleton that 

exhibits no manifestations of disease could possibly represent a person who had a weak 

immune response and died from acute disease compared to a skeleton with many lesions, 

which could be representative of a person strong enough to survive until the final stages of 
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the disease process and therefore have evidence of lesions (Ortner, 1991). Therefore, the 

total number of individuals at risk for disease or death will always remain unknown (Wood 

et al., 1992). 

'Hidden heterogeneity of risk' refers to the fact that individuals who constitute skeletal 

samples are "varied in their underlying frailty or susceptibility to disease and death" (Wood 

et al., 1992, p.345). The frailty of individuals in a skeletal sample is unknown and thus, the 

analysis of population health from a cemetery sample is inherently hampered (Wright and 

Yoder, 2003). 

1.5 Research Aims and Objectives 

There are four aims to this thesis: 

1. The first aim of this thesis is to characterise the diet of six prehistoric Pacific Island 

skeletal samples to understand whether there were age or sex differences in diet at an 

intra-population level that could possibly have been a result of cultural practices. This 

aim has two parts: 

A. Diet will be analysed using the stable isotope analysis of bone collagen and tooth 

dentine to understand both adult and subadult diet. 

B. Diet will be analysed using dental evidence of diet (tooth macrowear and oral 

health) of the adult and subadult individuals within the six skeletal samples. 

Three hypotheses will be tested within this aim: 

Hypothesis 1. The dental evidence of diet will corroborate the stable isotope analysis 

of diet. 

Hypothesis 2. There will be sexual differences in the type of protein foods consumed 

by males and females, with males consuming more protein from higher trophic 

levels. 

Hypothesis 3. Subadults will be consuming less protein from higher trophic levels 

than adults. 

2. The second aim of this thesis is to assess skeletal manifestations of ill health from a 

non-specific indicator of stress (LEH) in order to assess the possible effects of diet on 

health. 
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One hypothesis will be tested within this aim: 

Hypothesis 4. Individuals consuming protein from lower trophic levels will have a 

higher prevalence of non-specific indicators of stress than individuals who were 

consuming protein from higher trophic levels. 

3. The third aim of this thesis is to compare the survivors (the adults) and non-survivors 

(the subadults) in each sample to assess whether there were differences in diet and 

health between the two groups that might be related to childhood food allocation prac

tices at the sites. 

One hypothesis will be tested within this aim: 

Hypothesis 5 Regardless of variation in diet, a higher proportion of the adults (sur

vivors) in a sample will be affected by LEH compared to the deceased subadults 

(non-survivors) due to the effect of the Osteological Paradox. 

4. The final aim of this thesis is to compare the skeletal samples to investigate possi

ble diachronic dietary transitions and associated variations in health within prehistoric 

Pacific islands. 

Three hypotheses will be tested within this aim: 

Hypothesis 6 The initial colonising population ofTeouma will have a diet reliant on 

indigenous plants and animals representing a broad-spectrum subsistence pat

tern. As a result of the timing of Lapita settlement on Uripiv, Vao and Watom, 

these communities will have a heavier reliance on established horticultural foods 

and domesticated animals, and their diet will reflect this. The most recent pop

ulations (Nebira and Taumako) will be heavily reliant on cultivated plants and 

domestic animals to support larger populations. 

Hypothesis 7 There will be more variation in diet over time between the sexes and 

between adults and children as a result of the development of cultural food re

strictions similar to those found in the ethnographic present in the Pacific Islands. 

Hypothesis 8 Over time, with the transition to a subsistence based more on cultivated 

plants and animals, there will be a decline in health as evidenced from an in

creased prevalence of non-specific indicators of stress because of the increased 

reliance on starchy food staples. 
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To more fully elucidate dietary and health patterns in the past it is necessary to draw upon 

a number of fields of research. This thesis will use archaeological, linguistic, ethnographic, 

bioarchaeological and clinical studies to support the aims outlined above. 

The objectives for the aims are as follows: 

1. Dietary analysis of the adults and subadults within the six prehistoric Pacific Island 

groups will be conducted by: 

A. Analysis of the stable isotopes of carbon, nitrogen and sulphur of bone collagen 

and carbon and nitrogen of tooth dentine. More specifically, the stable isotope 

analysis will assess the dietary contributions of marine and terrestrial foods, em

phasising the protein component of the diet. The analysis of tooth dentine will 

assess childhood diet at the time of dentine formation. 

B. Macroscopic examinations of the dentition of all adults and subadults will be un

dertaken to collect dental data for evidence of diet, including caries, calculus, 

periapical cavities, antemortem tooth loss and periodontal disease. The data will 

be compared with the stable isotope analyses to assist in interpreting the diet of 

the six prehistoric skeletal samples. 

2. A non-specific indicator of stress (LEH) will be macroscopically assessed in both the 

adults and subadults in each of the six populations. 

3. The third objective is to compare the diet and the prevalence of non-specific indica

tors of stress between survivors (the adults) and non-survivors (the subadults) in each 

population. 

4. Lastly, the diet, evidence of growth and prevalence of non-specific indicators of stress 

will be compared between cemetery samples. 

1.6 Thesis Structure 

Chapter 2 reviews the history of bioarchaeological research in the Pacific Islands and out

lines the skeletal samples analysed in this study. The archaeology of each site, the 

environment at the site and a review of possible subsistence strategies and food items 

of each island from the available archaeological, linguistic and ethnographic evidence 

is also covered in this section. 
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Chapter 3 focuses on the stable isotope analysis of this thesis. A review of bone and tooth 

biology, isotope theory, the methods used to refine the collagen and analyse the stable 

isotope ratios precedes the stable isotope results and dietary discussion for each sam

ple. This chapter addresses the first aim of this study: to characterise the diet of the 

samples under investigation using stable isotope analysis. 

Chapter 4 also addresses the first aim of this thesis and examines the evidence for tooth 

macrowear and oral pathologies. This chapter provides evidence for diet from the 

dentition of the individuals under investigation. 

Chapter 5 addresses the second and third aim of this study and investigates a non-specific 

indicator stress (LEH). To address the third aim of this study the survivors (the adults) 

are compared with the non-survivors (the subadults) to address key concepts of the 

Osteological Paradox. 

Chapter 6 addresses the fourth and final aim of this thesis and uses the results from the 

diet and health analyses to evaluate these populations both independently and tempo

rally. These results of the dietary and health chapters are synthesised. The patterns of 

non-specific indicators of stress are interpreted within the context of diet within and 

between the six Pacific Island skeletal samples. This chapter addresses the hypotheses 

and includes concluding remarks on the interpretations from this study. 
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Chapter 2 

Materials: The Archaeological Sites and 

Skeletal Samples 

2.1 Introduction. 

Studying skeletal remains is a direct way of understanding the health and diet of ancient 

populations. Bioarchaeological analyses can assist interpretations of both the biological and 

cultural environments of prehistoric people (Larsen, 2002). Historically, bioarchaeological 

research in the Pacific has focused on population affinities using morphometric analyses 

(Houghton, 1991, 1996; Howell, 1979; Katayama, 1987, 1988; Katayama et al., 1988; Kean 

and Houghton, 1982; Pietrusewsky, 1969, 1973, 1994, 2005, 2006; Visser and Green, 1999). 

More recently, focus shifted to understanding the diet and quality of life of the prehistoric 

inhabitants of the Pacific Islands, including a focus on human adaptation and habitation dur

ing the colonisation of insular environments with limited and exhaustible food resources. 

The skeletal samples analysed in this thesis span both a large geographical area across the 

southwest Pacific Ocean and three thousand years of prehistory. Therefore, it is important to 

understand the biocultural variability between the sites due to geographical and temporal dif

ferences, in order to most accurately interpret the dietary and health data of these prehistoric 

people. 

To assist interpretations of dietary and health patterns in the past, it is necessary to put 

the skeletal samples into a biocultural context. To do this, it is important to use information 

from the archaeological excavations of the sites, ethnographic and historical information of 

local populations (when relevant) and biogeographical data for the different regions. Under-
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standing the possible palaeoenvironment at the sites will also assist in these interpretations 

because the environment can influence the potential for the presence of certain food resources 

and be a cause of stress. In order to assist the forthcoming discussions of the diet and health 

of the six skeletal samples used in this study, the current chapter will review each sample with 

respect to these lines of evidence. It must be noted that unknown amounts of cultural and 

biological change can occur rapidly, rendering ethnohistorical material and ethnographic ac

counts of cultural processes less applicable for samples like Teouma, Uripiv, Vao and Watom 

(dating rv3100-2000 BP) and will not be drawn upon in-depth in the reviews of these sites. 

The skeletal samples will be reviewed either as Lapita-associated or post-Lapita. Al

though the post-Lapita skeletal samples studied in this thesis have no cultural and, most 

likely, very little biological affinity to one another, reviewing them in such a way will high

light temporal adaptations to their respective island homes. 

2.2 Lapita-associated Sites 

The Lapita-associated sites will be discussed beginning with the earliest colonising popu

lation interred at Teouma, Efate Island, Vanuatu and proceed to the chronologically later 

sites on the islands of Uripiv and Vao, Northeast Malekula, Vanuatu and Watom, East New 

Britain, Papua New Guinea. 

2.3 Teouma, Efate Island, Vanuatu 

2.3.1 The Site 

The archaeological site of Teouma is located near the South Coast of Efate Island, Vanuatu 

(Figure 2.1). Teouma was initially discovered in 2003 when a large dentate-stamped pottery 

sherd was found during the construction of a prawn farm, and was formally identified as an 

archaeological site in 2004 by Dr. Stuart Bedford (Bedford et al., 2004). The Australian 

National University, in conjunction with the Vanuatu Cultural Centre, conducted large-scale 

excavations of the Teouma site during 2004, 2005, 2006, 2008 and 2009, although only the 

human skeletal remains from the first four field seasons will be used in the current study 

(Bedford et al., 2009). 

Today, Teouma is located on the northeastern side of the Teouma Bay, about one kilo-
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Figure 2.1: Map of Vanuatu. Red dots demarcate the archaeological site on Efate (Teouma), 
Uripiv and Vao Islands. 

metre from the ocean and 8 metres above sea level. Three thousand years ago Teouma would 

have been situated much closer to the ocean; however, the site's current location is a result 

of tectonic uplift of Efate Island and infilling of the bay with river sediment (Bedford et al., 

2006; Dickinson, 2000). Furthermore, volcanic eruptions have occurred throughout Vanu

atu's history, creating the islands themselves and influencing the settlement (and survival) of 

prehistoric and modem populations inhabiting these islands (Bedford, 2006b; Kirch, 2000). 

The base of the Teouma site is comprised of a volcanic tephra deposit from a prehis

toric eruption covering the upraised karstic reef terrace and the former rolled-coral upper 

beach. Capping the archaeological deposits is a 500-800mm black tephra-rich, soil from sub

sequent volcanic eruptions. The unique depositional nature of the Teouma site has led to 

the exceptional preservation of the archaeological material culture and, to date, 60 Lapita

associated burials. Overlying these Lapita-associated burials is a midden deposit associated 

with the Lapita to Erueti transition phase deposited a few hundred years after the use of the 

site as a cemetery (Bedford et al., 2009, 2006). 

The cemetery at Teouma is located at the northern end of the site, but activity areas 

have also been established, including an occupation site parallel to the beach and a midden 

dumping ground to the west. The primary occupation site is presumed to be to the southwest, 
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and excavation of this area is planned for a later date. Initial site occupation is dated to around 

3100 BP, the earliest date of human occupation in Vanuatu (Bedford et al., 2006). 

The dentate-stamped pottery found at Teouma is associated with human burials, in

cluding some of the earliest recorded examples of human remains found in pots in the Pa

cific islands (Bedford, 2006a; Bedford and Spriggs, 2007). Comparative analyses of the 

pottery decoration forms suggest close affiliation with early pottery found in the Bismarck 

Archipelago, which "implies rapid movement of the people out of the Bismarck 'homeland' 

region into Western Remote Oceania" (Bedford et al., 2006, p.821). The archaeological ev

idence and radiocarbon dates support the hypothesis that the inhabitants of Teouma are the 

initial colonisers of this area in Vanuatu (Bedford et al., 2009). 

2.3.2 The Burials from Teouma 

During the 2003, 2004, 2006 and 2008 field seasons, 53 burials constituting 73 individuals 

were discovered at Teouma, in addition to scattered bone found in numerous locations across 

the site (Bedford et al., 2009; Buckley et al., 2008; Valentin et al., 2010). Most of the 

interments were primary burials, but eleven secondary features containing one to several 

individuals in each respective feature were also identified (Valentin et al., 2010). 

The complex funerary practices at the site include the removal of all of the skulls of 

the adults and bones such as the forearms, clavicles and scapulae after death (Buckley et al., 

2008). Many of the burials appear to have been wrapped and left to decompose for a period 

before the bones were removed. Only seven crania have been discovered and all represent 

secondary burials. Additionally, a number of loose teeth were found in association with 

some of the burials, most likely a result of the decomposition of the periodontal ligament 

and subsequent loss of the tooth before the skull was removed (Buckley et al., 2008). Other 

burials have been purposefully manipulated after death, such as the suggested wrapping of 

a number of burials before interment (Bedford et al., 2006; Valentin et al., 201 0). The bone 

tissue preservation is good, but many of the remains are fragmented (Buckley et al., 2008). 

Previous Research of the Skeletal Remains from Teouma 

Published reports of the skeletal sample are included in reviews of the archaeology and ma

terial culture at the site (Bedford and Spriggs, 2007; Bedford et al., 2009, 2006) and of the 

funerary processes (Valentin et al., 2010). A preliminary report of the health and disease 
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(including some aspects of oral health) of the people interred at the Teouma cemetery has 

been conducted by Buckley et al. (2008), in addition to an investigation of possible gouty 

arthritis in seven ofthe individuals from the site (Buckley, 2007). A report on burnt bone and 

a possible cremation at Teouma has also recently been published (Scott et al., 2010). Iso

tope analysis had been conducted to identify possible migrants in the skeletal sample from 

the first two field seasons (Bentley et al., 2007) and also to investigate foetal, infant and 

maternal stress at the site (Kinaston et al., 2009). 

Unpublished studies include an investigation of human remains not associated with 

primary or secondary burials, a cremation and the human remains found inside pots (Fuller, 

2006), an analysis of musculoskeletal markers in relation to pottery production (Foster, 

2006), an assessment of cortical bone thickness to understand adaptation to the island en

vironment (Robb, 2009) and an analysis of skeletal trauma in comparison with other prehis

toric Pacific Island cemetery samples (Scott, 2009). 

2.3.3 The Environment at Teouma 

Today, the mean annual temperature of Efate Island is 25.0°C and the annual mean rainfall 

for the island is 2099 mm. Vanuatu displays two distinct seasons, dictated by the cooling 

trade winds from May to October. The rainy season occurs during the warm period (Novem

ber/December through April) and during this time cyclones can strike, although it is esti

mated this type of natural disaster will occur only once a decade in any given area. Cyclones 

are devastating to human settlements and associated gardens and even in modern times will 

result in periods of famine when they occur (Mueller-Dombois and Fosberg, 1998). 

A rolled coral beach and fringing reef are associated with the bay and would have 

been present during the site's occupation. In prehistoric times freshwater would have been 

provided by a stream that ran adjacent to the northern edge of the site. It is thought that 

mangrove forests were established in the vicinity of the site (Bedford et al., 2009). Many 

juvenile fishes, crabs and other fauna are reliant on mangrove forests offering another habitat 

for food exploitation. Other types of vegetation during initial human settlement of Vanuatu 

would have been lowland rain forest and coastal strand vegetation (Manner et al., 1999). 

The initial human settlement at Teouma, with its close proximity to the coast, fring

ing reef, freshwater and arable land is characteristic of Lapita sites around the Pacific and 

suggests the exploitation of a wide range of ecosystems for subsistence (Lepofsky, 1988). 

Moreover, the soil would also have been enriched from volcanic tephra at the base of the 
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Table 2.1: Fauna! species identified from Teouma, Efate Island, Vanuatu. 

Scientific name Common name Type 
Sus scrofa Pig Domesticate 
Gallus gallus Chicken Domesticate 
Rattus exulans Rat Domesticate 
Pteropus sp. Flying Fox Indigenous 
Notopteris macdonaldi Fruit bat Indigenous 
? Land tortoise (extinct) Indigenous 
? Pukeko Indigenous 
? Extinct megapode Indigenous 
? Various marine shell fish Marine 
? Various reef fish Marine 
? Salt water crocodile Marine/Indigenous 
? Marine turtle Marine 

site, providing an excellent growing medium for plants (Bedford et al., 2006). 

2.3.4 Prehistoric Subsistence at Teouma 

The Teouma skeletal sample is the first large Lapita-associated burial assemblage to be chem

ically analysed for dietary purposes (Valentin et al., 2010). Further stable isotope analyses 

of the bones and teeth of the people at Teouma will assist in understanding the diet of the 

initial colonisers of Vanuatu, and add much needed direct dietary information to the existing 

knowledge of Lapita subsistence strategies. Fauna! and palynological studies of the Teouma 

site are currently underway and therefore cannot be used to assist the current study. Although 

overall counts of animals cannot be included in this thesis some preliminary findings of the 

fauna! material have been included in Table 2.1 (Hawkins 2009 pers. comm.). 

The limited archaeological and palaeoenvironmental information from the site at this 

stage restricts the interpretations of subsistence from the surrounding environment. The only 

other dietary evidence for the Teouma people was generated from strontium, oxygen and 

carbon stable isotope and trace element (barium and strontium) analyses of tooth enamel 

to understand migration at the site. That study suggested that, during childhood, the 'local 

inhabitants' consumed a diet of marine foods supplemented by terrestrial plants, but the 

'immigrants' ate a more terrestrial diet (Bentley et al., 2007). Kinaston et al. (2009) noted 

a sexual difference in the diet of the males and females at the site, and these data will be 

further addressed in the current study. Additionally, fauna! analysis from the Arapus, Efate 

Island, site dated to 2900 BP identified shellfish, fish, bird, flying fox, turtle and an extinct 

land-based crocodile, discussed further below (Bedford, 2003). 

From the review of the theories of Lapita subsistence in Chapter 1, it has been demon

strated that there are multiple hypotheses regarding this subject, and these need not be re-
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peated. Regarding cultigens at the site, it can only be supposed that these earliest colonists 

had access to the entire Lapita-associated repertoire of transported plants. Moreover, Lapita 

colonists and their descendants have been linked with the extinction of a large number of 

endemic animals across the Pacific Islands (Kirch and Yen, 1982; Steadman, 1993). Prehis

toric human-mediated extinction of terrestrial animals needs to be further discussed because 

of the direct relevance to the Teouma site and the diet of the colonising population interred 

there. 

Initial human occupation of virgin environments has detrimental environmental effects 

for endemic floral and faunal species (Anderson, 2002; Duncan et al., 2002). At Teouma, 

extinct species of land tortoise and unidentified birds have been discovered and most disap

pear from the archaeological record within the first hundred years of human arrival (Hawkins 

2009 pers. comm.). An extinct crocodile (Crocodyloidea mekosuchinae) has been identified 

at another archaeological site, Arapus, on Efate Island dating to 3000 BP, and is therefore 

concurrent with the use of the burial ground at Teouma (Bedford, 2003; Mead et al., 2002). 

From his survey of Vanuatu archaeological sites, Bedford (2006b, p.261) suggests 

there are "hints of a 'blitzkrieg-like' scenario" of animal predation upon initial arrival, but 

notes more excavations need to be conducted at sites associated with early Lapita settlement 

to confirm this. Faunal assemblages from Lapita-associated sites across the Western Pacific 

also contain indigenous animals such as fruit bat, turtles, sea and terrestrial birds (Nagaoka, 

1988), and shellfish from the intertidal zone are prominent at Teouma and almost all Lapita

associated occupation sites (Bedford, 2006b; Kirch, 2000). 

Human predation is not the only cause of extinction. Landscape modification for agri

cultural purposes, including the clearance of indigenous vegetation, in addition to erosion 

and subsequent soil deposition into lowland and coral reef environments, all result in the dis

placement offaunal species (Hope et al., 1999; Kay, 1999; Kirch and Ellison, 1994; Spriggs, 

1997b). The extinction of easily hunted terrestrial fauna (i.e. large bird and reptile species) 

during initial occupation phases and the subsequent removal of habitat of many species dur

ing the establishment of food crops suggests an ever-increasing reliance on cultivated foods, 

domestic animals and the marine environment (Bedford, 2006b; Kirch, 1984a) 

The extent to which different food sources were relied upon is unknown, but the phase 

of occupation is of direct relevance to understanding the diet of the Teouma people. If the 

Teouma people were the initial colonists, as is evidenced by the lack of any earlier habita

tion on the island, a significant reliance on terrestrial-based indigenous fauna and shellfish 

from the fringing reef should be recognisable from stable isotope analyses, although possible 
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confusion could arise if they were consuming domesticated animals such as pigs that were 

feeding on marine products (Beavan-Athfield et al., 2008). 

2.4 Uripiv and Vao, Northeast Malekula, Vanuatu 

2.4.1 The Sites and Burials 

The islands of Uripiv and Vao are located approximately 20 km apart, about 2.5 km off the 

northeast coast of Malekula, Vanuatu (Figure 2.1). As both islands have similar occupation 

histories, they will be discussed together. These islands are two of a group of small islands 

( <2 square kilometre) in northern Vanuatu identified and subsequently excavated for Lapita 

occupation sites (Bedford, 2003). 

In 2001 and 2002, a Lapita settlement (including midden deposits, hearth and firescoop 

features) spanning a 2800m2 area, was located on Uripiv from a series of fifteen 1x1 m test

pits and three 2x2m areas. The post-Lapita occupation of the site extended beyond the iden

tified Lapita-associated deposits (Bedford et al. in prep). These excavations were conducted 

under the directorship of Dr Stuart Bedford and in collaboration with the Vanuatu Cultural 

Centre (Bedford, 2003; Horrocks et al., 2009). Further excavation of larger areas around 

the settlement on Uripiv was conducted in 2005 in collaboration with Dr. Hallie Buckley 

from the University of Otago. During these excavations, Lapita-associated (including Burial 

8) and post-Lapita skeletons (Burials 2, 3, 4 and 9) were discovered, including four Lapita

associated perinates/infants (Burials 1, 5, 6 and 7) (Bedford et al. in prep). 

Test-pitting to locate Lapita-associated settlements and further excavation of these 

early occupation areas were conducted on Vao from 2002-2004. Twenty-four 1x1m test

pits and two 3x3m were excavated locating a 4000 m2 of Lapita-associated settlement at 

the site and, similar to Uripiv, the post-Lapita occupation on Vao extended beyond the iden

tified Lapita-associated deposits. Four post-Lapita inhumations (Burials 1, 2a, 2b, 3) and 

three Lapita-associated skeletons (Burials 4, 5 and 6) were found during these excavations 

(Bedford et al. in prep). 

Both sites were well preserved as a result of the accumulation of tephra, sand from 

cyclones and subsequent cultural material on top of the earlier deposits. Five archaeological 

layers were identified at both Uripiv and Vao: the sterile rolled coral sand beach (Layer 5), 

the Lapita-associated occupation and burials directly on top of the sterile beach (Layer 4), 

the dark brown sandy layer associated with the later Lapita-associated midden (Layer 3), the 
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branch coral and pebble floors from the 2300-2000 BP occupation at the site (Layer 2), and 

the dark brown tephra layer (Layer 1). Evidence of two eruptions, one from the Ambrym 

caldera ea. 1800 BP and another ea. 500 BP from the Kuwae volcano added to the sediment 

deposits at the site (Horrocks et al., 2009). 

Although they constitute some of the smaller islands in Vanuatu, Uripiv and Vao are 

subject to geomorphologic processes similar to other areas of Malekula, resulting in the 

continual tectonic uplift of the island and surrounding reef, although at a slower rate ( rv 1 

metre every thousand years) (Dickinson, 2001; Taylor et al., 1980). In prehistory, both sites 

would have been located on the beachfront. This was confirmed by the initial occupation of 

the site, evidenced from hearth features, sitting on sterile beach sand. Akin to Teouma, these 

tectonic processes have resulted in the movement of the sites to their present day localities; 

on Uripiv this is about 50m from the sea and 6-7 m above sea level and, similarly, on Vao 

this is 50m from the sea and 7-8m above sea level (Bedford et al. in prep). 

The pottery at the site is indicative of Lapita dentate stamped designs and vessel shapes 

and some incised pottery, including some of the earliest painted pottery found in the Pacific 

islands (Bedford, 2003, 2006a). "Initial arrival and the Lapita phase occupation at the sites 

broadly spans the period 3000-2600 BP. Nucleated settlement in the same coastal locales 

remains consistent until at least 2000 BP when more dispersed settlement is apparent" (Bed

ford et al. in prep). Although the settlement at Vao may be be slightly earlier than Uripiv, 

the temporal difference between the initial settlement of the islands was probably not more 

than a generation due to their close proximity to one another (Bedford et al. in prep). 

2.4.2 The Environment at Uripiv and Vao 

Northern Malekula has an annual variation in its temperature, the hot and rainy season occur

ring from November/December through April (Mueller-Dombois and Fosberg, 1998). The 

indigenous vegetation would most likely have been lowland rainforest and coastal vegeta

tion including mangroves during initial occupation, but today both islands have been entirely 

modified by humans and are characterised by either gardens or secondary forest vegetation 

(Mueller-Dombois and Fosberg, 1998). There is no running water on the islands, and today, 

as in prehistory, water must be obtained either from rainwater collection or by digging a 

well to utilise the freshwater in the Ghyben-Herzberg lens (Bedford, 2003). The Ghyben

Herzberg lens is tapped for agricultural purposes, but many of the modern day inhabitants 

also cultivate gardens on the Malekula mainland (Horrocks and Bedford, 2005). 
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Both Uripiv and Vao are surrounded by fringing reefs and a seagrass meadow is present 

on the western coast of each island. Additionally, adjacent to Uripiv across a relatively deep 

ocean trench is Uri Island, which is predominantly covered with a large mangrove forest. 

Therefore, at Uripiv, the fringing reefs, seagrass meadow and close proximity to mangroves 

would have offered an array of food sources as discussed in the above review of Teouma. 

Seagrass meadows are home to dugongs, turtles and eels. The deep ocean trench between 

the Uripiv and Uri Island presents the possibility of deeper pelagic fishing opportunities. 

The food resources available on Vao would have been similar to those on Uripiv, including 

plants and animals from the fringing reef, seagrass meadow and possibly deeper pelagic fish 

species from the surrounding ocean. Archaeological evidence of such exploitation patterns 

will be discussed in the following section focused on subsistence on these islands. 

2.4.3 Prehistoric Subsistence at Uripiv and Vao 

Bedford (2003, p.156) suggests that "on initial arrival on an island it can be expected that 

there is a short period, before the establishment of agricultural systems, when populations 

were heavily reliant on readily procurable local marine and terrestrial resources". Although 

comprehensive analysis has not been completed, the faunal remains from the earliest layers 

of occupation from Uripiv and Vao generally support this statement. The shellfish, marine 

fish and turtle remains from the site indicate that the fringing reef, the mudflat and possi

bly the seagrass meadow were primarily utilised for food resources (Bedford pers.comm.). 

Shellfish species are described as being both abundant and varied in the sites from northeast 

Malekula. However, there is a dramatic decrease in the size of all shell species over time, 

suggesting the heavy exploitation of these resources, followed by an increased dependence 

of other foods over time. (Bedford, 2003). 

Domesticated animals have been identified in small numbers and indicate that pig (well 

represented on Vao ), chicken and rat were present at the time of Lapita occupation (Bedford, 

2003). The cultivation of plants has also been suggested by microfossil analysis of soil sam

ples and pottery sherds from Lapita-associated layers. Starch grains, calcium oxalate and 

xylem cell analysis identified the presence of plants from the Araceae family (taro) at Uripiv, 

and this was attributed to some type of introduced aroid, possibly Cyrtosperma merkusii 

(Horrocks and Bedford, 2005). Further phytolith analysis of four of the abovementioned 

samples identified that banana (Musa sp.) was present in samples from both Uripiv and Vao 

(Horrocks et al., 2009). As there are no indigenous species of banana in Remote Oceania 

the phytolith analysis indicates this plant was introduced and cultivated leading Horrocks 
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et al. (2009, p.2053) to conclude that "this supports the indirect evidence (e.g. permanent 

settlements) that horticulture was a significant part of the Lapita Cultural Complex". Ad

ditionally the decline in palm and increase in grass species on Vao suggests a transition to 

more open, deforested landscapes ·on the island, suggesting anthropogenic change as a result 

of an intensification of horticulture (Horrocks et al., 2009). 

2.5 Watom Island, East New Britain, Papua New Guinea 

2.5.1 The Site 

Watom Island is located north of East New Britain 9 km off the Gazelle Peninsula in the 

Bismarck Sea (Figure 2.2). Early in the 20th century a local Catholic Priest, Otto Meyer, 

recorded intricately decorated pottery sherds that he and some of the inhabitants of Watom 

had found around the island (Green and Anson, 1987, 2000a). Later, with the discovery of 

other sites with distinct dentate stamped pottery in the 1950s and 1960s and the subsequent 

development of the theory of the Lapita 'cultural complex', these sherds were identified as 

Lapita and post-Lapita pottery (Green, 2000; Green and Anson, 2000a). 
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Figure 2.2: Map of Papua New Guinea. Watom Island is marked with the red circle and 
Nebira with the purple circle. 
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In 1965-66, Jim Specht excavated a number of areas around Watom Island and discov

ered areas containing Lapita pottery, one which included three burials (site 8, now known as 

SAC) (Specht, 1968). In 1985 Roger Green and Dimitri Anson focused on two main areas, 

SAC and SDI, in an attempt to locate undisturbed Lapita assemblages as part of the Lapita 

Homeland Project (Allen, 1984; Anson, 2000a; Green and Anson, 1987) (Figure 2.3). A 

number of reports have been published on the pottery found at the site and the importance of 

Watom in the context of the Bismarck Archipelago and the Lapita expansion to the east. The 

pottery is indicative of late-Lapita and incised pottery designs (Anson, 1986, 1999, 2000b). 
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Figure 2.3: Map of Watom Island with reference to Reber-Rakival village and the SAC ar
chaeological site. From Anson et al. (2005, p.4). 

The site of SAC provided a secure stratigraphic context, at the bottom of which was 

pottery associated with Lapita occupation and eight burials (Anson et al., 2005; Green and 

Anson, 2000b; Specht, 1968). Further excavation at SAC and SDI commenced in 2008 as 

a part of a joint project between the Otago Museum, Dunedin, the University of Otago, 

Dunedin and the Papua New Guinea National Museum and Art Gallery, Boroko. An exten

sion of the original SAC site was excavated and three further inhumations (Burials 9, 10 and 

11) were discovered in addition to further skeletal material from Burial 8. The most recently 

excavated individuals will be analysed in the current thesis. 

The Lapita deposit and associated burials were found in Layer C2, a grey sandy matrix 
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with shell and coral which caps the sterile beach. Layer C2 is covered by a 'black loam' 

layer (Cl) which has been interpreted as palaeosoil from prehistoric gardening activity. A 

large layer of tephra ("' 1 meter ) attributed to the Rabaul eruption ( ca.l400 BP) caps layers 

Cl and C2 at SAC (Green and Anson, 1987; Anson et al., 2005; Green and Anson, 2000b). 

A single Tridacna shell from the base of layer C2 was radiocarbon dated to 2530± 

90 and 2470±80BP from two separate laboratories, ANU-5336 and Beta-16835 respectively 

(Green and Anson, 1987), and two human bone samples were combined and dated from 

the initial excavations (ANU-37b) at 2420±110BP (Specht, 1968). The context of the buri

als and dates has been debated by Best (2002), but two of the burials (Burials 1 and 3) 

have been recently re-dated and calibrated to 2757±32BP and 2633±33BP, supporting the 

original interpretation that these burials were indeed Lapita-associated (Petchey and Green, 

2005). Furthermore, Beavan-Athfield et al. (2008) again re-dated the burials using a com

puter modelling (ISOSOURCE) and calibration program (OxCal4.05) to estimate the marine 

component of the Watom diet. Using these methods they estimated an age of 2789-2751BP 

for Burial 1 and a range of dates 2503-2716BP for Burial 3. A compilation of radiocarbon 

dates from floral and faunal remains in addition to the burials has been conducted by Anson 

et al. (2005) using OxCal (Ver 3.9) and Calib (V er. 5.0.1) to calibrate the dates. This series of 

calibrated dates further supports the integrity of interpretations that the burials from Watom 

were Lapita-associated, as the dates were observed to be "in their stratigraphic and Event 

Phase order" (Anson et al., 2005, 37). 

2.5.2 The Burials from Watom 

In 1966 Jim Specht discovered the first three burials (Burials 1-3). Buriall was a headless, 

extended supine burial with shoulders oriented to the west and feet to the east. Burial 2 was 

only partially excavated and the upper half of the burial was left in the baulk. Burial 3 most 

likely disturbed Burial 2 and was crouched on its back with the head oriented toward the 

west (Specht, 1968). 

In 1985 Green and Anson (1987, 2000b) excavated five further burials; two of these 

were defined as flexed (Burials 4 and 6) and the rest represented incomplete skeletons (Buri

als 5, 7 and 8) disturbed by some type of post-depositional activity at the site or possibly, in 

the case ofBurial5, secondary inhumation (Green et al., 1989). 

The most recent burials discovered during excavations in 2008 included: the suspected 

remains of Burial 8 from previous excavations; a complete, supine burial (Burial 9) with 
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its head oriented west; another complete supine burial with head facing west (Burial 10); 

and a highly disturbed burial representing at least three individuals under Burial 9 and most 

likely disturbed by the inhumation of this individual. Further excavation in 2009 led to the 

discovery of four more burials, but these will not be included in the current study (Burials 

11, 12, 13 and 14). 

Previous Research of the Skeletal Remains from Watom 

A number of dietary reconstructions and reanalyses have been conducted on the initial eight 

burials excavated in 1966 and 1985 (see Table 2.3). However, no stable isotope analysis has 

been undertaken for dietary purposes on the four inhumations excavated in 2008 which are 

included in this study. Other stable isotope and trace element analyses have been conducted 

on the original Watom sample by Master's student Horwood (1988) and the most recent four 

inhumations by Shaw et al. (2010, 2009) for diet and migration analyses respectively. 

Bioarchaeological studies of the original eight burials from site SAC include a study of 

dental caries for comparison with other Pacific Island groups (Evans, 1989), which reported 

an absence of caries at the site. A general study of the remains for demographic data, metric 

and non-metric traits, pathology conducted by Pietrusewsky (1989b, 1990) and other mor

phological studies of the dentition (Turner, 1989) and skeletal remains (Houghton, 1989c; 

Visser and Green, 1999) have also been undertaken. Dental attrition and pathology were 

investigated, including antemortem tooth loss, calculus, periodontal disease, caries and in

fection, in addition to the presence of enamel hypoplasia, but only prevalence per tooth was 

recorded, not an analysis at an individual level (Pietrusewsky, 1989b). 

2.5.3 The Environment at Watom 

Watom Island is a small offshore island with a fringing reef and available arable land like 

many archaeological sites associated with Lapita pottery (Green, 1979; Kirch, 1997). How

ever, the close proximity to the East New Britain mainland and the inter-island visibility to 

New Ireland open up the possibility of exploitation of environments other than Watom Island 

itself, either through short sea voyages or exchange (Specht, 2007). 

The Western Melanesian regions where Watom is located is warm, very humid and 

in a rainy low-pressure area. The mean annual temperature recorded in Rabaul, is 27.4°C 

and, although the mean precipitation is 2281 mm, most of the rainfall occurs from November 
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through April (Mueller-Dombois and Fosberg, 1998). Like Vanuatu, the Bismarck Archipelago 

is an area of active volcanism, resulting in both the natural disturbance of the rainforest and 

increased nutrient quality of the local soils. 

Today Watom Island can be described as secondary rainforest and cultivated as a result 

of extreme anthropogenic modification from gardening activity (Mueller-Dombois and Fos

berg, 1998). During early occupation it is thought that swamp vegetation would have been 

present on the island (Green and Anson, 1987; Specht, 1968). Today, there are extensive 

patches of freshwater swamp forest and herbaceous wetlands in the Bismarck Archipelago 

including the north coast of New Britain. Plants that inhabit this ecosystem include edibles 

such as sago palm (Metroxylon sagu), pandanus (Pandanus sp.), tava (Pometia pinnata) and 

tropical almond (Terminalia catappa) (Mueller-Dombois and Fosberg, 1998). 

Additionally, lowland rainforest on acid soils and forest on limestone would most likely 

have occupied the dryer areas of Watom before extensive modification by humans, as these 

environments cover large areas of New Britain and New Ireland. Both ecosystems are the 

home of similar species, including edibles such as tava, canarium nuts (Canarium sp.) and 

fig (Ficus sp.) (Mueller-Dombois and Fosberg, 1998). Evidence of domesticated tree crops 

from other Lapita sites in the Bismarck Archipelago has been documented and this suggests 

many of these species were available to the inhabitants of Watom (Gosden, 1992, 1995; 

Gosden et al., 1989; Kirch, 1989). 

2.5.4 Prehistoric Subsistence at Watom 

A review of the dated material from a number of sites in the Bismarck Archipelago by Specht 

and Specht and Gosden (1997, p.189) concluded "the beginning ofLapita pottery in the Bis

marck Archipelago cannot be placed reliably earlier than about 3300-3200 BP". Analysis of 

obsidian and pottery from many Lapita-associated sites in the Bismarck Archipelago (includ

ing Watom) has demonstrated interaction between Lapita communities (Dickinson, 2000; 

Green and Anson, 1987, 2000b; Summerhayes, 2003,2004, 2001a,b). The burials at Watom 

were dated much later than this initial appearance of Lapita in the Bismarck Archipelago. 

This suggests the possibility of the exchange of resources (including food) and the establish

ment of cultigens on Watom by this period of prehistory (Lentfer and Green, 2004; Specht, 

2007). 

Archaeological evidence of subsistence from layer C2 includes both floral and faunal 

material. The marine fish remains suggested an "emphasis on inshore fishing with a minor 
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benthic aspect" and included a high percentage of reef fish (Scaridae and Sparidae), some 

shark and skate but no pelagic species (Green and Anson, 1987, p.125). The shellfish are 

also representative of exploitation of the reef and beach environment, and include bivalves, 

browsing gastropods (mostly Turbo and Trochus shell), and intertidal predatory and scav

enging molluscs. Other marine fauna found in small numbers include turtle and crab (Green 

and Anson, 1987, 2000b). 

Pig remains dominated the terrestrial fauna associated with layer C2 at SAC. The 

young age of death of these animals (12-14 months) suggests the people that lived at Watom 

practised animal husbandry (Smith, 2000). It must be noted that the faunal remains were all 

highly fragmented and in some cases difficult to identify to species, but a single element of a 

bandicoot and unidentified reptile were also recorded (Smith, 2000). Bird remains were also 

present, but poor preservation resulted in the inability to discern whether they were terrestrial 

or marine avifauna. Rat and dog bones were not found, but rat gnawing was present on bones 

associated with the earliest occupation of the site, supporting the assumption that rats were 

present early at this time (Smith, 2000). 

Macro-remains of domesticated plants from SAC include tropical almond, canarium 

nut and coconut shells (Specht, 1968). Phytolith analysis conducted at the site by Lentfer 

and Green (2004) identified the micro-remains of Eumusa banana and possibly Australimusa 

banana and suggested the cultivation of this plant at Watom, although the the authors note 

these microremains could have been derived from an indigenous population of banana. Other 

plant phytoliths at the site are less definitive, but fish tail palm (cordyline sp.), a species of 

ginger (Tapeinochilos sp.) and possibly Job's tears have been positively identified. Some 

burning was also detected at the earliest phases of occupation and the vegetation at this time 

was primarily arboreal, including tall herbs and palms (Lentfer and Green, 2004). Yen ( 1991) 

suggests the mainland Papua New Guinea domestication of some Canarium sp. and the 

subsequent transportation to the Bismarck Archipelago (including Watom) and the Western 

Pacific. 

Beavan-Athfield et al. (2008) reanalysed stable isotope ratios of carbon, nitrogen and 

sulphur of bone collagen from Burial 3, in addition to a number of Pacific island plants and 

animals, using a dietary mixing model, and suggested the diet of this individual was more 

terrestrial than previous analyses had indicated (Leach et al., 2003, 2000; Petchey and Green, 

2005; Quinn, 1990). Although a mixing model will not be used in this thesis, comparisons of 

the recently excavated skeletons at Watom will be made with these earlier dietary interpre

tations in Chapter 3. The abovementioned study conducted by Beavan-Athfield et al. (2008) 
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supported the conclusions of a heavy reliance on terrestrial foods from trace element analysis 

(Horwood, 1988). 

2.6 Summary of Lapita-associated Sites 

Before the discovery of the Teouma, Efate Island Vanuatu, cemetery, the number of Lapita

associated skeletons found throughout the Pacific islands was described as 'extremely lim

ited' (Bedford et al., 2006; Buckley et al., 2008; Green, 1989). Most Lapita-associated 

skeletons were discovered as isolated burials (Kirch, 1997) with the exception of the Watom 

cemetery sample, which, including individuals from the most recent excavations directed 

by Dimitri Anson and Hallie Buckley, numbers fifteen interments. Isolated burials and/or 

fragmented skeletal elements have been discovered at sites including the Mussau Islands, 

New Ireland (Kirch et al., 1989), New Caledonia (Pietrusewsky et al., 1998; Valentin, 2003), 

Fiji (Davidson et al., 1990; Houghton, 1989b; Katayama et al., 2007; Nunn et al., 2003; 

Pietrusewsky et al., 1997) and Tonga (Poulsen, 1987). 

Health research focusing on these Lapita-associated individuals are limited, with the 

notable exception of the studies conducted by Buckley (2007) and Buckley et al. (2008) of 

the Teouma skeletal sample. Table 2.2 details the Lapita-associated skeletons discovered to 

date and the osteological assessments performed on these individuals that are relevant to this 

thesis. 
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Table 2.2: Lapita-associated osteological analyses relevant to this thesis. Modified from Buckley et al. (2008). 

Site/Location Description Material dated Dating ID Date References 

Watom 1967/1985: 8 burials, Burial3 Wk-15568 2633±33 BP Anson et al. (2005); Green and 

Anson (2000b); Specht (1968); 

Petchey and Green (2005); 

Beavan-Athfield et al. (2008) 

Island, MNI=8 

East New 

Britain, 

PNG 

2008: 

MNI=3 

tension 

8) 

4 burials, 

(one ex

of Burial 

Burial! 

Burial3 

Mussau, MNI=?, Fragmentary 

New Ireland, remains from four 

PNG 

Teouma, 

Efate 

Island, 

Vanuatu 

Uripiv, 

Malekula, 

Vanuatu 

Vao, 

Malekula 

Vanuatu 

sites 

2004-2005: 26 buri- (conus sp. 

als, MNI=36 shell ring 

assoc. with 

burial4): 

2006: 23 burials, 

MNI=35 

2007: 2 burials, 

MNI=2 

2001: 1 PL & 1 LA LA Trochus 

burial MN 1 =2 sp shell) 

2002: 1 LA burial LA Strombus 

MNI=l sp shell) 

2005: 5 LA, 1 PL LA 

burials MNI=6 

PL Burial9 

2003: 4 PL burials LA Burial 4 

MN!=4 

2004 :3 LA burials, LA Burial 5 

MNI=3 

LABurial6 

PL Burial2a 

PL Burial3 

LA charcoal 

ISOSOURCE 

ofWk-15568 

2528-2748 BP 

Wk-15567 2757±32 BP 

ISOSOURCE 2789-2749 BP 

ofWk-15567 

NZA-13685 

ea. 

3500/3300-

2500BP 

Wk-16831 

Wk-15729 

conus sp 

Wk-20009 

Wk-20010 

Wk-10414 

Wk-20387 

Wk-18013 

Wk-18014* 

Wk-21446* 

Wk-21444 

Wk-21445 

Wk 14040 

2710-2351 BP 

Kirch et al. ( 1989) 

3139±36 BP; Bedford et al. (2009); Buck-

2980-2755 ea! ley et al. (2008); Bedford et al. 

BP (2006) 

3!62±34BP; 

3070-2867 ea! 

BP 

2858±39BP 

3181±40BP 

2681±74BP 

2361±33 BP 

2128±28 BP 

2514±36 BP 

2559±37 BP 

2281±37BP 

2208±38 BP 

2776±38BP 

39 

Bedford et a! (in prep) 

Bedford et a! (in prep) 

Osteological analyses 

Caries, periodontal disease 

(PD), dental attrition (only 

bnrial 1-8) (Pate, 1994; 

Houghton, 1989c) 

Caries, PD, dental attrition 

(Kirch et al., 1989) 

Caries, PD, dental attrition, an

temortem tooth loss (AMTL), 

dental infection (Buckley et al., 

2008) 

continued on next page 



continued from previous page 
Site/Location Description 

Y2-25-1 Adult male, in-

Waya Island, complete skeleton. 

Fiji MNI=l 

Natunuku 

(VLl/1), 

Vitu Levu, 

Fiji, Is 

MNI=l, Adult male, 

incomplete skeleton 

Material dated Dating ID 

LA charcoal Wk 14041 

AMS date 

CAMS-

24946 

Date 

2839±40BP 

2530± 50 BP, 

2760-2360 cal 

BP 

ea. 2500-2000 

BP 

References 

Pietrusewsky et al. (1997) 

Davidson et al. (1990) 

Osteological analyses 

Caries, PD, attrition, AMTL, 

dental infection, linear 

enamel hypoplasia (LEH 

(Pietrusewsky et al., 1997) 

Abscessing, periodontal dis

ease, tooth wear (Pietrusewsky, 

1989a) 

Lakeba, Lau MNI=2, Incomplete ea. 2500 BP Best (1977); Houghton No health studies conducted 
Group, Fiji 

Tongatapu, 

Tonga 

remains of at least 

two individuals. 

Partially complete 

skeleton and frag

mentary second 

individual. MNI=2 

(1989b) 

ea. 2850-2650 Houghton (1989a); Poulsen Caries, tooth wear PD, AMTL 

BP (1987) (Spennemann, 1987) 

WK0-013B, MNI=lAdult female OxA-4908: 2410±55 BP; Pietrusewsky et al. (1998) Caries, attrition, PD, dental 

infection, LEH (Pietrusewsky 

et al., 1998) 

Kon±, New individual. ea. 2500BP 

Caledonia 

WKO- MNI=l, Incomplete Beta- 2710±80 BP; Valentin (2003) No health studies conducted 
013C,Kon±, skeleton of an adult 125136: 2965-2730 cal 

New Caledo- male. BP. 

nia 

Motuiki 

Island, Fiji 

MNI=l, Adult female 

individua 

Bolded samples are used in this thesis 

ea. 

BP 

2950-2400 Kumar et al. (2004); Nunn 

et al. (2007) 

*Lapita burials which fall within a flat section of the calibration curve which prevents fine chronological definition 

LA=Lapita-associated and PL=post-Lapita 

MNI=minimum number of individuals 

Caries, attrition, PD, den

tal infection, AMTL, LEH 

(Katayama et al., 2007) 

Dietary studies using stable isotopes are even scarcer than Lapita health assessments. 

Of the skeletal samples outlined in Table 2.2, only the Watom, East New Britain, Papua New 

Guinea (Beavan-Athfield et al., 2008; Leach et al., 2003, 2000; Petchey and Green, 2005), 

Kone (Leach et al., 2003; Pietrusewsky et al., 1998), Teouma, Efate Island, Vanuatu (Kinas

ton et al., 2009; Valentin et al., 2010), Na Masimasi, Nayau Islands, Fiji (Jones and Quinn, 

2009), Olo, Waya Island, Fiji (Field et al., 2009) and Lakeba, Lau Islands, Fiji (Leach et al., 

2003) have been analysed for stable isotopes, mostly for dietary reconstruction purposes 

(Table 2.3). With the exception of the Teouma and Watom cemetery samples, most of these 

analyses included fewer than four individuals. It must be noted that an unknown number 

of the sixteen Lapita-associated individuals from the study conducted by Field et al. (2009) 

were identified from fragments of human bone rather than burials. The Watom skeletons 
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that have previously been analysed by Leach et al. (2003, 2000), and reanalysed by Beavan

Athfield et al. (2008) and Petchey and Green (2005), were from the original eight skeletons 

unearthed in 1985. This thesis will expand on these previous studies of the cemetery popu

lation from Watom by including four skeletons discovered during excavations of the site in 

2008. 

With the exception ofTeouma, the extremely small sample sizes of the Lapita-associated 

skeletal samples is a limiting factor in understanding health and diet during the earliest phases 

of human settlement in Remote Oceania. As a result of continued excavations during 2008 

and 2009, the Watom skeletal sample has nearly doubled in size from the original eight 

skeletons discovered in 1985 (Green and Anson, 2000b; Green et al., 1989). The inclu

sion of both the Teouma and Watom samples and the previously unpublished Uripiv and 

Vao skeletal samples in this thesis may assist in understanding dietary trends of Pacific is

land colonisers and their immediate descendants, in addition to assessing the health of these 

people. 
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Table 2.3: Selected studies of prehistoric Pacific Island stable isotope studies for dietary purposes. 

Site/Location 
Sigatoka Valley, Viti Levu 
and Waya Island (2 sites, 
Olo & Qaranicagi), Fiji 

Lau Island Group (Lakeba, 
Nayau, Aiwa Levu & Aiwa 
Lailai), 
Fiji 
Cikobia island (Fiji) 
Rota, Guam and Saipan Is
lands, Marianas Islands 

Nnmber of individuals analysed 
Waya Island (n=21 adults total, 16 Lapita
associated from Olo, fragmented/incomplete 
material) 

Sigatoka (n=6, 5 adults and I infant) 
Total (n=27) 
9 individuals (3 Lapita-associated) 

9 individuals (8 adults and I subadult) 
Rota (n=10); Gaum (n=5); Saipan, three 
sites: MacHomes (n=2), Nansay (n=3), Duty 
Free site (n=4) 

Rota Island (2 sites Vista Vista Del Mar (n=IO); SNM Hotel site (n=2) 
del Mar & SNM Hotel site), 
Marianas Islands 

Afetna, Saipan, Marianas Is
lands 
Hanamiai site, Marqueses 
Islands, French Polynesia 
Kone, Foue Peninsula, New 
Caledonia 
Twenty one prehistoric Pa
cific islands groups, six sam
ples from the Faroe Islands, 
Denmark, & one European 
Watom Island, East New 
Britain, Papua New Guinea 
Watom Island, East New 
Britain, Papua New Guinea 

Teouma, Efate Island, Vanu
atn 

Easter Island 

Total (n=l2) 
10 individuals 

4 individuals 

1 Lapita-associated individual 

126 individuals in total (including 8 Lapita
associated individuals in total, six of these 
from Watom, 1 from Kone, and I from 
Lakeba, Lau Islands, Fiji) 
6 Lapita-associated individuals 

2 Lapita-associated individuals (Burials I 
and 3 reanalysed from the above study by 
Petchey and Green (2005); Burial 3 analysed 
a third time by Beavan-Athfield et al. (2008) 
7 foetal and infant individuals & 27 adults 

Total (n=34 Lapita-associated) 
? 

• Analysis type infers analysis by sex age or temporal period 

Dating 
Waya Island: Olo, ea. 2758±2503 
ea! BP & Qaranicagi, ea. 
760±250 ea! BP; Sigatoka: 
maybe 150±250BP 

ea. 2760±420 BP 

ea. 150BP 
Rota: post 1000BP; 

Saipan sites: ea. 750±650BP 
Guam: ea. 1050±650BP; Saipan: 
ea. 1000±500 BP & ea. ~300BP 
for I individual 
ea. 2000-250BP 

ea. 1500±1300 BP 

ea. 1000±150 BP 

OxA-4908: 2410±55BP; ea. 2500 
BP 
Dates ranging from ea. 3000± 125 
BP 

ea. 2700BP 

ea. 2700 BP 

ea. 3100-3000 BP 

Stable isotopes 

813C & o15 N (also 
813Ccarb) 

o13c&o15N 
813C & 815N (also 
813Ccarb) 

o13C & 815N (tooth den
tine) 
813C and 815N 

Analysis Type* 
Temporal 

Temporal 

Sex 
None 

Temporal 

Age, sex, and temporal 

Age, sex and temporal 

None 

None 

None 

None 

Sex 

None 
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2. 7 Sites that Post-date the Lap ita Cultural Complex 

The following review of archaeological sites and associated cemetery samples that post

date the Lapita Cultural Complex, will begin with Taumako, Duff Islands, Solomon Islands, 

followed by Nebira, South Coast, Papua New Guinea. 

2.8 Taumako, Duff Islands, Southeast Solomon Islands 

2.8.1 The Site 

Taumako is located along the latitude of 9o 51'S and is one of several islands located in the 

Duff Islands group (Figure 2.4). The Duff Islands themselves are part of a larger group of 

islands, the Santa Cruz Group (Leach and Davidson, 2008) (Figure 2.4). Initial excavations at 

Taumako began as part of the Southeast Solomon Islands Culture History Project to develop 

an understanding of the settlement patterns of Polynesian Outliers in this area of the Pacific 

(Green, 1976). During 1975 B.F. Leach and J. Davidson recorded 58 sites across the Duff 

Islands that suggested continuous occupation of these islands for 2-3,000 years (Yen, 1982). 

Importantly for this thesis, one of these recorded sites was a large burial mound referred to 

as Namu, located on Taumako Island. 

Taumako is one of 18 societies in the Western Pacific Islands known as a Polynesian 

Outlier. These communities speak a Polynesian language and represent east-west 'blow

back' movements from Polynesia to Melanesia (Kirch, 1984b). Although there is evidence of 

early settlement at around 2600 BP at Taumako and other islands in the southeast Solomons 

Islands by people most likely associated with the Lapita Cultural Complex, there is con

siderable cultural change over time including the cessation of pottery manufacture (Leach 

and Davidson, 2008; Sheppard and Waiter, 2006). Polynesian speakers arrived on Taumako 

possibly around the mid-second millennium A.D., but as Kirch (1984b, p.216) states, "the 

Taumako sequence does not fit a simple pattern of initial colonisation and development in 

isolation. Rather a series of influences and contacts with other islands and societies to the 

west, south, and east is clearly indicated". An initial aim of the excavation of the Namu 

burial ground was to analyse the remains of the people inhabiting a Polynesian Outlier in 

order to understand population affinities (Leach and Davidson, 2008). 

Excavations at the Namu burial ground commenced in 1977. The Namu site is com

prised of a low mound, 200m inland from the ocean, 70cm above the surrounding ground and 
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Figure 2.4: Map of the Southeast Solomon Islands. The red dot demarcates the Namu burial 
ground on Taumako Island. 

7-8m in diameter. The stratigraphy consisted of three layers and one lens (a fireplace). Layer 

1 was described as coarse gravel with sand and some charcoal, with many burials; Layer 2 

was grey sand with patches of gravel and charcoal, that was 'culturally modified', with fewer 

burials than Layer 1; and Layer 3 was a fine yellow white sand with some charcoal and no 

burials (Leach and Davidson, 2008). 

Although a number of human bone samples have been analysed for radiocarbon dating, 

the results were "clearly not very satisfactory", because of methodological problems refining 

collagen from the bone during the 1970s in New Zealand (Leach and Davidson, 2008, p.145). 

These dates did overlap with a 14C date from a charcoal sample (NZ-4639) of 339±50BP 

(Leach and Davidson, 2008). Additionally, electron spin resonance dating of human teeth 

was conducted, which grouped the burials to around 420±50 BP (Whitehead et al., 1986). 

Leach and Davidson (2008, p.146) concluded that "there is no doubt that theN amu site dates 

toward the end of the sequence of occupation on Taumako". 
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2.8.2 The Burials from Taumako 

It is thought the deceased at Taumako were placed on the ground and covered by loose coral 

gravel, as no indication of grave cutting was identified and post-depositional disturbance of 

the graves was attributed to taphonomic processes such as animals, roots and erosion. Gen

erally all the burials at Namu had their heads oriented inland and their feet toward the sea 

(Leach and Davidson, 2008). It has been suggested from the close proximity of the burials to 

one another that the burials were part of family groups. A rich material culture was associ

ated with many of the burials, including: shell money (kolokolo), large shell Tridacna discs 

(tavi), Conus discs, Nautilus discs, Nautilus rhomboid-shaped units, ivory reels and bobbles, 

Cassis knee ornaments, special amulets, worked flying fox teeth and shell nose ornaments 

(Davidson and Leach, 1991; Leach and Davidson, 2008). A previous unpublished report by 

Houghton detailed the assessment of 201 individuals from the Namu burial ground, and this 

report was subsequently published by Leach and Davidson (2008, p.325-400). However, 

reanalysis by Buckley (2001) identified 226 individuals, 133 of these representing adults. 

Previous Research of the Skeletal Remains from Taumako 

As noted above, a short report of the demography, health, metric and morphological analyses 

of the adult individuals from the Namu burial ground has been conducted by Houghton 

(unpublished) and subsequently published by Leach and Davidson (2008, p.325-400). Metric 

and morphological data from the Namu skeletal sample have been used for comparison with 

other prehistoric Pacific Island groups to measure population affinities (Houghton, 1996; 

Visser and Green, 1999). A reanalysis of the demography, health and disease of the sample 

was undertaken by Buckley (2001) as part of her PhD thesis focused on understanding the 

role of infectious disease on settlement patterns in the Pacific Islands. 

Buckley published three papers from the abovementioned research (Buckley, 2001): a 

study of the functional cost of tertiary yaws aimed at understanding the debilitating effect of 

yaws on limb function; an investigation of skeletal pathology that dealt with issues of lesion 

recording, quantification and interpretation; and a study of the possible role played by the 

lymphatic system on the distribution oflesions found in tertiary treponema! disease (Buckley 

and Dias, 2002; Buckley and Tayles, 2003b,a). An additional study of a specific case of 

subadult trauma at Taumako has also been published (Buckley, 2000a). Other health-related 

studies include an analysis of periodontal disease of 34 of the individuals from Taumako 

that suggested betel chewing could possibly have influenced the extreme periodontal disease 
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observed at the site (Fyfe et al., 1993), and a comparative study of dental caries in prehistoric 

Pacific Island skeletal samples that included the Taumako individuals (Evans, 1989). 

Unpublished Masters theses completed at the University of Otago using the Namu 

skeletal sample include a comparative analysis of skeletal trauma in the prehistoric Pacific 

Islands (Scott, 2009), a investigation of cortical bone thickness and adaptation (Robb, 2005), 

a study of the effects of childhood stress in adults (Curtis, 2007), an assessment of dental 

health in comparison with other prehistoric Pacific Island populations (Evans, 1987), and 

an analysis of vertebral osteoarthritis (Stiles, 2006). Furthermore, a number of Bachelor 

of Arts Honours and Postgraduate Diploma in Science students have also used the skeletal 

sample to investigate musculoskeletal stress markers in the hands (Foster, 2006), lower limb 

(McNamara, 2005), upper limb (Wong, 2005), dental enamel defects of subadults (Jansen, 

2002) and degenerative joint disease (Robb, 2005). 

2.8.3 The Environment at Taumako 

Today the Duff Islands belong politically to the Solomon Islands, but geographically and 

phytogeographically they are part of Vanuatu (Mueller-Dombois and Fosberg, 1998). The 

Duff Islands comprise nine volcanic islands with some associated islets spanning a total of 

55 km. Although it is less than three miles long and one mile wide, Taumako is the largest 

of the Duff Islands. Most of the islands in the group are surrounded by fringing reefs. Some 

have associated lagoons and deep ocean trenches separate many of the islands (Davenport, 

1968; Leach and Davidson, 2008). 

The Santa Cruz Islands are an area of heavy rainfall all year round, with an annual 

mean of 5598mm. The climate is hot and humid. The islands are subjected to frequent 

earthquakes and vulnerable to cyclones which occur commonly in this area of the Pacific 

(Mueller-Dombois and Fosberg, 1998). 

There are six mountain peaks on Taumako, the highest with an altitude of 280 m. 

Today, the predominant vegetation covering these peaks is rainforest, described as either 

broken canopy forest or medium height forest (Mueller-Dombois and Fosberg, 1998). Hu

mans have extensively modified the island for gardening, including wetland cultivation of 

taro in lowland areas and dry cultivation of yam and sweet potato in upland environments. 

This has transformed the rainforest variously into areas of disturbed forest, gardens and low 

scrub (Mueller-Dombois and Fosberg, 1998; Yen, 1974). There are also swamp and man

grove forests present on Taumako (Leach and Davidson, 2008). These various environments 
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provide the opportunity of food exploitation from a number of marine and terrestrial sources. 

The gardens of the modem inhabitants of Taumako are primarily located on the north 

coast of the island, although some cultivated land is present near the southeast and western 

coasts (Davenport, 1968; Leach and Davidson, 2008). Freshwater is collected from a perma

nent stream (Te Vai Nata) located near the present day settlement of Tahua, a man-made islet 

situated in the reef off the south west coast of Taumako. It has been suggested that a major 

benefit to living on an artificial island is the reduced exposure to mosquitoes, and therefore 

malaria, compared to the mainland (Parsonson, 1966). 

Today, the artificial island of Tahua is the home of all the inhabitants of Taumako, 

numbering about 220 in the 1960s (Davenport, 1968) (Figure 2.5). The first recorded ac

counts by Spanish explorers noted villages on many areas of Taumako, including Tahua, and 

a much larger population than that recorded in the 1960s. Epidemics from European diseases 

most likely resulted in severe depopulation of Taumako since Quiros visit in the 17th century 

(Davenport, 1968; Leach and Davidson, 2008). 

Figure 2.5: Map ofTaumako Island. Note the man-made islet, Tahua, on the southwest coast 
of the island. 
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2.8.4 Prehistoric Subsistence at Taumako 

There was no substantial midden available for faunal analysis from the Namu site (Leach 

and Davidson, 2008). The only archaeological faunal evidence available is "a few bones 

of fish and animals" which included shark teeth, nine elasmobranch (cartilaginous marine 

fish) vertebrae, an element from a Labridae species (marine fish), a premaxilla of Monotaxis 

granoculis (a marine fish), elements from an unidentified teleost fish, turtle, rat, and one dog 

tooth (Leach and Davidson, 2008, p.149). It has been suggested these bones could have been 

part of the burial ritual rather than food and were included in the graves as 'charms'. There is 

ethnohistorical evidence of the use of such items on the island (Leach and Davidson, 2008). 

Modem observations by Leach and Davidson (2008, p.26) note that both marine and forest 

birds are 'quite common' on Taumako and pigs, rats, dogs and small lizards constitute the 

remaining terrestrial animals. 

Today, 'wet' horticulture is practised in the valley close to Tahua which is irrigated 

by the local streams to produce stands of sago (Metroxylon) and fields of taro (especially 

Cyrtosperma). In the other dryer and upland areas of the island swidden horticulture of yam 

(Dioscorea sp.) and sweet potato (Ipomoea batatas) succession is undertaken, and nut and 

fruit trees grow in the hill areas (Yen, 1976). Other important foods recorded as having 

been cultivated in recent times include breadfruit (Artocarpus altilis), a variety of bananas 

(Musa sp.), manioc (Manihot dulcis), coconut (Cocos nucifera), mountain apples (Eugenia 

malaccensis), betel palms (Areca catechu) and oceanic lychee (Lansium domesticum). It 

must be noted that sweet potato and manioc are thought to be more recent, 20th century 

introductions to Taumako (Davenport, 1968). 

The soil of Taumako is relatively poor compared to the Main Reef and Santa Cruz 

Islands and this could be a result of intensive bush fallow horticultural techniques. Because 

of this poor soil condition Colocasia and Alocasia taro did not grow well in the 1960s (as 

recorded from ethnographic accounts) (Davenport, 1968). Additionally, canarium nut does 

not thrive on Taumako and must be imported (Davenport, 1968). The seasonal nature of 

the yam crop from May until October, and the breadfruit crop primarily in December and 

January and for a shorter time during May or June, leads to regular periods of food shortage 

on the island from January to May. Famine was not unusual during the years of breadfruit 

crop failure, and sago was produced during these times as a starch substitute to breadfruit 

(Davenport, 1968). 

At Taumako, there is a reliance on imported food from the Reef Islands (which in turn 
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import food from Santa Cruz), and food preservation either by drying (nabo) or fermenting 

breadfruit (masi) (Davenport, 1968; Yen, 1976). Arboriculture in the Santa Cruz Group, 

including the Duff Islands, is extremely important. The heavy exploitation of breadfruit is 

unique in Melanesia, and this phenomenon is likely the result of a Polynesian influence on 

Taumako (Yen, 1974, 1976). Traditional accounts record the trade of sago flour and pigs 

in the highly-regarded puki canoes. Inter-island trade was important for subsistence and 

cultural purposes, including the acquisition of coveted 'red feather money' for bride price 

from the Santa Cruz Islands (Davenport, 1968) 

Ethno-historical Accounts of Diet at Taumako 

The earliest recorded western contact with Taumako was made in 1606 by Pedro Fernandez 

de Quiros and his crew. On arriving and meeting the local inhabitants Quiros noted that plants 

and animals such as yams, coconuts, plantains, sweet canes, nuts (most likely including 

canarium) and pig were consumed on the island, and chewing betel (Areca catechu) nut was 

also practised (Leach and Davidson, 2008). Leach and Davidson (2008, p.17) noted that 

historical accounts mentioned that certain groups of people on Taumako had totem animals 

that designated specific clans of people. A clan did not consume its respective totem animal, 

such as shark, ray and turtle, and, at the time of the interview (early 20th century), none of 

these clans ate chickens. 

An ethnobotanical study conducted by Yen (1973) interpreted the descriptions of the 

plants recorded from historical voyages to the Santa Cruz Islands, including de Quiros' 1606 

journey to the Duff Islands, and determined the above mentioned 'sweet cane' to be sugar 

cane and the 'very large almonds' to be canarium nuts. He noted a further account of the 

gifting of pigs, fruit, bananas and breadfruit. "The impression is that the agriculture of these 

islands is similar to Santa Cruz and Santo" (Yen, 1973, p.39). 

Accounts of Santa Cruz and Santo horticulture note the large and varied number of 

nut and fruit trees that were exploited for food in addition to the main staple foods of taro 

and yam. As discussed above, arboriculture is an important part of the subsistence economy 

in the Duff and Santa Cruz Islands (Table 2.4). Breadfruit and canarium nuts are the major 

arboricultural products in the region, although other trees are exploited to a lesser extent 

(Gosden, 1995; Yen, 1974). 
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Table 2.4: Edible plants in the Santa Cruz Islands, adapted from Yen (1974). 

Family Genus species Common name Part of plant consumed 
Gnetaceae (Gymnospermae) Gnetum gnemon Young leaves and flower for vegetables; fruit when ripe; seed is an edible nut 
Pandanaceae Pandanus Dubius Pandanus Nut 
Palmae Aracae catechu Betel nut Nut chewed as a stimulant 

Cocos Nucifera Coconut Meat of nut at all life stages, juice of young nut, both cream and oil made from meat 
Metroxylon salomonense Sago palm Starch utilised from pith of trunk 

Liliaceae Cordyline fruticosa Ti plant Root (emergency food today) 
Musaceae Musa (Eumusa) Banana Fruit, stem 

Musa (Australimusa) Banana Fruit, stem 
Moraceae Artocarpus altiUs Breadfruit Fruit, seeds 
Papilionatae (Luguminosae) Inocarpus fagiferus Tahitian chestnut Seed of fruit 
B urseraceae Canarium salomonense Canarium nut Nut 

Canarium indicum Canarium nut Nut 
Anacardiaceae Spondais dulcis Vi apple Fruit 
Corynocarpaceae Corynocarpus cribbeanus Fruit (seldom eaten) 
Sapindaceae 
Malvaceae 
Sterculiaceae 
Lecythidaceae 

Combretaceae 
Myrtaceae 
Araliaceae 

Sapotaceae 

Pometia pinnata Fruit; seeds edible after roasting 
Abelmoschus manihot Leaves used for vegetables (probably a historical introduction) 
Sterculia sp. Seeds of fruit 
Barringtonia novae-hibemia Nut of fruit 
Barringtonia procera Nut of fruit 
Terminalia catappa Sea almond Nut of fruit 
Eugenia malaccensis Malay apple Fruit 
Polyscias fruticosa Leaves used for vegetables 
Polyscias scutellaria Leaves used for vegetables 
Burckella obovata Fruit 

2.9 Nebira, South Coast, Papua New Guinea 

2.9.1 The Site 

Nebira is located on a double peaked hilltop, twenty kilometres from the ocean on the South 

Coast of Papua New Guinea (Figure 2.6). It lies adjacent to the south bank of the Laloki 

River, and within two kilometres of the Waigani swamp (Bulmer, 1975, 1978). The first 

excavations at Nebira were conducted by Susan Bulmer of the University of Papua New 

Guinea between 1968 and 1969, prompted by the impending destruction of the site by quar

rying (Bulmer, 1978). 

A number of cultural deposits were unearthed during these excavations, enabling Bul

mer to specify separate sites on the hill labelled ACI, ACI/T, ACJ, ACK, and ACL. Bulmer 

concentrated her excavations at the ACJ site, which consisted of the two peaks and central 

saddle of the hill. Evidence for dwellings at site ACJ was found on the area of the hill 

sloping upwards from around the saddle. This evidence consisted of post-holes, thought 

to originally have been houses raised on piles (Bulmer, 1975, 1978). From the density of 

dwellings it was thought site ACJ would most likely have been of hamlet (30-60 people) or 

village size (100-300 people) (Alien, 1977b; Irwin and Holdaway, 1996) 

Six stratigraphic layers associated with human occupation at the ACJ site were des-
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Figure 2.6: Map of the South Coast of Papua New Guinea. Red dot marks the archaeological 
site of Nebira. 

Table 2.5: Radiocarbon dates from the Nebira site, Papua New Guinea. 

Dated material Burial Stratigraphic Layer ID Date (BP) Reference 
Human bone 43 Grave in subsoil GaK-2674 0± 270 (B ulmer, 197 5) 
Charcoal NIA 3A GaK-2672 280±80 (Bulmer, 1975) 
Human bone 3 Surface of layer 3 GaK-2675 380±120 (Bulmer, 1975) 
Charcoal rich soil NIA 3B GaK-2345 390±90 (Bulmer, 1975) 
Charcoal NIA 3B GaK-2673 660±150 (Bulmer, 1975) 
Charcoal rich soil around the head of burial 27 Grave in subsoil GaK-2346 720±80 (Bulmer, 1975) 
Human bone I ? Layer 3 Earlier than burials 2 & 3-5 Wk22751 413±36 
Human bone 22 Top oflayer 4 Wk22752 683±36 
Human bone 33 On top of layer 4, dug from layer 3 or above Wk22753 437±36 

ignated; Layer 6 denoting the earliest phase of occupation. The burials at Nebira were dis

covered at the mid-point of the saddle, in Layers 3, 4, and 6, suggesting the interments were 

probably kin of the populations living at the top of the hill (Bulmer, 1978). Dates for site 

ACJ, Nebira are outlined in Table 2.5. 

The settlement at site ACJ occurred during the Middle Period (A.D.lOOO- A.D.l500). 

Nebira was subsequently abandoned during the Protohistoric Period (A.D.1500- A.D.1875) 

(Bulmer, 1978). In some areas of the Pacific Islands (e.g. Fiji) consistent climatic variations 

in the form of El Nino Southern Oscillation events (ENSO) and specific climatic events 

such as Little Climatic Optimum/Little Ice Age transition (LCOILIA) have been suggested 

as the reasons for cultural change (Alien, 2006; Field, 2004; Nunn, 2008, 1997). Climate 
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change may have initiated cultural change as a result of a reduction in ocean migrations 

and depletion of inshore resources resulting in resource stress and a heavier reliance on 

agricultural products (Anderson et al., 2006; Field et al., 2009; Haberle and Lusty, 2000; 

Nunn, 2000). It is possible post-1300 AD intensity in climatic variability affected resource 

availability and resulted in the subsequent abandonment of the ACJ site. 

Between 1969 and 1970, Alien (1972b) excavated an area located at the bottom of the 

hill, Nebira 4 or site ACL, that indicated an earlier occupation at Nebira. Alien (1972b) 

dated the occupation of the site from around 1900 to 1000 BP based on radiocarbon dates 

from charcoal samples. Fish, pig and wallaby were the most represented faunal remains, 

and bird, bandicoot, turtle and dugong were also present in addition to a variety of marine 

shellfish and two species of freshwater fish (Alien, 1972b; Bulmer, 1975). Alien (1972a) 

noted a decrease in the number of, and presumably reliance on, marine species in the later 

phases of occupation. Bulmer (1978, 1979) suggested the possibility of site ACL being 

shifted up the hill rather than the abandonment of the site at around 900 BP as a result of 

tribal conflict. 

From his excavations Alien (1972b, p.92) concluded that "Nebira remains the most 

intensively occupied inland site (of the lowland south coast)". Unfortunately, as objective ar

chaeological research in the lowland area only began in the 1960s there is no comprehensive 

prehistory detailed for the region (Hope et al., 1983; Kirch, 1991). 

2.9.2 The Burials from Nebira 

Bulmer (Bulmer, 1978) divided the 46 burials from Nebira into thirteen 'early' burials and 

a later group of burials that could not be placed into a specific stratigraphic context due 

to taphonomic processes at the site. The burials were subsequently sorted into thirty-eight 

individuals, five of these representing subadults (Pietrusewsky, 1976). Pietrusewsky (1976) 

commented on the highly fragmentary state of the remains. 

The earlier burials were all interred in shallow oval-rectangular graves, and evidence 

for grave structures accompanied two of these types of burial (Bulmer, 1978, p.153). Both 

the early and late graves had been reused for further interments and, due to the disarticulation 

of bones (i.e. the jaw and fingers), it has been proposed that the graves had been left open for 

a period of time. This type of open decomposition before burial has been noted in historical 

documents for the local Koita people (Alien, 1977a). 

Bone removal from the graves had also been noted, as one woman was found to be 
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wearing a human finger bone necklace and another man's upper limb had been removed 

postmortem. Bone removal from graves has been ethnographically documented for both 

tribes, the Motu and Koita, who inhabited the region in historic times and still live there 

today (Alien, 1977a; Bulmer, 1978). Double interments have also been noted, usually a man 

and a women, possibly representing a husband and wife. Bulmer (1978, p.155) summarised 

the burial site: 

The condition of this burial ground suggests intensive reuse of the limited area 

of ground, perhaps by a relatively small population over a long time span, rather 

than by a larger number for brief periods. 

Previous Research of the Skeletal Remains 

Demographic information, measurements, morphological data and general pathological ob

servations were conducted by Pietrusewsky (1976). Buckley (2006) investigated the preva

lence of cribra orbitalia and linear enamel hypoplasia, suggesting the occurrence in the 

Nebira sample was related to the malaria endemic in the South Coast area. A comparative 

study of caries prevalence in prehistoric Pacific Island skeletal samples, including Nebira, 

identified this site as having a lower caries prevalence than others (Evans, 1989). Further

more, two unpublished studies were conducted in 2005 by University of Otago students 

Kinaston (2005) and Stapleton (2005) respectively, and focused on the prevalence of os

teoarthritis and general oral health. 

2.9.3 The Environment at Nebira 

The environment surrounding Nebira directly affects the type of subsistence possible in the 

area. The Laloki River and Waigani swamp are in close proximity to the site, providing 

potential food sources. The environmental diversity found within the lowland region can be 

divided into four ecological zones: coastal hills, fluvial plains, permanent swamp and littoral 

plains delineating vegetational areas (Bulmer, 1978, p.18), all of which offer a wide variety 

of potential, although not necessarily plentiful, food sources. However, the fluvial or river 

plains in which Nebira is located constitute one of the more fertile tracts of land within the 

region (Bulmer, 1978). 

Environmental fluctuations and anthropogenic modifications have altered the land

scape of Papua New Guinea during the last 50,000 years of human occupation. It is thought 
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the savannah grasslands that surround Nebira would have been present from at least 1000 

BP (Bulmer, 1971; Swadling and Hope, 1992). During the last 5000 years climate change 

has been minor compared to previous centuries, and therefore modern-day temperatures can 

be used as a guide to the climate during this time period. However, Bulmer (1975) stresses 

that there are local variations in the climate of the South Coast. It has been suggested that 

the climate of the lowland region of the South Coast be understood as a number of mi

croclimates, not a distinctive macroclimate (Oram, 1977). As will be discussed, the current 

weather patterns vary from season to season, suggesting this pattern could have also occurred 

in prehistory. 

Weather Patterns on the South Coast of Papua New Guinea 

The typical weather patterns found throughout the lowland region of the South Coast are 

unlike anywhere else in Papua New Guinea. This affects the availability of cultigens and 

animals compared to the rest of the country and, as a result, subsistence patterns will also 

vary, in turn affecting activity patterns. The weather in the lowland region is directly af

fected by a series of adjacent hill ridges, including Nebira. These ridges run parallel to the 

prevailing northwest-southeast winds resulting in the moisture-laden clouds by passing this 

area (Bulmer, 1979). 

Local wind systems act on a seasonal basis, and "rainfall, temperature, and humidity 

are all controlled in a general sense by these wind systems" (Alien, 1977a, p.420). Temper

ature and humidity remain relatively constant year round throughout the area (Alien, 1977 a; 

Bulmer, 1978). Rainfall in the Nebira area ranges from 101-127 cm per annum, the heaviest 

rain occurring during November through April. Coastal areas in the lowland region have 

much lower annual rainfall, averaging 78 cm, although this varies from year to year (Alien, 

1983, 1977b; Bulmer, 1978). It must be noted that the lowland area is prone to drought, 

which can be detrimental to plant growth, thereby influencing subsistence patterns and, sub

sequently, the health of the area's inhabitants (Bulmer, 1979). 

2.9.4 The Inhabitants of Nebira 

The general consensus from pottery traditions is that the settlers of the South Papuan coast 

arrived around 2000 BP and were ofLapita origins (Alien, 1977a; Summerhayes and Alien, 

2007). However, the population or populations that settled Nebira arrived at least a thou

sand years after the Lapita introduction to Island Melanesia, and the extent to which the 
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indigenous Papuan cultures and the Austronesian colonisers integrated is unknown (Allen, 

1977a,b; Bulmer, 1975, 1999). The final tradition of pottery at site ACJ at the time of aban

donment (rv1600BP) is similar to the pottery of the present-day tribe, the Western Motu, 

and more than 55,000 potsherds were recovered from site ACJ, with around 52,000 of these 

sherds constituting plain body sherds (Bulmer, 1978). 

The Motu populations are thought to be descendants of Austronesian people and are 

defined as maritime traders, whereas the Koita are descendants of indigenous Papuan pop

ulations and subsist by gardening and hunting. The Motu settled the inland region via the 

coast and the Koita from further inland (Allen, 1977a; Bulmer, 1979). "Archaeological ev

idence generally supports this picture, but shows that prior to this, from about 50B.C. until 

A.D. 1500, the inland river plains and coast were occupied by pottery-using settlements with 

unspecialised gardening, hunting and collecting economies" (Bulmer, 1978, p.22). 

A major question posed by Bulmer (1978) during the initial excavations at Nebira was 

the origins of the site's inhabitants. The two linguistically distinct populations who reside in 

the area today, the Motu and the Koita have probably coexisted in this region of the South 

Coast for at least the last 400-500 years (Allen, 1977a; Bulmer, 1979). The recent 14C dates 

from human bone from Nebira ( rv400 BP) support the ethnohistorical and oral evidence of 

site occupation by either or both of these groups. The origins of the people interred at Nebira, 

either as descendants of the Austronesians, Papuans or both, remain enigmatic (Hope et al., 

1983), and as will be discussed, a wide variety of possible subsistence practices occurred at 

the site during prehistory. 

2.9.5 Prehistoric Subsistence at Nebira 

Although no substantial midden area has been excavated, archaeological evidence of sub

sistence at site ACJ includes 283 shell fragments, of which twenty shellfish species were 

identified. Only around 5-10% of these were endemic to the local mudftat or mangrove areas 

close to the site. The remaining shellfish were sourced to reef or reef flat areas, indicating a 

movement of material from the ocean either overland or by boat up the Lak:oli River (Bulmer, 

1978, 1979). A small amount of other faunal material was also found at the site, including 

pig, cassowary, dog, wallaby, dugong, and fish (it is inconclusive whether these specimens 

are from the river, swamp, or ocean) (Bulmer, 1975). Bulmer (1979, p.18) states: 

In general the animal bone from Nebira shows that the inhabitants made use of 

a wide range of animals from the forest, grassland, and sea. . . The range of 
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animals represented suggest hunting in both grassland and forest. 

Nebira is located in one of the more agriculturally productive areas of the lowlands region, 

directly beside fertile river terraces. Archaeologically, gardening at the site cannot be proved, 

as no plant remains have been recovered (Bulmer, 1975). Historical accounts of Motu and 

Koita subsistence are the only lines of evidence to understand possible gardening at Nebira. 

Although the Motu were classified as fishermen, traders and potters, and the Koita gar

deners and hunters (Alien, 1977a; Bulmer, 1979; Oram, 1977, 1981), yams and bananas were 

important garden crops for the Western Motu, even though the crops frequently failed due to 

severe drought or floods (Groves, 1960; Oram, 1977). It is plausible that if the ancestors of 

either, or both, groups inhabited Nebira, they had previous horticultural knowledge because 

both the Motu and Koita are descendants of populations that utilised horticulture for subsis

tence purposes. Therefore, it is likely that the inhabitants of the site were cultivating land 

in the vicinity of their village or hamlet, growing a variety of plants that possibly included 

yams, taro, bananas, sugar cane, and coconuts (as they do today in the region) (Heywood 

and Jenkins, 1992; Barrau, 1958). 

Additionally, Oram (1977) stresses the importance of uncultivated plants for subsis

tence within the area. Fruits, tubers, vegetables, and nuts gathered from the bush support 

subsistence year round, but have generally been ignored by most archaeologists studying the 

region (Oram, 1977). Betel pepper, an important trade item for the Koita, is one of the more 

important uncultivated resources in the region (Alien, 1977a). 

The dry savannah grasslands of the South Coast provide important habitats for na

tive birds such as rails, hawks and owls, in addition to mammals including wallabies, spiny 

anteaters and rodents (Manner et al., 1999). The Koita are renowned in the region for their 

hunting abilities, though Motu men assist with the seasonal wallaby hunts organised by the 

Koita. A variety of animals are hunted in the grasslands and surrounding areas, includ

ing small mammals such as bandicoot, cuscus, and wild boar (Alien, 1977a; Bulmer, 1978, 

1979). 
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2.10 Summary of Sites that Post-date the Lapita Cultural 

Complex 

As a result of the relative availability of skeletal material that post-dates the Lapita period, 

much more research has been carried out on these skeletal samples. A synthesis of published 

health studies relevant to this thesis can be found in Table 2.6. Dietary studies focused on 

prehistoric Pacific islands have already been referred to in Table 2.3. The only study that 

utilised both osteological and chemical evidence to interpret the diet of a prehistoric Pacific 

Island skeletal sample was focused on nine individuals from Fiji dating to 150BP (Valentin 

et al., 2006). However, Pietrusewsky et al. (1998) also analysed both oral health and stable 

isotopes for dietary reconstruction of a Lapita-associated individual, but omitted to make any 

observations combining the two techniques. 

As discussed in Chapter 1, extensive research focused on the biological impact of the 

transition to agriculture, namely the decrease in health as a result of population crowding 

and a decrease in food variability, has been conducted primarily in Europe and the Americas 

(Cohen and Armelagos, 1984; Larsen, 1995). Investigating whether the same trend occurred 

in the Pacific Islands is problematic because, as reviewed in the introductory chapter, Pacific 

island subsistence is complex; the plants and animals utilised for subsistence purposes vary 

from island to island, for both ecological and cultural reasons (Bellwood, 1978). However, it 

is hoped the inclusion of the two skeletal samples that post-date the Lapita Cultural Complex 

will address the question of whether transitions of diet and health have occurred over time, 

in addition to illuminating dietary and health trends within these skeletal samples. 
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Table 2.6: Selected published studies of prehistoric Pacific Island health from populations 
that post date the Lapita Cultural Complex. 

Site/Location 
Marianas Islands 

Marianas Islands 

Guam, Marianas 
Islands 
Chelechol ra 
Orrak Cemetery, 
Republic of Palau 
Apaurguan, 
Guam, Marianas 
Islands 
Tumon Bay, 
Guam, Marianas 
Islands 

Nebira, Papua 
New Guinea, 
Taumako, 
Solomon Is
lands, Tongatapu, 
Tonga 
Easter Island 
Cikobia Island, 
Fiji 

Description of remains 
Review article of 1500 remains found 
throughout the Marianas over 30 years 
383 individuals from Guam (n=247), Rota 
(n=l4), Tinian (n=20), Saipan (n=l02) 
293 subadults from various sites in Guam 

25 individuals, some fragmentary, including 
adults subadults and foetuses/infants from 4 
test units MNI=25 
101 adults and 51 subadults (inc 5 foetuses) 
MNI 152 

177 individuals assoc. with the Middle Unai 
Period and 190 assoc. with the Latte Period 

Adults and subadults in all sample Nebira 
(n=22) 
Taumako (n=178) and Tongatapu, mounds 
ToAt-1 and ToAt-2 corn. (n=73) 

125 individuals 
8 adults and 1 subadult 

Dating 
ea. 1200-500 BP 

ea. 2000-500 BP 

ea. 1200-500 BP 

ea. 3000-2000 caJBP 

ea. 1000-500 BP 

Middle Unai Period buri
als: ea. 2800-2300 BP; 
Latte Period burials ea. 
1000-SOOBP 
Nebira: ea. 1000-500 BP; 

Taumako: ea. 470-300 
BP; Tongatapu: ea. 1000-
300BP 

100-400BP 
150BP 
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Osteological assessments 
Dental disease and LEH 

Caries, AMTL, dental in
fection, PD, calculus, LEH 
LEH 

Dental pathology, LEH 

Caries, AMTL, infection, 
PD, calculus, LEH 

No health assessments 
conducted 

LEH 

LEH 

LEH 
Caries, attrition, dental in
fection, calculus, AMTL 

References 
Hanson and Butler ( 1997) 

Pietrusewsky et al. (1997) 

Stodder (I 997) 

Nelson and Fitzpatrick 
(2006) 

Douglas et al. (I 997) 

DeFant (2008) 

Buckley (2006) 

Buckley (2001) 

Polet (2006) 
Valentin et al. (2006) 



Chapter 3 

Stable Isotope Analysis for Dietary 

Reconstruction 

3.1 Introduction 

The dawn of stable isotope analysis for dietary reconstruction during the 1970s opened the 

door to the direct observation of the diet of past peoples (Katzenberg, 2000). Stable isotope 

analyses of carbon, nitrogen and, more recently, sulphur, within human bone and tooth col

lagen has now become a routine procedure in recognising the introduction of certain types 

of agricultural foods to past diets as well as patterns of marine versus terrestrial food ex

ploitation (Katzenberg and Harrison, 1997; Pate, 1994; Schwarcz and Schoeninger, 1991). 

The current chapter will address the first aim of this thesis by using stable isotope analysis to 

assess the potential diet of the six prehistoric Pacific Island skeletal samples included in this 

study. 

This chapter will critically review the literature relevant to bone and tooth biology and 

stable isotope sections of this thesis. This will include factors that influence isotope variation, 

food webs, diagenesis and collagen integrity. This chapter will also outline the methods of 

collagen purification of bone and dentine and the specific methods employed in this study 

to measure the stable isotope values. The results will be presented for the stable isotope 

analysis of carbon, nitrogen and sulphur. Finally, these results will be discussed within the 

context of diet for the six prehistoric Pacific Island skeletal samples investigated in this study. 
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3.2 Bone Biology 

The skeletal system has both physiological and structural functions; namely, mechanical and 

structural support of the body, protection of the body's organs, and the storage of essential 

minerals (calcium, phosphate, and magnesium) and bone marrow (Martin et al., 1998). The 

main components of bone include organic matter, an inorganic matrix, and water (10% of 

bone by weight) (Pollard and Heron, 2008). 

3.2.1 Organic Composition of Bone 

Collectively, the organic components, termed osteoid, compose about 20% of bone by weight 

and 40% of bone by volume and can be identified as Type I collagen, non-collagenous pro

teins (e.g. osteocalcin and osteonectin), a small proportion of lipids (0.1 %) and other com

ponents (such as growth factor-beta) (Freemont, 1993; Nielsen-Marsh and Hedges, 2000; 

Pollard and Heron, 2008). Type I collagen is the principle organic component in osteoid and 

is essential for the flexibility and elasticity of bone (Carter and Beaupre, 2001). 

All proteins, including Type I collagen, are "biopolymers consisting of one or more 

chains of amino acids, linked together by peptide bonds" which form polypeptides (Pollard 

and Heron, 2008, p.273). Collagen is formed from three chains of polypeptides twisted to 

form a triple helix structure resulting in a rope-like form. Each 'rope' is termed a collagen 

fibril; many fibrils joined head to tail constitute collagen fibres. The components of the 

inorganic matrix are embedded within the Type I collagen fibres (Pollard and Heron, 2008; 

von der Mark, 1999). The natural abundance of Type I collagen in bone and tooth tissues and 

stability of this protein in the burial environment has led to its application in palaeodietary 

studies (Child, 1995). 

3.2.2 Inorganic Composition of Bone 

The inorganic matrix of bone constitutes 70% of bone by weight and resembles geologic hy

droxyapatite but is more correctly identified as the carbonate hydroxyapatite mineral, dahllite 

(Pollard and Heron, 2008). Dahllite has smaller, more imperfect crystals and more 'impu

rities' (e.g. Na, Mg, K, Sr) than geologic hydroxyapatite. The solubility of these crystals 

allows for the distribution of minerals such as calcium and magnesium into the body (Li and 

Jee, 2005). The crystals are plate-like in appearance and, as previously noted, are embedded 

in the collagen fibres (Pollard and Heron, 2008) 
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3.2.3 Types of Bone 

As will be discussed further later in this chapter, the type of bone chosen to sample for 

isotope analyses is important in ensuring the accuracy of the chemical analyses performed. 

This is due to the way in which diagenetic processes can differentially affect cortical and 

cancellous bone. Histologically, bone can be defined as compact or cancellous (spongy) 

bone. Bones that are subject to high compressive or tensile forces, such as the femur, have 

a high percentage of compact bone located mostly in the diaphysis. A growing long bone 

consists primarily of three parts: the diaphysis, the flared ends of the diaphysis known as 

the metaphyses, and an epiphysis located at each end of the diaphysis (Scheuer and Black, 

2000). 

Cancellous (spongy) bone is very porous and can be distinguished by the presence 

of connected bony spicules, or trabeculae, which contain the bone cells and matrix (Boskey, 

1999). Cancellous bone is usually present at the ends of the long bones (epiphyses) and in the 

interior of most of the other bones of the skeleton. The specific organisation of the trabeculae 

that constitute cancellous bone is a response to loading stresses on the bone (Boskey, 1999). 

3.2.4 Modelling and Remodelling of Bone 

Two different processes of bone development occur in the human skeleton: endochondral 

ossification and intramembranous ossification. Endochondral ossification involves the re

placement of a hyaline cartilage model by bone tissue and is responsible for the formation of 

most of the bones in the body, including the limbs (Martin et al., 1998). Intramembranous 

ossification results from the formation of bone from the embryonic mesenchyme, defined as 

loose connective tissue, that is present in the embryonic mesoderm (Martin et al., 1998). 

The process of bone resorption and bone formation to initially shape and sculpt bone 

is termed modelling (Martin et al., 1998). Modelling occurs as a result of the formation of 

bone on the periosteal surface and the resorption of bone on the endosteal surface. "Min

eral crystals grow, agglomerate, and change in composition" forming a combination of new 

woven bone and calcified cartilage which is replaced by woven bone, distinguished by its 

trabeculae surrounding the former cartilaginous tissue (Boskey, 1999, p.161). Lamellae are 

concentrically laid down on the deep surface of the trabeculae of the woven bone, eventually 

forming a primary osteon (Schwartz, 2007). 

Bone remodelling is the slow process of bone resorption and formation that occurs 
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together wherever it is necessary to replace small amounts of bone (Martin et al., 1998). 

Pivonka et al. (2008) states that there are two reasons for bone remodelling: firstly to repair 

micro-fractures and secondly for the release of minerals (e.g. calcium) within the bones to 

ensure mineral homeostasis throughout the body. 

The 'normal' turnover of bone is dependent on a steady state of bone formation and 

resorption by the factors that mediate remodelling. The regulation of bone remodelling is 

complex and involves a number of processes (e.g. cell apoptosis), which utilise growth fac

tors and cytokines (Pivonka et al., 2008). The cellular process of bone turnover (remodelling) 

is conducted by two types of bone cells: osteoblasts and osteoclasts (Vaananen, 1993). To

gether, osteoblasts and osteoclasts form basic cellular units (BMUs); osteoblasts form bone 

and osteoclasts remove bone. It takes about three weeks for osteoclasts to complete a normal 

resorption period and three months for the osteoblasts to form enough bone for complete 

remodelling to occur (Martin et al., 1998). Discrepancies in the rate of formation or resorp

tion of bone will lead to either an increased or decreased bone volume. Abnormal turnover 

of bone can potentially lead to serious osteopathological conditions such as osteoporosis 

(Schwartz, 2007). As will be discussed in the subsequent section on isotopic variability, the 

rate of bone modelling and bone turnover can have a direct impact on dietary interpretations 

from stable isotope analysis. 

3.3 Tooth Biology 

Like bone, the structure of teeth reflects their function. Teeth are used primarily for the 

mastication of food; therefore, their structure must be hard enough to withstand a lifetime of 

biting and chewing while resisting fractures (Turner-Walker, 2008). 

A tooth has two primary components: the crown and root(s). The crown of a tooth is 

coated by enamel which overlies a core of dentine that extends to make the root of a tooth. A 

thin layer of bone-like mineralised tissue, termed cement, coats the root. The pulp chamber 

is located deep in the centre of the dentine and houses the pulp, a substance consisting of the 

dentine cells (odontoblasts), the blood vessels and nerves, which keep the tooth functional 

(Hillson, 2005). 

Tooth enamel is composed almost entirely of hydroxyapatite (HAP) (95%) that "is 

more crystalline than bone HAP as a result of a larger crystallite size and their parallel 

alignment within prisms" (Turner-Walker, 2008, p.lO). These tightly packed HAP crystals 
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result in the almost zero porosity of enamel, important in life to protect the tooth but also 

resulting in the preferential preservation of teeth in the burial environment (Turner-Walker, 

2008). The other components of tooth enamel include a small amount of organic matrix (1%) 

and water (4%) (Turp and Alt, 1998). 

During tooth development in the jaw, tooth enamel is laid down, creating a hollow 

form of the crown. Dentine is then deposited in the inner surface of this crown in closely 

aligned dental tubules that extend to the pulp cavity. This original dentine is termed primary, 

and is quickly mineralised after it is deposited. Primary dentine is avascular and principally 

acellular, the tooth's blood vessels and odontoblasts being housed in the pulp cavity. Sec

ondary dentine lines this pulp cavity and is responsible for the repair and remodelling of the 

tooth dentine (Hillson, 2005). 

Similar to the osteoid of bone, dentine is composed mostly of Type I collagen with 

smaller amounts of non-collagenous proteins (ncp ), water and lipids. There is more Type I 

collagen in primary dentine compared to bone because of the density of the dentine tubules. 

Also, primary dentine is formed during the development of the tooth; therefore the timing of 

this development is representative of this stage of life (Hillson, 1996). 

3.4 General Isotope Chemistry 

Isotopes of an element have an identical atomic number but a different atomic mass. Thus, 

the number of protons of the different isotopes of one element is the same, but the number 

of neutrons varies (Hoefs, 1980). The number of orbital electrons dictates the chemical 

properties of an element and the number of orbital electrons is determined by the atomic 

number. Therefore isotopes of the same element exhibit the same chemical properties, but 

their physical properties vary as a result of their different masses (Pollard and Heron, 2008). 

Usually the lightest isotope of an element is most common in the environment and the 

heavier isotope(s) of that element is( are) present in much smaller amounts. These heavy and 

light isotopes of the same element are distributed unevenly throughout natural systems as 

a result of their atomic mass differences. 'Isotope effects' lead to the uneven distribution 

of heavy and light isotopes within systems as a result of the way these isotopes are treated 

during chemical and physiological processes (Hoefs, 1980). 

These 'isotope effects' can lead to fractionation. Fractionation is typified by the dis

crimination of one of the isotopes, usually the heavier isotope because the lighter isotope is 
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more likely to react faster during a chemical reaction (Schoeller, 1999). Fractionation "refers 

to any measurable difference in the isotope ratio between two associated substances, e.g., a 

reaction product and its substrate" (Schwarcz and Schoeninger, 1991, p.288). As mentioned, 

kinetic isotope effects (KIE) are the main reason for fractionation within biological systems 

because different isotope species react at different rates (Kennedy and Krouse, 1989). En

richment of a product with either a heavy or light isotope will lead to the depletion of the 

substrate to maintain 'isotopic mass balance' (Kennedy and Krouse, 1989). Stable isotopes 

can be used for palaeodietary interpretations, as their signatures in body tissues are related 

to consumer diet, and these signatures survive in the hard tissues (i.e. bone) of an organism 

long after its death (Goffer, 1980; Keegan, 1989). Furthermore, unlike unstable (radioactive) 

isotopes, stable isotopes do not alter over time by atomic decay and, if diagenetic effects such 

as protein loss or remineralisation have not altered their native constituency, are therefore a 

reflection of prehistoric human diets (Schwarcz and Schoeninger, 1991). 

3.4.1 History of Stable Isotope Analysis 

The discovery of several photosynthetic pathways in plants, in addition to the advent of 

radiocarbon dating, led to the beginnings of chemical analyses of bone for dietary assess

ment purposes (van der Merwe, 1982). The observation of variations in the 13C/12C ratios of 

certain types of plants led to the discovery of two types of photosynthesis with different bio

chemical pathways (known as C3 and C4 plants) (Bender, 1971; Smith and Epstein, 1971). 

Previously, Hall (1967) and Bender (1968) had noted that maize exhibited inconsistent ra

diocarbon dates when compared to other types of plant charcoal. With the later discovery 

of C3 and C4 photosynthetic pathways it was recognised these inconsistencies were a result 

of the C4 nature of maize causing variation in calibrations, which were based on C3 plants 

(Katzenberg, 2000). The first suggestions that stable isotopes could be used as a tool to 

identify certain dietary components appeared in the literature in the mid-1960s (Ambrose, 

1993). 

van der Merwe and Vogel (1978) were the first to apply this knowledge in prehistoric 

humans in an endeavour to determine the establishment of maize agriculture in a number of 

Native American cemetery samples from eastern North America. They found it was possible 

to distinguish successfully between pre-maize hunter-gatherers and maize agriculturalists by 

analysing the stable carbon isotopes in human bone collagen (van der Merwe and Vogel, 

1978) and suggested a similar dietary trend using the same method in another prehistoric 

skeletal sample from Parmana, Venezuela (van der Merwe et al., 1981). 
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The use of carbon stable isotopes to differentiate marine from terrestrial food sources 

was first proposed by DeNiro and Epstein (1978). Tauber (1981), Chisholm et al. (1982) 

and Sealy and van der Merwe (1985) proceeded to use carbon stable isotopes to interpret 

marine from terrestrial foodstuffs within the diet of prehistoric Danish, Canadian and South 

African skeletal samples respectively. All three studies suggested that humans with diets rich 

in marine foods displayed higher stable carbon isotope values (i.e. less negative) compared 

to populations thought to subsist on terrestrial food resources (Chisholm et al., 1982; Sealy 

and van der Merwe, 1985; Tauber, 1981). This difference was found to be a result of the 

origin of the carbon in each ecosystem; terrestrial plants utilise C02 .from the atmosphere 

and, as will be discussed, are depleted in 13C compared to marine systems (Schwarcz and 

Schoeninger, 1991). 

Schoeninger et al. (1983) and Schoeninger and DeNiro (1984) pioneered the use of 

nitrogen stable isotopes to complement the stable isotope analysis of carbon to discriminate 

between marine and terrestrial foods. With the exception of coral reef and seagrass envi

ronments (Keegan and DeNiro, 1988; Yamamuro et al., 1995), nitrogen stable isotopes were 

found to positively identify foods originating in either marine or terrestrial environments. 

Variations in nitrogen stable isotopes between marine and terrestrial environments were at

tributed to the source of nitrogen at the base of the food chain and, as will be discussed, the 

trophic effect (DeNiro and Epstein, 1981; Schwarcz and Schoeninger, 1991). The comple

mentary use of carbon and nitrogen stable isotopes to decipher marine vs. terrestrial diets 

was adopted readily by researchers over the globe and continues to this day (Chisholm et al., 

1992; Eriksson, 2004; Fischer et al., 2007; Richards and Hedges, 1999; Richards et al., 2006, 

2009). 

Sulphur stable isotopes were recognised as a potentially significant tool for dietary 

assessment in the late 1980s (Krouse et al., 1987). However, the application of sulphur stable 

isotopes at this time was limited, as a result of the large sample size and long preparation 

time needed to analyse the tissue samples (Richards et al., 2003). Sulphur stable isotopes 

can be used to understand marine, freshwater and terrestrial and food resources in prehistory 

(Leach et al., 1996, 2003; Privat et al., 2007; Quinn, 1990; Richards et al., 2001). Similar 

to carbon and nitrogen, sulphur stable isotopes are known to exist in different proportions 

within marine and terrestrial systems (Mekhtiyeva et al., 1976; Peterson and Fry, 1987). 

Subsequent to the initial experimental studies proposing that carbon and nitrogen sta

ble isotopes were capable of analysing prehistoric diet (DeNiro and Epstein, 1978, 1981), 

research began on the specifics of biochemical reactions involved in food metabolism and 
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tissue synthesis and the effect of these reactions on the stable isotopes of carbon and nitrogen 

within animal tissues. These studies focused on understanding biochemical pathways to in

terpret an animal's place in a food web, termed trophic position (Minagawa and Wada, 1984; 

Schoeninger, 1985; Schoeninger and DeNiro, 1984; Wada, 1980). The proliferation of re

search during the 1980s led to a number of findings suggesting the interpretation of diet, even 

in modern ecological systems, was not as straightforward as originally presumed (Schwarcz 

and Schoeninger, 1991). Inconsistencies in stable isotope values and, consequentially, in 

dietary interpretations were identified and attributed to "diagenetic, nutritional, physiolog

ical and environmental sources of variation" (Ambrose, 1993, p.63). This research led to 

a strengthening of the theoretical background behind the use of stable isotopes for dietary 

assessment through experimental and ecological studies, eventually resulting in the robust 

scientific studies consistently found in the literature today (Kosiba et al., 2007; Miildner and 

Richards, 2007b,a, 2005; Turner et al., 2007; Krigbaum, 2005; Hu et al., 2008; Katzenberg 

et al., 2009; Keenleyside et al., 2009; Thompson et al., 2008). 

3.5 Interpreting Palaeodiet 

The stable isotopes of carbon and nitrogen of bone and tooth collagen are routinely used 

to assess the diet of prehistoric people (Ambrose, 1993; Katzenberg, 2000; Parkes, 1987; 

Pate, 1994; Schwarcz and Schoeninger, 1991; van der Merwe, 1992). The application of 

sulphur stable isotopes for dietary reconstruction purposes is relatively recent as a result of 

improved collagen preparation and mass spectrometer techniques (Craig et al., 2006; Privat 

et al., 2007; Richards et al., 2001, 2003). Bone and teeth are usually the only tissues to 

survive in the archaeological context and are therefore essential for the reconstruction of 

prehistoric diet (Schwarcz and Schoeninger, 1991). 

The first step to assessing the palaeodiet of an individual or animal is the purification 

of the tissue needed for analysis, in this case bone and tooth collagen, the specifics of which 

will be described in detail later in this chapter. The second step is to analyse the required 

stable isotopes within the purified tissue and then present this data in an easily interpretable 

and transparent manner (Ambrose, 1993). Ambrose (1993, p.65) states: 

"Differences in the natural abundance of stable isotopes is very small ... the strat

egy of measurement of stable isotope abundances involves the measurement of 

the ratio of the heavier to lighter isotope, with reference to the ratio of a stan

dard reference material. Isotopic ratios are thus expressed using the delta ( o) 
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Table 3.1: Isotopes, their natural abundances in terrestrial ecosystems and the reference stan
dards used for the present study. 

Element Isotopes % Natural abundance Reference standard 
Carbon a '"C 98.9 VPDB 

Be 1.1 
Nitrogen a 14N 99.64 Atmospheric N2 (air) 

15N 0.36 
Sulphur be 32s 94.02 VCDT 

34s 4.02 

•Hoefs (1980) 
bcTrust and Fry (1992) and Coplen and Krause (1998) 

notation in parts per thousand (perrnil: %o, by analogy with percent: % parts 

per hundred) relative to a standard, as follows (McK.inney et al., 1950): 8 (%o) 

= [(RsamplefRstandard)- 1] x 1000 where R is the ratio of the heavier to lighter 

isotope." 

The isotopes, their natural abundance, and standards used to measure the abundance 

of the carbon, nitrogen, and sulphur are located in Table 3.1. Compared to their respective 

standards, isotope ratios are described as being less negative (higher, enriched in the heavier 

stable isotope) or more negative (lower, depleted in the heavier staple isotope). Almost all 

plants and animals in nature have a 813C values that are more negative than the international 

carbon reference standard material (Vienna Pee Dee Belemnite) that matches the zero 813C 

of the original, and exhausted, standard of Pee Dee Belemnite (van der Merwe, 1982). 815N 

values are more positive than the nitrogen standard reference material, atmospheric N2 (air), 

and 834S values vary in nature depending on the environmental system (e.g. marine or ter

restrial) when compared to the current reference standard Vienna CDT (which is equal to 

the original meteorite standard Canyon Diablo Trolite), leading to both negative and positive 

numbers in nature (Coplen and K.rouse, 1998). 

There are some additional provisos when interpreting stable isotope and consumer 

diets. Firstly, the ratios of stable isotopes consumed from food and water are reflected within 

the tissues of the body, but variation in the stable isotope values between a consumer's diet 

and their tissues can result from metabolic fractionation. This type of fractionation is termed 

'diet-tissue spacing' (DeNiro and Epstein, 1978, 1981; Tieszen, 1991). Thus, stable isotopes 

are ideal for tracing dietary information throughout both contemporary and prehistoric food 

webs because of their stability, their uneven distribution throughout natural systems (e.g. 

marine and terrestrial) and the fact that diet-tissue spacing can be measured (Sill en et al., 

1989; van der Merwe, 1992). 
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Secondly, as a result of the widely observable diet-tissue spacing due to the stepwise 

enrichment of 8 values in food chains as a result of fractionation, the trophic level can be 

identified. The trophic level increases from primary producers to top consumers in a specific 

system (e.g. marine or terrestrial) (Schwarcz and Schoeninger, 1991; Wada et al., 1991). 

However "because it [the trophic increase] is in the order of only 1 o/oo in carbon, it is not 

discernable in any but the best-controlled systems. For nitrogen it is approximately 2-4%o" 

(Schoeninger and Moore, 1992, p.258). The trophic effect is thought to be relatively insignif

icant with regard to the fractionation of 834S, although few experimental studies have been 

conducted focusing on 834S and trophic levels (Kennedy and Krouse, 1989; Richards et al., 

2003). 

The third step of palaeodietary analysis involves assessing the stable isotope composi

tion of the possible dietary components (plants and animals), or the 'menu', of the samples 

under investigation (Ambrose, 1993; Bumsted, 1985). This is best conducted on prehistoric 

animal remains from the archaeological context, although animals contemporary with buri

als can be difficult to obtain (Hedges et al., 2005). The final step involves identifying and 

quantifying the cumulative effect of all the factors that can affect stable isotope ratios within 

bone, including "physiological, nutritional, cultural, environmental or diagenetic sources of 

variation in diet-tissue relationships and dietary resources" (Ambrose, 1993, p.83). 

The aim of this project is to understand intra- and inter-population variation and tem

poral trends in human diet within six prehistoric Pacific Island skeletal samples. It is outside 

the scope of the current project to analyse prehistoric animals from these sites. To interpret 

the diet of these skeletal samples, a compilation of modern and prehistoric Pacific island 

plant and animal stable isotope ranges will be used (discussed in detail in the stable iso

tope results). The following section will review the stable isotopes of carbon, nitrogen and 

sulphur, as they are essential to the dietary interpretations section of this thesis. 

3.5.1 Carbon 

As stated at the beginning of this chapter, carbon stable isotopes can be used to interpret 

diets based on plants with differing photosynthetic pathways from terrestrial environments 

and marine vs. terrestrial food resources (Bender et al., 1981; Boutton et al., 1984, 1991; 

Tieszen, 1991; van der Merwe, 1982). 
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Terrestrial carbon 

Carbon enters into terrestrial systems when plants utilise C02 from the atmosphere dur

ing photosynthesis. Plants discriminate against o13C as a result of chemical and diffusional 

processes involved in the uptake of C02 during photosynthesis, and thus contain less oBC 

compared to the atmosphere (Schwarcz and Schoeninger, 1991; van der Merwe, 1982). 

There are three types of photosynthetic pathways that discriminate against Be to differ

ent extents: C3 (Calvin-Benson), C4 (Hatch-Slack) and CAM (Crassulacean Acid Metabolism) 

(O'Leary, 1988). C3 plants utilize three carbons from atmospheric C02 in the preliminary 

phase of photosynthesis; C4 plants make use of four carbon atoms. Two distinct enzymes, 

RuBP carboxylase in C3 pathways and PEP carboxylase in C4 pathways, are responsible 

for differential discrimination of Be between plant types. CAM plants have the ability to 

utilise both enzymes and thus display a range in their discrimination of Be (Boutton, 1991). 

The reasons for differential fractionation can be simply "understood in terms of slight dif

ferences between 12C and 13C. The lighter isotope generally diffuses more rapidly and reacts 

more rapidly. Variations among plants can be understood in terms of differing C02 partial 

pressures under different conditions" (O'Leary et al., 1992, p.1103). C4 plants exploit more 

carbon than C3 plants and thus have a higher o13C value, ranging from -17 to -9%o (mean 

-13%o ), than their C3 counterparts, which range from -32 to -20%o (mean -27%o) (Boutton, 

1991). 

The range of oBC values found within C4 and C3 plants is a result of genetic and envi

ronmental factors, including temperature, soil salinity, water stress and seasonal changes in 

atmospheric C02 (Tieszen, 1991). Another factor affecting oBC values in dense rainforest 

environments is the recycling of Be-depleted C02 from decomposing forest floor litter by 

actively photosynthesising plants. This phenomenon is termed the 'canopy effect' and re

sults in plant oBC values lower than -22%o within the system, and so affects their respective 

consumers (van der Merwe and Medina, 1989, 1991). 

The C3 photosynthetic pathway is characteristic of most trees, shrubs and grasses in 

temperate environments and tropical rainforests, and is typical of most plant foods utilised 

by humans. C4 plants are classified as mostly grasses that grow in hot, extremely sunny and 

water-restricted environments, the most important to palaeodietary analysis being maize, 

sugarcane, millet and sorghum. CAM plants are primarily cacti and succulents and, in most 

cases, are relatively unimportant resources for prehistoric people (Schwarcz and Schoeninger, 

1991; van der Merwe, 1982). The measurable differences between the 613C values of C3 and 
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C4 means they (and the animals that eat them) can be recognised as food resources from 

analyses of the tissues of prehistoric people (Ambrose and DeNiro, 1986; Boutton et al., 

1991; Nelson et al., 1986; van der Merwe, 1982). 

It must be noted that, as a result of the Industrial Revolution, 613C values of atmo

spheric C02 are 1.5%o lower in modem times than in pre-industrial times (Tieszen, 1991). 

This temporal variation, known as the Suess effect, must be taken into account if modem 

plant and animals are used as parameters to interpret ancient diet by adding 1.5%o for ter

restrial and .86%o for marine organisms. The variation in the Suess effect between marine 

and terrestrial systems is a result of the slower turnover in the dissolved inorganic carbonate 

(DIC) reservoir of the oceans, into which the atmospheric 613C are mixed (Beavan-Athfield 

et al., 2008). 

Freshwater aquatic ecosystems are comparatively d~pleted in 13C compared to terres

trial plants and animals because carbon in freshwater systems is obtained from both the 

atmosphere and geological sources (Richards et al., 2001). 

Marine Carbon 

Primary producers from marine environments mostly utilise a number of carbon sources 

with varying ranges of 613C values "including terrestrial detritus washed into oceans by 

rivers (with C02 values representative of a mixture of local terrestrial plants), dissolved 

C02 with 613C values of atmospheric C02 (-7.0%o ), and dissolved carbonic acid close to 

zero (O.O%o )" (Schoeninger and Moore, 1992, p.303). Phytoplankton utilise this mixture 

of carbon sources while photosynthesising via a C3 photosynthetic pathway, but variations 

in their discrimination against 613C can be affected by a number of environmental factors 

(e.g. temperature and salinity). Depending on their type, marine plants (including algae) 

photosynthesise by either a C3 or a C4 pathway, but are typically C3 (Boutton et al., 1991 ). C3 
marine plants, including some seagrasses and coral reef algae, have demonstrated 613C values 

similar to plants with a C4 photosynthetic pathway (Benedict et al., 1980; Boutton et al., 

1991; Keegan and DeNiro, 1988; Yamamuro et al., 1995). Plankton and marine plants form 

the base of marine food webs, and therefore their 613C values (which tend to range between 

terrestrial c3 and c4 plants), are reflected in the tissues of organisms in trophic positions in 

these marine systems (van der Merwe, 1992). Upwelling, temperature, depth and currents 

have all been recognised as factors that can affect 613C values in marine environment. 613C 

depletion occurs at the polar extremes compared to the equator; variation in 613C values 

between the equator and 90°N are in the range of 1 %o (Beavan-Athfield et al., 2008). 
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The 13C-enriched values present in most marine systems compared to most terrestrial 

. systems is the basis of interpreting a marine diet using carbon but, as will discussed later in 

the chapter, 513C values should be used in conjunction with nitrogen and sulphur isotopes 

for this type of interpretation (Nelson et al., 1986; van der Merwe, 1982). 

3.5.2 Nitrogen 

Nitrogen isotopes are used in palaeodietary studies for two reasons: for the identification 

of marine vs. terrestrial resource exploitation and to understand trophic positions within an 

environmental system (Minagawa and Wada, 1984; Schoeninger et al., 1983; Wada et al., 

1991; Walker and DeNiro, 1986). 

Terrestrial Nitrogen 

Similar to carbon, most nitrogen enters into terrestrial food webs via plants (Schoeninger, 

1995). However, to be utilised by plants nitrogen (N2) is usually fixed by soil microorgan

isms; "some of these microorganisms live free in the soil, whereas others live in a symbi

otic relationship with plants (predominantly legumes)" (Kennedy and Krouse, 1989, p.961). 

Thus, there are ,two types of plants within terrestrial systems: non-N2-fixing plants which 

rely on the free living N2-fixing bacteria in the soil, and N2-fixing plants characterised by the 

N2-fixing bacterial nodules present on their roots which fix atmospheric N2 (but also rely on 

soil nitrogen to some extent) (Kennedy and Krouse, 1989; Schoeninger and Moore, 1992). 

Non-N2-fixing plants display 515N values that are characteristic of the soils they subsist in 

and are usually more enriched in 15N than atmospheric N2 (which has a 515N close to O%o ), 

ranging from 0 to+ 6%o but average 3%o (Pate, 1994). This range of 515N values is a result 

of the variable nature of the nitrate-producing bacterial decomposition of plants and animals 

by processes involving nitrification and denitrification (Schwarcz and Schoeninger, 1991). 

The fractionation of nitrogen during these processes is not uniform in all situations and 

also depends on the type of complex nitrogen-containing molecule (e.g. amino acids or urea) 

being broken down (Schwarcz and Schoeninger, 1991), in addition to environmental factors 

such as drainage and salinity (Kennedy and Krouse, 1989). Furthermore, manuring has been 

found to raise 515N values significantly (Bogaard et al., 2007). As a result of the fixation 

of atmospheric nitrogen, N2-fixing plants fractionate nitrogen to a much smaller extent (or 

not at all) compared to non-N2-fixing plants. N2-fixing plants have comparable 515N values 

with atmospheric N2 (i.e. O%o ), but can range from -2 to +2%o (Pate, 1994). However, 815N 
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values of N2-fixing plants approaching the average o15N value of non-N2-fixing plants have 

also been recorded. Spatial and temporal variations in soil nitrogen availability, including 

the use of fertilisers in modem times, have been implicated as factors that can influence the 

o15N value ofnon-N2-fixing plants (Kennedy and Krouse, 1989, p.962). 

Furthermore, freshwater organisms have been observed to have higher o15N values 

than their terrestrial counterparts. This is thought to be a result of the relatively longer food 

chains and the corresponding trophic enrichment of the organisms that live in freshwater 

ecosystems (Privat et al., 2002; Richards et al., 2001). 

Marine Nitrogen 

In marine environments, plant primary producers utilise dissolved nitrate and ammonium 

synthesised primarily by cyanobacteria (blue green algae) (Bums and Hardy, 1975; Kennedy 

and Krouse, 1989). "Marine organisms tend to have more positive o15N values than do terres

trial organisms because the majority of the usable nitrogen results from bacterial activity and 

because it is such a limiting nutrient in the ocean" (Schoeninger, 1995). The cyanobacteria 

themselves are N2-fixing and utilise dissolved atmospheric N2 in the ocean to generate ni

trates and ammonium for use by marine plants (DeNiro, 1987; Kennedy and Krouse, 1989). 

As a result, cyanobacteria have o15N values comparable to N2-fixing terrestrial plants, and 

thus atmospheric N2 (O%o ), and marine plant o15N values average about +7%o (DeNiro, 1987; 

Kennedy and Krouse, 1989). Certain marine environments, such as coral reef, seagrass and 

mangrove ecosystems, have been found to be similar in o15N values to terrestrial systems as a 

result of a prevalence ofN2-fixing organisms including cyanobacteria (Keegan and DeNiro, 

1988; Schoeninger et al., 1983; Yamamuro et al., 1995). Considerable geographical varia

tion between dissolved nitrate o15N values, ranging from +6 to +19%o from modem analyses 

for the Pacific Ocean, has also been recorded (Kennedy and Krouse, 1989). 

The basis of using o15N values to interpret marine and terrestrial diets is the estab

lishment that marine animals consistently display o15N values higher than terrestrial animals 

(Chisholm et al., 1983; Schoeninger and DeNiro, 1984; Wada et al., 1991). The reasons 

for this are twofold: nitrates and ammonium utilised by marine plants usually have higher 

o15N values compared to terrestrial plants; and marine systems have more trophic levels than 

terrestrial systems leading to an increase in the number of o15N fractionations that occur in 

such systems (DeNiro, 1987; Schoeninger and DeNiro, 1984; Schwarcz and Schoeninger, 

1991). Trophic levels will be reviewed after a discussion of sulphur isotopes. 
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3.5.3 Sulphur 

Similar to carbon and nitrogen, sulphur stable isotopes can be used to identify marine and 

non-marine food resources as these systems usually have distinct 834S values when com

pared to one another (Kennedy and Krouse, 1989; Krouse and Herbert, 1988; Leach et al., 

2003; Quinn, 1990; Richards et al., 2001). Recently, sulphur has also been used to identify 

freshwater resources in areas where marine resources have not been exploited (Privat et al., 

2007). 

Terrestrial Sulphur 

Sulphur enters into terrestrial systems via plants which make use of four sulphur sources: 

"1) weathering bedrock, which can be [sic] vary widely in 834S value, 2) wet atmospheric 

deposition (sea spray, acid rain), 3) dry atmospheric deposition (S02 gas), and 4) microbial 

processes in soil"(Hedges et al., 2005, p.126). As a result of these geological and geograph

ical variations, the 834S values of terrestrial plants can range (at the extremes) from -22 to 

+22%oNormal expected terrestrial ranges are from +2 to +6%o (Peterson and Fry, 1987). 

Plants store sulphur in organic molecules including, but not limited to, amino acids and sul

phate esters (Richards et al., 2003). Amino acids including cysteine, methionine and taurine 

usually serve as the transport medium of sulphur for the consumers of terrestrial plants and 

higher trophic organisms, as these animals are unable to metabolise sulphate (Kennedy and 

Krouse, 1989; Richards et al., 2003). 

Freshwater Sulphur 

Freshwater organisms have been documented as being extremely variable in 834S values, 

ranging from -22 to +22%o (Craig et al., 2006; Nehlich and Richards, 2009; Peterson and 

Fry, 1987; Privat et al., 2007; Richards et al., 2003). "The range of freshwater 834S values is 

largely due to the reduction of sulphate ions (S04) to hydrogen sulphide (H2S) by anaerobic 

bacteria that dwell in sediments and lakes" resulting in the 34S depletion of the freshwater 

systems (Richards et al., 2003, p.38). Furthermore, seasonal variation and environmental 

conditions (e.g. moisture aeration, temperature and pH) can affect the 834S of freshwater 

systems (Richards et al., 2003). 
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Marine Sulphur 

Analyses of marine water have consistently demonstrated that oceanic sulphate (S04-) has a 

uniform mean o34S value of around +21 %o as a result of the continuous mixing of the oceans 

(Rees et al., 1978). Primary producers at the base of marine food webs exhibit o34S values 

from approximately+ 17 to +21 %o (Privat et al., 2007, p.1198). 

Sulphur Fractionation Effects 

The limited fractionation of o34S within each ecosystem (i.e. marine, terrestrial and freshwa

ter) means sulphur is valuable in identifying resources from these ecosystems in consumer 

tissues. It must be noted, "sea-spray and coastal precipitation, both high in marine sulphate, 

can introduce marine sulphates into the terrestrial food chain" (Craig et al., 2006, p.1643). 

The 'sea-spray effect' can result in higher o34S values of plants and animals (and their con

sumers) in affected areas (Beavan-Ath:field et al., 2008). However, when used in conjunction 

with o13C and o15N values, the effects of sea-spray and coastal precipitation can be elucidated 

(Richards et al., 2003). 

Although few experimental studies have been conducted, the fractionation of o34S as a 

result of the trophic effect appears to be negligible compared to the possible range of varia

tion exhibited between ecosystems (Richards et al., 2001; Trust and Fry, 1992). A controlled 

study conducted by Richards et al. (2003) found a fractionation of o34S of less than 1 %o be

tween the diet and horse hair keratin when animals were fed a C3 diet, but +4%o when they 

were fed a C4 diet. However, they suggested rather than a dietary cause of the variation that 

the increased fractionation could be caused by body protein recycling resulting in the avail

ability of endogenous sulphur for the new tissue synthesis (Richards et al., 2003). Therefore, 

the 034S values of an organism should reflect the o34S signature of the ecosystem where 

it resides (marine, freshwater, or terrestrial) if the organism is in a normal metabolic state 

(Kennedy and Krouse, 1989). When used in conjunction with o13C and o15N values, o34S 

values can be used to interpret marine vs. terrestrial food resources in prehistoric skeletal 

samples and to negate the possibility of false interpretations resulting from the 'sea spray 

effect'. For example, higher o15N values and terrestrial range 834S and o13C values would 

suggest freshwater protein sources, rather than marine (Leach et al., 2003; Privat et al., 2007; 

Richards et al., 2001). 
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3.5.4 Food Webs and Trophic Levels 

Food webs illustrate the complex feeding relationships within an ecosystem and can be iden

tified in palaeodietary and ecological studies from the stepwise enrichment of the 5 values 

of some stable isotopes from autotrophs (producers) to primary and secondary heterotrophs 

(consumers) (Post, 2002). Food webs demonstrate interconnected feeding relationships and 

encompass many food chains, or simple linear relationships of the energy flow from a pri

mary autotroph to the primary heterotroph that eats it and the secondary heterotroph that eats 

the primary heterotroph and so on (King, 2006). The place of an organism in a given food 

chain is termed its trophic position and the stepwise enrichment of certain stable isotopes as 

a result of fractionation is known as the trophic effect. By analysing the 6 values of nitrogen 

and (occasionally) carbon stable isotopes within specific systems (i.e. marine or terrestrial) 

it is possible to understand an organism's trophic position (Minagawa and Wada, 1984; Rau 

et al., 1983; Schoeninger and DeNiro, 1984; Wada et al., 1991). 

As introduced previously, trophic increases in 513C and 534S of approximately 1 %o are 

too small to interpret trophic positions accurately in all but the most well-controlled systems 

with known baseline 5 values for autotrophs (Boon and Bunn, 1994; Post, 2002; Schoeninger, 

1995). "For nitrogen, on the other hand, it [the trophic increase] is approximately 3%o . The 

magnitude of this spacing holds true among invertebrates (Wada, 1980), marine vertebrates 

(Minagawa and Wada, 1984; Schoeninger and DeNiro, 1984; Wada, 1980), and terrestrial 

vertebrates (Schoeninger, 1985, 1989; Schoeninger and DeNiro, 1984)" (Schoeninger and 

Moore, 1992, p.258). With regard to the specific fractionation between diet and bone col

lagen, Bocherens and Drucker (2003, p.46) recommend that ranges of 6 values should be 

0-2%o for 513C and 3-5%o for 515N. Furthermore, importantly for dietary assessment, when 

trophic effects are taken into account, the organisms within a foodweb reflect the 5 values 

of the autotrophs within that particular ecosystem (i.e. marine or terrestrial) (Kelly, 2000). 

Breastfeeding also results in a trophic enrichment of subadult tissues, including tooth den

tine, because the infant is consuming its mother's 'tissues' in the form of breastmilk (Fuller 

et al., 2006; Jay et al., 2008; Katzenberg et al., 1996). 

3.5.5 Factors that can Influence Isotope Variation 

Stable isotope analysis for dietary reconstruction relies on the assumption that the isotopic 

distribution and the subsequent isotopic fractionation within foodwebs is constant and mea

surable. However, sometimes this is not the case and variations from the 'normal' isotopic 
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ranges of ecosystems, autotrophs and heterotrophs can occur (Sillen et al., 1989). For ex

ample, experimental and field studies have demonstrated that there is isotopic variability 

between different tissues in one organism when fed either a controlled diet (laboratory stud

ies) or natural diet (field studies) (Caut et al., 2008a; Hedges, 2009; Tieszen et al., 1983), but 

there is little variation between a specific tissue of the same species, regardless of age and 

sex (DeNiro and Schoeninger, 1983; Minagawa, 1992; Minagawa and Wada, 1984; Tieszen 

et al., 1983). It has also been noted that different animals fed analogous diets do not exhibit 

comparable fractionation effects between the same tissue types (DeNiro and Epstein, 1978, 

1981; Sponheimer et al., 2003; Vanderklift and Ponsard, 2003). It has been suggested that 

variation in isotope values can be a result of metabolic and/or dietary diversity (Kennedy 

and Krouse, 1989, p.963). These factors must be taken into account when reconstructing 

prehistoric diets as small shifts in o values can affect dietary interpretations (Heaton, 1999). 

Isotopic variability of autotrophs within specific ecosystems has been discussed with 

regard to specific environmental factors such as salinity, soil drainage and the 'canopy effect'. 

These are only a few incidences of isotopic variability at the base line level of ecosystems. 

Kennedy and Krouse (1989, p.963-964) outline some further considerations that can influ

ence isotopic variability: 

1. Temporal and spatial variation in the isotopic composition of food items. 

2. Variation of isotopic signatures of different food items averaging to make the con

sumer's diet values. Isotopic values of tissues will also be affected by the differential 

digestibility of certain food items. 

3. The differential chemical constitutions of the diet may vary and may contribute differ

ently to the o values of different tissues, minerals, or fluids. 

4. Biochemical pathways may influence the o values of tissues, minerals, or fluids. 

5. The variation in elemental turnover rates between tissues and the effect that changes 

involving factors I to IV could exert on the isotopic composition of these tissues. 

6. Stress as a result of environmental or physiological factors. 

These considerations are important for understanding the reasons for possible variation 

in fractionation and will be reviewed one by one in the above stated order. 

76 



1. Temporal and spatial factors affecting isotope variability include environmental influ

ences such as discussed in each isotope section (i.e. the canopy effect, coral reef en

vironments, the Suess effect, effects of fertilisers and manure and geological bedrock 

variations) and need not be repeated. Another temporal variation suggested by Kennedy 

and Krouse (1989) includes seasonal changes in the proportions of C3 and C4 plants 

(Schwarcz and Schoeninger, 1991). 

To better understand temporal and spatial variations that could affect the dietary iso

topic values, attention should be paid to the primary producers in a system as they 

are the first to be affected by such discrepancies (Boon and Bunn, 1994). Although 

trying to gauge variation in primary producers can be relatively difficult in ancient 

ecosystems, studying local plants and animals and a number of animals in the faunal 

assemblage can help to clarify dietary interpretations (Lee-Thorp, 2008; Schwarcz, 

1991). 

In the current study, modem and archaeological floral and faunal isotopic data estab

lished from previous studies will be used instead of site-specific plant and animal o 
values for carbon, nitrogen and sulphur (reviewed in the results section of this chap

ter). It is not feasible or within the scope of this study to analyse floral and faunal 

material at a site-specific level. 

2. Variation in prehistoric human diet is expected as a result of humans' omnivorous 

food habits. This is the reason multiple stable isotopes are employed to understand 

differential resource acquisition. However, speculation as to possible food sources of 

ancient animals eaten by prehistoric humans, without multiple stable isotope analysis 

of their tissues, can lead to variation in itself, depending on the type of interpretation 

required. 

For example, selective grazers eating different quantities of C3 and C4 plants could 

result in this type of dietary variation (Kennedy and Krouse, 1989). Jennings et al. 

(1997) found variation in feeding strategies of the same species of fish between three 

reef sites in the Mediterranean and suggested that these fish consumed foods from 

different trophic levels even at similar life-history stages. A study by Krouse and Her

bert (1988) identified variations in o13C values of birds feeding in multiple ecosystems 

including open ocean, coral reef and terrestrial habitats on Heron Island, Australia 

(Kennedy and Krouse, 1989). Large variations in o13C between different species of 

sea turtle as a result of dietary differences and, to a lesser extent, physiological factors 

and migratory patterns have been noted in a number of studies (Biasatti, 2004; Leach 
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et al., 2003; Yoshinaga et al., 1991). Also, invasive predators such as rats will feed 

opportunistically, leading to large variations in their diet (Beavan and Sparks, 1998; 

Caut et al., 2008b ). 

3. The human body requires that a certain proportion of the diet constitute macronutrients 

such as carbohydrates, lipids and protein, in addition to a number of essential micronu

trients to function normally. This results in the need for variation in diet because dif

ferent foods have different proportions of macro- and micronutrients. The variations 

in macronutrients between foods can influence the isotope 5 values of the consumer 

because different macronutrients have exhibited variable 5 values when compared. For 

example, lipids have been found to have lower 513C values than protein and carbohy

drates (Kennedy and Krouse, 1989) 

Central to dietary reconstruction of prehistoric human remains is the assumption that 

the diet of an individual is correlated with the stable isotope values in their bone and 

teeth. Experimental and field studies conducted over the last twenty years have re

vealed bone and tooth collagen is a refection of the protein fraction of the diet as a 

result of direct routing of certain amino acids from food into bone and tooth collagen 

(Ambrose, 1993; Krueger and Sullivan, 1984; Lee-Thorp et al., 1989; Tieszen and Fa

gre, 1993). In the case of nitrogen this is not surprising, as the other primary macronu

trients in the diet (i.e. lipids and carbohydrates) do not contain nitrogen. Amino acids, 

the building blocks of dietary protein, are the major source of nitrogen in bone colla

gen as the only bioavailable nitrogen (constituting 2% of the whole body nitrogen) is 

located in urea, ammonia and nucleic acids (human breastmilk being the exception) 

(Donovan et al., 1991; Schoeller, 1999; Schumm, 1995; Sillen et al., 1989). 

However, all dietary macronutrients contain carbon. Essential amino acids are not 

synthesised by the body and must be attained from the diet. Therefore the carbon of 

essential amino acids must be derived from dietary protein, but the carbon skeleton 

of non-essential amino acids can potentially be synthesised from any dietary source 

(Schoeller, 1999). This uncertainty was clarified by rigorous experimental studies 

(Ambrose and Norr, 1993; Tieszen and Fagre, 1993) which established that collagen 

is primarily synthesised from the routing of amino acids from dietary protein, and car

bonate within bone and enamel apatite is "strongly influenced by the catabolism of 

all dietary macronutrients" (Lee-Thorp, 2008, p.933). Using a compound specific ap

proach, Jim et al. (2006) established that the proportion of protein in rat diets dictated 

the extent of non-essential and conditional amino acid routing to bone collagen; rats 
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with diets high in protein had bone collagen that heavily reflected non-fractionated 

non-essential amino acids and rats with a low-protein diet reflected more de novo syn

thesis of these non-essential amino acids from other macronutrients but, regardless of 

diet, it was suggested at least 51.3% of bone collagen carbon was routed from dietary 

amino acids (Jim et al., 2004, 2006; Lee-Thorp, 2008). 

4. Isotopic variation also occurs as a result of metabolic processes (Kennedy and Krouse, 

1989, p.966). From previous studies it has been determined that 815N values of blood, 

muscle and faeces are enriched and urine is depleted in 15N compared with diet of some 

animals (Steele and Daniel, 1978; Ambrose, 1991). This lead to the proposition that 

nitrogen fractionation "could occur in the transamination processes that are involved 

in the movement of amino nitrogen from the periphery of the body to the liver for urea 

synthesis, deamination, or urea synthesis [sic]" (Schoeller, 1999, p.672). 

Variations in animal physiology of nitrogen excretion (i.e. birds vs. mammals) (Mina

gawa and Wada, 1984) do not appear to affect the overall enrichment of the animals' 

tissues, as the trophic effect is similar between species (Schoeller, 1999). Therefore, 

with regard to bone collagen, the physiological processes that lead to the fractionation 

of nitrogen are not entirely known (Schoeller, 1999). The trophic effect in humans 

has not been established, but is widely regarded as being similar to other mammals 

(Hedges and Reynard, 2007; Schwarcz and Schoeninger, 1991). 

5. Bone's dynamic ability to remodel itself over an individual's lifetime can directly af

fect the interpretation of stable isotope values for dietary interpretations (Ambrose, 

1993; Hedges et al., 2007). The only published, large-scale element-specific study 

focused on bone turnover within adult skeletons used 14C from nuclear testing in the 

1960s and 1970s to assess the rate of bone remodelling. It was suggested that the 

cortical femoral bone collagen reflects an individual's diet for a period substantially 

longer than 10 years. It was found that collagen turnover rate slowed as an individual 

aged and collagen synthesised before adulthood was reflected in adult femora (Hedges 

et al., 2007). 

The exact rate of bone turnover is subadults is unknown. Clinical studies show that, 

as a result of rapid growth, the bone turnover in infants and children is significantly 

elevated compared to adults (Bollen, 2000; Lapillonne et al., 2000; Yang and Grey, 

2006). Liden and Angerbjorn (1999) highlight the consequences the analysis of grow

ing individuals can have on the results of palaeodietary studies. From their quantita

tive modelling study on juvenile cave bears they found that, as a consequence of fast 
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growth, the isotope signals were 'diluted' (not pronounced) within the sample. They 

stress that metabolism, growth, and collagen turnover in bone are the three main fac

tors that should be understood when studying living and prehistoric populations (Liden 

and Angerbjorn, 1999, p.1782). 

Furthermore, it has been argued that, as a result of growth, a subadult will need more 

nitrogen for protein synthesis than an adult, resulting in lower 815N values of subadult 

bone collagen values (Schurr, 1997). However, a study of the effect of growth on the 

815N values between the diaphysis and metaphyses of growing bone in a prehistoric 

Ontario Iroquois skeletal sample demonstrated that there was no correlation between 

the growing (metaphyses) and non-growing (diaphysis) portions within one bone or 

between bones of an individual (Waters, 2002; Waters-Rist and Katzenberg, 2009). 

6. Certain types of physiological and environmental stress can cause variations to the 

normal fractionation of stable isotopes within an individual. "Stress may be related to 

external environmental factors, such as temperature, aridity, salinity, altitude or avail

ability of nutrients. It may also be related to internal physical conditions, such as 

fitness level and reproductive and disease states" (Kennedy and Krouse, 1989, p.968). 

Heaton et al. (1986) and Sealy et al. (1987) were the first to identify that hot, arid 

environments could have the effect of raising 815N values. They observed African her

bivores displayed some of the highest 815N values of the animals analysed although 

their food displayed very low 815N values. 

Similar results were found in kangaroo bone collagen in arid regions of Australia (Pate 

and Anson, 2008) and in human and animal bone collagen sampled from an archaeo

logical site at the Dakhleh Oasis, Egypt (Schwarcz et al., 1999). The exact mechanism 

for this elevated enrichment is unknown, but it has been suggested that urea recycling 

could be responsible (Sealy et al., 1987), or that the high 815N values entered at the 

base of the food chain through 15N-enriched plants (Ambrose, 1991; Schwarcz et al., 

1999). Humans and animals from Pacific islands should not display this artefact of 

high 815N values present in 'arid' environments because, although indicative of high 

mean annual temperatures, the annual rainfall (discussed in Chapter 1) of the Pacific 

Islands is also relatively higher than that of a desert location. 

Nutritional stress and disease have also been recognised as variables that can affect 

S15N values. Variations in 815N values as a result of physiological stresses are directly 

related to the nitrogen balance of an individual (Hobson et al., 1993; Katzenberg and 

Lovell, 1999). An individual can either be in nitrogen equilibrium, resulting from the 
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same amount of nitrogen excretion as nitrogen ingestion; positive nitrogen balance 

defined as a net gain of nitrogen, which occurs during pregnancy, growth and heal

ing; or negative nitrogen balance: a net loss of nitrogen which occurs as a result of 

malnutrition or disease (Schumm, 1995, p.264-265). 

In a healthy state, humans and animals are in nitrogen equilibrium and the 'normal' 15N 

enrichment of bone collagen from the diet (as a result of the trophic effect) will be the 

result of this type of nitrogen balance. Positive nitrogen balance will occur as a result 

of growth or pregnancy but, as mentioned above, the one study focused on the topic 

did not find any correlation between growth and 515N values of bone collagen (Waters, 

2002). No studies have been conducted which focus on the effect of pregnancy on 

the 515N values of bone collagen, but Fuller et al. (2004) recorded a decrease in 515N 

values (0.3 to -1.1 %o) of women's hair during their pregnancy. 

Negative nitrogen balance can be a result of nutritional protein stress or disease. Hob

son and Clark (1992) and Hobson et al. (1993) found enrichment of the tissues (in

cluding bone collagen) of different species of birds during periods of nutritional stress. 

Fuller et al. (2004) identified a similar trend of increased 515N values of hair during pe

riods of weight loss corresponding with morning sickness for eight pregnant women. 

515N values of hair samples from patients suffering from anorexia nervosa displayed 

the same trend of enrichment during periods of extreme starvation (Mekota et al., 

2006). Furthermore, a study of pathological bone of modem humans identified an in

crease of Sl5N in an individual who died of AIDS. A bone sample with osteomyelitis 

showed a 515N value that was rv2%o higher than a sample of bone from a non-infected 

skeletal area from the same individual (Katzenberg and Lovell, 1999). 

From these studies it can be summarised that in a state of negative nitrogen balance 

the body catabolises its own tissues (i.e. muscle), leading to the further enrichment 

of fast-turnover tissues such as hair and slow-turnover tissues such as bone collagen if 

the negative nitrogen balance persists for a long period of time (Hobson et al., 1993). 

Katzenberg and Lovell (1999) caution that recognition of this variation in 515N as a 

result of stress can confuse interpretations of infants and children expected to have 

been breastfeeding as both the trophic level and stress could result in similar elevated 

515N values of bone collagen. 
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3.5.6 Diagenesis 

After the decomposition of soft tissues, bone and teeth come into direct contact with the 

burial environment. As a result of the specific organic and inorganic constitution of bone and 

teeth these tissues have the potential to survive for thousands and, in some cases, millions of 

years underground (Child, 1995). However, certain taphonomic processes will affect bone 

and teeth after burial, leading to the diagenesis of these tissues (Turner-Walker, 2008). Lee

Thorp (2008, p.929) emphasises "the pathway of diagenesis in bone, dentine and enamel, 

and in the organic and inorganic components of these tissues, vary markedly because of 

their chemical and structural differences, while the main external influences remain those of 

moisture and pH, microbial attack, temperature and time". 

As previously discussed, the structure of bone and teeth differ. The crown and, to a 

lesser degree, the root of a tooth is more mineralised than both compact and cancellous bone. 

In addition to mineralisation, the arrangement and density of the bioapatite crystals in enamel 

and Type I collagen in dentine lead to the better preservation of these tissues in the burial 

environment. The porosity of cancellous bone can result in an acceleration of decomposition 

of this bone type in some circumstances (Turner-Walker, 2008). However, in both bone and 

teeth, the specific organisation of the inorganic and organic phases acts synergistically to 

protect these tissues from the burial environment (Turner-Walker, 2008). Bioapatite crystals 

are embedded in the extremely robust Type I collagen fibres; therefore the removal of some 

of the inorganic component is usually necessary for Type I collagen diagenesis to commence 

(Collins et al., 2002). 

The diagenesis of bone and teeth tissues involves complex processes that can be site 

specific (Nielsen-Marsh and Hedges, 2000). Water, soil type (e.g. sand), temperature and 

soil pH will greatly influence the chemical diagenesis of bone and teeth tissues but can act 

on the organic and inorganic matrixes differently (Collins et al., 2002). For example, free

draining soils and dry sandy soils are detrimental for bone and tooth preservation compared 

with a waterlogged environment. The constant changes in moisture around these tissues can 

lead to ion exchange between the environment and the inorganic component and the poten

tial for bacteria to attack the organic component (i.e. proteins) (Grupe, 1995; Hedges and 

Millard, 1995). An acidic soil (low) pH can aid in the breakdown of the mineral component 

of bone and teeth leaving the organic component susceptible to bacterial attack. Therefore, 

a neutral or alkaline soil is best for bone and tooth preservation (Child, 1995). However, it 

has been observed that extremes in pH can result in the swelling of collagen and acceler

ate hydrolysis, although time, temperature and environmental pH will influence the rate of 
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diagenesis (Collins et al., 2002, p.385). 

Biodegradation of bone and tooth dentine by bacteria, and possibly fungi, is detri

mental to the preservation of collagen (Turner-Walker, 2008). Bacteria can cause diagenetic 

alteration of bone through a number of pathways including "demineralisation of bone, dam

age due to the action of microbial enzymes (both collagenases and proteases), the microbial 

production of MFD (microscopial focal destruction) and the alteration of proteins following 

decomposition" (Child, 1995, p.26). Bacteria are capable of destroying the Type I collagen. 

However, as a result of the structural integrity of this protein, the consequences of microbial 

attack may not be as damaging to collagen preservation as other taphonomic factors such as 

soil pH and water. If the bacteria manage to 'cut' the collagen fibres but not fully destroy 

them, then uncompromised stable isotope values will remain (Turner-Walker, 2008). Nev

ertheless, a caveat lies in the fact that the inorganic component of bone has a high affinity 

with amino acids which, as in the above example of protected bone, can potentially bond 

with microbial amino acids and vegetable tannates and possibly compromise any chemical 

analyses performed on these bones and teeth (Child, 1995). 

3.6 Methods 

The following section will outline the methods used in this study to extract and purify the 

bone collagen, the method used to analyse the stable isotopes of carbon, nitrogen and sul

phur and the inferential statistics used to test for associations and intra- and inter-population 

differences. Bone and tooth samples from Teouma (n=49 bone and n=9 tooth), Uripiv (n=5 

bone and n=2 tooth), Vao (n=4 bone and n=3 tooth), Watom (n=4 bone and n=l tooth), Tau

mako (n=120 bone and n=82 tooth) and Nebira (n=28 bone and n=26 tooth) were analysed 

for the current study. 

3.6.1 Collagen Extraction and Purification 

Bone collagen comprises about 20% of bone by weight (Pollard and Heron, 2008). Its abun

dance and resistance to diagenetic change in the burial environment make collagen an ex

ceptionally good tissue to sample for stable isotope analyses (Collins and Galley, 1998). 

However, as a result of differential isotope values between bone collagen and bone apatite 

and the potential diagenetic alterations that can affect bone (as discussed) (Lee-Thorp, 2002; 

Lee-Thorp et al., 1989), collagen must be extracted and purified before it is chemically anal-
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ysed (Ambrose, 1993). 

Although there are a number of methods to extract collagen from bone, the basic prin

ciple of all the methods is the same: remove all contaminants that could link with the collagen 

as they may introduce isotopic variability into the sample (Ambrose, 1990, 1993; Hare, 1980; 

J!()rkov et al., 2007; Tuross et al., 1988). "The major isotopic contaminants of collagen are 

lipids, biological carbonate, carbon and nitrogen in adhering sediments, and organic matter 

(rootlets, fungal hyphae, insects, and humic and fulvic acids from soils)" (Ambrose, 1993, 

p.72). 

The first step to remove possible contaminants from bone or teeth is to surface clean 

the sample with either an alum oxide pen blaster and/or ultrasonication (Ambrose, 1993). 

The next step is the demineralisation of the bone to remove the inorganic matrix embedded 

within the collagen fibres. Although the specific methods vary slightly, the general protocol 

is to demineralise the bone by soaking either finely ground bone powder, bone chunks or 

dentine sections in a concentration of hydrochloric acid (HCl) ranging from 8% (Longin, 

1971), 0.1255% (DeNiro and Epstein, 1981), 3% (Schoeninger and DeNiro, 1984) to 0.25 

and 0.1% (Brown et al., 1988). It has been established that using a lower concentration of 

HCl increases the yield of collagen (Ambrose, 1993; Chisholm et al., 1983). The use of 

HCl for the demineralisation of bone also assists in the removal of fulvic acids that may be 

attached to the bone from the burial soil (Ambrose, 1993). 

Furthermore, using pieces of bone or tooth rather than powder ensures the collagen 

fibres are maintained, even after numerous soakings with a low concentration HCl (which 

is changed every 24-48 hours) (Collins and Galley, 1998; Schoeninger et al., 1989; Tuross 

et al., 1988). It has been recognised that this method is beneficial for the removal of non

collagenous proteins present in bone as they are soluble in the acid (Grope et al., 2000). 

Although bone chunks take substantially longer to demineralise compared to bone powder, 

the retention of collagen and the removal of non-collagenous proteins merit this procedure 

(Schoeninger et al., 1989; Tuross et al., 1988). The specific method used for the current 

thesis and will be subsequently described in detail. 

The third step of collagen extraction is the purification of the collagen. A low con

centration of sodium hydroxide (NaOH) has been used in some studies to remove lipid and 

humic substances in the demineralised collagen. However, some researchers have found the 

use of NaOH can affect the isotope values destroying specific amino acids present in the 

collagen and does not remove all of the lipid component in bone (Chisholm et al., 1983; 

Liden et al., 1995). Therefore, this treatment is not used for the current analysis. Rather than 
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the use of NaOH, the current study will use ultrafiltration to extract and purify the Type I 

collagen, a technique that has become popular to "extract only the larger peptides from the 

reflux solution" (Brown et al., 1988, p.171). Ultrafiltration will be discussed in more detail 

in the collagen integrity section of this chapter. 

3.6.2 Collagen and Dentine Extraction Protocol 

The method of collagen extraction and purification follows the protocols of Brown et al. 

(1988) and Collins and Galley (1998), which are a modification of a method developed 

by Longin (1971). Dentine extraction was analogous to collagen extraction except for the 

variation noted in step one. The specific protocol was supplied by Isotrace Ltd, Dunedin, but 

undertaken by the author, and is as follows: 

1. Any adhering dirt and cancellous bone (if present) was cleaned off the surface of the 

bone using an alum oxide pen blaster (Bego EasyBlast, lOOmy Aluminium Oxide us

ing 3 bar pressure), sonicated (BIOLAB Bandelin Sonorex digitec sonicator) for 5 

minutes and fully dried. Tooth preparation was similar: teeth were cleaned by son

ication for ten minutes and dried. A small sample of enamel was removed with a 

Dremmel™ drill fitted with a diamond edge saw and bagged and labelled for future 

research. The crown was removed from the root at the cemento-enamel junction and 

the root was cut into two equal length portions (distal and proximal) also using the 

Dremmel™ drill fitted with a diamond edge saw. Similar to Fuller et al. (2003) the 

dentine was sampled horizontally rather than along growth increment lines for the pur

poses of attaining enough sample to analyse. The secondary dentine was removed 

from inside the distal portion of the tooth root with a Dremmel™ drill fitted with a 

diamond burr. This dentine section of the distal portion of tooth root was sonicated for 

5 minutes and fully dried. 

2. The appropriate amount of bone and the entire dentine sample was weighed out and 

recorded. For bone samples this was approximately 200 mg for the carbon and nitrogen 

analysis and 500-800 mg for the sulphur analysis. 

3. The bone chunk or tooth dentine was placed in 0.5M HCl in a labelled test tube and 

refrigerated at 4°C covered loosely with aluminium foil, ensuring the foil was not 

touching the lips of the test tubes. 
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4. The HCl was changed every 48 hours until the sample was totally demineralised. The 

demineralisation of the sample was determined using the criteria described in Waters 

(2002, p.62). The proteinaceous model is describing the demineralising bone chunk. 

(a) The solution was clear. It was no longer discoloured (usually yellow or brown) 

or cloudy. 

(b) The proteinaceous model did not release and/or show any bubbles when pressed 

with a metal depressor. This is a good indication that chemical reactions are no 

longer occurring. 

(c) The proteinaceous model was completely saturated with the solution. In most 

cases this was evidenced by the sample resting on the bottom of the container 

and not floating. 

(d) The proteinaceous model was soft and sponge-like when pressed with the metal 

depressor. 

(e) The proteinaceous model was at least partially translucent. 

5. The HCl was then disposed of and the sample was rinsed three times with distilled 

H20. 

6. The final rinse water was discarded and a pH3 solution was added to the sample. 

7. The sample was then placed in a 70°C oven for 48 hours covered tightly with an 

aluminium foil lid. 

8. After 48 hours the sample was removed from the oven and transferred into a labelled 

16x125 ml test tube, and any large solids remaining in the original test tube were left 

behind and discarded. 

9. The sample was then filtered using a 5-8 J-Lm Ezee® mesh filter (Elkay Laboratory 

Products) and the filtered liquid was transferred into another labelled test tube. 

10. The sample was then ultrafiltered using an Ultrafree® -4 Centrifugal Filter Units ( > 30 

kDa) (Millipore USA) to purify the collagen. The ultrafilters had been previously 

cleaned to remove any exogenous carbon by fully filtering three separate rinses of 

distilled water through them directly preceding the filtering of the sample. 

11. The concentrated collagen was pi petted into 4 ml eppendorf tubes and frozen first at 

-20°C for one day and then in -30°C until freeze-drying. 
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12. The eppendorf tubes were punctured using a sharp dental tube that was sterilised with 

ethanol between samples and were then transported in an eppendorf tube tray to the 

freeze drier on dry ice. 

13. The samples were lyophilised for 48 hours. 

14. The remaining purified collagen was then weighed and transferred into new, labelled 

eppendorf tubes. 

15. The prepared sample was then submitted to !so-Analytical for carbon, nitrogen and 

sulphur stable isotope analysis for bone collagen and carbon and nitrogen stable anal

ysis for tooth dentine. 

3. 7 Methods for Analysis by Mass Spectrometer 

!so-Analytical Ltd, Cheshire, UK, was contracted for the analysis of carbon, nitrogen and 

sulphur stable isotopes of the purified collagen. !so-Analytical Ltd, provided the following 

descriptions of the techniques used to analyse the stable isotopes of carbon and nitrogen. 

These descriptions are quoted verbatim at the request of Isolytix Ltd, !so-Analytical's Aus

tralian and New Zealand agent. 

3.7.1 Carbon and Nitrogen Stable Isotope Analysis 

"The technique used for analysis was Elemental Analysis Isotope Ratio Mass Spectrometry 

(EA-IRMS). In this technique, samples and references are weighed into tin capsules, sealed, 

and loaded into an auto-sampler on a Europa Scientific elemental analyser. From there they 

are dropped in sequence into a furnace held at 1000°C and combusted in the presence of 

oxygen. The tin capsules flash combust, raising the temperature in the region of the sample 

to rv 1700°C. The combusted gases are swept in a helium stream over combustion catalyst 

(Cr20 3), copper oxide wires (to oxidize hydrocarbons), and silver wool to remove sulphur 

and halides. The resultant gases, N2, NOx, H20, 0 2 , and C02 are swept through a reduc

tion stage of pure copper wires held at 600°C. This removes any oxygen and converts NOx 

species to N2• A magnesium perchlorate chemical trap is used to remove water. Nitrogen 

and carbon dioxide are separated using a packed column gas chromatograph held at a con

stant temperature of 65°C. The resultant nitrogen peak enters the ion source of the Europa 
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Scientific 20-20 IRMS first, where it is ionized and accelerated. Nitrogen gas species of dif

ferent mass are separated in a magnetic field then simultaneously measured using a Faraday 

cup collector array to measure the isotopomers of N2 at m/z 28, 29, and 30. After a delay 

the carbon dioxide peak enters the ion source and is ionized and accelerated. Carbon dioxide 

gas species of different mass are separated in a magnetic field then simultaneously measured 

using a Faraday cup collector array to measure the isotopomers of N2 at m/z 44, 45, and 46. 

Both references and samples are converted to N2 and C02 and analysed using this 
method. The analysis proceeds in a batch process by which a reference is analysed followed 

by a number of samples and then another reference." 

3. 7.2 Reference Standards and Quality Control 

"The reference material used for 513C and 515N analysis was IA-R042 (powdered bovine 

liver, 513Cv-PDB = -21.60%o , 515NAir = 7.65%o ). IA-R042, a mixture of IA-R005 (beet 

sugar, 513Cv-PDB = -26.03%o) and IA-R045 (ammonium sulfate, 515NAir = -4.71 %o) and 
a mixture ofiA-R006 (cane sugar, 513Cv-PDB = -11.64%o) and IA-R046 (ammonium sui

fate, 515NAir = 22.04%o) were run as quality control check samples during sample analysis. 
IA-R042 is calibrated against and traceable to IAEA-CH-6 (sucrose, 513Cv-PDB = -10.43%o 
) and IAEA-N-1. (ammonium sulfate, bi5NAir = 0.40%o ). IA-R005 and IA-R006 are cali
brated against and traceable to IAEA-CH-6. IA-R045 and IA-R046 are calibrated against 
and traceable to IAEA-N-1. IAEA-CH-6 and IAEA-N-1 are inter-laboratory comparison 
standards distributed by the International Atomic Energy Agency (IAEA), Vienna." 

3.7.3 Sulphur Stable Isotope Analysis 

"Analysis was undertaken by EA-IRMS. Tin capsules containing reference or sample ma

terial plus vanadium pentoxide catalyst were loaded into an automatic sampler. From there 
they were dropped, in sequence, into a furnace held at 1080°C and combusted in the presence 
of oxygen. Tin capsules flash combust, raising the temperature in the region of the sample to 

"' 1700°C. The combusted gases are then swept in a helium stream over combustion catalysts 
(tungstic oxide/zirconium oxide) and through a reduction stage of high purity copper wires 
to produce S02, N2, C02, and water. Water is removed using a Nafion™ membrane. Sulfur 

dioxide is resolved from N2 and C02 on a packed GC column at a temperature of 4SOC. The 
resultant S02 peak enters the ion source of the IRMS where upon it is ionized and accel

erated. Gas species of different mass are separated in a magnetic field then simultaneously 
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measured on a Faraday cup universal collector array. Analysis was based on monitoring of 

mlz 48, 49 and 50 of so+ produced from so2 in the ion source." 

Reference Standards and Quality Control 

"The reference material used for analysis was IA-R036 (!so-Analytical working standard 

barium sulphate, 8 34ScDT = +20.74%o ). IA-R025 (!so-Analytical working standard barium 

sulphate, 8 34
Sv-CDT = +8.53%o ), IA-R026 (!so-Analytical working standard silver sul

phide, 8 34Sv-CDT = +3.96%o) and IA-R036 were used for calibration and correction of the 
180 contribution to the so+ ion beam. Working standards are traceable to NBS-127 (barium 

sulphate, 8 34
ScDT = +20.3%o) and IAEA-S-1 (silver sulphide, 8 34Sv-CDT = -0.3%o ). Test 

samples ofiA-R036 and IA-R027 (whale baleen, 8 34ScDT = +16.3%o) were also measured 

as quality control check samples during analysis of the sample. The 834S values obtained for 

the quality control check samples are given in the table of results. NBS-127 and IAEA-S-1 

are distributed as isotope reference standards, by the International Atomic Energy Agency 

(IAEA), Vienna." 

3. 7.4 Measurement Error 

Other than the instrument precision, other sources of error that can affect 813C, 815N and 

834S values include drift in machine electronics, the heterogeneity of the standard and sample 

material and intrabone variation in collagen composition (Field et al., 2009). To assess any 

variability in the sample analysis, a 20% duplication of the 813C, 815N and 834S analysis was 

conducted. 

3.8 Methods for Assessing Collagen Integrity 

Collagen quality indicators are used to ensure diagenetic processes have not affected the 

preservation of the bone and tooth collagen and subsequently altered the 813C and 815N val

ues used for dietary analyses. Atomic C:N ratios are a well accepted means of assessing 

collagen quality (Ambrose, 1993). Atomic C:N ratios are calculated by dividing the %C by 

the %N of the collagen sample and multiplying this number by 1.1666, which is the molar 

mass of 14N divided by the molar mass of 12C. A C:N ratio of 2.9-3.6 has been recognised as 

a good predictor of well-preserved collagen and will be used in this study. Any diagenetic al-
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teration of the samples within this range of C/N ratios is presumed to be relatively small and 

not enough to significantly alter the 8 values (DeNiro, 1985). High C:N ratios (over 3.6) can 

be indicative of collagen contaminated by humic substances, carbonates or from the degra

dation of Type I collagen, leaving non-collagenous proteins with higher C:N ratios (Masters, 

1987). Low C:N ratios can indicate bacterial contamination of a sample or contamination by 

nitrogen rich substances (Masters, 1987; Schoeninger et al., 1989). C:N ratios of between 

2.9-3.6 are usually representative of well-preserved collagen and these parameters will be 

used in the current study. 

Atomic C:S and N:S ratios have also been suggested as good indicators of collagen 

quality when analysing 834S values. These ratios are calculated in a similar way to the C:N 

ratio, notably the %C or %N is divided by the %S and then multiplied by the molar mass of 
32S divided by the molar mass of 12C or 14N. From a large study of modem and prehistoric 

animals, Nehlich and Richards (2009) suggested the atomic C:S ratio of 600±300 and an 

atomic N:S ratio of 200±100 were indicative of well preserved collagen. These ranges 

are used in the current study to identify the quality samples for inclusion in the statistical 

analyses of 834S values. It must be noted that previous studies have been slightly more 

conservative in their estimates of mammalian bone collagen atomic ratios. However, these 

studies were based on smaller sample sizes than the Nehlich and Richards (2009) study and 

suggested that finer refinement of atomic C:S and N:S ratios was needed (Craig et al., 2006; 

Privat et al., 2007). 

Assessing the percentage of nitrogen, carbon and sulphur within collagen is another 

method to ascertain possible postmortem diagenetic alteration. Modem mammalian bone 

collagen has approximately 43% carbon, 16% nitrogen and 0.28% sulphur (Ambrose and 

Norr, 1992; Nehlich and Richards, 2009). %C values over 45% can be indicative of contam

ination of the collagen extract by exogenous organic and inorganic substances (e.g. humic 

acids) and %C less than 6.6%, in conjunction with %N lower than 1.9%, can indicate the de

terioration of native protein (Ambrose, 1993, 1990; Ambrose and Norr, 1992). In this study, 

samples with a %C less than 6.6% and/or a %N lower than 1.9% were removed from the 

analysis of the stable isotope data for dietary reconstruction. 

Samples with high %S (>0.60%) content in collagen should be used with caution, as 

this level of %S is indicative of exogenous sulphur contamination (e.g. gypsum nodules, 

sulphates, orpyrates) (Nehlich and Richards, 2009; Privat et al., 2007). The exact %S within 

collagen is dependent on the retention of S-hearing amino acids, most specifically methion

ine. The use of larger ultrafilters (i.e.>30kDa) can assist in the removal of lower molecular 
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weight sulphur contaminants in a collagen sample; however this may be at the expense of 

losing smaller endogenous collagen fragments (Privat et al., 2007). As a result of the varia

tion and uncertainty of the appropriate %S content to use for the determination of collagen 

quality, samples with %S contents over 0.60% were removed from the analyses. The remain

ing samples were assessed using both the atomic C:S and N:S ratios discussed above (Privat 

et al., 2007). 

In this study the atomic C:N ratio, C:S ratio, N:S ratio, %C and %N was used to 

ensure the collagen integrity of the samples. Some studies have used collagen yield to as

sess collagen integrity as the small amounts of collagen are indicative of overall collagen 

degradation (Ambrose, 1990; Hedges et al., 1995; Schoeninger et al., 1989; van Klinken, 

1999). This study did not use collagen yield because the ultrafilters (Ultrafree@ -4 Cen

trifugal Filter Units) used to refine the collagen will reduce the collagen yield by rv50% or 

more (JS?)rkov et al., 2007; Miildner and Richards, 2005). Ultrafiltration removes contami

nants of low molecular weights (i.e. less than 30K Dalton), such as fulvic acid, in addition to 

non-collagenous proteins which are included in the yield if ultrafilters are not used (Brown 

et al., 1988). Although the collagen yield is considerably lower when ultrafilters are used 

compared to extraction protocols that do not use ultrafilters, the quality of the collagen is 

higher (Jacobi et al., 2006; Miildner and Richards, 2005, 2007a,b). 

3.9 Statistical Analysis of Stable Isotope Data 

All statistical analyses were performed using Stata 10.0. The adults were grouped by sex 

and by age category, specifically young (17-35 yrs), mid (35-50 yrs) and old (50+yrs) us

ing standards from Buikstra and Ubelaker (1994). The estimated ages of the subadults were 

used in addition to grouping the subadults into categories of pre- and perinatal (0 yrs and 

below), young subadult (up to but not including 4 yrs) and older subadult (4 or more yrs) 

using standards of tooth formation and eruption found in Scheuer and Black (2000). De

scriptive statistics were calculated for all skeletal samples. Skeletal samples smaller than ten 

were usually not analysed using inferential statistics. Furthermore, the 'mid' and 'old' age 

groups were combined to increase sample size for the inferential statistics, although these 

age categories are included both separately and combined for the descriptive statistics. 

Levene's test for equality of variance was used before comparing means between two 

or more groups of data using parametric tests. Groups were considered to show no evidence 

of different variances if the p value of this test was not statistically significant (p=>0.05). 
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Where the data were normally distributed within each group (i.e. the residuals were normally 

distributed) and there was no evidence of unequal variances, two groups were analysed using 

a t-test and three or more groups were analysed using a regression model to compare the 

means between the groups. If the variances were not equal (p=<0.05), the unequal variance 

t-test was used for two groups. If there was evidence of non-normality in residuals, and no 

a priori justification for assuming normality, nonparametric analyses were used to test the 

difference in location between the groups. The Mann Whitney U Test was used for groups 

of two and the Kruskal-Wallis test was used for groups of three or more. 

The staple isotope data from the adult individuals were also analysed using a regres

sion model to test whether there was any age or sex effect on the stable isotope values for 

carbon, nitrogen and sulphur. The residuals of these tests were assessed for normality and 

homoscedasticity, as above. The same tests were performed on the subadult data except that 

a regression model was used to assess the effect of age on the stable isotope values of bone · 

collagen for carbon, nitrogen and sulphur, not testing for a sex effect. A log transformation 

was used if the residuals showed signs of skew or heteroscedasticity (non-constant variance) 

to investigate if this improved the residual diagnostics. For both adults and subadults, Spear

man's correlation was used to analyse the association between the elemental isotope values 

(i.e. carbon and nitrogen, carbon and sulphur and sulphur and nitrogen) without assuming 

linearity (i.e. looking for monotonic associations). Statistical significance was determined 

for all inferential statistics by p=<0.05 (two-sided). Any p values between 0.05 and 0.10 

were described as tendencies. Where parametric analyses were used 95% confidence inter

vals were provided 

3.10 Stable Isotope Results 

3.10.1 Measurement Error Results 

Analytical error of the instrument precision was routinely ±0.1 %o for 513C and ±0.2%o for 

515N. Duplicate analyses of 20% of the collagen samples demonstrated there was typically 

less than 0.1 %o variation between duplicate analyses of collagen samples for 513C and 515N 

of both bone and teeth. The mean absolute difference (±1 standard deviation) for 513C 

was 0.03±0.03%o for bone and 0.05±0.05%o for teeth. The mean absolute difference (±1 

standard deviation) for 515N was 0.04±0.03%o for bone and 0.04±0.02%o for teeth. The 

mean absolute difference (±1 standard deviation) between collagen duplicate analyses for 
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Table 3.2: Collagen samples excluded for falling outside either the parameters for atomic 
C:N ratio (2.9-3.6) or atomic N:S ratio (200±100). 

Population 8"'C & 8"N bone o',C & 8"N tooth <)Y>S bone 
Taumako 6(C:N) lO(C:N) 7 (N:S) 
Taumako subadult 0 0 1 (N:S) 
Nebira 4(C:N) 0 7 (N:S) 
Nebira subadult 2(C:N) 0 2 (N:S) 
Teouma 0 0 10 (N:S) 
Teouma subadult 0 0 0 
Vao 0 1 (C:N) 1 (N:S) 
Uripiv 1 (C:N) 0 0 
Watom 0 0 0 

834S was 0.4±0.3%o. 

The quality of the data for this thesis is therefore as good as or better than that of sim

ilar studies. The mean absolute differences between the duplicates for 813C and 815N were 

less than reported by Greenlee (2002) for prehistoric human bone collagen samples from 

the Eastern United States. She recorded a mean absolute difference (±1 standard error) of 

0.141±0.011 %o with an average standard deviation (±1 standard error) of 0.080±0.005 for 

duplicate analyses. Although the 834S mean absolute difference between duplicate samples 

was more variable than the 813C and 815N, the range was comparable to results from Nehlich 

and Richards (2009) who observed a ±0.6%o or better (no standard deviation given) for 834S 

values between duplicate collagen samples from a large number (n=140) of modem animals. 

As a result of the small amount of variation between duplicate samples, the average of the 

duplicate values for 813C, 815N and 834S was computed and used for statistical analyses. 

Collagen Integrity Result 

Bone and tooth collagen samples that did not meet the collagen quality indictors (i.e. atomic 

C:N ratio between 2.9-3.6, atomic C:S ratio of 600±300, atomic N:S ratio of 200±100, 

%C above 3% by weight, %N above 1% by weight and %S below 0.60% by weight) were 

excluded from the statistical analyses, and the number of samples excluded for these reasons 

are reported (Table 3.2). 

3.10.2 Dietary Baseline 

With the exception of a limited number of animals from the Teouma site, prehistoric faunal 

material from the archaeological sites was either non-existent or unavailable to analyse for 

813C, 815N and 834S values to form local baselines values of potential food sources. To 
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enhance the data from the available prehistoric fauna from the sites, an isotopic frame of 
reference was developed using previously published values for both modern and prehistoric 
Pacific island plants and animals. As previously mentioned, the use of floral and faunal 
stable isotope data that is not specific to the archaeological sites under investigation can 
introduce error in the interpretations of human diet at these sites, especially with regard 
to inter-site comparisons of protein consumption. However, in the absence of site-specific 
isotope baseline data, the application of a Pacific island frame of reference is the best possible 
method to understand human food consumption patterns in the past. As the major focus of 
the current study is to understand intra-population variations in diet and health at each site, 
with a secondary emphasis on understanding inter-population variations in diet over time, 
the use of a general frame of reference for all the sites should be sufficient for the current 
analyses. 

Only tropical Pacific island isotope values were used to construct this framework due 
to the potential for geographic variation in 6 values as discussed earlier (Ambrose, 1993) 
(Table 3.3). As previously mentioned, temporal variation in 513C values has occurred as 
a result of anthropogenic effects since the Industrial Revolution, a phenomenon known as 
the Suess effect (Tieszen, 1991). Since there has been a global decrease in 513C values in 
modern compared to pre-1800s times in both terrestrial and marine ecosystems of around 
1.5%o and .86%o respectively, it is necessary to add these values to modern terrestrial and 
marine organisms to correctly interpret prehistoric 513C values (Beavan-Athfield et al., 2008, 
p.9). Therefore, modern Pacific island plant and animal513C values used for the baseline data 
in this study were corrected for the Suess effect. 

Additionally, the presence of lipids in modern flesh, and to a smaller extent bone, can 
influence the 513C values of the sampled tissue. Muscle is more enriched in 13C compared 
to lipids (Tieszen et al., 1983). As protein is thought to be preferentially routed to bone 
collagen, it is important to defat floral and faunal samples before isotope analysis to ensure 
the lipid portion of the tissue has not influenced the 513C values. Only one publication used 
to construct the Pacific island dietary baseline detailed defatting the modern food samples 
(Yoshinaga et al., 1991). From a review of the other publications, it is unknown whether 
these analyses included a defatting stage when preparing the modern samples for isotope 
analysis. As a result, it is possible the 513C values of the modern faunal, and to a lesser extent 
floral, samples used to construct baseline data were influenced by the presence of lipids. In 
this study, it is suggested that the use of the mean values, ± 1 one standard deviation, for 
modern plant and animal data will assist in overcoming the potential problems associated 
with the unknown methods of lipid removal, or lack thereof. 
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Table 3.3: Studies used to construct the Pacific island baseline values used in this thesis. 

Food Category Reference Sources 
Modern Plants Alien and Craig (2009); Ambrose et al. (1997); Beavan-Athfield et al. (2008); Casu et al. (2009); Fry et al. 

(1983); Leach et al. (2003); Yoshinaga et al. (1991, 1996) 
Modern Animals Alien and Craig (2009); Ambrose et al. (1997); Beavan-Athfie1d et al. (2008); Fry et al. (1983); Leach et al. 

(2003); Yoshinaga et al. (1996); Field et al. (2009) 
Prehistoric Animals Alien and Craig (2009); Leach et al. (2003); Field et al. (2009); Jones and Quinn (2009); Richards et al. 

(2009); Dye (1990); Beavan-Athfield et al. (2008); Valentin et al. (2010) 
Commensal Animals Allen and Craig (2009); Beavan-Athfield et al. (2008); Field et al. (2009); Jones and Quinn (2009); Leach 

(2003); Richards et al. (2009); Valentin et al. (2006, 2010) 

It is also necessary to correct for differences in bone and flesh o values of potential 

dietary sources because the flesh of an animal is normally the tissue consumed by humans. 

Flesh o13C values are thought to be around 1.5%o more negative compared to bone o13C 

values (Tieszen and Fagre, 1993). However, difference in o13C between fish flesh and bone 

has been observed to be more negative, around -3.7%o (Beavan-Athfield et al., 2008; Keegan 

and DeNiro, 1988). Therefore, a conversion factor of -3.7%o for fish and -1.5%o for all other 

animals was used to correct bone collagen o13C values to flesh o13C values. 

Differences in o15N values between bone and flesh are not as large as o13C and, using 

data from Hobson (1990), Beavan-Athfield et al. (2008, p.8) suggested a conservative value 

of -0.6%o be used when converting bone to flesh o15N values; this value is used in the current 

study. A limited number of studies have investigated the fractionation of o34S values in 

human and animal tissues (Krouse et al., 1987; Peterson et al., 1985; Richards et al., 2003), 

but all these studies found the fractionation of o34S to be relatively small 0.4-1.4 %o , with 

the exception of horses fed low protein C4 diets ( rv+4.0%o ) (Richards et al., 2003). In the 

absence of literature published on the difference between o34S values between bone and flesh 

values, a conservative +0.4%o conversion factor is used in this study (Beavan-Athfield et al., 

2008; Leach et al., 1996). 

The modem and prehistoric bone o13C, o15N and o34S values were converted to flesh 

values by the values outlined above, and the plants and animals were divided into general 

groups. Prehistoric pigs, dogs, chickens and rats were grouped into their own respective 

categories because these animals are either fed by humans or are known to feed on human 

foods and are therefore not representative of terrestrial baseline animal values. These animals 

are from a number of archaeological sites across the Pacific Islands and are not used for the 

primary baseline data but are commented on following the initial dietary interpretations for 

each of six skeletal samples. For the data of all the dietary categories, mean values for the 

group of organisms that comprise the category and one standard deviation for the mean of 

each group was calculated (Table 3.4). 
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Table 3.4: Dietary categories for baseline data from Pacific island food resources. 

Food category ,,C (%o) SD n= "N(%o) SD n= ,
4 S(%o) SD n= 

Cs plants -25.1 1.9 76 4.3 2.8 55 10.8 4·7 28 
c4 plants -10.1 0.6 4 5.9 3.4 2 10.2 2 2 
Endemic animals -22.6 1.5 21 5.1 2.8 21 10.8 3.2 4 
Wallabies -17.9 7.1 5 3.8 1.1 5 
Prehistoric pig -19.3 2.4 58 10.4 2.5 58 7.2 6.5 3 
Prehistoric dog -17.3 3.1 26 12.2 2.4 26 11.5 3.7 2 
Prehistoric rat -19.1 1.8 18 10.8 2.8 18 
Prehistoric chicken -17.2 0.5 3 10.2 2 3 12.4 NIA 1 
Macroa1gae -15.3 4 16 5.9 1.6 3 
Seagrass -7.6 0.8 14 
Brackish water and freshwater fish -25.5 3.1 10 8.3 2.2 10 
Reef fish -13.9 3.3 43 10.6 3.6 40 17.7 0.7 19 
Marine shellfish, crustacea and holothurians -13.8 2.3 29 7.2 4 7 18.4 0.5 5 
Deep water fish -14.6 1.6 20 14.2 3.4 20 18.2 1.3 2 
Turtle -14.7 5 7 14.4 6.6 4 
Du gong -3.4 NIA 1 6.6 NIA 1 

It is necessary to correct for diet-tissue spacing of the humans to compare the human 

bone collagen 6 values to the 6 values of the potential food resources. As already mentioned, 

there is some inconsistency in the literature regarding the correct 6 values to use for the diet

to-tissue spacing for humans. In this study, the lower end of the ranges of 6 values of 0-2%o 

and 3-5%o suggested by Bocherens and Drucker (2003, p.46) for diet-tissue spacing of 613C 

and 615N respectively are used. Specifically, the human bone collagen 6 values were adjusted 

by subtracting 1 %o for 513C and 3%o for 615N to account for diet-to-tissue spacing when these 

values were used for the dietary interpretations during the discussion of the results. 

Similar to the difficulties interpreting the bone to flesh 6 values for sulphur, relatively 

little is known about the diet-to-tissue spacing of 534S. The diet-to-tissue spacing for 634S of 

tissues other than bone collagen has been observed to be quite small for terrestrial animals 

(Krouse et al., 1987; Peterson et al., 1985; Richards et al., 2003) and possibly even result 

in negative fractionation in marine organisms (Krouse, 1989; Krouse and Herbert, 1988). 

Thus, an average of the diet-to-tissue spacing suggested by Beavan-Athfield et al. (2008, 

p.9) for 534S (1.3%o and -0.9%o ) (Leach et al., 2000)) for terrestrial and marine organisms 

respectively will be used (i.e. 0.2%o) when interpreting the potential dietary items consumed 

by the individuals in this study. 

3.10.3 Human Stable Isotope Results 

The following results of the stable isotope analysis for each sample are reported on a site

specific basis. The interpretation of the stable isotope values for each of the samples and a 

comparison of all the samples will follow the results of the analyses. 
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Table 3.5: Teouma mean bone collagen 513C, 515N and 534S values (%o1 SD), adults and 
subadults. 

Teouma Adults n- o"C (o/oo) SD 010N(o/oo) SD 
Overall 42 -15.8 1.2 12.4 1 
Males 23 -15.9 1.2 12.8 I 
Females 17 -15.6 1.2 11.7 0.8 
Unknown 2 -16.6 0.6 12.6 0.6 
Age 
Young 8 -15.7 0.8 13 1.5 
Mid !I -15.8 1.3 12.1 I 
Old 14 -15.8 1.2 12.3 0.8 
Mid/old combined 25 -15.8 1.2 12.2 0.9 
Unknown 9 -15.9 1.5 12.2 0.6 
Teouma Adults n- 0°'S(o/oo) SD 
Overall 20 11 1.2 
Males 12 11.1 1.4 
Females 8 10.9 0.9 
Age 
Young 6 11.8 1.5 
Mid 5 10 0.6 
Old 8 11.3 0.8 
Mid/old combined 13 10.8 I 
Unknown 1 9.5 NIA 
Teouma Subadult n= ojjC (o/oo) SD o10N(o/oo) SD 
19.8-39.2 wks 7 -16.9 0.7 12.4 0.4 

3.10.4 Teouma 

The overall mean 513C, 515N and 034S values (± 1 SD) of the Teouma individuals in addition 

to the mean (±1 SD) of these values for the sex and age groups and subadult individuals 

are provided (Table 3.5). The mean for the subadult group was calculated separately from 

the adult sample. These data are reported separately because all the Teouma subadults were 

foetal or perinatal individuals and may not be representative of the adult 5 values, and this 

will be further discussed below (Kinaston et al., 2009). 

Teouma Bone Collagen 513C, 515N, 534S Results 

Spearman's correlation of 513C and 515N values for the overall sample, without subadults, 

was negative but not statistically significant (Spearman's r=-0.24, p=0.127) (Figure 3.1). 

However, when the sample 513C and Ol5N values were analysed by sex, there was a sta

tistically significant negative correlation of 513C and 515N in males (Spearman's r=-0.49, 

p=0.017), but while adult female 513C and 515N values were positively correlated, this cor

relation was not statistically significant (Spearman's r=0.14, p=0.587). When separated into 

the two age categories (young and mid/old combined), the correlation of the 513C and 515N 
values was not statistically significant, although the old/mid combined age group was the 

only group that was larger than 10 individuals. 
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Figure 3.1: Teouma bone collagen 513 C and 815N values (n=49). 
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When sulphur and nitrogen or carbon were considered, correlation between isotope 

pairs of 513C and 534S and 815N and 534S was not statistically significant for the overall 

sample, males or females, or the age groups, although again, the young age group did not 

have a sufficient number of individuals to interpret results from these correlations reliably 

(Figure 3.2). 

To further describe the isotopic variations among different cohorts, univariate analyses 

(Student's t-test) were performed on the differences in mean values of 513C, 815N and 534S 

between the sexes and the two age groups (young and mid/old) respectively. The only sta

tistically significant differences were between the groups was found in 815N, where males 

displayed higher 815N values than female 815N values (difference 1.1 %o , 95% Cl 0.45-1.65, 

p =0.001). When the groups were analysed using multivariate statistics (linear regression) to 

test for age or sex effects on the stable isotope values, an outcome similar to the the uni

variate analyses was observed. Male 515N values were statistically significantly higher than 

female 515N values (difference 1.2%o , 95% Cl -1.85- -0.50, p =0.001). Additionally, there 

was a tendency for the 515N values of the young age group to be higher than the mid/old 

age group (difference 0.8%o , 95% Cl -1.52-0.02, p=.055). However these results should be 

interpreted tentatively as the sample size ofthe young age group was less than 10 individuals 

(n=8). Two male individuals were identified as outliers from the 513C, 515N values and 534S 
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Figure 3.2: Teouma bone collagen 834S and 815N values (n=20). 

values. 

All the subadult individuals from Teouma were either foetal or perinatal individuals, 

aged between 19.8 weeks and 39.2 weeks in utero from long bone lengths (Kinaston et al., 

2009). The mean 813C of the subadult individuals was statistically significantly lower than 

both the overall mean of the adult 81~C values (difference 1.1 %o, 95% Cl 0.20-2.07,p=0.018) 

and the adult female 813C values (difference 1.4%o, 95% Cl 0.33-2.36, p=0.012). There was 

a tendency for the mean of the subadult 815N values to be lower than the mean of the adult 

female 815N values (difference 0.62%o, 95% Cl -1.25-0.0l,p=0.052), but no such trend was 

observed when compared to the overall adult 815N mean values for both sexes combined 

(difference 0.01 %o, 95% Cl -0.81-0.79, p=0.976). 

Teouma Tooth Collagen 813C and 815N Results 

As a result of interesting burial practices (i.e. head removal) at the Teouma site there were 

relatively few first molars to analyse for 813C and 815N. The mean 813C and 815N values (±1 

SD) for tooth collagen is provided in (Table 3.6). The sample sizes were too small to test 

for correlations between bone and teeth isotope values, or to test between the age groups and 

sexes for differences in tooth 813C and 815N values (Figure 3.3). However, the mean female 
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tooth o13C and o15N values were 0.6%o and 1.1 %o respectively, higher compared to the mean 

male tooth collagen o13C and o15N values. The distribution of ages was too skewed to infer 

similar differences in mean isotope values. 
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Figure 3.3: Teouma tooth collagen o13C and o15N values (n=9). 
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Differences between teeth and bone mean o13C and o15N values are given in Table 3.7. 

The most noticeable difference is between the female mean o15N values of bone and tooth 

collagen (2.1 %o ). However, the sample size (n=2) was too small to make any meaningful 

inferences regarding this large difference. It must be noted that the 2.1 %o difference between 

the bone and tooth o15N values of the young age group is represented by a single female. 

Smaller differences in mean o15N values between bone and tooth collagen were observed for 

the remaining groups (1.2-1.5%o ). Differences in mean bone and tooth o13C values were not 

so pronounced and range from -0.1-0.6%o , although unlike nitrogen, the smallest differences 

were observed in the groups of two individuals and one individual respectively. 
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Table 3.6: Teouma mean tooth collagen 513C and 515N values (±1 SD). 

Teeth n= oUC (%o) SD o10 N(%o) SD 
Overall 9 -15.8 1.2 13.8 1.5 
Males 5 -15.9 1.2 13.6 1.6 
Females 3 -15.3 1.6 14.7 0.9 
Unknown 1 -16.5 NIA 11.6 NIA 
Age 
Young 1 -16.8 NIA 13.8 NIA 
Mid 2 -17 0.4 12 0.3 
Old 6 -15.2 1.1 14.3 1.5 
Mid/old combined 8 -15.7 1.2 13.8 1.6 

Table 3.7: Teouma mean 513C and 515N values for tooth and bone collagen, including differ
ences between the two tissues. 

ouc n= mean o (%o) bone mean o (%o) tooth difference (%o) 
Overall 7 -15.5 16 0.4 
Males 5 -15.3 -15.9 0.6 
Females 2 -16 -16.1 0.1 
Age 
Young 1 -16.9 -16.8 -0.1 
Mid/old combined 6 -15.3 -15.8 0.5 
o"N n= mean o (%o) bone mean o (%o) tooth difference (%o) 
Overall 7 12.4 13.8 -1.5 
Males 5 12.4 13.6 -1.2 
Females 2 12.3 14.4 -2.1 
Age 
Young I 11.7 13.8 -2.1 
Mid/old combined 6 12.5 13.8 -1.4 
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Table 3.8: Uripiv mean bone collagen 513C, 515N and 534S values and mean tooth collagen 
513C, 515N values (±1 SD), including differences between the Lapita-associated 
subadults and post Lapita adult. 

Bone n- D10C (%o) SD D10N(%o) SD 
Overall 5 -17 0.8 10.3 1.4 
Lap ita 4 -16.7 0.5 10.7 1.3 
Post-Lap ita 1 -18.2 NIA 8.8 NIA 
Lapita/Post-Lapita cliff 1.5 1.9 

n= 8-'•S(%o) SD 
Overall 2 11.6 1.8 
Lap ita 1 10.4 NIA 
Post-Lapita 1 12.8 NIA 
Lapita!Post-Lapita diff -2.5 
Teeth n= D10C (%o) SD 8DN(%o) SD 
Post-Lapita 2 -19.1 0.4 9 0.3 

Table 3.9: Bone collagen 513C and 515N values for Lapita-associated subadults from Uripiv. 

Burial Age 8"'C(%o) 8 °N(%o) 
U1 18 months -16.8 12 
us 32-34 weeks in utero -17.3 9.9 
U6 Neonate -16.6 9.3 
U7 Neonate -16.2 l1.4 

3.10.5 Uripiv 

The results of the 513C, 515N and 534S analyses (±1 SD) for bone collagen and 513C and 

515N analyses (± 1 SD) for tooth collagen for the Uripiv individuals are provided (Table 3.8). 

The Lapita-associated and post-Lapita individuals have been reported together in the overall 

category and separately in this table. The differences between the overall mean o values of 

these two groups are noted. The overall sample from Uripiv was small and included four 

Lapita-associated subadults and two post-Lapita adults (one of which is represented by a 

tooth ~ollagen sample only). 

As a result of the small sample size, only descriptive statistics could be undertaken for 

the Uripiv sample. Compared to the Lapita-associated individuals, the post-Lapita burial had 

lower 513C (difference 1.5%o ) and 515N (difference 1.9%o ) values, but higher 534S values 

(difference 2.5%o ) (Figure 3.4 and Figure 3.5). All the Lapita-associated individuals from 

Uripiv that were chemically analysed were either perinates or infants (n=4) (Table 3.9). As 

will be discussed later, comparisons of perinatal and infant values with adult individuals are 

tentative because of the potential for breastfeeding to elevate the 515N values of bone colla

gen. The 18 month-old Lapita individual's bone collagen 515N value and 513C value is 1.8%o 

and 0.1 %o higher than the mean bone collagen 515N and 513C values of the perinatal/neonatal 

individuals (which may be representative of the adult values) respectively. 
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Figure 3.4: Uripiv bone collagen 813C and 815N values (n=5). 

The two tooth samples are from the post-Lapita individuals mentioned above (Burial 

9 and Burial 2). The individual of unknown age and sex (Burial 9) had both a first molar 

with good quality collagen and well-preserved bone collagen for analysis (Figure 3.6). This 

individual's bone has a slightly higher bone collagen 813C value and lower 815N value than 

the tooth collagen o values (differences of 0.6%o and -0.4%o respectively). 
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Figure 3.5: Uripiv bone collagen 834S and 815N values (n=2). 

0 
N 

0 

• 

-20 

• 

-1 8 
o"c %o V?OB 

-16 

Figure 3.6: Uripiv tooth collagen 813C and 815N values (n=2). 
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Table 3.10: Vao mean bone collagen o13C, o15N and o34S values and mean tooth collagen 
o13C, o15N values (±1 SD), including differences between the Lapita-associated 
and post Lapita adults. 

Bone n- o'>C (o/oo) SD o"N(o/oo) SD 
Overall 4 -19.5 1.8 8.7 0.3 
Lapita 2 -17.9 0.3 8.7 0.5 
Post-Lapita 2 -21 0.7 8.7 0 
Lapita!Post-Lapita diff 3.1 0 

n= o54S(%o) SD 
Overall 1 9.5 NIA 
Lapita (young female) 1 9.5 NIA 
Post-Lapita 0 
Lapita!Post-Lapita diff NIA 
Teeth n- oUC(o/oo) SD o'0 N(o/oo) SD 
Overall 3 -18.4 0.5 9.9 0.5 
Lapita 1 -17.9 NIA 10.2 NIA 
Post-Lap ita 2 -18.6 0.4 9.8 0.7 
Lapita!Post-Lapita diff 0.7 0.4 

3.10.6 Vao 

The sample size from Uripiv was also very small, consisting of five individuals: two Lapita

. associated and three post-Lapita. Two of the individuals, one Lapita-associated (Burial 5) 

and one post-Lapita (Burial 1) did not provide tooth samples, while another post-Lapita 

individual (Burial2b, a subadult) did not provide a bone sample. Mean bone collagen o13C, 

o15N and o34S values (±1 SD) and mean tooth collagen o13C and o15N values are provided 

(Table 3.10). The Lapita-associated individuals had higher mean bone and tooth collagen 

o13C values (3.1 %o and 0.7%o , respectively) relative to the post-Lapita individuals. The 

Lapita-associated individuals also had higher mean bone collagen o15N ( -0.1 %o ) values but 

lower mean tooth collagen o15N (0.4%o) than the post-Lapita individuals and only a Lapita

associated individual had enough collagen for sulphur analysis (Figure 3.7 and Figure 3.8). 

There was only one Lapita-associated and one post-Lapita individual with both bone 

and tooth samples of good quality collagen that could be compared for carbon and nitrogen. 

The Lapita-associated individual (an adolescent female, Burial6) had bone collagen o13C and 

o15N values that were lower relative to her tooth collagen o13C and o15N values, by 0.17%o 

for o13C and 1.2%o for o15N. There was a similar difference in the post-Lapita individual 

(a young female, Burial 2a), whose bone collagen o13C value was 3.15%o and o15N value 

1.57%o lower relative to her tooth collagen o values. 
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Figure 3.7: Vao bone collagen 813C and 815N values (n=4). 

0 
N 

0 

6 8 

• 

10 12;,.; 14 
0 S %c, V(!l)i 

Figure 3.8: Vao bone collagen 834S and 815N values (n=l). 
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Figure 3.9: Vao tooth collagen 613C and 615N values (n=3). 
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Table 3.11: Watom mean bone collagen 813C, 815N and 834S values and mean tooth collagen 
813C, 815N values (±1 SD). 

Bone n= 815C (%o) SD 81'N(%o) SD 
Overall 4 -18 0.8 11.5 1.5 
Males 2 -18.3 0.2 10.3 0.2 
Female 2 -17.8 1.3 12.6 1.3 
Young 2 -18.4 0.4 11 1.1 
Old 1 -16.8 NIA 13.5 NIA 
Unknown 1 -18.4 NIA 10.5 NIA 

n- <5>~ S(%o) SD 
Overall 3 12.8 1.4 
Males I 11.2 NIA 
Female 2 13.6 0.4 
Young 1 13.4 NIA 
Old 1 13.9 NIA 
Unknown 1 11.2 NIA 
Teeth n= 8DC (%o) SD b10 N(%o) SD 
Lapita I -18.4 NIA 12.4 NIA 

3.10.7 Watom 

The sample size from Watom was again small and included four individuals: two males and 

two females. A summary of the mean bone collagen 813C, 815N and 834S values (±1 SD) 

and mean tooth collagen 813C and 815N (±1 SD) is provided in Table 3.11. The females 

had higher mean bone collagen 813C (by 0.5%o ), 815N (by 2.3%o ) and P4S (by 2.4%o ) 

compared to the male bone collagen mean 8 values (Figure 3.10 and Figure 3.11). Similarly, 

an older individual had a higher bone collagen 813C value (by 1.62%o ), 815N value (by 2.5%o 

) and 834S value (by 0.5%o ) compared to the mean bone collagen 8 values of the young 

adults. Comparisons between the bone and tooth collagen 813C and 815N values of the Lapita

associated male of unknown age indicates there was no difference in 813C values between 

these tissues, but the tooth collagen 815N value is 1.9%o higher than the bone collagen 815N 

value (Figure 3.12). 
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Figure 3.10: Watom bone collagen 813C and o15N values (n=4). 
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Figure 3.11: Watom bone collagen o34S and o15N values (n=3). 

109 

-14 

18 20 



0 
N 

1;-.t 
0~ 

<Ji: 
z 

;:::: N 
tO -eo-

0 

-20 -18 -16 

I• Male 

Figure 3.12: Watom tooth collagen o13C and o15N values (n=l). 

110 

-14 



Table 3.12: Taumako mean bone collagen 613C, 615N and 634S values (±1 SD), adults only. 

Taumako n- o<>c (%o) SD o'"N(%o) SD 
Overall 80 -16.4 0.5 11.4 0.9 
Males 38 -16.5 0.5 11.6 0.9 
Females 41 -16.4 0.5 11.3 0.8 
Unknown 1 -16.2 NIA 11.8 NIA 
Age 
Young 47 -16.4 0.5 11.3 0.9 
Mid 21 -16.3 0.7 11.5 0.7 
Old 12 -16.5 0.5 11.7 1 
Mid/old combined 33 -16.4 0.6 11.6 0.8 

n= ,p•s(%o) SD 
Overall 61 14.5 0.7 
Males 27 14.4 0.7 
Females 33 14.6 0.7 
Unknown 1 14.4 
Age 
Young 35 14.6 0.8 
Mid 18 14.5 0.6 
Old 8 14.4 0.6 
Mid/old combined 26 14.5 0.6 

3.10.8 Taumako 

Mean values for 613C, 615N and 634S values (±1 SD) are outlined for the overall sample and 

age and sex groups within the sample (Table 3.12). 

Taumako Adult Bone Collagen 613C, 615N, 6348 Results 

For the adult sample of Taumako, there was a statistically significant positive correlation 

between the 613C and 615N values for the overall sample (Spearman's r= 0.50, p=<0.001), 

males (Spearman's r= 0.45, p=0.005), females (Spearman's r=0.56, p=<0.001.) and both 

the young and mid/old age groups (Spearman's r=0.58, p=<0.001) and (Spearman's r=0.42, 

p=0.016) respectively (Figure 3.13). However, the overall sample, the sexes and the two age 

groups did not display any statistically significant correlations (either negative or positive) 

between 613C and 634S or 615N and 634S values (Figure 3.14). 

There was no evidence of a difference in the mean values of 613C, 615N, and 634S 

between the sexes or age groups when these groups were analysed using univariate statistics 

(Student's t-test). When analysed with multivariate statistics (linear regression) to account 

for any possible age or sex effect on the mean values of 613C, 615N, and 034S, there was still 

no evidence of a difference between the means of the sexes or the two age groups. 
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Figure 3.13: Taumako bone collagen 813e and 815N values (n=120). 

Taumako Subadult Bone Collagen 813C, 815N, 834S Results 
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The mean 813e and 815N values (±1 SD) of the subadult bone collagen samples were calcu

lated separately from the adults (Table 3.13) and reported for the overall sample of subadults, 

then further categorised into age groups (i.e.:SOyrs, > 0-3 yrs and 4-16.0 years). As a result, 

the ages of these subadult individuals have been estimated in years and months when pos

sible, rather than in age groups as for the adults. The ages of the subadult individuals were 

estimated using tooth formation and eruption methods (Scheuer and Black, 2000). A regres

sion model was then used to test the effect of age on the 813e, 815N, and 834S values of all 

the subadults categorised in this way. The data was then analysed again in the same manner 

but with foetal and perinatal individuals (ages 0 and below, n=4) removed to assess whether 

subadults who were not breastfeeding or eating solids were affecting the results in any way. 

There was no age effect found in the 813e values, with or without the foetal and peri

natal individuals included in the analyses. When log transformation of the regression model 

was used to assess whether there was an age effect on the 815N and 834S values, a statistically 

significant age effect on 815N values for the subadults group was noted, including the foetal 

and perinatal individuals (ratio 0.98, 95% er 0.97-0.99, p=< 0.001) and excluding these in

dividuals (ratio 0.99, 95% er 0.97-1.00, p=0.002). The affect of age on 834S values of both 

112 



0 
N 

0 

12 

• ,- • 
,. .. . • • ~ 

• • • : ... -- .(. $ • • . . .-.. 
14 ,. 1!6 

a ·~s %o vcm 

• Male • Female 
Subadult 

~. 

18 
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the subadult groups (>Oyrs and :::;Oyrs) was also statistically significant (ratio 0.01, 95% Cl 

0.0-0.01, p=0.016 and ratio 1.0, 95%CI 1.0-1.01, p=0.014 respectively). 

For the overall subadult sample and when subadult individuals were sorted into age 

groups (0.1-3 yrs and 4-16 yrs) there was a positive, but not statistically significant correla

tion between 513C and 515N values (Figure 3.13) and no statistically significant correlation 

between 513C and 534S, or 515N and 534S (Figure 3.14). However, there was a tendency for a 

positive correlation between 813C and P4S values for the 4-16 yr old age group (Spearrnan's 

r=0.59, p=0.074). It must be noted that the :::;o age group was smaller than the recommended 

Table 3.13: Taumako mean bone collagen 513C, 815N and P4S values (±1 SD), subadults 
only. 

Subadults n= o"C (%o) SD o"N(%o) SD 
Overall 40 -16.6 0.6 11.9 1.4 
0 4 -17 0.7 12.7 0.3 
Ages.l-3 18 -16.5 0.7 12.5 1.7 
Ages 4-16 11 -16.6 0.4 10.9 0.8 
Unknown 7 -16.7 0.4 11.6 0.7 

n= Oj4 S(%o) SD 
Overall 39 14.9 0.9 
0 4 14.8 0.8 
Ages.1-3 18 14.6 0.8 
Ages 4-16 10 15.3 1.1 
Unknown 7 14.9 0.6 
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ten individuals for analysis with inferential statistics (n=4). When the two age groups older 

than 0 yrs (i.e. 0.1-3 yrs and 4-16 yrs) were analysed for differences in the mean values of 

815N, 813C and 834S respectively (Student's t-test), a statistically significant difference was 

found for 815N (younger age group higher, difference 1.66%o, 95% Cl 0.52-2.79, p= 0.006) 

and 834S (younger age group lower, difference -0.78%o , 95% Cl -1.52- -0.05, p=0.038), but 

not for the mean 813C values. 

In Table 3.14 the p values, isotopic differences and 95% confidence intervals of tests 

of mean bone collagen 813C, 815N, and 834S values between various cohorts (i.e. adult, adult 

female, adult male, and mean sub adult and subadult age groups) are summarised. Here, the 

mean 8 values for the adults were compared to the subadult mean 8 values, and the "Diff 

(%o )"of 0.2%o shows mean adult 8 values were 0.2%o higher relative to the mean subadult 

8 values. Statistically significant values are shown in bold and tendencies for a difference 

between the values are italicised. Any tendencies or statistically significant differences found 

between the means of the >0 yrs age group (marked with an *) and the adult groups should 

be regarded with caution as the sample size of this group is very small (n=4) 

There was a statistically significant difference between the overall subadult mean 834S 

value compared with the overall adult mean 834S value (adults lower by 0.3%o , p=0.044) 

and a tendency for a difference between the two groups with regard to 813C and 815N mean 

values (adult higher by 0.2, p=0.054 and adults lower by 0.6%o, p=0.050 respectively). How

ever, when compared by subadult age group, there was a statistically significant difference 

between the overall adult and subadult mean 815N values for the 0.1-3 yrs age group (adult 

lower by 1.1 %o , p=0.015) and a tendency for a difference between the mean 815N values 

for the 4-16 year old age group (adult higher by 0.5%o , p=0.050). Additionally there was 

a statistically significant difference between the adult mean 834S value and older subadult 

individuals (aged 4-16 yrs) mean 834S values (adult lower by 0.8%o 'p=0.002). 

The adult female mean 815N value was statistically significantly lower (0.6%o ) com

pared with the overall subadult 815N mean value (p=<0.017) and relative to the 0.1-3yrs age 

group (difference 1.3%o p=0.007). There a tendency for the mean 813C value of the adult 

females to be higher (0.2%o) than overall subadult mean 813C value (p=0.068). Furthermore, 

the mean adult female 834S value was statistically significant, relative to the older subadult 

age group (adult female lower by 0.7%o p=0.016). 

There was evidence the mean male 834S value was statistically significant (lower by 

0.4%o) than the overall subadult mean 834S value (p=0.034) and relative to the eldest subadult 

age group (difference 0.8%o, p=0.004). Evidence of a statistically significant difference was 
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Table 3.14: Difference between adult and subadult mean bone 813C, 815N and 834S values 
from Taumako, using Student's t-test. 

T-test with overall adult mean o values, adult n-80 
Age p value Diff (%o) 95% Cl (upper limit) 95% Cl (lower limit) 
Overall (n=40) 
oBc 0.054 0.2 0 0.41 
o!SN 0.05 -0.5 -0.99 0 
034s 0.044 -0.3 -0.63 -0.01 
0 (n=4)* 
oBc 0.048 0.5 0 1.06 
o15N 0.005 -1.2 -2.09 -0.38 
034s 0.44 -0.3 -1 0.44 
Ages.1-3 (n=18) 
oBc 0.542 0.1 -0.2 0.38 
o15N 0.015 -1.1 -1.97 -0.25 
034s 0.873 0 -0.41 0.35 
Ages 4-16 (n=11) 
oBc 0.156 0.2 -0.09 0.55 
o!SN 0.05 0.5 0 1.09 
o34S (n=10) 0.002 -0.8 -1.33 -0.3 
T-test with adult female mean o values, adult female n=38 
Age p value Diff (%o) 95% Cl (upper limit) 95% Cl (lower limit) 
Overall (n=40) 
oBc 0.068 0.2 -0.02 0.48 
o!SN 0.017 -0.6 -1.16 -0.12 
034s 0.253 -0.2 -0.59 0.16 
0 (n=4)* 
oBc 0.056 0.6 -0.01 1.13 
o!SN 0.002 -1.4 -2.19 -0.56 
034s 0.635 -0.2 -0.91 0.56 
Ages.1-3 (n=l8) 
oBc 0.494 0.1 -0.22 0.45 
o!SN 0.007 -1.3 -2.13 -0.38 
034s 0.72 0.1 -0.34 0.5 
Ages 4-16 (n=ll) 
<)BC 0.143 0.3 -0.09 0.61 
<)ISN 0.149 0.4 -0.15 0.95 
634S (n=lO) 0.016 -0.7 -1.28 -0.14 
T-test with adult male mean 6 values, adult male n=41 
Age pvalue Diff (%o) 95% Cl (upper limit) 95% Cl (lower limit) 
Overall (n=40) 
<>Be 0.18 0.2 -0.08 0.41 
<)15N 0.201 -0.4 -0.89 0.19 
c>34s 0.034 -0.4 -0.85 -0.04 
0 (n=4)* 
c>Bc 0.06 0.3 -0.01 0.67 
<)ISN 0.206 -0.4 -0.99 0.22 
634s 0.066 -0.5 -0.98 0.03 
Ages.1-3 (n=18) 
c>Bc 0.48 0.1 -0.19 0.39 
<)ISN 0.051 -0.7 -1.39 0 
c>34s 0.215 -0.3 -0.66 0.15 
Ages 4-16 (n=ll) 
<)BC 0.123 0.2 -0.06 0.48 
<)ISN 0.097 0.4 -0.08 0.93 
634S (n=10) 0.004 -0.8 -1.26 -0.26 
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Table 3.15: Taumako mean tooth collagen 813C and 815N values (±1 SD), adults and 
subadults. 

Adult teeth n= ouc (%o) SD o10N(%o) SD 
Overall 79 -16.7 0.5 11.4 0.7 
Males 35 -16.7 0.5 11.4 0.7 
Females 43 -16.6 0.5 11.3 0.7 
Unknown 1 -17.8 10.2 
Age 
Young 45 -16.6 0.6 11.4 0.8 
Mid 23 -16.7 0.4 11.3 0.4 
Old 11 -16.7 0.3 11.5 0.9 
Mid/old comined 34 -16.7 0.4 11.3 0.6 
Subadult teeth n= ouc (%o) SD o10N(%o) SD 
Overall 3 -16.9 0.5 11.6 0.3 

also found between the age 0.1-3 yrs group mean 815N value compared to the male mean 

815N values (males lower by 0.7%o , p=0.051) and there was evidence of a tendency for 

the mean male 8'5N value to be higher (difference 0.4%o, p=0.097) compared to the eldest 

subadult age group. 

Taumako Adult and Subadult Tooth Collagen 813C and 815N Results 

The well-preserved dentition of the Taumako skeletal sample provided a large sample of 

adult permanent first molars to analyse for 813C and 815N values (Table 3.15). 

There was a statistically significant positive correlation between 813C and 815N of the 

adult tooth collagen for the overall sample (Spearman's r=0.49, p=<0.001), the sexes (males 

Spearman's r=0.38,p=0.024; female Spearman's r=0.59,p=<0.001) and the two age groups 

(young Spearman's r=0.47, p=0.001; mid/old Spearman's r=0.41, p=0.015) (Figure 3.15). 

Univariate analysis (Student's t-test) found no evidence of a difference in the mean val

ues of 813C and 815N between the sexes or two age groups. When analysed with a regression 

model, to account for any possible age or sex effect on the mean values of 813C and 815N, 

there was still no evidence of a difference between the means of the sexes or the two age 

groups. 

The generally young age of the subadult individuals and potential for recovery bias 

against subadult individuals at the site resulted in only three first molars from subadult indi

viduals being sampled. These teeth were from a 14-year-old, a 16-year-old and a teenager 

of unknown age. Statistical analyses were not performed on the 813C and 815N values from 

these teeth. 

However, the mean of the tooth 813C and 815N values were compared to the mean of the 
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Figure 3.15: Taumako tooth collagen o13C and o15N values (n=82) . 
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bone collagen o13C and o15N values from the same individuals. The mean bone collagen o15N 

value was 0.5%o less than the mean tooth collagen o15N value and the mean bone collagen 

o13C value was 0.1 %o higher than the mean tooth collagen o13C value for these individuals 

(Table 3.16). Additionally, when the adult and subadult teeth were compared, the adult mean 

tooth collagen o13C values were marginally higher (+0.3%o) and o15N lower (-0.2) than the 

subadult mean tooth collagen o13C and o15N values. 

Univariate analyses (Student's t-test) were performed to assess the differences in mean 

values of each o13C and o15N between the bone collagen and tooth collagen for the overall 

sample and the sex and age groups table. There was evidence of a difference between the 

mean o13C values of bone and tooth collagen for the overall sample and in the age and sex 

groups. Although the tooth o13C values were consistently lower relative to the o13C values 

of bone collagen, the differences between the means never exceeded 0.3%o . There were no 

statistically significant differences in mean o15N values between bone and tooth collagen for 

the sample, and mean o15N values between these two tissues ranged from -0.2%o to 0.1 %a . 

A final note regarding the Taumako individuals concerns the potential for disease to 

cause variation in o15N values. Skeletal lesions that were highly suggestive of treponema! 

disease have been identified in a number of the Taumako individuals (Buckley, 2001; Buck

ley and Dias, 2002; Buckley and Tayles, 2003b,a). Although only non-pathological bone 
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Table 3.16: Taumako mean o13C and o15N values for tooth and bone collagen, including 
differences between the two tissues using Student's t-test. 

ojje n- mean SD (%o) bone mean o (%o) tooth diff (%o) p value 95% er (upper limit) 95% er (lower limit) 
Overall 72 -16.4 -16.6 0.2 0.002 0.08 0.37 
Males 33 -16.5 -16.7 0.2 0.08 -0.03 0.43 
Females 38 -16.4 -16.6 0.2 0.024 0.03 0.39 
Age 
Young 41 -16.4 -16.6 0.2 0.071 -0.02 0.39 
Mid/old combined 31 -16.4 -16.7 0.3 0.011 0.07 0.49 
o"N n= mean SD (%o) bone mean SD (%o) tooth diff (%o) p value 95% er (upper limit) 95% er (lower limit) 
Overall 72 11.3 11.4 0 0.752 -0.2 0.15 
Males 33 11.4 11.4 0 0.802 -0.21 0.27 
Females 38 11.3 11.4 -0.1 0.326 -0.37 0.12 
Age 
Young 41 11.2 11.4 -0.2 0.131 -0.38 0.05 
Mid/old combined 31 11.5 11.4 0.2 0.282 -0.13 0.44 

was sampled for stable isotope analysis, individuals with 'probable' (gummatous lesions) 

and 'possible' (periostitis present on multiple limbs) lesions associated with treponema! dis

ease present on other bones were still included in this analysis (Buckley and Tayles, 2003b ). 

As discussed in the introduction, there is evidence suggesting disease can raise o15N values 

of human tissues (Katzenberg and Lovell, 1999; White and Armelagos, 1997). However 

there is no literature that specifically addresses treponema! disease and potential variations 

in bone collagen o15N values. 

It is plausible that if treponema! disease did result in elevated o15N values, the indi

viduals with evidence of the tertiary stage of this disease would be the most likely to ex

hibit these elevations in their bone collagen as they would had to have been infected long 

enough to exhibit a bony response. At Taumako the majority of individuals with gumma

tous lesions indicative oftreponemal disease (yaws) were aged between 18-29 (Buckley and 

Tayles, 2003a). However, as yaws is a childhood infection that continues into adulthood, it 

could have affected any of the individuals within the skeletal series, regardless of age or sex. 

To address this potential problem, a regression equation was used to assess whether 

there was evidence of a difference between adult individuals with possible (n=8) and prob

able (n=12) treponema! lesions and the other 'normal', non-pathological, individuals for 

both bone (n=69) and teeth (n=59) collagen samples. There was no evidence of a differ

ence in o15N values in any of the groups (possible, probable or 'normal') for bone collagen 

(p=0.816) or tooth collagen (p=0.170). There were also five subadult individuals out of the 

forty subadult individuals analysed for o15N of bone collagen who had evidence for trepone

ma! disease (n=4 possible and n=1 probable). Although the sample size is small, there was 

also no evidence of a difference between the subadult groups (p=0.913). 
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Table 3.17: Nebira mean bone collagen 813C, 815N and 834S values (±1 SD), adults only. 

Nebira n= ,)l,C (%o) SD o10N(%o) SD 
Ovemll 25 -16.5 3 9.5 0.7 
Males 12 -15.7 2.1 9.5 0.6 
Females 13 -17.3 3.5 9.5 0.7 
Age 
Young 8 -16.3 4.6 9.2 0.7 
Mid 13 -16.3 2 9.6 0.5 
Unknown 4 -17.7 2.1 9.8 0.8 

n= o,.S(%o) SD 
Ovemll 16 2.9 2.1 
Males 11 3 1.9 
Females 5 2.7 2.8 
Age 
Young 5 1.9 2 
Mid 9 2.9 2 
Unknown 2 5.6 0.2 

3.10.9 Nebira 

Nebira Adults Bone Collagen 813C, 815N, o34S Results 

Mean values for 813C, 815N and 834S values (±1 SD) are outlined for the overall sample and 

age and sex groups within the sample (Table 3.17). 

A statistically significant negative correlation was found between the 815N and 813C 

values for the overall sample (Spearman's r=-0.57, p=0.003) and the males (Spearman's r=-

0.75, p=0.005). The females and both age groups also displayed a negative correlation be

tween 815N and 813C, although these were not statistically significant (female's Spearman's 

r=-0.46, p=0.112, young group's Spearman's r=-0.45, p=0.260, mid group's Spearman's r=-

0.43, p=0.144) (Figure 3.16). The overall sample also displayed a statistically significant 

negative correlation between 813C and 834S (Spearman's r=-0.54, p=0.045). However, when 

the sexes and the ages were analysed separately there was no statistically significant cor

relation between 813C and 834S, although all the groups displayed a negative correlation 

(male Spearman's r=-0.25, p=0.517, female's Spearman's r=-0.8, p=0.104, young group's 

Spearman's r=-0.40, p=0.600, mid group's Spearman's r=-0.26, p=0.531). No statistically 

significant correlation was observed between 815N and 834S values for either the whole sam

ple or any of the age or sex groups and there was no tendency between these two values to 

be either negative or positive (Figure 3.17). 

When the males and females were compared with univariate analysis (Student's t-test), 

there was no statistically significant evidence of a difference in the mean 815N, 813C and 834S 

values between the two groups. However the male mean 813C was 1.7%o higher relative to the 

female 813C values although their mean 815N values remained virtually identical (difference 
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0.01 %o ). There was no evidence of a difference between the young and mid age group in 

the mean values of o15N, o13C and o34S. When the o15N, o13C and o34S means were analysed 

with multivariate statistics (linear regression) to test for any age or sex effect, the results 

were similar to the univariate analyses. Thus, the difference between both the means of the 

sexes and of the age groups were not statistically significant. However, using the regression 

model, there was a tendency for a difference in mean o15N values between the young and 

mid age group, with the mid age group being more enriched in 15N compared to the young 

mean adults (difference 0.59%o, 95% Cl -0.09-1.27,p=0.086). 

Nebira Subadult Bone Collagen o13C, o15N, o34S Results 

The subadult mean o15N, o13C, and o34S (±1 SD) va~ues are located separately from the 

adult isotope results (Table 3.18). Two bone collagen samples from subadults at Nebira were 

excluded from the statistical analyses because they fell outside the parameters used in this 

study to indicate good quality collagen. The remaining bone collagen samples were from 

older subadults, two individuals aged 16 years and one aged 15 years. The good quality 

tooth collagen samples were from the aforementioned 15-year-old and one of the 16-year

olds, in addition to a 13-year-old and a 10-year-old. 
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Figure 3.17: Nebira bone collagen 534S and 515N values (n=18). 

Table 3.18: Nebira mean bone collagen 513C, 515N and 534S values (±1 SD), subadults only. 

Subadults n= §UC ('foo) SD 010N(%o) SD 
3 -18.3 4.5 9.3 0.9 
n= oj4 S(%o) SD 
2 6.3 2 

The subadult bone collagen sample size was too small for statistical analyses, but gen

eral comparisons with the adult 513C, 515N and 534S were conducted. The overall subadult 

mean 513C and 515N values were 1.8%o and 0.2%o lower compared to the overall adult mean 

values respectively. However the subadult mean 534S value was 3.4%o higher relative to the 

overall adult mean 534S value. 
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Nebira Adult and Subadult Tooth 813C and 815N Results 

Tooth collagen 813C and 815N results for both the adult and subadult individuals from Nebira 

are provided (Table 3.19). Similar to the bone collagen results, a negative correlation be

tween 813C and 815N was observed for the overall sample, the males, the females, and each 

age group (young and mid), although none of these correlations was statistically significant 

(overall Spearman's r=-0.11, p=0.613; male Spearman's r=-0.15, p=0.648; female's Spear

man's r=-0.24, p=0.511; young group's Spearman's r=-0.3, p=0.433; mid group's Spear

man's r=-0.08,p=0.795) (Figure 3.18). 
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Figure 3.18: Nebira tooth collagen 813C and 815N values (n=26). 
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Univariate analyses (Student's t-test) of the age groups and sexes did not suggest any 

statistically significant differences in mean tooth collagen 813C and 815N values between the 

respective groups. When a regression model was used to account for any possible effects 

of age or sex distribution on the means, no evidence of a difference was found in the mean 

values of either 813C or 815N values of tooth collagen between the sexes or the age groups. 

Table 3.20 summarises the results from the univariate analysis of tooth and bone col

lagen for mean 813C and 815N values. Bone collagen mean 813C values were higher than 

tooth collagen mean 813C values for the overall sample, both sexes and both age groups, 

but only statistically significant different in the overall sample (p=0.041) and the young age 
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Table 3.19: Nebira mean tooth collagen 813C and 815N values (±1 SD), adults and subadults. 

Adult teeth n- o"C (%o) SD o 'N(%o) SD 

Overall 22 -17.1 1.1 10.7 0.6 
Males 12 -17.1 1.1 10.7 0.5 
Females 10 -17.1 1.3 10.7 0.6 

Age 
Young 9 -16.9 1.3 10.7 0.6 
Mid 12 -17.3 1.1 10.6 0.5 
Unknown 1 -17.6 NIA 11 N/A 
Subadult teeth n= o13C (%o) SD o15N(%o) SD 

Overall 4 -17.8 0.8 10.6 0.5 

Table 3.20: Nebira mean 813C and 815N values for tooth and bone collagen, including differ
ences between the two tissues using Student's t-test. 

o"C (%o) n- mean o (%o) bone mean o (%o) tooth diff (%o) p value 95% er (upper limit) 95% Cl (lower limit) 

Overall 19 -16.1 -17.1 1 0.041 0.05 1.97 
Males 10 -16 -17.2 1.2 0.092 -0.24 2.65 
Females 9 -16.3 -17.1 0.8 0.287 -0.8 2.37 

Age 
Young 7 -14.8 -16.9 2.1 O.o3 0.27 3.86 
Mid/old combined 11 -16.6 -17.2 0.6 0.247 -0.51 1.77 

o 'N(%o) n= mean o (%o) bone mean o (%o) tooth diff (%o) pvalue 95% er (upper limit) 95% Cl (lower limit) 

Overall 19 9.4 10.7 -1.2 <0.001 -1.65 -0.81 
Males 10 9.6 10.6 -1 0.002 -1.53 -0.49 
Females 9 9.2 10.7 -1.5 0.002 -2.23 -0.72 

Age 
Young 7 9 10.7 -1.7 0.004 -2.66 -0.77 
Mid/old combined 11 9.6 10.6 -1 0 -1.44 -0.58 

group (p=0.030). The male mean and female mean bone collagen 813C values were 1.2%o 

and 0.8%o higher compared to the tooth collagen mean for each group respectively. There 

was a statistically significant difference between the bone collagen mean 815N values and 

tooth collagen mean 815N values for the overall sample and all of the respective groups, al

though as the sample sizes for the females and the young age group were small (female n=9 

and young group n=7) should be regarded with caution. There was evidence of a tendency 

for a difference in mean 815N values between the young and mid age group, with the mid 

group's mean 815N value higher than the young group's (difference 0.59%o , 95% Cl -0.09-

1.27, p=0.086). Tooth collagen mean 815N values were consistently higher relative to bone 

collagen mean 815N values for the overall sample and all the groups. 

With regard to the subadult permanent first molars, the small number of teeth (n=4) 

analysed precludes any inferential statistics on the sample. However, compared to the overall 

adult tooth collagen mean values, the subadult tooth collagen mean 813C and 815N values 

were 0.7%o and 0.1 %o lower than the adult tooth collagen mean 813C and 815N values. Two 

individuals had both bone and tooth 813C and 815N values analysed. The mean bone collagen 

813C value was 3.0%o lower compared to the mean tooth collagen 813C value and the mean 

bone collagen 815N value was 0.9%o lower relative to the mean tooth collagen 815N value for 
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these two individuals. 

3.10.10 Overall Sample Comparison of Bone and Tooth Collagen S13C, 

S15N, S34S Results 

The three samples larger than 10 individuals (Teouma, Taumako and Nebira) were compared 

for statistically significant differences in the overall mean values of P5N, o13e, and o34S 

of bone collagen and o15N and o13e of tooth collagen between the samples. A regression 

model comparing the overall mean o13e values of bone collagen between the three loca

tions found a statistically significant difference (p=0.047): Teouma 0.61 %o higher compared 

to Taumako (95% er 0.08-1.15, p=.025) and Teouma 0.74%o higher than Nebira (95% er 

0.02-1.45 p=0.043). The overall mean o13e value of the Nebira sample was 0.12%o lower 

compared to the Taumako overall mean o13e value; however there was no statistically signif

icant difference between these two samples (95% er -0.76-0.53, p=0.712). However, when 

adjusting for age and sex, the overall difference in the o13e means between locations was no 

longer statistically significant (p=0.1 07). 

Using the same type of regression model to compare the overall mean o15N values 

of bone collagen, there was a highly statistically significant difference between the three 

samples (p=<0.001). The overall mean o15N value of Teouma was 0.90%o higher relative to 

Taumako (95%er 0.57-1.23, p=<0.001) and 2.86%o higher relative to Nebira (95%er 2.43-

3.29, p=<0.001). There was also a statistically significant difference between Taumako and 

Nebira; overall mean o15N value Taumako was 1.95%o higher relative to the overall mean 

o15N value at Nebira (95% er 2.34- -1.57, p=<0.001.). When adjusting for age and sex 

these differences were still statistically significant (p=<0.001). 

The overall mean values of o34S were compared in a similar manner, and a statistically 

significant difference was found between the samples (p=<0.001) with the overall mean o34S 

value at Taumako higher than the overall mean values at Nebira by 11.6%o and Teouma by 

3.5%o (95% er 12.28-10.98, p=<0.001 and 95% er 4.08-2.90 p=<0.001 respectively). The 

overall mean o34S value at Teouma was also statistically significant, and was higher than 

the overall o34S value at Nebira (difference 8.1 %o , 95% er 7.37-8.91, p=<0.001). There 

was also a statistically significant difference between the three samples in overall mean o34S 

values when adjusted for age and sex (p=<0.001). 

Regression analysis found a statisically significant difference between the overall mean 

o13e tooth collagen values of the three samples (p=0.001) with Taumako 0.5%o higher corn-
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pared to Nebira (95% Cl .83-.11, p=O.Oll) and Teouma 0.9%o higher compared to Tau

mako (95% Cl 0.36-1.41, p=0.001) and 1.4%o higher than the Nebira (95% Cl 0.76-1.94, 

p=<0.001) mean o13C tooth collagen values. A statistically significant difference remained 

between the samples when the equation was adjusted for age and sex effects (p=O.OOl). 

Similar to the bone collagen results, there was a statistically significant difference in 

the mean overall o15N values of tooth collagen between the three samples (p=<O.OOl). The 

mean overall o15N value of tooth collagen at Taumako was 0.7%o higher compared with 

Nebira (95% Cl 1.06-0.31, p=<0.001). The mean overall o15N value of tooth collagen at 

Teouma was 2.4%o higher relative to Taumako (95% Cl 1.85-2.94, p=<0.001) and 3.1 o/oo 

higher compared with Nebira (95% Cl 2.47-3.70, p=<0.001). When corrected for age and 

sex effects there was still a statistically significant difference between the three samples in 

the overall mean tooth collagen o15N values (p=<0.001). 

3.11 Dietary Interpretations 

The aim of the following section is to reconstruct the diet of the six prehistoric skeletal 

samples to understand possible intra- and inter-population variation in diet, especially with 

regard to the protein portion of the diet. It was hypothesised in the introductory chapter that 

there would be sexual differences in diet, differences in the diet of adults (survivors) and 

subadults (non-survivors) and temporal transitions in diet. Although these hypotheses are 

fully discussed in the final chapter of this thesis, the following dietary interpretations are 

essential in addressing each of these hypotheses. 

The following discussion is divided into two sections: Lapita-associated samples and 

post-Lapita samples. The stable isotope results from Teouma, Uripiv, Vao and Watom will 

be discussed in the Lapita-associated section and the results from Taumako and Nebira will 

be discussed in the following section focused on the post-Lapita samples. The o values 

observed on the graphs have been adjusted for diet-to-tissue spacing when plotted in relation 

to potential food resources (i.e. 1 o/oo for o13C, 3%o for o15N and 0.2%o for o34S). Unadjusted 

values are reported in all other graphs that do not include dietary baseline values (which are 

only reported in the discussion of the Taumako sample) 
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3.11.1 Dietary Baseline 

Figure 3.19 details 813C and 815N ranges of the potential food resources for the human pop

ulations in this study. The mean values for 834S and 815N and 834S and 813C values are given 

in Figure 3.20 and Figure 3.21 respectively. The two red dotted lines on the sulphur graphs 

represent the range of 834S values (±1 SD) for domesticated animals and are reported in this 

manner because of the possibility that these animals could have consumed marine foods. As 

previously discussed, the dietary framework for all the samples is based on stable isotope 

values from modern and prehistoric Pacific island plants and animals. The values and error 

bars shown on the dietary framework figures represent the mean of the 8 values (±1 SD) of 

the plants or animals in each dietary category. These 8 values have been corrected for the 

Seuss effect and differences between bone and flesh 8 values as discussed in the beginning 

of the results section of this chapter. 

Figure 3.19 also includes the average values of four Pacific island domesticated/commensal 

animals (pig, dog, chicken and rat) (±1 SD) from archaeological sites other than those anal

ysed in this study. These domesticates were plotted separately because of potential inter-site 

variation in animal husbandry practices and feeding habits. All these animals are omnivorous 

and their respective 8 values are, in most circumstances, representative of human influence 

over the foods available to them (Richards et al., 2009). It is recognised the inter-species diet 

is also variable in this group, but they are plotted together because of their close association 

with either human diet or diets moderated by humans. Although plotted on the graph, these 

domestic and commensal animal values are not used in the same manner as the other Pacific 

island plants and animals to reconstruct the prehistoric human diet. Their relationship to the 

human diet is commented on in relation to these values following the dietary interpretations 

due to the potential error the animals could introduce to indigenous baseline data because of 

the potential differences in feeding habits within and between islands. 

Additionally, with regard to sulphur, the 'sea spray effect' may have elevated the 834S 

values of the ranges of terrestrial food resources, as the plants and animals used to formulate 

these ranges were mostly from coastal environments. The 'sea spray effect' is a result of 
34S-enriched ocean water particles being carried inland and influencing the sulphur signature 

of the soil and thus the plants growing in it and subsequently resulting in elevated P4S val

ues of coastal terrestrial foodwebs (Richards et al., 2003). The present study supports this 

possibility, as the ranges of values from these Pacific island plants and animals are already 

enriched in 34S compared with the range of 834S values of 2-6%o typical of terrestrial ecosys

tems in other parts of the world (Peterson and Fry, 1987). In cases such as this, using 834S 
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Figure 3.19: Dietary framework for 813C and 815N values. Mean values (±1SD) for plants 
and animals. 

along with 813C and 815N helps to better interpret possible dietary sources by distinguishing 

between marine and terrestrial food resources (Richards et al., 2003). 

The dietary framework is nearly identical for all the samples, but wallabies were in

cluded in the baseline data for Nebira and Watom only as these animals are not found east 

ofPapua New Guinea (Thome, 1969). Lastly, the 'coastal complex' referred to in the graphs 

is the average value (±1 SD) of marine shellfish, marine crustacea and holothurians (sea 

cucumbers). 

3.11.2 Teouma 

A full dietary reconstruction of a number of individuals from Teouma (n=23) has recently 

been published (Valentin et al., 2010). This thesis includes data from the (Valentin et al., 

2010) paper in addition to data from nineteen further individuals not previously analysed 

for 813C and 815N. These nineteen individuals include six previously unanalysed individuals 

and eleven samples not included in the previous study because they fell outside the collagen 

quality criteria used in the (Valentin et al., 2010) study, but were assessed to have sufficient 

quality collagen by the preservation indicators used in the current study. The dataset assem-
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Figure 3.20: Dietary framework for 815N 834S values. Mean values (±1SD) for plants and 
animals. 

bled here for human material adds to the previous research by 1) producing new data from 

834S to examine the diet of the Teouma individuals; 2) assessing the variation in diet between 

the male, female and adult age subgroups, and 3) examining tooth 813C and 815N values to 

determine the subadult diet of the adults. 

The positions of the 813C and 815N values between the marine categories of reef 

fish/coastal complex and terrestrial foods suggest that the main protein component of the 

Teouma individuals' diet were from these sources (Figure 3.22). The new data reported 

here are similar to previously published values and support inferences drawn by Valentin 

et al. (2010) about the dietary patterns of the site. The 813C, 815N and 834S values of the 

Teouma sample also support the hypothesis of Kennett et al. (2006) who suggested a Lapita 

subsistence model focused on 'a mixed economy including maritime exploitation, terrestrial 

foraging and low level food production' (Valentin et al., 2010). 

For the overall sample at Teouma, there was no statistically significant correlation 

between 813C and 815N. A strong positive correlation between 813C and 815N in addition to 

the specific range of 813C and 815N values has been inferred as indicating a population that is 

reliant on a mixture of C3 terrestrial foods and deep-water marine resources (Ambrose et al., 

1997). If 813C and 815N values positively correlate, inter-individual differences in diet would 
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Figure 3.21: Dietary framework for 813C 834S values. Mean values (±1SD) for plants and 
animals. 

be a result of differing proportions of marine and terrestrial foods , rather than different types 

of these foods (Richards and Hedges, 1999). Although not statistically significant, the 813C 

and 815N values of the overall sample at Teouma are negatively correlated. 

This negative correlation cannot be a result of only one protein source being utilised 

as the diet-to-tissue corrected values plot in between marine and terrestrial foods. A possible 

interpretation of the data is that there were intra-population differences in the mixture of 

these marine and terrestrial foods, which may be the case as there are statistically significant 

differences in 815N values between the sexes. A likely explanation for this slight negative 

correlation between 513C and 815N for the overall sample is that it results from a mixture 

of C3-based terrestrial protein and a reliance on low trophic level inshore marine resources 

and/or C4 plants and the effect of the differences in 815N values between the sexes. 

With regard to the sulphur stable isotopes, the Teouma sample overlaps the 34S en

riched end of the range of the terrestrial ecosystems, cited by other studies (2-6%o ), and the 

mid range of values for the Pacific island ranges used in this study (6.1-15.4%o for terrestrial 

systems and 16.9-19.5%o for marine systems) (Peterson and Fry, 1987; Richards et al., 2003) 

(Figure 3.23 and Figure 3.24). The suite of isotope 513C, 815N and 834S values support the 

suggestion that the main protein sources consumed by the inhabitants ofTeouma were a mix-
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Figure 3.22: Teouma human bone collagen 813C and 815N values with reference to a Pa
cific island dietary baseline. The black circle delineates the possible diet of the 
individuals using a diet-to-tissue spacing of 1 %o for 813C and 3%o for 815N. 

ture of marine and terrestrial foods. There was no significant correlation between 034S and 

813C or 834S and 815N, further supporting the suggestion that a mixture of different protein 

sources were utilised at the site. 

The 813C and 815N values also suggest that the marine foods exploited by the inhabi

tants at Teouma were most likely from inshore and reef environments, which are isotopically 

depleted relative to deeper ocean trophic levels, although some pelagic species could be rep

resented by 815N values. This type of subsistence practice is consistent with the general 

pattern of marine exploitation found at other Lapita-associated sites (Kirch, 1997, 2000). A 

limited amount of Lapita-associated faunal remains has been recovered from Teouma, but 

subsistence from inshore and reef environments has been suggested from the current evi

dence (Bedford, 2006b; Bedford et al., 2009) . As is discussed by Valentin et al. (2010), the 

identification of sea turtle exploitation is difficult from 813C and 815N values because of the 

large amount of variation in stable isotope values for these animals . The variation in 813C 

and 815N values of species such as Chelonia mydas (green turtle) and Eretmochelys imbri

cata (hawksbill turtle) is most likely a result of age-specific foraging strategies and migratory 

patterns of these animals (Arthur et al., 2008; Dye, 1990). Therefore a heavy reliance on sea 

turtle could influence 8 values. Seaweed is another possible food source at Teouma, one that 
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Figure 3.23: Teouma mean bone collagen c534S and c5 15N values (±1SD) with reference to a 
Pacific island dietary baseline. The black circle delineates the possible diet of 
the individuals using a diet-to-tissue spacing of 3o/oo for c5 15N and 0.4%o for c534S. 

is easily harvested in the intertidal area and consumed widely throughout the Pacific islands 

today (Abbott, 1978, 1991; Jones and Quinn, 2009). 

Terrestrial sources of protein for Teouma could include indigenous species such as the 

fruit bat and terrestrial birds and/or domesticated animals. Figure 3.22 also details the po

sition of a number of commensal and domesticated animals (Sus Scrofa, Canis familiaris, 

Gallus gallus, Rattus exulans) from other Pacific island sites (including one pig and two 

rats from Teouma that post-date the burial ground). As it is highly likely the feeding strate

gies varied from island to island, the Teouma individuals should not be directly compared to 

domesticated animals from other sites. However, mean c5 13C and c5 15N values of these domes

tic and commensal animals (±1 SD) plot between marine and terrestrial foods , suggesting 

that in many Pacific islands these animals consumed both marine and terrestrial foods, ei

ther by foraging, direct feeding by humans or both. Obviously, if pigs, dogs, chicken or 

rats were consumed at Teouma, the diet of these animals would have a direct influence on 

the human c5 values. Further analysis of domestic animals contemporary with the Teouma 

burial ground is needed to make any meaningful inferences concerning the consumption of 

domestic/commensal animals at the site. 
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Figure 3.24: Teouma mean bone collagen P4S and813C values (±1SD) with reference to a 

Pacific island dietary baseline. The black circle delineates the possible diet of 
the individuals using a diet-to-tissue spacing of 1 %o for 813C and 0.4%o for 834S. 

Terrestrial aquatic animals such as freshwater fish also cannot be ruled out as potential 

dietary items. Although the diversity of freshwater fish and information on their consumption 

is limited in Vanuatu (Nimoho, 2000), it is possible they were exploited for food, particularly 

as the site is adjacent to a freshwater stream (Bedford et al., 2009, 2006). Few studies 

have analysed 813C and 815N or 834S values of freshwater animals throughout Pacific islands 

(Yoshinaga et al., 1991), but it has been observed in other areas of the world that freshwater 

organisms are typically depleted in 13C and enriched in 15N values compared to animals in 

dry-land terrestrial systems (Privat et al., 2002; Richards et al., 2001). Freshwater 834S values 

are more variable depending on the underlying geology of the site and microbial organisms 

in the water source (Richards et al., 2003). Therefore the 813C, 815N and 834S values of 

these resources can appear similar to the values of mixed marine and terrestrial resources 

depending on the proportion of protein from these sources. 

Other terrestrial animals found within the archaeological record at Teouma and early 

Lapita sites in Vanuatu include now-extinct fauna such as a large land tortoise, a land

based crocodile (Crocodyloidea Mekosuchinae) and two terrestrial birds (Accipiter sp. and 

Megapodius cf alimentum) (Bedford et al. , 2009; Mead et al., 2002; Valentin et al., 2010). 

The 813C, 815N and 834S values of these Vanuatu-based animals have not been analysed to 
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date, and therefore the potential influence of the consumption of these species on the o values 

of humans is unknown. However, the exploitation of a wide variety of indigenous terrestrial 

animals and the human-mediated extinction of vulnerable species is consistent with both the 

archaeological record at Teouma, other early Lapita-associated sites and most first contact 

sites in Remote Oceania (Anderson, 2002; Bedford, 2006b; Bedford et al., 2009; Kennedy, 

2008; Kirch, 1997; Nagaoka, 1988; Steadman, 1999; Steadman et al., 1990). 

Although the model does not support a high contribution of C3 plant foods suggestive 

of established horticulture, preferential routing of protein to bone collagen (as observed in 

a number of studies) can result in the over-representation of high protein foods, such as 

meat and fish (Ambrose, 1993; Ambrose and Norr, 1993). Therefore, 15N-enriched protein 

resources, such as fish and shellfish, may overshadow the presence of low protein plant foods 

in the Teouma diet. 

Potential age and sex differences in diet 

Comparisons of bone collagen o13C and o15N values between the sexes and age groups re

spectively suggested a difference in diet between the males and females but not the age 

groups (Figure 3.25). At Teouma, males had statistically significantly higher o15N values. 

Similar differences in o15N values have been found elsewhere in the world, and those studies 

have usually attributed the elevated o15N values of males to an increased consumption of ma

rine protein (Miildner and Richards, 2007a; Richards et al., 2006; Schulting and Richards, 

2001). 

Interestingly, males had a statistically significant negative correlation between o13C 

and o15N, while female values were positively correlated, but not statistically significantly 

so. As mentioned, in addition to the specific ranges of o13C and o15N, positive correlation 

between o13C and o15N is normally observed in populations consuming a mixture of marine 

and terrestrial food resources (Richards and Hedges, 1999; Ambrose et al., 1997). However, 

statistically significant negative correlation between the o13C and o15N values is not well 

documented in palaeodietary studies. Jay and Richards (2006) observed a negative correla

tion between carbon and nitrogen for males from a middle Iron Age site of Wetwang Slack, 

East Yorkshire, UK, and suggested the cause was dietary, although they did not elaborate on 

specifically what dietary items/combinations were causing the negative correlation. How

ever, they noted there were no other published reports that detailed a negative correlation 

between o13C and o15N values. Hu et al. (2006, p.1322) noted that a negative correlation 

between o13C and o15N would occur if individuals in a population had dietary differences 
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in the proportion of low protein Be-enriched foods (e.g. C4 plants and/or seaweeds) and 

enriched protein Be-depleted C3-based resources (e.g. terrestrial animals). 

The negative correlation between oBC and 515N observed in the males could be a result 

of these individuals eating a high proportion of terrestrial animals and some type of very low 

protein C4 plant food or C3 marine plant such as seaweed or possibly certain reef organisms. 

Some types of seagrasses and seaweeds with C3 photosynthetic pathways are enriched in 

Be as a result of the uptake of dissolved carbonate from the surrounding sea water (Benedict 

et al., 1980; Yamamuro et al., 1995). There is also a possibility that sugarcane, the only C4 

terrestrial domesticated plant, or Portulaca lutea, an edible indigenous CAM/C4 plant, could 

have influenced the oBC values observed in this study (Alien and Craig, 2009). However it 

has been noted that the consumption of sugarcane may not be well reflected in bone collagen 

because of its high carbohydrate component (Saunders et al., 1997). It is also possible that 

some unknown dietary source was an influence, such as the extinct land-based crocodile. 

Additionally, the diet of the extinct animals potentially consumed at Teouma could have 

included CAM or C4 plant foods, although this must be confirmed by species-specific stable 

isotope analysis. Regardless of the specific food type it can be inferred that the females at 

Teouma were most likely consuming different food resources, specifically protein sources 

more depleted in 15N, compared to the males. 

The correlation between oBC and 515N of the different age groups was slightly nega

tive, but this correlation was not statistically significant. Additionally, there was no statisti

cally significant difference in oBC or 515N values between the adult age categories. However, 

there was a statistically significant difference between the subadults and the adults (and adult 

females), with the subadults exhibiting collagen depleted in Be compared to the adult female 

mean oBC values. The subadults also showed evidence of a tendency for higher mean values 

of 515N compared to the adult females. These seven subadult individuals were all foetal and 

perinatal individuals and were therefore too young for a breastfeeding signal to be recognised 

in their bone collagen. The variation found between the subadult individuals and the overall 

adult and adult female oBC and 515N values has been discussed in detail elsewhere (Kinas

ton et al., 2009). However, it was suggested that a possible explanation for the observed 

stable isotope values of foetal and perinatal individuals compared to the adult female mean 

may have been associated with maternal stress. As previously mentioned, stress and disease 

can result in elevated 515N values and there could possibly be some type of link between the 

sexual differences in diet (females eating protein from lower trophic levels compared to the 

males), resulting in the suggested pattern of maternal stress at the site (Kinaston et al., 2009). 
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Figure 3.25: Teouma mean bone collagen 813C and 815N values (±1SD) with reference to a 
Pacific island dietary baseline. 

The 813C and 815N values of dentine are representative of the diet of an individual during 

the time of tooth formation (Figure 3.26). Unlike bone, teeth do not remodel over time 

and therefore 813C and 815N values of the distal portion of the first permanent molar root 

will correspond with subadult diet, specifically the age range of 5-9 years (Scheuer and 

Black, 2000). The comparison of dental collagen from the distal portion of the tooth root 

with the bone collagen from the same individual can illuminate potential age-related dietary 

differences (Figure 3.27). Unfortunately, there was only a small number of first molars to 

analyse in the Teouma sample (n=9). The tooth collagen samples from Teouma were on 

average 0.4%o lower for 813C and 1.5%o higher for 815N compared to bone collagen 8 values 

(Figure 9). Females exhibited the largest difference in 815N values between bone and tooth 

collagen (2.1 %o compared to 1.2%o for the males). 

These values could suggest differential treatment of the sexes during childhood, but 

contrary to the bone collagen 815N values, the females were preferentially receiving food 

from higher trophic levels. However, the sample size (n=2) of females was very small and 

therefore it is difficult to make inferences about dietary patterns. Regardless of the small 

number of individuals, the stable isotope results from the tooth collagen analysis suggest 
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an age-related difference in dietary protein sources; specifically that during childhood, these 

individuals were consuming protein resources from trophic levels enriched in 15N compared 

to the adult diet (i.e. marine or freshwater fish, and/or sea turtles). 

Another possibility is that there was a lingering trophic level effect from breastfeed

ing elevating the 815N values of the dentine collagen. Breastfeeding results in a trophic 

enrichment of subadult tissues, including tooth dentine (Fuller et al., 2006; Jay et al., 2008; 

Katzenberg et al., 1996). If breastfeeding continued late into childhood, or if tooth formation 

occurred at a rate different from the standard used to estimate the age the distal third of the 

tooth root was formed, this could potentially result in the observed variation in 815N values. 
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Figure 3.26: Teouma tooth collagen 813C and 815N values with reference to a Pacific island 
dietary baseline. The black circle delineates the possible diet of the individuals 
using a diet-to-tissue spacing of 1 %o for 813C and 3%o for 815N. 
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Figure 3.27: Teouma mean bone and tooth collagen o13C and o15N values (±lSD) with ref
erence to a Pacific island dietary baseline. 
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3.11.3 Uripiv 

The Uripiv site contained both Lapita-associated (n=4) and post-Lapita burials (n=3). All 

of the Lapita-associated individuals were perinates with the exception of one 18-month

old infant. Although it is recognised that, as at Teouma, there could be possible variations 

between adult and subadult diet at the site, the Lapita-associated infant burials had to be used 

to assess potential adult diet as they were the only individuals available for analysis. These 

individuals were compared to the post-Lapita individuals from the site. The post-Lapita 

burials were cut into the stratigraphic layer dating 2300-2000 BP (layer 2a) from radiocarbon 

dates of marine shells, and therefore must have been interred before this time (Bedford et al., 

in prep). The post-Lapita bone sample and one of the post-Lapita teeth analysed in this study 

were from an individual of unknown age and sex and the remaining post-Lapita tooth sample 

was from an older female. 

As a result of the young age (perinatal and infants) of three of the four subadults from 

Uripiv, it is likely the 8 values of their bone collagen generally reflect the 813C, 815N and 

834S values of their mothers. The mothers themselves could not be analysed and therefore 

these values are only estimates of the maternal 8 values as some studies have found possible 

unexplained variation between females and very young subadults (Jay et al., 2008; Kinaston 

et al., 2009). Not surprisingly, the eldest subadult, an 18-month-old infant, displayed the 

collagen most enriched in 15N compared to the perinates (1.8%o and 0.1 o/oo higher for 813C 

and 815N, respectively, compared to perinatal mean 8 values). This is likely due to the trophic 

enrichment of infant tissues as a result of breastfeeding, a phenomenon that will be discussed 

in further detail in the dietary discussion of Taumako. This trophic enrichment is thought 

to be around 2-3%o for 815N and 1 o/oo for 813C (Fogel et al., 1989; Fuller et al., 2006), so 

correcting for the effect of breastfeeding would place the potential maternal mean of this 

individual near the values of other younger subadults who are potentially representative of 

their maternal values. 

From the position of the 815N and 813C values, the diet of the Lapita-associated mothers 

would probably have been a mixture of lower trophic level marine foods (coastal complex, 

macroalgae and reef fish) and terrestrial C3 foods, although the possibility that C4 plants 

could possibly have influenced the 813C values cannot be ruled out. Compared to the po

tential Pacific island domesticates, the Lapita-associated individuals fall outside the range of 

these animals estimated from other studies (Figure 3.28). However, as previously noted for 

all the samples, this range may not be appropriate for animal husbandry practices on Uripiv. 
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On the other hand, the post-Lapita individuals had lower values of 813C (difference 

1.5%o ) and 815N (difference 1.9%o ) for bone collagen compared to the Lapita-associated 

bone collagen mean values. The post-Lapita teeth exhibited very similar values to the one 

sample of post-Lapita bone sample. This suggests that the post-Lapita individuals were 

consuming more protein from C3 terrestrial sources and marine foods from trophic levels 

depleted in 15N relative to the diet of the Lapita-associated individuals. 
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Figure 3.28: Uripiv bone and tooth collagen 813C and 815N values with reference to a Pa
cific island dietary baseline. The black circle delineates the possible diet of the 

individuals using a diet-to-tissue spacing of 1 %o for 813C and 3%o for 815N. 

The sulphur isotopes suggest that the protein resources were more marine in the post

Lapita individual compared to the Lapita-associated individual; however the small sample 

size (n=2) makes any comparative dietary interpretations with P4S rather tentative (Figure 

3.29 and Figure 3.30). This may suggest a transition over time from a subsistence based on 

reef and open ocean fishing and some agricultural influence in Lapita-associated commu

nities to a heavier reliance on agricultural foods and a change in marine resource practices 

focused on exploitation of more inshore items and reef foods during the post-Lapita periods. 

The archaeological excavations at Uripiv have focused mainly on the Lapita settlement 

and burial ground at the site. The post-Lapita burials included in this analysis were discov

ered during test pitting to locate the Lapita settlement. However, the island itself appears to 

have been occupied almost continuously since original Lapita settlement (Bedford, 2003). 
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Figure 3.29: Uripiv bone collagen 834S and 815N values with reference to a Pacific island 
dietary baseline. The black arrows point to the possible diet of the individuals 
using a diet-to-tissue spacing of 3%o for 815N and 0.4%o for 034S. 

Therefore, although the post-Lapita phase of occupation has not been well researched and 

the Lapita-associated faunal remains and material culture have not been fully analysed, the 

stable isotope analysis generally supports the theory proposed by Bedford (2003, 2006b): 

namely, that the first Lapita inhabitants were exploiting the most easily procurable marine 

and terrestrial resources and, as time progressed, agricultural systems were established and 

utilised as major food sources. 

Although the 834S value does not entirely fit with this suggestion, both the Lapita

associated and post-Lapita individuals fall within the terrestrial range for Pacific island foods. 

The differences in 834S could be a result of variable proportions of low trophic level marine 

foods, the sea spray effect, or the small sample size from Uripiv. However, as mentioned, 

these values were higher than the range for 034S of terrestrial ecosystems in other parts of 

the world (2-6%o ) and the small sample size is rather limiting for dietary interpretations. 

The higher 813C and 815N values of the Lapita associated individuals, compared to 

the post-Lapita individuals, suggest that the earlier inhabitants were exploiting the reef and 

deeper waters while the post-Lapita populations were relying more heavily on the near in

shore environment, especially the reef, mudflats and seagrass meadows, for the marine corn-
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Figure 3.30: Uripiv bone collagen P4S and813C values with reference to a Pacific island 
dietary baseline. The black arrows point to the possible diet of the individuals 
using a diet-to-tissue spacing of 1 %o for 813C and 0.4%o for 834S. 

ponent of their diet. Other protein sources most likely came from terrestrial C3-based ecosys

tems. The biodiversity on small islands such as Uripiv is limited and therefore most likely 

came from domesticated plants and/or animals, although there are fruit bats and small birds 

present on Uripiv today. Banana (Musa sp.) and an Aroid (possibly the giant swamp taro 

Cyrtosperma merkusii), were identified in microfossil analysis of Lapita-associated layers 

from Uripiv (Horrocks and Bedford, 2005; Horrocks et al., 2009). 

Regarding the possible consumption of domestic animals, on the island today pigs are 

only eaten on special occasions and chicken and eggs are eaten rarely. The consumption of 

domestic animals can only be confirmed from the future stable isotope analysis of faunal 

samples and comprehensive midden analysis. The comparatively lower 813C and 815N of 

the post-Lapita individuals suggests a heavier reliance on C3-based terrestrial systems, most 

likely domesticated plants and/or animals. If so, it is possible that the establishment and 

exploitation of domesticated plants would facilitate more advanced animal husbandry prac

tices on Uripiv. For example, food production capacity would have been increased, possibly 

allowing for the excess resources to be allocated as animal fodder. 
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3.11.4 Vao 

Similar to Uripiv, the skeletal sample from Vao is small and consists of both Lapita-associated 

individuals (n=2) and individuals that post-date the Lapita settlement (n=3) at the site. The 

Lapita-associated individuals include both bone and tooth samples of an adolescent female 

(no estimated age) and a bone sample from a young male. The burials which post-date the 

Lapita settlement include a male of unknown age (bone sample), a young female (bone and 

tooth sample) and a subadult aged to approximately 6 years (tooth sample). 

The Lapita-associated and post-Lapita individuals from Vao displayed a similar trend 

in o13C, but not in 815N values, to the individuals from Uripiv (Figure 3.31). Comparison of 

the bone collagen o13C and o15N values between Uripiv and Vao suggests that although they 

were consuming different proportions of marine and terrestrial foods, the Lapita-associated 

and post-Lapita individuals from Vao were consuming proteins from a lower trophic level 

than the Lapita-associated individuals from Uripiv, but a trophic level similar to that of the 

post-Lapita individuals. 

The o13C and o15N values of the tooth collagen from the post-Lapita and Lapita in

dividuals were very similar (Figure 3.31). Both the Lapita-associated and post-Lapita in

dividuals who had both bone and a first molar present displayed lower bone collagen o13C 

and o15N values compared to tooth collagen o values. Interestingly, the post-Lapita teeth 

displayed similarities in o values with the Lapita-associated bone samples. The o34S value 

of one Lapita-associated individual fell within the terrestrial range of Pacific island plants 

and animals but, as discussed above, this probably still suggests a mixture of marine and 

terrestrial food sources (Figure 3.32 and Figure 3.33). 

The stable isotope data suggests that, during the ages of 5 to 9 there was possibly an 

age-related difference in diet, with the subadults consuming 15N-enriched protein from a 

slightly higher trophic levels compared to the adults. For the post-Lapita individuals these 

protein sources were most likely lower trophic level organisms from marine environments 

and terrestrial C3-based resources compared to the Lapita-associated population. It is likely 

that domesticated plants were important food sources, although domesticated animals may 

have contributed if they were fed a majority of C3 plants. However, further isotope analysis 

of faunal remains must be conducted to confirm this. Although little has been published 

regarding the archaeology at Vao, the sequence of occupation and subsistence strategies 

is thought to be very similar to that of Uripiv as these islands are located about 20 km 

apart and the dates of Lapita and post-Lapita occupation are similar (Bedford pers. comm.). 
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Figure 3.31: Vao bone and tooth collagen 813 C and 815N values with reference to a Pacific 
island dietary baseline. The black circle delineates the possible diet of the indi
viduals using a diet-to-tissue spacing of 1 %o for 813C and 3%o for 815N. 

Interestingly, today the inhabitants on Vao eat little marine foods compared to communities 

on Uripiv and have a heavier reliance on horticulture, with extensive gardens located on 

mainland Malekula (Buckley pers. comm.), a trend which may be suggested in prehistory 

by the stable isotope values. 
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3.11.5 Watom 

The four individuals from Watom were Lapita-associated adult individuals. The Watom buri

als consist of bone samples from two males (one young, one of unknown age) and two fe

males (one young and one old). The 813C and 815N values of the individuals fall in between 

marine and terrestrial foods (Figure 3.34). The marine input is likely from 15N-depleted 

trophic inshore organisms such as reef fish and shellfish, a suggestion supported by the fau

nal evidence from the site (Green, 2000; Green and Anson, 1987). As for all the sites, it is 

possible the low protein content of the potential domesticated plant foods (C3 and possibly 

C4 plants such as sugar cane) could be overshadowed by enriched protein foods. Macrofos

sil remains of tropical almond (Terminalia sp.), canarium nut (Canarium sp.) and coconut 

(Cocos nucifera) in addition to microfossil evidence of banana (Eumusa and possibly Aus

tralimusa) have been positively identified in the archaeological record (Lentfer and Green, 

2004; Specht, 1968). 

In view of the ranges for the Pacific island animal domesticates, it is possible that 

the Watom individuals were consuming these animals, assuming the community practised 

similar animal husbandry techniques to the other prehistoric populations (Figure 3.34). The 

Lapita-associated stratigraphic layer directly post-dating the burials included a number of 

young pigs ( <2 yrs old), suggesting these animals were directly raised for food rather than 

ceremonial purposes (Smith, 2000). Today, pigs forage widely across the island and are not 

contained in any manner, with gardens located far inland to avoid any potential damage from 

the domesticated pigs. As noted, like any of the domestic/commensal animals from Pacific 

islands, pigs may forage on or be directly fed marine foods, and this is may be reflected in 

the 813C, 815N, and 834S values of the humans (Beavan-Athfield et al., 2008). 

The 834S values of the bone collagen may indicate that the individuals from Watom 

were consuming both marine and terrestrial foods, as they plot near the top of the range for 

834S for Pacific island plant and animals (Figure 3.35 and Figure 3.36). Furthermore, when 

the 813C, 815N and P4S values are assessed together, possible sexual and age differences in 

the stable isotope values can be identified. Older individuals had higher 813C (1.6%o ), 815N 

(2.5%o ) and 834S values (0.5%o ) compared to younger individuals and females had higher 

values 813C (0.5%o ), 815N (2.2%o) and 834S (2.4%o) compared to males. However, as the 

adult data set was small (n=4) comprising one young male, one male of unknown age, one 

young female and one old female, these patterns may not tell a complete story. If the isotopic 

differences in just the sex cohort are considered, the data would suggest that females were 

consuming more protein-rich marine foods than the males. 
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Figure 3.34: Watom bone and tooth collagen 813C and 815N values with reference to a Pa
cific island dietary baseline. The black circle delineates the possible diet of the 
individuals using a diet-to-tissue spacing of 1 %o for 813C and 3%o for 815N. 

The comparison of bone and tooth 813C and 815N values from the one (and only) male 

with both tissues suggested that, during the time of first molar distal root formation (5-9 yrs) 

the protein portion of the diet was from sources more enriched in 13C and 15N than the adult 

diet (Figure 3.34). 

A previous dietary study that utilised a stochastic method to estimate the dietary items 

of six of the individuals that were excavated pre-2008 has been conducted by Leach et al. 

(2000). Additionally, two further studies, also using computer simulation to estimate the 

proportions of dietary items, have been undertaken that included three of the pre-2007 buri

als. These studies were aimed at assessing the marine food component of the Watom diet 

for radiocarbon dating purposes (Beavan-Athfield et al., 2008; Petchey and Green, 2005). 

Leach et al. (2000) suggested the diet of these 6 individuals consisted of 36wt% marine 

foods (6wt% from reef fish) and 64 wt% terrestrial foods (53wt% of these were plant foods, 

2.7wt% from C4 plants). Petchey and Green (2005) reanalysed three of these six burials 

(1, 2 and 3) and suggested the marine component of the diet was between 19-37wt% de

pending on the method used (computer simulation using carbon, nitrogen and sulphur, or 

linear interpolation from 13C endpoints). Beavan-Athfield et al. (2008) again reanalysed two 

of the burials from the earlier excavations at Watom (Burials 1 and 3) and, using a differ-
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Figure 3.35: Watom bone collagen o34S and o15N values with reference to a Pacific island 
dietary baseline. The black circle delineates the possible diet of the individuals 
using a diet-to-tissue spacing of 3%o for o15N and 0.4%o for o34S. 

ent computer simulation model (ISOSOURCE), suggested a depleted input of marine foods, 

specifically 8.8±4% for Burial1 and 14.6% for Burial 3. Horwood (1988) found, in a trace 

element analysis of bone, that the Watom diet had a high proportion of terrestrial plant foods . 

The current results of the most recently excavated individuals from Watom are in line with 

the earlier studies by Leach et al. (2000) and Petchey et al. (2005). However, as mentioned, 

the stable isotope analysis is most likely under-representing the true proportions of terrestrial 

plants in the diet. 
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Figure 3.36: Watom bone collagen o34S ando13C values with reference to a Pacific island 
dietary baseline. The black circle delineates the possible diet of the individuals 
using a diet-to-tissue spacing of 1 %o for o13C and 0.4%o for o34S. 

148 



3.11.6 Taumako 

The 813C, 815N and 834S values for bone of the overall sample from Taumako were tightly 

clustered and show a highly significant positive correlation between 813C and 815N (Figure 

3.37), but not 515N and 834S or 813C and 534S (Figure 3.38 and Figure 3.39). 
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Figure 3.37: Taumako bone collagen 813C and 815N values with reference to a Pacific island 
dietary baseline. The black circle delineates the possible diet of the individuals 
using a diet-to-tissue spacing of 1 o/oo for 813C and 3%o for 515N. 

This positive correlation suggests the diet of the sample at Taumako consisted of a 

mixture of marine and C3 terrestrial food resources. Differences between individuals were 

most likely a result of differing proportions of these resources, rather than a difference in 

the types of foods eaten. A diet consisting of a proportion of inshore organisms such as 

reef fish and shellfish, in addition to deep-water animals, was likely reflected in the observed 

o13C and 815N values of the Taumako individuals . The 834S values of the overall sample at 

Taumako support the proposition that a large proportion of the protein sources consumed on 

the island was derived from marine sources. The 834S values were positioned near the highest 

values for Pacific island terrestrial organisms and were higher than the 2-6%o suggested as 

the average 834S range for terrestrial ecosystems (Peterson and Fry, 1987). Therefore the 

o34S values, interpreted in conjunction with the 813C and 815N values, suggest a mixture of 

resources that may include some of the highest proportions of marine resources of all the 
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samples, as well as a proportion from terrestrial ecosystems. 
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Figure 3.38: Taumako mean bone collagen o34S and o15N values (±1SD) with reference to 
a Pacific island dietary baseline. The black circle delineates the possible diet 
of the individuals using a diet-to-tissue spacing of 3o/oo for o15N and 0.4o/oo for 
o34s. 

Although there is a near absence of faunal remains from Taumako to compare with 

human stable isotope evidence, the proposition that a mixture of marine and terrestrial foods 

was consumed does parallel historical and ethnographic accounts from Taumako and nearby 

islands, and the ecological niche of the island itself. Fringing reef and lagoon environments 

and the ocean trenches that separate many of the islands in the Duff Island group (including 

Taumako ), in addition to mangrove forests, would have provided the habitats for the marine 

protein input observed in the stable isotope evidence (Davenport, 1968; Leach and Davidson, 

2008). Sea birds may have also contributed as dietary resources as observed in ethnographic 

accounts of the nearby Polynesian Outlier, An uta (Kirch, 2002). 15N enriched sea birds have 

also been suggested as dietary resources of a skeletal sample of prehistoric Easter Islanders 

(Fogel et al., 1997). Both wetland cutivation of taro and sago and dry land cultivation of yam 

and sweet potato have been documented on Taumako. Other important plant domesticates 

in modem and historical times include breadfruit, bananas, coconuts and mountain apples 

(Davenport, 1968; Yen, 1976). Nuts, including breadfruit nut, canarium, tropical almond, 

Tahitian chestnut and cutnut were, and still are, important food sources on Taumako and 
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throughout the region (Davenport, 1968; Yen, 1976, 1996). 

Potential sources of the terrestrial protein include C3-based resources including do

mesticated plants (especially breadfruit, taro, yam and sago) and animals (e.g. chicken, pig 

and dog) and indigenous animals. However, the diversity of indigenous animals on small 

islands such as Taumako was very limited after initial human settlement and therefore their 

contribution to the diet of the inhabitants of Taumako was probably relatively unimportant 

(Anderson, 2002; Steadman, 1995, 1999). Domesticated animals could also have provided 

potential protein sources but, as discussed, the isotope signal of these animals will depend 

on island-specific animal husbandry practices (Figure 3.37). Historical accounts have noted 

that the inhabitants of Taumako did not consume fow 1 and throughout Pacific islands pigs are 

usually only consumed on special occasions as they are regarded as highly valuable (Barrau, 

1958; Leach and Davidson, 2008; Pollock, 1992). No information could be found regard

ing the possible consumption of freshwater organisms on Taumako. Regardless, freshwater 

biotas in the Solomon Islands are relatively less diverse than in Papua New Guinea, and the 

remote Duff Islands would be expected to have a further reduction in freshwater species di

versity (Polhemus et al., 2008). Additionally, Spanish explorers observed the consumption 

of sugarcane in the late 1600s in the Santa Cruz Islands and there is a possibility this plant 

151 



may have influenced the observed 813C values at Taumako (Yen, 1973). 

It is more likely that the many different species of nuts found in the Duff Islands region 

and throughout the Pacific Islands were an important terrestrial protein source. Nuts are high 

in protein and, although these foods are not as esteemed as starchy food crop staples, they 

are widely snacked on throughout the day in many Pacific island communities (Barrau, 1973, 

1958; Pollock, 1992). Starchy food staples such are the other most likely terrestrial C3 plants 

consumed on Taumako, but their relatively low protein content could result in the true dietary 

proportion of these foods being obscured by other high protein foods such as marine fish and 

shellfish. 
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Potential Age and Sex Differences in Diet at Taumako 

All the adult 8 values from Taumako were tightly clustered and there were no statistically 

significant differences between the sexes or age groups. Both the sexes and the two age 

groups displayed a highly significant positive correlation between 813C and 815N, but not 

813C and 834S or 815N and 834S. From the isotope results, it can be inferred that there were 

no major differences in diet between males and females or adult age groups and that, as 

discussed above, the main protein sources were from a combination of marine (both deep

water and inshore) and terrestrial ecosystems (Figure 3.40). 
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Figure 3.40: Taumako mean bone collagen 813C and 815N values (± 1SD) with reference to 
a Pacific island dietary baseline. 

The larger sample size of subadults from Taumako allowed for the statistical analysis 

of these individuals. Age had a statistically significant affect on 815N (p=< 0.001 including 

perinates/foetal individuals and excluding these individuals p=0.002) and fJ3 4S (p=< 0.016 

including perinates/foetal individuals and excluding these individuals p=O.O 14 ), but not 813C 

(Figure 3.41, Figure 3.42, Figure 3.43). Additionally the subadult individuals aged 0.1 -3 

years were statistically significantly different from the older subadults aged 4-16 also for 

815 N (p=0.006) and 834S (p=0.038), but not 813C. The 813C and 815N was positively corre

lated for all the age groups, although unlike the adults, the correlation for subadults was not 

statistically significant. 
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The age effect on the subadults' 515N values and the difference between the subadult 

age groups is most likely a result of breastfeeding and subsequent weaning, given the age 

range of these individuals (0.1-3 years). As a result of the trophic effect, breastfeeding 

results in the enrichment of infant tissues with 15N (Fogel et al., 1989; Katzenberg et al., 

1996). The elevation of 515N in the tissues of infants and the subsequent decrease in 515N 

when subadults are fed supplementary foods has been observed in numerous studies from 

around the world (Dupras et al., 2001; Fuller et al., 2006; Millard, 2000; Ogrinc and Budja, 

2005; Prowse et al., 2008). The statistically significant lower adult female mean 515N value 

(p=0.007) compared with the 0.1-3 year age group, and higher 515N value compared to the 

4-16 year age group (not statistically significant) supports the suggestion that breastfeeding 

resulted in the trophic enrichment of 515N in young subadult bone collagen. 

Unfortunately it is outside the scope of this thesis to further discuss breastfeeding at 

Taumako in detail. Further discussion will focus solely on the older subadults ( 4-16 years) 

at the site, however, it must be noted that, although the sample size of subadults aged :::;0 

was small (n=4), the difference between the 515N values of the foetal and perinatal indi

viduals and the adult females from Taumako was statistically significant. The foetal and 

perinatal individual had higher 515N values compared to the adult females, but lower 513C 

(not significant) and similar 534S values. This pattern may suggest that a trend of possible 

maternal ill-health and in utero stress found in the Teouma sample (Kinaston et al., 2009) 

was occurring also in the Taumako sample. 

Both the males and females had higher 515N and 513C values compared to the older 

subadult age group, although these differences were not statistically significant. However 

both the male and female adults 534S means were statistically significantly lower compared 

to the 534S mean for the older subadult age group. Turner et al. (2007) observed a similar 

trend in 515N and 513C values between subadults and adults in a skeletal sample from Me

dieval Kulubnarti, Sudanese Nubia. The subadult individuals aged 4-17 years in this sample 

were lower in 515N and 513C compared to the younger and older individuals and suggested 

this phenomenon "could be attributed to a number of possible factors, including differen

tial growth rates or stress episodes, differential dietary intake and variable levels of water 

stress" (Turner et al., 2007, p.18). Moreover, other researchers have found a similar trend in 

older subadult 513C and 515N bone collagen values and have generally attributed this trend 

to differences in diet during this life stage (Katzenberg and Pfeiffer, 1995; Richards et al., 

2002). 

Firstly, the effect of potential water stress elevating the 515N values of any member 
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Figure 3.41 : Lowess curve of best fit of Taumako subadult bone collagen 813C values in 
reference to female (dotted yellow line) and male (dotted green line) mean bone 
collagen 813C values. 

of the sample can be ruled out at Taumako as the annual rainfall in the region is 5598 mm 

and the temperature is extremely hot and humid. With regard to the effect of growth on 

stable isotope values of subadults, it has been suggested that, as a result of rapid growth, 

more nitrogen would be needed for protein synthesis resulting in lower 515N values of bone 

collagen (Schurr, 1997). However, Waters-Rist and Katzenberg (2009), analysed the 815N 

values of the diaphysis, metaphyses and epiphyses of a number of subadult individuals and 

found no significant differences between these areas of growing bones, thus supporting the 

suggestion that growth had no effect on 815N values. 

Disease and starvation have also been suggested as possible causes of variation in 815N 

values; however the result of these factors is an elevation in 515N rather than a depletion in 
15N (Katzenberg, 1999; Katzenberg and Lovell, 1999; White and Armelagos, 1997). As 

discussed, there was evidence of widespread treponema! disease (yaws) at the site (Buckley 

and Dias, 2002; Buckley and Tayles, 2003b,a) and it is possible that disease resulted in the 

elevated 815N values of individuals afflicted with yaws compared to the healthy individuals. 

However, the aforementioned analysis of the 815N values of individuals with possible and 

probable skeletal lesions associated to treponema! disease compared to the non-pathological 

individuals, did not show any evidence of a difference between these groups. Theoretically, 
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Figure 3.42: Lowess curve of best fit of Taumako subadult bone collagen 815N values in 
reference to female (dotted yellow line) and male (dotted green line) mean bone 
collagen Oi5N values. 

it is possible that the non-pathological individuals were in the early stages of the disease and 

therefore did not develop the diagnostic skeletal lesions associated with treponema! disease, 

but still manifested elevated Oi5N values related to disease stress. However, for this to be the 

case all the individuals in the sample would have to have been equally affected by the disease 

and, although this cannot be ruled out, it would seem unlikely. 

Therefore, the tendency of slightly higher 815N and 813C values and lower 034S val

ues of adult bone collagen compared to the subadult 8 values may be a result of age-related 

differences in diet at Taumako. Although the differences were relatively small ( "'0.2 for 

813C, "'0.5%o for 815N and rv0.8 for 534S), they are still noteworthy, especially with regard 

to 815N and 034S. The difference in 815N values could be a result of the subadult individuals 

either consuming disproportionally less protein or, as is suggested by the higher 034S values 

of these individuals, protein from a different source that is depleted in 15N compared to the 

adult protein. The statistically significant higher 834S values of the subadults compared to the 

adults would suggest that the observed variation was related to an increase in the proportion 

of low trophic level marine foods such as shellfish, inshore organisms (e.g. sea cucumbers) 

and possibly C3-seaweeds being consumed. The absence of a statistically significant cor

relation between 513C and 815N values of the older subadult bone collagen further supports 
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Figure 3.43: Lowess curve of best fit of Taumako subadult bone collagen 834Svalues "in ref
erence to female (dotted yellow line) and male (dotted green line) mean bone 
collagen 834S values. 

the suggestion that these individuals were consuming 15N-depleted trophic level foods com

pared to the adults. This trend in 8 values supports the assumption that everyone at the site 

would most likely be consuming starchy staple foods and nuts and thus the variation in diet 

is related to varying proportions and types of marine protein. It must also be noted that the 

subadult individuals are the non-survivors and are therefore not representative of the living 

population. As will be discussed in Chapter 6, the possible dietary differences could actually 

represent the subsistence strategies that 'failed' and subsequently affected the survivorship 

of these individuals (Turner et al., 2007). The following discussion of the tooth collagen 

from the subadults who survived (the adults) may address this matter. 
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Tooth o13C and 515N Values 

There was a statistically significant positive correlation between o13C and 815N of the adult 

tooth collagen in the overall sample, both sexes and the age groups. There was no statistically 

significant difference between the sexes or age groups between for o13C or o15N values. The 

o13C and o15N values indicate that, during the ages of 5-9 years, the diet of the 'survivors' 

was similar to their diet later in life. Specifically that there was a mixture between marine and 

terrestrial foods from higher marine trophic levels and low trophic level terrestrial systems 

(Figure 3.44 and Figure 3.45) . 
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Figure 3.44: Taumako tooth collagen o13C and o15N values with reference to a Pacific island 
dietary baseline. The black circle delineates the possible diet of the individuals 
using a diet-to-tissue spacing of 1 %a for o13C and 3%o for o15N. 

Comparisons between the bone and tooth collagen values of the adults at Taumako 

suggest a small ( rv0.2%o overall), but statistically significant difference in 513C between the 

two tissues. Specifically, tooth collagen was depleted in 13C compared to the bone collagen 

(Figure 3.46). The difference in the mean o15N was not as marked and, on average, tooth 

collagen was more enriched in 15N by 0.03%o compared to bone collagen. A similar, but 

more pronounced, trend was observed for the subadults when bone and teeth from the three 

subadult individuals with both tissues were analysed. The mean o13C value of subadult tooth 

collagen was 0.1 %o lower and o 15N values 0.6%o higher than the bone collagen from the 
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Figure 3.45: Taumako mean tooth collagen 813C and 815N values (±lSD) with reference to 
a Pacific island dietary baseline. 

same individuals. Although the differences were small, they could reflect age-specific dietary 

patterns at the site. The adult tooth collagen 813C values suggest that during childhood these 

individuals were consuming more protein sources depleted in 13C, but not 15N. This trend 

may be representative of a subadult diet with an enriched proportion of terrestrial protein 

sources (e.g. nuts), coupled with marine protein from a similar trophic level to the foods 

consumed by adults. 

Furthermore, there is no evidence for any difference in the protein consumption be

tween the sexes during this period of tooth formation. The adult mean tooth collagen 813C 

and 815N values were marginally more enriched in 13C (0.3%o ) and depleted in 15N (0.2), 

respectively, than the subadult mean tooth collagen 813C and 815N values. 

The 813C and 815N values of subadult teeth (the 'non-survivors' of childhood) may 

represent a dietary trend similar to that observed for the adult tooth collagen, but such infer

ences are rather tentative because of the small sample size (n=3) of subadult teeth. The 813C 

values between the subadult (non-survivor) tooth collagen and subadult bone collagen was 

comparable, but the 815N value of the subadult tooth collagen was 0.5%o higher than the bone 

collagen mean for the subadults. Tooth collagen 813C and 815N values of the survivors ex

hibit a different trend compared to the values observed for the subadult bone collagen. This 
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Figure 3.46: Taumako mean bone and tooth collagen 813C and 815N values (±1SD) with 
reference to a Pacific island dietary baseline. 

might suggest that the deceased subadults were consuming proportionately less protein, or 

protein from a 15N-depleted trophic position, compared to the subadults who survived. This 

assumption is further supported by the fact that the positive correlation in tooth collagen 

813C and 815N is highly statistically significant (p=<0.001) but the subadult bone collagen 

of the 4-16-year-old age group is positively correlated, but this correlation is not statistically 

significant. 
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3.11.7 Nebira 

The negative correlation between bone collagen 813C and 815N values of the overall sample, 

both sexes and the age groups (albeit only statistically significant for the overall sample and 

males) suggests that food resources being exploited were not from a mixture of deep water 

marine and terrestrial ecosystems. Solely from the 813C and 815N values, it is possible to 

deduce that the sample from Nebira consumed a mixture of protein sources from terrestrial 

ecosystems and low trophic level marine foods, such as inshore foods and macroalgae (Fig

ure 3.47). Although the 813C and 815N values of the Pacific island domestic animals may not 

be relevant to the potential dietary items at the site, the Nebira individuals plot outside the 

average (±1 SD) for these animals (Figure 3.47). 
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Figure 3.47: Nebira bone collagen 813C and 815N values with reference to a Pacific island 
dietary baseline. The black circle delineates the possible diet of the individuals 
using a diet-to-tissue spacing of 1 %o for 813C and 3%o for 815N. 

The 834S values do not support the suggestion that the 13C-enriched and 15N-depleted 

resources were from marine ecosystems. The 834S values either fall near or below the lower 

range of the 834S values for Pacific island plants and animals. The values for the Nebira 

sample almost all fall within the range of 834S values of 2-6%o suggested by Peterson and 

Fry (1987) for terrestrial ecosystems in other parts of the world (Figure 3.48 and Figure 

3.49). 
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Figure 3.48: Nebira mean bone collagen o34S and o15N values (±1SD) with reference to a 
Pacific island dietary baseline. The black circle delineates the possible diet of 
the individuals using a diet-to-tissue spacing of 3%o for o15N and 0.4%o for o34S. 

Therefore, the o13C and o15N values of the Nebira sample must reflect some type of 

terrestrial food resources. As outlined in Chapter 2, Nebira is located on the South Coast 

of Papua New Guinea. The environment of the South Coast is different from other areas of 

Papua New Guinea and the other islands in the Western Pacific because it receives much less 

rainfall per annum. As a result of weather patterns and, possibly, anthropogenic modification 

of the landscape through burning, the South Coast supports large tracts of savannah grass

lands (Bulmer, 1978). Typically C4 grasses are found in these environments including some 

species ofthelmperata genus (kunai grass) on the South Coast (Leach et al., 2003) . With the 

exception of a number of different domestic and wild types of sugar cane (e.g. Saccharum 

officinarum, Saccharum edule, Saccharum robustum), there is no historical or ethnographic 

evidence of human consumption of these C4 grasses (Leach et al., 2003). However, C4 

grasses most likely contributed to the diet of certain South Coast animals, especially the wal

laby. Although there was no intact midden at the site, wallaby bones were recovered from 

Nebira. Seasonal wallaby hunts are well recorded in the ethnographic literature of the indige

nous people of the area (Alien, 1977a; Bulmer, 1979). Animals that lived in this savannah 

grassland and could possibly have grazed on these C4 grasses included birds, wild boar and 

bandicoot. As a result of the humans consuming the flesh of animals that were previously 
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Figure 3.49: Nebira mean bone collagen 834S and813C values (±lSD) with reference to a 
Pacific island dietary baseline. The black circle delineates the possible diet of 
the individuals using a diet-to-tissue spacing of 1 %o for 813C and 0.4%o for <S34S. 

enriched in 13 C from the consumption of C4 plants, it can be suggested that 813C from these 

animals would be reflected in bone collagen more than if the human were eating the plants 

themselves because of the suspected preferential routing of protein 813C to bone collagen 

(Ambrose and Norr, 1993; Tieszen and Fagre, 1993). 

Assessing the 813C, 815N and 834S in conjunction with one another, it can be suggested 

that the diet of the inhabitants ofNebira was primarily terrestrial and most likely consisted of 

a mixture of animals that consumed both C3 and C4 plants and terrestrial (potentially both C3 

and C4 plants) plants. This is supported by the negative correlation between 813C and 815N 
and between 813C and 834S. A mixture of C3 terrestrial protein and C4 plants (likely repre

sented in this case by animals consuming C4 plants) would result in a negative correlation 

because wallabies are herbivores and therefore low trophic level animals. The statistically 

significant negative correlation between 813C and 834S for the overall sample would support 

the assumption that animals with higher 813C values were terrestrial. The true proportion of 

terrestrial plants is most likely overshadowed by the protein components of the diet. 

In savannah areas, dry cultivation of yam (Dioscorea sp.), banana (Musa sp.) and 

sweet potato (Ipomoea batatas) are the principal crops, although the consumption of sweet 
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potato would depend on the timing of the introduction of this vegetable. Nebira is one of 

the more fertile tracts of land in the area and, as it is near both a river and swamp, it is also 

possible that taro (Colocasia sp.) was cultivated (Barrau, 1958; Bulmer, 1975). In addition, 

a wide variety of wild fruits, tubers, vegetables, and nuts gathered from the bush have been 

identified as important foods that support subsistence year round and are possible dietary 

items at the site (Oram, 1977). 

Depending on the amount of interaction with the coastal inhabitants, sago (Metroxylon 

sp.), coconuts (Cocos nucifera), marine fish and shellfish could also have been dietary items 

(Allen, 1977a). Although a limited amount of fish and shellfish remains were found at the 

site, marine organisms were not reflected in the isotopic evidence and it can be suggested that 

these foods were not consumed in large amounts at Nebira (Bulmer, 1978, 1979). From the 

513C and 515N values alone, it is possible that some freshwater organisms were consumed. 

However, it would be expected that the 534S values would be higher if this were the case but, 

as a result of the possible variation in freshwater 534S values, it would be necessary to obtain 

site-specific baseline data to confirm this (Craig et al., 2006; Privat et al., 2007). It is also 

possible the more negative correlation between 513C and P4S is a reflection of a mixture of 

freshwater fish protein (low 513C values and high 534S values) and terrestrial animals that 

consumed C4 plants (high 513C values and low 534S values). 

Potential age and sex differences in diet 

Although there were no statistically significant differences between the sexes or the age 

groups for 513C, 515N and 534S values, the mean male 513C value was higher compared to the 

female mean 513C value by 1.7%o (Figure 3.50). As there were no similar differences in 515N 

or 534S values, it is possible that this difference was a result of an increase in the consumption 

either of C4 plants (e.g. sugar cane) or animals that consumed C4 plants (i.e. wallaby). It 

is possible that the females were consuming the same proportion of protein from similar 

trophic levels, but less 13C-enriched sources than the males. The tendency for a difference 

between the mean 515N values of the young and mid age groups, the mid age group being 

higher than the young, could be associated with the older adults consuming more protein 

from a trophic level enriched in 15N than the young adults. 

The overall subadult mean 513C and 515N were 1.8%o and 0.2%o lower than the overall 

adult mean values. Although the subadult sample was small (n==3), and the subadults were all 

adolescents, these values could be representative of an age-related difference in diet at Nebira 

(Figure 3.50). However the subadult mean P4S value is 3.4%o higher than the overall adult 
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mean 834S value. Although the sample size is very small to make meaningful inferences, this 

trend in the three 8 values could possibly suggest the subadults were consuming some type 

of freshwater organisms, their protein sources were more C3-based compared to the adult 

diet and/or the subadult individuals were eating less 13C-enriched meat, such as wallabies. 
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Figure 3.50: Nebira mean bone collagen 813C and 815N values (±1SD) with reference to a 
Pacific island dietary baseline. 

There was no evidence of a difference between male and female tooth collagen 813C and 

815N values. This suggests that the diet was similar between the sexes during the years of 

first molar distal tooth root formation (5-9 yrs) (Figure 3.51). Similar to the adult bone 

collagen values, the correlation between the 813C and 815N values was negative, although 

this correlation was not statistically significant. The subadult tooth collagen mean 813C and 

815N values were lower than the adult tooth collagen mean 813C and 815N values suggesting 

that the 'non-survivor' subadults may have been consuming more C3-based terrestrial protein 

(i.e. less wallabies), although the sample size is too small to make any definitiv~ inferences 

regarding age-related dietary variations between the survivors and the non-survivors (Figure 

3.52). 

For the overall sample, the mean bone collagen 813C value was statistically significant 
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Figure 3.51: Nebira tooth collagen 613C and 615N values with reference to a Pacific island 
dietary baseline. The black circle delineates the possible diet of the individuals 

using a diet-to-tissue spacing of 1 %o for 613C and 3%o for 615N. 

and higher compared to tooth collagen mean 613C value (Figure 3.53). For mean 613C values, 

the bone collagen was enriched in 13C compared to tooth collagen for the males and females 

respectively. However, for the overall sample, the mean bone collagen was statistically sig

nificantly depleted in 15N relative to mean tooth collagen value (p=0.041). When assessed 

by sex, the mean bone collagen 615N value was lower compared to the mean tooth collagen 

value for males and females respectively. This trend suggests age-related dietary differences 

similar to those found for the subadult bone collagen. From the comparisons between the 

bone and tooth collagen 613C and 615N values, it is suggested that the protein sources for the 

subadults aged 5-9 years were more C3-based and of a trophic level slightly enriched in 15N 

compared to the adult diet. This could be a result of the subadult individuals consuming local 

domesticated animals, wild animals that consumed C3 plants or possibly even low trophic 

level freshwater organisms. 

It is also possible the high mean 615N value of the tooth collagen is a result of a lin

gering breastfeeding signal. The trophic effect of breastfeeding has been discussed in the 

166 



• C3 Plants 

C4 Plants 

• Terrestrial Animals 

20 ······························· ······························ • All domesticates 

• Wallabies 
~ 15 

5 

0+---~---p--~----r---~--~ 

-30 -25 -20 -15 -10 -5 0 

• Freshwater animals 

• Macroalgae 

• Seagrass 

• Coastal Complex 

• ReefFish 
• Deep Water Fish 

• Turtles 

o Dugong 

Mal,es 

• Females 
o Subadults 

Figure 3.52: Nebira mean tooth collagen 813C and 815N values (±lSD) with reference to a 
Pacific island dietary baseline. 

assessment of the Taumako samples. The 15N enrichment would have only occurred if breast

feeding was prolonged at Nebira or if tooth formation was earlier in this sample. However 

the fact that the mean bone collagen value was higher than the mean tooth collagen 813C 

value suggests that this difference is more likely to be related to diet. It would be expected 

that the tooth collagen values would be enriched in 13C if the differences were related to the 

breastfeeding signal. This is because the tissues of breastfeeding infants have been observed 

to have higher 813C values than maternal 813C values (Fuller et al., 2006). 

A different trend was found when the subadult tooth collagen was compared to bone 

collagen from the same individuals. With regard to the two 'non-survivor' subadults, their 

bone collagen was 3.0%o lower in 813C and 0.6%o lower in 815N compared to their tooth 

collagen values. The fact that there were only two subadult individuals with both bone and 

tooth o values means that any dietary inferences regarding these values are rather tentative. 

However, the large variation in o13C suggests that these individuals ate enriched proportions 

of C4 plants or animals that consumed C4 plants. The lower bone collagen mean 015N values 

compared to tooth collagen is parallel to the trend identified for the differences between the 
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Figure 3.53: Nebira mean bone and tooth collagen o13C and o15N values (±lSD) with refer
ence to a Pacific island dietary baseline. 

two tissues observed in the adults, suggesting the consumption of 15N -enriched trophic level 

foods during the age that the tooth was forming (5-9 years). 
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3.11.8 Overall Skeletal Sample Comparisons 

Skeletal Sample Comparisons of Bone Collagen o13C and o15N values 

When the three cemetery samples with sample sizes of more than ten individuals were com

pared with one another, there were statistically significant differences found between all the 

samples for JBe, o15N and o34S. However, when corrected for age and sex effects, these 

differences only remained statistically significant for o15N and o34S. 

Although the other samples (Uripiv, Vao and Watom) were not large enough to com

pare with the other samples with inferential statistics, the JBe, o15N and o34S values of the 

samples did suggest a difference in diet as discussed in the population-specific reviews. The 

lack of evidence for a difference between the JBe values of the three largest samples when 

corrected for the age and sex effects was likely a result of similar proportions of marine foods 

being consumed by the Teouma and Taumako samples. However, for the Nebira sample, the 

higher mean JBe value was probably a result of the influence of e 4 plants or animals that 

consumed e4 plants instead of marine foods. For the smaller samples, the Lapita-associated 

individuals from Uripiv, Watom and Vao had similar mean o13e values to the three largest 

samples. The Lapita-associated individuals from Watom and Vao were slightly depleted in 

Be suggesting a greater proportion of e 3-plant based protein. Likewise, the post-Lapita indi

viduals from Uripiv and Vao were further depleted in Be compared to the Lapita-associated 

individuals from the same island, suggesting a heavier reliance on e3-plant based protein 

over time at these sites (Figure 3.54). 

The differences between the mean o15N values of the Taumako, Teouma and Nebira 

samples were likely a result of differences in the trophic level of the protein foods consumed. 

Human isotopic data suggests the Teouma sample consumed the highest trophic level foods 

as the mean o15N value was 0.90%o and 2.86%o higher than the Taumako and Nebira o15N 

values respectively. Additionally, the Taumako mean o15N value was 1.95%o higher com

pared to the Nebira mean o15N value. The values of Taumako and Teouma are most likely 

representative of more inshore and reef animals, in addition to some deeper water species. 

The low mean o15N value of Nebira was most likely a result of the consumption of a high 

proportion of herbivore meat and low protein plant foods. 

Of the smaller samples, the Lapita-associated individuals from Watom and Uripiv ex

hibited o15N values similar to that of Taumako and Teouma, although the mean Uripiv o15N 

value was lower. However the similarities between the mean isotope values of these sam

ples suggests that they consumed protein from similar trophic levels. The Lapita and post-
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Figure 3.54: All samples mean bone collagen 813C and 815N values (±1SD) with reference 
to a Pacific island dietary baseline. 

Lapita individuals from Vao and the post-Lapita individuals from Uripiv exhibited lower 

815N values compared to the sample previously mentioned. These individuals were most 

likely consuming very low trophic level foods such as seaweed/shellfish and plant protein 

(Figure 3.54). 

The differences between the three largest samples with regard to mean 834S values 

also generally distinguished between marine and terrestrial foods. The Taumako mean 834S 

value was 3.5%o and 1 L6%o higher compared to the Teouma and Nebira mean 834S values 

respectively, and the Teouma mean 834S value was 8.1 %o higher compared to the Nebir~ 

mean value. The diet at Nebira was singled out as almost purely terrestrial, while Taumako 

and Teouma represent samples that consumed both marine and terrestrial resources. With 

regard to the smaller samples, the Lapita-associated individuals from Watom and the post

Lapita individual from Uripiv exhibited the highest 834S values (Figure 3.55 and Figure 3.56). 

The Lapita-associated 834S values from Vao and Uripiv had the lowest P4S values of all the 

samples. However, all the samples other than Nebira fell within the mid to high range of 

Pacific island plant and animal ranges for 834S (Figure 3.55 and Figure 3.56). 

It is likely that the sea spray effect influenced these values, depending on weather pat

terns and the location of habitation and food procurement sites on the islands. For example, 

Taumako displayed the highest 834S values and these individuals lived on an artificial islet in 
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Figure 3.55: All samples mean bone collagen o34S and 815N values (±1SD) with reference 

to a Pacific island dietary baseline. 

the fringing reef off Taumako. However, the difference between Lapita-associated and post

Lapita individuals from Uripiv and Vao respectively would suggest that the sea spray effect 

was not entirely responsible for the human o34S values, and the o13C and 815N values from 

Taumako support the inference that a large proportion of marine protein was consumed. 

Skeletal Sample Comparisons of Tooth Collagen 813C and o15N values 

Unlike the bone collagen results, the mean o13C values of the three largest samples were 

statistically significantly different when adjusted for the effects of age and sex. Specifically, 

the Teouma mean tooth collagen o13C value was 0.9%o higher compared to Taumako and 

1.4%o higher than Nebira. The Taumako mean tooth collagen value was 0.5%o higher than 

the Nebira mean. The smaller samples also followed the same trend as for the o13C values of 

bone collagen mentioned above. These differences in mean o13C values can be attributed to 

variations in subadult diet during the ages of 5-9 between the samples for the same reasons 

as discussed above for the mean bone collagen o13C values (Figure 3.57). 

The tooth collagen o15N values of the three largest samples were statistically signif

icantly different, a trend similar to the mean bone collagen o15N values for these samples . 

The mean overall o15N value of tooth collagen at Teouma was 2.4%o higher compared to 

Taumako and 3.1 %o higher compared to Nebira. Furthermore, the mean overall o15N value 
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Figure 3.56: All samples mean bone collagen P4S and513C values (±1SD) with reference to 

a Pacific island dietary baseline. 

of tooth collagen at Taumako was 0. 7%o higher than Nebira. The trends observed in the mean 

tooth collagen 515N values for the smaller samples were very similar to the trends for mean 

bone collagen 515N values (Figure 41). As for the tooth collagen 513C values, it is suggested 

that the variation in mean tooth collagen 515N values is a result of variation in diet during the 

ages of 5-9 years that is very similar to the dietary trends outlined above for the mean bone 

collagen 515N values. 
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Figure 3.57: All samples mean tooth collagen o13C and o15N values (±lSD) with reference 
to a Pacific island dietary baseline. 
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3.11.9 Concluding Remarks 

The stable isotope results for all the samples will be discussed further in Chapter 6 when 

addressing the hypotheses outlined in Chapter 1. Specifically, the stable isotope data will 

be compared with dental wear and health data to assess whether each method of dietary 

assessment is comparable or complementary in reconstructing the diet of past samples. Pos

sible sexual and age-related differences in diet will also be further commented on in the final 

chapter. The differences between adult (survivor) and subadult (non-survivor) diet and the 

potential health implications of the diets at each site, especially with regard to the females 

and subadults, will be further discussed in Chapter 6. Finally, temporal trends in diet will 

be assessed for all the sites to address possible change in subsistence practice and identify 

potential culturally moderated dietary variations between sex and age groups. 
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Chapter 4 

Dental Wear and Dental Pathology 

4.1 Introduction 

"The prevalence and distribution of dental diseases in a skeletal series, when 

analyzed (sic) by age, sex, and social group, may yield valuable clues regarding 

diet (what is eaten), nutrition (physiological adequacy of the diet), and subsis

tence (method of procuring the diet)" Lukacs (1989, p.261). 

The primary function of the dentition and surrounding oral structures is for digestion, 

but the mouth also plays a crucial role in speech, respiratory function and facial expression. 

Teeth and their surrounding tissues are the first point of contact for any foodstuffs that are 

consumed in the diet. Although extremely robust as a result of their resilient structure (re

viewed in Chapter 3), teeth will respond to their environment in a number of ways. The 

pattern of dental wear and pathology of the dentition and surrounding structures can inform 

bioarchaeologists about economic and social trends of past societies including dietary and 

subsistence patterns (Ogden, 2008; Roberts and Manchester, 2005). 

This chapter will address the first aim of the thesis by assessing a number of dental 

conditions that can develop in response to diet; tooth wear, caries, calculus, periodontal 

disease, secondary infection and antemortem tooth loss (AMTL). A general review of the 

pathologies that can affect the oral cavity and of relevant archaeological studies that have 

assessed these conditions in past populations will follow a description of dental recording 

methods used in this study and the statistical analyses performed on the data. The results 

of these analyses at an intra- and inter-population level will be followed by a discussion of 

the data. The results from this chapter will be further reviewed in the context of the dietary 
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interpretations in Chapter 6. 

4.2 Tooth Macrowear 

Mechanical stresses exerted on teeth from the mastication of food and tooth grinding (brux

ism) will result in the wear of the occlusal surface of the tooth crown (Hills on, 2008b ). 

Tooth attrition is recognisable by distinctive wear facets resulting from the occlusion of the 

upper and lower teeth during tooth grinding and mastication. These well-defined wear facets 

differentiate attrition from abrasion, which is characterised by more dispersed wear across 

the enamel surface (Larsen, 1997). In this study the term 'tooth wear' is synonymous with 

the macroscopic appearance of the attrition and abrasion across a tooth's occlusal surface, 

known as macrowear. 

Dental erosion, or the chemical dissolution of both enamel and dentine, can also result 

macrowear-type changes, such as dentine scooping, although erosion will affect all surfaces 

of the tooth (e.g. buccal and lingual), not just the occlusal. Dental erosion is relatively rare 

in prehistoric samples, but has been noted in prehistoric Maori skeletal samples from New 

Zealand and it was suggested this condition was associated with highly acidic diets and/or 

gastrointestinal disorders and, possibly, low pH in the burial environment (Keiser et al., 

2001). 

The severity of macrowear is influenced by advancing age and methods have been 

developed to estimate the age of adults from the patterns of tooth wear between certain teeth, 

especially the molars (Benfer and Edwards, 1991; Molnar et al., 1983; Walker et al., 1991). 

However, the pattern and severity of the wear is highly representative of certain food types 

and food preparation techniques (Molnar, 1971 b). Early studies of macrowear first identified 

a correlation between food type and the severity of tooth wear (Larsen, 1997; Molnar, 1972). 

Macrowear varies between populations for a number of reasons including "localized 

(sic) behavioural (sic) characteristics and differences in cultural practices, age, sex, diet, and 

orofacial morphology" and can therefore provide information on past subsistence practices 

(Larsen, 1997, p.247). For example, the regular consumption of gritty foods like sandy 

shellfish will result in heavy wear patterns compared to a diet rich in soft cereal foods, such 

as maize (Molnar, 1972). Food preparation methods, such as the use of stone mortars and 

cooking directly in the fire, must be taken into account as causes of macrowear, even if it 

is suspected the diet consists of relatively 'soft' foods (Arnold et al., 2007; Larsen, 1995). 
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Table 4.1: Severe attrition in prehistoric Marianas skeletal samples. 

Sample(n-) 
Guam(6) 
Rota(2) 
Saipan (4) 
Total (12) 

Table modified from Pietrusewsk:y et al. (1997, p.333) 
n=total skeletal samples from each island 
A (affected individuals) and 0 (observed individuals) 

A/0 % 
596/2265 26.3 
47/172 27.3 
228/439 51.9 
87112876 30.3 

Specific patterns of macrowear can also develop as a result of extramasticatory behaviour 

such as processing plants for material, food preparation, and chewing hides (Larsen et al., 

1998; Lukacs and Pastor, 1988; Molnar, 1972). Other factors can also influence macrowear 

such as AMTL, the structural integrity of the apatite crystals in the enamel, the dental arch 

shape and the chemical composition of food (Molnar and Molnar, 1990; Oxenham et al., 

2002). 

A number of studies classify severe macrowear as a pathological condition because 

the pulp cavity can become exposed leaving the tooth vulnerable to infection and potential 

exfoliation of the tooth (Domett, 2001; Lukacs, 1989; Tayles, 1999). In the Pacific Islands, 

Pietrusewsky et al. (1997) recorded severe wear in a number of prehistoric skeletal samples 

from the Marianas Islands (Table 4.1), although they do not comment on the possible dietary 

factors associated with the wear patterns other than stating the diets of the populations were 

rich in root and tree starches. They suggest the differences between the Saipan and the other 

two islands were a result of the comparatively older age profile in this sample (Pietrusewsky 

et al., 1997). Some studies of pre-Contact Maori dentitions have observed a trend in increas

ing severity in tooth macrowear over time, attributing this to a change in diet from softer 

vegetable foods (e.g. kumara), sea mammals and large birds (e.g. moas) to more abrasive 

diets that included shellfish, fish, fern root, smaller birds, rats and berries (Houghton, 1978, 

1996; Keiser et al., 2001). However, a more recent study focused on the health of early 

Maori burials from Wairau Bar, New Zealand, observed a reduction in tooth wear over time, 

suggesting a transition to softer, less gritty foods (Buckley et al., 2010). 

Assessing male and female dental wear patterns to analyse possible sexual differences 

in diet can be problematic. For example the age distribution of the sexes within the sample 

may affect the degree of tooth wear (Larsen, 1997). For this reason, in this study tooth wear 

is observed to understand the general diet of the population and is used in conjunction with 

other dental pathologies and the chemical analyses in the final chapter (Chapter 6) to assess 

possible sexual differences in diet. Additionally, in this study the tooth wear of deciduous 
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dentition was used to assist in understanding subadult dietary changes with age (Suzuki and 

Kikuchi, 2009). 

4.3 Caries 

One of the more prevalent infectious diseases found both in modern and prehistoric societies 

is caries (Larsen, 1997; Roberts and Manchester, 2005). Caries are characterised by the dem

ineralisation of the tooth's tissues (enamel, cement and dentin), initiated by variations in oral 

pH levels usually associated with bacterial fermentation of carbohydrates (Hillson, 2008a). 

These bacteria are predominately located on the tooth's surface, chiefly within plaque de

posits (Fejerskov and Thylstrup, 1994b). Plaque deposits are attached to the pellicle located 

on the outer surface of a tooth and are home to a variety of micoorganisms, including Gram

positive and Gram-negative bacteria (Nyvad and Fejerskov, 1994; Schluger et al., 1977). 

Plaque is composed of a complex arrangement of these bacteria and extracellular polysac

charides, which bond the plaque to the tooth (Nyvad and Fejerskov, 1994). The plaque fluid 

(the intercellular fluid between the plaque bacteria) is important for the diffusion of sugar 

from the diet, or the breakdown of more complex molecules such as starch and glycopro

teins by the bacteria themselves, or the enzymes found within the saliva (Hillson, 2008a). 

Bacteria within the plaque ferment these sugars (e.g. sucrose) as they cross the bacte

rial wall, producing organic acids and subsequently lowering the pH of plaque fluid (Touger

. Decker and van Loveren, 2003). Saliva acts to raise the pH by clearing away the fer

mentable carbohydrates and assists in the remineralisation of the dental tissues, as both saliva 

and plaque fluid contain calcium and phosphate ions (Johansson and Birkhed, 1994). The 

metabolism of proteins, peptides and amino acids by the plaque bacteria also acts to regulate 

the pH of the plaque fluid (Hillson, 1996). The demineralisation of the dental tissues is a 

result of repeated and prolonged pH imbalances within the oral cavity which can result in 

caries formation. Fluctuations in pH occur throughout the day; if the pH is predominantly 

low, demineralisation will occur, although this process can be halted and reversed if the pH 

rises (Nyvad and Fejerskov, 1994). 

The aetiology of caries has been linked to a number of exogenous (diet and oral hy

giene), endogenous (tooth structure), genetic and environmental (trace elements such as flu

oride) factors (Bowden and Edwardsson, 1994; Fejerskov and Thylstrup, 1994a; Hassell 

and ;Harris, 1995). The types of microorganisms found within dental plaque are, in part, 

regulated by the foods within the diet and these microorganisms will dictate the extent of 
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sugar metabolism and associated oral pH. Some bacteria, such as Streptococcus mutans, can 

survive in highly acidic environments and metabolise sugar faster than other types of oral 

bacteria (Bowden and Edwardsson, 1994). 

Diets high in carbohydrates, especially sugars, are known to increase the risk of caries. 

Likewise, starch has also been implicated in cariogenesis (Hillson, 2008a; Johansson and 

Birkhed, 1994; Touger-Decker and van Loveren, 2003). The cariogenic nature of foods such 

as carbohydrates and starches is, in part, related to the frequency of eating; fewer meals 

result in less fluctuation of plaque fluid pH and fewer possibilities for demineralisation to 

occur (Johansson and Birkhed, 1994). Additionally, fibrous foods can act to cleanse the 

teeth by physically removing plaque deposits thus reducing the risk of caries (Bowden and 

Edwardsson, 1994). The clearance time of food within the mouth is also important. Foods 

that stick to the teeth will lower the oral cavity pH for longer, whereas foods that are cleared 

more quickly will not have the same effect (Touger-Decker and van Loveren, 2003). The 

clearance time is also related to the amount of chewing and saliva flow needed to swallow 

the food; foods that involve less chewing, such as highly processed grains, will take longer 

to clear from the oral cavity (Thylstrup and Fejerskov, 1994). 

Furthermore, the cariogenic potential of starch is related to the amount of cooking and 

grinding of the food product. Cooking starchy foods will result in gelatinisation of the starch 

granules, releasing the starch held within (Touger-Decker and van Loveren, 2003). These 

relatively large starch molecules can then be metabolised by salivary and bacterial enzymes 

(i.e. amylase) into smaller sugars (Johansson and Birkhed, 1994). The consumption of sugar 

and starch together has been observed to increase the cariogenic nature of these foods as the 

starch will stick to the teeth causing a longer clearance time for the easily fermentable sugar 

to be metabolised by plaque bacteria (Lingstrom et al., 2000, 1993, 1994). 

In regard to starchy food, Turner (1979) suggested the high caries frequencies observed 

in a number of prehistoric Jomon populations was not solely the result of millet cultivation 

for food, but rather that an additional, more cariogenic food must have been consumed. It 

was suggested that taro (or a similar tuber) was a likely candidate as the history of the plant 

in Japan reaches well into antiquity (Turner, 1979). Further studies that included analyses of 

prehistoric Jomon cemetery samples also suggested starchy cultigens such as sweet potato 

and taro were responsible for the high caries rates (Irei et al., 2008). There is also a possible 

negative correlation between protein, fat, phosphorous and calcium and caries formation; a 

pattern supported in humans by the low caries rates in Inuit populations who practiced a 

traditional subsistence pattern heavily reliant on protein and fat (Hillson, 1996; Johansson 
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and Birk:hed, 1994). 

As mentioned, if the pH of the oral environment lowers enough, demineralisation of 

both the enamel matrix of the tooth crown and underlying dentine can occur (Hillson, 2008a). 

The tissue destruction associated with caries begins with tiny opaque points on enamel and 

can develop into larger cavities. Caries can potentially destroy a large portion of the tooth. 

Depending on the nature of the infection, the formation of a periapical cavity and/or the an

temortem loss of the tooth can occur if the pulpal area becomes infected (Hillson, 2008a; 

Larsen, 1997). Exposure of the tooth root as a result of advanced gingivitis and/or periodon

titis (which cause gum and alveolar bone recession respectively), can leave this portion of the 

tooth susceptible to caries formation, especially in the area of the cemento-enamel junction 

(CEJ) (Touger-Decker and van Loveren, 2003). 

Other than the root and the CEJ, caries can develop on any portion of the tooth crown, 

including the buccal and lingual fissures of the molars, the interproximal surface between the 

teeth, the cusps of the occlusal surface of the molars and the smooth surface on any of the 

tooth crowns (Bowden and Edwardsson, 1994; Hillson, 2005). The location of the carious 

lesion(s) on the tooth is dictated by the plaque accumulation; pits, fissures and grooves of 

the molars and premolars have a tendency to harbour plaque bacteria and are therefore more 

susceptible to the development of caries than other areas of the crown (Thylstrup and Fejer

skov, 1994). Macrowear can also remove the occlusal surface (or more) of the tooth crowns, 

erasing the defective enamel or reducing the risk of caries development in these areas, a 

concept referred to as the caries-attrition competition theory (Esclassan et al., 2009; Maat 

and Van der Velde, 1987). The interproximal surface between the teeth is also susceptible to 

caries as this area is protected from physical disruptions (Bowden and Edwardsson, 1994). 

Caries can develop in both the deciduous and permanent dentition, but there is a ten

dency for caries frequency to increase with age in adults, as the possibility for caries to 

develop will increase the longer a person lives. The permanent and deciduous dentition can 

become more susceptible to caries if developmental defects are present on the tooth crown 

(Cook and Buikstra, 1979; Hillson, 2008b). The development of caries on a pre-existing 

hypoplastic defect is referred to as circular caries and, as the underlying defect is associated 

with prenatal and postnatal stress, these will be further discussed in the following chapter 

(Chapter 5) on non-specific indicators of stress (Cook and Buikstra, 1979; Stodder, 1997). 
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4.3.1 Caries and Subsistence 

Agricultural subsistence patterns have been associated with a decline in severity and a dif

ference in the type of macrowear compared to other non-agricultural subsistence regimes 

(Larsen, 1995; Smith, 1984). A number of studies have compared the macrowear of skele

tal samples from communities that practised hunter-gatherer or semi-agricultural forms of 

subsistence with later fully agricultural systems from the same region (Cassidy, 1984; Co

hen and Armelagos, 1984; Littleton and Frohlich, 1993; Powell, 1985; Steckel et al., 2002). 

Hunter-gatherer subsistence patterns are differentiated from agricultural practices by a high 

degree of macrowear resulting from the consumption of fibrous and/or gritty foods such as 

tubers, nuts, tough meat and shellfish. Agricultural foods are usually softer and less gritty, 

and therefore result in comparably mild tooth wear (Benfer and Edwards, 1991; Cucina and 

Iscan, 1998; Lubell et al., 1994; Walker, 1978). 

As a result of the correlation between the type of food in the diet and the formation 

of caries, a number of researchers have associated subsistence patterns with caries rates in 

a population (Cohen and Armelagos, 1984; Larsen, 1995, 2002; Temple, 2007). Many pre

historic societies that practised agricultural modes of subsistence cultivated plants high in 

carbohydrates, a pattern analogous to modern day agricultural societies (Kelley et al., 1991; 

Powell, 1985). Non- or semi-agricultural societies display lower rates of caries as a result 

of consuming more varied diets lower in simple carbohydrates (i.e. sugars) and higher in 

abrasive foods (which can reduce plaque accumulation) compared to later agricultural so

cieties (Cucina and Iscan, 1998; Larsen, 1983; Turner, 1979). Additionally, some research 

has suggested that subsistence regimes which include a large proportion of marine foods are 

generally cariostatic (Kelley et al., 1991; Sealy et al., 1992; Walker and Erlandson, 1986). 

As mentioned above, a trend of increasing caries rates with an intensification of agriculture

based subsistence has been identified in the Americas, Asia, the Middle East and Europe 

(Larsen, 1997). From an analysis of 64 cemetery samples from around the world, Turner 

(1979, p.622) has suggested that agriculturalists generally experience a caries frequency 

of 10.4%, populations practising a mixed economy experience a rate of 4.8% and hunter

gatherers 1.3%. This trend has not been observed in all agricultural groups. For example, 

communities who relied heavily on rice for subsistence were less affected by caries com

pared to agricultural groups found in other areas of the world (Oxenham et al., 2006; Tayles 

et al., 2000). 

In Micronesia, Hanson and Butler (1997) reviewed the caries prevalence of a number 

of samples from prehistoric Pacific islands, most of which were detailed in unpublished 
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archaeological reports, and compared these to Hawaiian cemetery samples (Pietrusewsky 

and Douglas, 1994) (Table 4.2). Unfortunately neither the number of individuals affected or 

sexual differences was assessed in the caries prevalence rates and therefore the information 

has limited value for comparison with the samples analysed in this study. Hanson and Butler 

(1997) attributed the observed low caries frequencies in the Marianas samples to the practice 

of chewing betel nut (Areca catechu), betel leaf (Piper bete[) and slaked Lime (CaC03). 

This practice of chewing betel nut is ubiquitous throughout the Western Pacific, other than 

Micronesia; it is customary in Papua New Guinea and the Solomon Islands. 

The cariostatic effect of betel chewing is thought to be a result of a number of mech

anisms including: the abrasiveness of the betel quid, the reduction of appetite associated 

with betel chewing, the increase in saliva flow, the proliferation of bacterial-inhibiting sali

vary proteins and the reduction of the oral pH and the calcified red/black film that covers 

the teeth and acts as a physical barrier against cariogenic agents (Hanson and Butler, 1997; 

Howden, 1984; Schamschula et al., 1978). Furthermore, the caries rates in subadult den

tition was observed in some Marianas samples to be much higher than the aforementioned 

adult frequencies in some skeletal samples but not others (Douglas et al., 1997; Hanson and 

Butler, 1997). In one Rota sample 33% (n=93) of fully erupted deciduous teeth had at least 

one carious lesion, and 73% of these carious teeth had lesions associated with circular caries 

(Hanson and Butler, 1997). Buckley (2001) and Tayles (1999) also observed these lesions in 

the subadult dentitions from the Taumako, Solomon Islands sample (reassessed in this study) 

and Khok Phanom Di, Thailand. As mentioned, the presence of circular caries suggests it is 

likely the high caries frequencies in these subadult individuals are related to prenatal stress 

rather than dietary components of supplementary foods and will be further discussed in the 

following chapter (Chapter 5) (Cook and Buikstra, 1979). Assessment of the deciduous den

tition of 29 subadults from the site of Apurguan, Guam observed a caries frequency of 7.9% 

and none were considered to be circular caries (Douglas et al., 1997). 

Females have been observed to have higher rates of caries in a number of prehistoric 

and modem populations (Arantes et al., 2009; Hillson, 2008b; Irei et al., 2008; Larsen, 1997; 

Lukacs and Thompson, 2008). Differences in caries rates between males and females have 

been used to infer sexual variations in diet (Larsen, 1983, 1995; Lukacs, 1996; Oxenham 

et al., 2002; Temple and Larsen, 2007; Walker and Erlandson, 1986; Whittington, 1999). 

Lukacs (1996, p.151-152) elaborated on this topic, noting that a number of variables "in

cluding the type and consistency of food, preparation and cooking methods and sex-based 

division of labour and activity patterns result in population-specific patterns of dental dis

ease". It has also been suggested that women consume more caries-promoting foods corn-
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Table 4.2: Caries frequencies in prehistoric Marianas and Hawaiian Islands skeletal samples, 
adults only. 

Sample (n-) A/0 % 
Guam (6)a 98/968 10.1 
Rota (2)a 6/172 3.5 
Saipan (4)a 53/451 11.8 
Total (12)a 157/1591 9.9 
Apurguan, Guam (1)b 33/1284 2.6 
Guam (?)c 108/4143 2.6 
Rota (?)c 12/414 2.9 
Saipan (?)c 52/902 5.8 
Hawaiian Islands (?)d 1160/8292 14 

Table modified from Pietrusewsky et al. (1997, p.332), Douglas et al. (1997, p.300) and Hanson and Butler (1997, p.281) 
n=total skeletal samples from each island 
A (affected individuals) and 0 (observed individuals) 
a Pietrusewsky et al. ( 1997) 
b Douglas et al. (1997) 
c Hanson and Butler (1997) 
d Pietrusewsky and Douglas (1994) 

pared to men, or at least eat more often while preparing food and/or gathering food in certain 

societies (Larsen et al., 1991; Lukacs, 1992). This phenomenon of high female caries fre

quencies is now thought to reflect physiological differences between the sexes as female 

hormonal fluctuations, and associated factors, are thought to predispose women to caries 

formation (Fields et al., 2009; Lukacs and Largaespada, 2006; Lukacs and Thompson, 2008; 

Lukacs, 2008; Watson et al., 2010). Nevertheless, used in conjunction with other indica

tors of oral health, caries rates may assist in understanding sexual differences in diet in past 

populations (Larsen, 1997; Lukacs, 1989; Powell, 1985). 

4.4 Calculus 

As noted above, the bacteria within dental plaque influences cariogenesis. However plaque 

can also accumulate on the tooth and subsequently mineralise, forming calculus. Plaque 

is necessary for the development of calculus and therefore the factors that lead to plaque 

formation (reviewed above) will also influence calculus deposition (Hillson, 1996). How

ever, there is uncertainty surrounding the aetiology of calculus formation (Lieverse, 1999; 

ten Cate, 1989). 

Calculus regularly forms in areas of the mouth that are adjacent to the salivary glands, 

notably the lingual aspect of the mandibular incisors and the buccal aspect of the maxillary 

molars (Lukacs, 1989; MacPhee and Cowley, 1981). Areas of the mouth that are also not 

subjected to constant attrition by other teeth and abrasion of foodstuffs have a higher ten-
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dency for calculus formation. It has been suggested that highly abrasive diets can inhibit 

the formation of calculus because the necessary plaque does not have time to accumulate 

(Thylstrup et al., 1989). Calculus that has formed on the crown of the tooth is termed supra

gingival. It is thought that the formation of sub-gingival calculus on the root of the tooth has 

a different aetiology to supra-gingival calculus, although the exact mechanism for its forma

tion is unknown (Hillson, 2005). Supra-gingival calculus is softer and can form into much 

more substantial accumulations than sub-gingival calculus because of the less restrictive en

vironment on the crown surface (Hillson, 2008b ). 

Calculus formation is multi-causal; however the formation of calculus deposits is as

sociated with diets high in protein, which act to raise salivary pH. This process occurs indi

rectly by increasing blood urea levels, which in turn raise oral fluid urea that is subsequently 

metabolised by oral bacteria, increasing the alkalinity in the mouth (Lieverse, 1999). An 

increased consumption of soft protein products, such as domesticated meats, poultry and 

fish, has been suggested to influence the formation of calculus (Delgado-Darias et al., 2006; 

Lillie, 1996; Pechenkina et al., 2002; y'Edynak, 1989). Additionally, increased calcium and 

phosphate levels have been identified in both the plaque and oral fluids of individuals affected 

by calculus. This phenomenon -is thought to be a result of individual variation rather than 

diet because of the body's regulation of calcium ion concentrations (Lieverse, 1999). Fluid 

consumption through salivary flow, mineral content of water and the presence of silicon in 

the diet has also been implicated in the formation of calculus, but further research is needed 

to address these hypotheses (Lieverse, 1999). 

Carbohydrate-rich diets have also been implicated in the formation of calculus (Evans, 

1989; Lukacs, 1989). It is thought that the less abrasive characteristics of diets heavily reliant 

on soft foods high in carbohydrate and/or starch act as protagonists for plaque deposition 

and mineralisation (Littleton and Frohlich, 1993; Pechenkina et al., 2002). A modem study 

focused on assessing the prevalence of calculus in two different populations of men from 

Oslo and Jakarta suggested that age, sex and variables related to tooth brushing and tooth 

paste did not cause the variation found between the two groups. Rather, it was proposed that 

diet was an influential factor in the high prevalence of calculus observed in the Indonesian 

population. As a result of th~ high silicon content of rice, it was suggested that this staple 

food of the Indonesian males was a major causative agent of the increased prevalence of 

calculus compared to the Scandinavian population (Gaare et al., 1989). Silicon has also 

been associated in the formation of calculus in other studies (Gaare et al., 1989; Rl!)lla et al., 

1989). Other foods such as the starchy vegetables (i.e. yam and taro) potentially consumed 

as staple foods by the prehistoric Pacific Islanders in this study may have also influenced 
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calculus formation in these populations. 

Calculus can be detrimental to oral health because it acts as a reservoir for more plaque 

and its associated bacteria (Hillson, 1996). Calculus can also act as a barrier to cariogenesis 

as a result of the alkalinity necessary for the condition to form and the coating of the tooth 

with the calcified plaque (Thylstrup et al., 1989). However the relationship between caries 

and calculus is complex and both conditions can be found on the same tooth (Delgado-Darias 

et al., 2006; Manji et al., 1989). Plaque bacteria are associated with plaque mineralisation 

through complex mechanisms not fully understood (Scheie, 1989). Bacteria associated with 

calculus may irritate the gingival and underlying alveolar bone resulting in periodontal dis

ease (Hillson, 1996). 

Calculus prevalence in past populations is not as well reported as some other types 

of dental pathologies, such as caries, although it had been included in a number of studies 

(Delgado-Darias et al., 2006; Fyfe et al., 1993; Hanihara et al., 1994; Lillie, 1996; Littleton 

and Frohlich, 1993; Lukacs, 1992; Whittaker et al., 1998). A few studies focused on Pacific 

Island samples have reported calculus frequencies and they found variable prevalence rates 

between skeletal samples (Table 4.3). They suggested that calculus deposition was possibly 

related to diet and/or the practice of betel nut chewing (Douglas et al., 1997; Pietrusewsky 

et al., 1997). As discussed in the review of caries, the practice of betel nut chewing has 

been implicated in lowering oral pH and introducing mineral components to the oral fluid, 

although the abrasiveness of the betel quid could possibly remove plaque from the teeth 

(Hanson and Butler, 1997; Howden, 1984; Schamschula et al., 1978). Sex differences in 

Pacific island studies are not well reported, although Douglas et al. (1997) did not find any 

differences in calculus prevalence between the sexes in the Apurguan adult individuals. 

Age and sex variation of calculus prevalence in past skeletal samples is difficult to 

assess because a large amount of calculus can fall off postmortem and is therefore unable 

to be assessed (Oxenham et al., 2002). Like most dental pathologies, the extent and the 

frequency of calculus will increase with age, but calculus can also develop on deciduous 

teeth (Beiswanger et al., 1989). Typically males have been observed to have more substantial 

deposits of calculus on their teeth in the studies that have compared calculus prevalence 

between the sexes (Beiswanger et al., 1989; Delgado-Darias et al., 2006; Hillson, 1996). 
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Table 4.3: Calculus frequencies in prehistoric Marianas skeletal samples. 

Sample (n-) A/0 % 
Guam (6)" 315/2024 15.6 
Rota (2)• 44/146 30.1 
Saipan (4)• 41/447 9.1 
Total (12)a 400/2617 15.3 
Apurguan (l)b 25311222 20.7 

Table modified from Pietrusewsk:y et al. (1997, p.333) and Douglas et al. (1997, p.300) 
n=total skeletal samples from each island 
A (affected individuals) and 0 (observed individuals) 
a Pietrusewsky et al. ( 1997) 
b Douglas et al. (1997) 

4.5 Periapical Cavities 

Secondary infection of the tooth pulp can develop as a result of the exposure of the pulp 

cavity from massive caries, severe attrition, periodontal disease or tooth fractures (Dias and 

Tayles, 1997). Any of these conditions can expose the interior of the tooth, resulting in 

the invasion of the pulp cavity by oral bacteria and subsequent infection (Ortner, 2003). 

The immune response to the bacteria within the pulp cavity causes inflammation, creating 

exudate, which exerts pressure inside the cavity, constricting blood vessels and generating 

pus (suppuration) (Dias and Tayles, 1997; Hillson, 1996). This process is termed pulpitis and 

can result in the necrosis of the pulp and subsequent development of periapical periodontitis 

(Hills on, 2008b ). 

The pulp cavity is the only barrier between the relatively robust crown of the tooth and 

the underlying periapical tissues. The extension of the inflammation, bacteria and bacterial 

toxins from pulpitis through the root canal and exiting at the apical foramen prompts an 

inflammatory response of the underlying periodontal tissues (Dias and Tayles, 1997). De

pending on the host immune response, the infection will be acute or chronic. Acute infection 

can be resolved if the immune response is sufficient to overcome the attack. However, if 

the infection continues, or the original infection was not severe, the condition can become 

chronic (Dias and Tayles, 1997). In response to a chronic infection, granulation tissue, which 

is permeated with inflammatory cells, begins to form and the bone surrounding this mass of 

tissue is resorbed. This accumulation of granulation tissue is termed a periapical granuloma 

and the retention of this tissue is dependent on the preservation of the tooth in the alveolar 

bone, as the tooth pulp is the source of the continued inflammation (Dias and Tayles, 1997; 

Hillson, 2008b). Thus, the periapical granuloma will remodel if the source of the infection 

(e.g. the tooth) is removed (Dias and Tayles, 1997). 
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Clinical consequences of dental pulp infection can be variable and responses of the 

periodontal tissues other than the formation of a periapical granuloma can occur (Dias et al., 

2007). A periapical granuloma can develop into an apical periodontal cyst, which is differ

entiated from the former by a larger cavity size (>3.0mm) (Dias and Tayles, 1997; Walker 

et al., 2009). Similar to a periapical granuloma, an apical periodontal cyst is a relatively 

benign condition most commonly formed in the maxilla. An apical periodontal cyst can po

tentially expand into the outer cortical bone, causing a reduction in bone density (Dias et al., 

2007). An apical periodontal cyst will continue to expand even if the source of the infection 

is removed (Dias and Tayles, 1997). Periapical granulomas and apical periodontal cysts are 

collectively known as periapical cavities (Dias and Tayles, 1997). 

An abscess can also form in response to an acute or chronic pyogenic infection. Ab

scesses can be acute or chronic depending on the duration of the infection. Acute abscesses 

form quickly, affecting the soft tissues and vascular channels and cavities within the trabec

ular bone. The resulting pus of the acute abscess fills these channels and cavities, eventually 

bursting through the soft tissue to relieve the built-up pressure. If the acute abscess does 

not result in lethal blood poisoning, the pus will drain, leaving no traces in the bone (Dias 

and Tayles, 1997). Low-grade chronic pyogenic infections will also result in a large amount 

of pus build up, stimulating osteoclastic activity, which results in the formation of a cavity 

in the bone (termed a fistula) to release the pressure through the oral mucosa (Clarke and 

Hirsch, 1991; Dias and Tayles, 1997). A fistula can form on the buccal aspect of the alveolar 

bone near the root apex, but can also develop on the lingual aspect, maxillary sinus or nasal 

cavity (Dias and Tayles, 1997). Both acute and chronic abscesses can form within an exist

ing periapical granuloma or apical periodontal cyst, but will result in the roughening of the 

smooth cavity wall (Dias and Tayles, 1997). 

The formation of periapical cavities and periapical abscesses can result from a number 

of pre-existing dental conditions. The level of tooth wear, existing caries in the mouth, the 

hardness of diet influencing tooth fractures and any potential trauma that can damage teeth 

will influence the development of these conditions (Costa, 1980b; Cucina and lscan, 1998; 

Hillson, 2005). Therefore it is difficult to ascertain the exact aetiology of the periapical 

cavities and periapical abscesses within a person's mouth (Littleton and Frohlich, 1993). 

The development of a periapical granuloma into an apical periodontal cyst or the formation 

of a periapical abscess in either of these periapical cavities is dependent on the individual 

host immune response and the aetiology of the specific condition (Dias and Tayles, 1997). 

As a result of the multifactorial origins of periapical cavities and periapical abscesses, 
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differences between the sexes are difficult to interpret in terms of dietary input. However, 

when used in conjunction with other dental conditions, the presence of periapical cavities 

can assist in understanding trends in dental pathology that could possibly be related to diet 

(Littleton and Frohlich, 1993). Although research focused on age differences in periapical 

cavities is limited, trends of increasing prevalence with age are generally found due to a 

corresponding increase of conditions which trigger the pulpitis and subsequent periapical 

periodontitis (Hillson, 1996). 

The terminology concerning periapical cavities has been fraught with misconceptions, 

with periapical granulomas and apical periodontal cysts frequently referred to as abscesses. 

Therefore, although a number of studies have assessed the presence of 'abscesses' it is diffi

cult to ascertain exactly which condition was recorded (Dias and Tayles, 1997). 

4.6 Periodontal disease 

Periodontal disease is a progressive condition of oral tissue deterioration, specifically affect

ing the gingiva, the periodontal ligament and the alveolar bone within the mouth (Ogden, 

2008). There is an almost universal presence of the disease, both in modern and prehistoric 

populations (Schluger et al., 1977). Although the aetiology of adult periodontal disease is 

not well known and is most definitely multifactorial, the development of the condition is 

intimately related to the bacteria that inhabit dental plaque (Hildebolt and Molnar, 1991). In 

particular, Gram-negative bacteria and some Gram-positive streptococci and filaments have 

been implicated in the development of periodontal disease (Schluger et al., 1977). The host 

responses to these microorganisms can result in periodontal inflammation (MacPhee and 

Cowley, 1981). 

The primary stage of the disease is termed gingivitis. Gingivitis is characterized by the 

inflammation of the gingiva surrounding the teeth and can result in the disruption of collagen 

fibres within the gingiva and periodontal ligament, resulting in the development of the peri

odontal pocket (Schluger et al., 1977). Gingivitis only affects the soft tissue and is therefore 

not observable in skeletal material (Ogden, 2008). The most advanced stage of periodontal 

disease, termed periodontitis, is identified by porosity and a progressive loss of the alveolar 

bone surrounding the teeth, although the disease advances in short bursts of activity followed 

by periods of quiescence (Hildebolt and Molnar, 1991). This final stage of periodontitis can 

be observed in dry bone because the soft tissues surrounding the alveolar bone have fully 

decomposed (Clarke, 1990; Hildebolt and Molnar, 1991). "All periodontitis is a complex 
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phenomenon involving a wide range of interaction between the parasitic population of the 

mouth, and the host tissues" (MacPhee and Cowley, 1981, p.133). Most cases of gingivitis 

do not develop into periodontitis, as this stage of the condition only occurs when the capacity 

of the host immunity is reduced (Brown and Loe, 1993; Clarke and Hirsch, 1991). 

Advanced periodontal disease can cause extreme resorption of the alveolar bone to the 

extent that the tooth roots are exposed, leaving this area of the tooth vulnerable to caries, 

infection and possible antemortem tooth loss (Hildebolt and Molnar, 1991). The progres

sion of periodontal disease in adults is a relatively slow process dictated by the relationship 

over time between the oral bacteria and the host immune response to these bacteria (Clarke 

and Carey, 1985; MacPhee and Cowley, 1981). Periodontal disease will increase the dis

tance between the cemento-enamel junction (CEJ) and the alveolar crest (AC) as a result of 

the resorption of the alveolar bone. However, other factors can also affect the relationship 

between the CEJ and the AC, notably the continued eruption of the permanent teeth as a 

result of tooth wear and/or adult facial growth (Clarke and Hirsch, 1991; Costa, 1982). In 

these circumstances the teeth will continue to erupt to maintain tooth occlusion; however 

there is debate as to whether the alveolar bone moves with the tooth (Hildebolt and Molnar, 

1991). The method for evaluating periodontal disease usually relies upon the macroscopic 

observation of a number of bony changes associated with the disease (i.e. resorption of the 

alveolar crest, posterior 'pockets', reactive bone and an irregular alveolar crest) although 

it can include the measurement of the CEJ from the AC (Clarke and Hirsch, 1991; Tayles, 

1999). 

There are two types of bone loss that occur with periodontitis: horizontal and vertical. 

Horizontal bone loss targets all aspects of the bone surrounding the root of the affected tooth, 

including the buccal, lingual and approximal walls. Vertical bone loss can occur in conjunc

tion with horizontal bone loss or it can occur by itself (Hildebolt and Molnar, 1991). Vertical 

bone loss affects either the approximal wall of alveolar bone between two teeth or destroys 

the alveolar bone directly surrounding a tooth creating a large 'pocket' that can predispose 

a tooth to exfoliation (Hildebolt and Molnar, 1991). The recording of either vertical or hor

izontal bone loss is difficult, for example, both types of bone loss can occur in conjunction 

with each other. Furthermore, as mentioned, teeth continue to erupt over a person's life

time and therefore measuring the amount of exposed tooth root for understanding alveolar 

recession can be erroneous (Hildebolt and Molnar, 1991). 

Periodontal disease predominantly affects the tissues surrounding the molars and in

cisors and, to a lesser extent, the canines and premolars (Hillson, 1996). Periodontal disease 
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is commonly associated with calculus deposition, although the presence of calculus does 

not inevitably lead to periodontal-associated bone loss (Clarke and Hirsch, 1991; Hanihara 

et al., 1994). It has been suggested that supragingival calculus harbours plaque necessary to 

trigger the body's immune response (Beiswanger et al., 1989). As a result of this association 

between the two conditions, some studies have linked a high prevalence of periodontal dis

ease with certain dietary components which may assist in calculus formation, namely simple 

carbohydrates, starch and proteins (Delgado-Darias et al., 2006). As mentioned, these foods 

may create a more alkaline environment in the mouth (a condition that is favourable to the 

plaque mineralisation) and/or may be influential in the development of plaque via bacterial 

colony development (Lieverse, 1999). 

However, interpreting the cause of the periodontal disease as primarily dietary can be 

misleading, as the link between calculus and periodontal disease is rather tentative and has 

not been directly proven (Lieverse, 1999; Whittaker et al., 1998). Hillson (1996, p.269) 

emphasises "the epidemiology of periodontal disease is problematic" as a result ofthe multi

factorial origin of the disease which "involves inheritance, environmental factors, diet and 

hygiene together". It is thought that genetics play an influential role in a person's susceptibil

ity to periodontal disease (Fox, 1992; Hassell and Harris, 1995). Hygiene is also an important 

factor affecting the development of the disease because plaque removal will substantially re

duce the number of bacteria linked with initiating the immune response responsible for the 

condition (MacPhee and Cowley, 1981). 

Periodontal disease is associated primarily with adulthood. The frequency of the dis

ease increases with age, especially after about thirty years of life (Brown and Loe, 1993; 

Hildebolt and Molnar, 1991). However in recent clinical studies it has been found that good 

oral hygiene can negate the effect of ageing on periodontal disease (Oliver and Brown, 1993). 

Some rare forms of the disease can develop in children leading to the advanced deterioration 

of the underlying periodontal tissues and eventual loss of the dentition (Baer and Benjamin, 

1974; Brown and Loe, 1993; MacPhee and Cowley, 1981), 

Dental studies of prehistoric skeletal samples regularly assess the prevalence of peri

odontal disease, although the methods of doing so are variable (Larsen, 1997; Roberts and 

Manchester, 2005). As previously mentioned, some methods use measurements of the CEJ 

to the AC (Brothwell, 1981; Fyfe et al., 1993) while others rely on the observation of bony 

changes associated with the condition, such as reactive bone and an irregular alveolar crest 

(Tayles, 1999). Fyfe et al. (1993) assessed the alveolar bone status of 22 males and 12 

females from the Taumako, Solomons Islands skeletal sample using the CEJ to AC measure-
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Table 4.4: Alveolar resorption in prehistoric Marianas skeletal samples. 

Sample (n-) 
Guam(6) 
Rota (2) 
Saipan (4) 
Total (12) 

Table modified from Pietrusewsky et al. (1997, p.333) 
n=total skeletal samples from each island 
A (affected individuals) and 0 (observed individuals) 

A/0 % 
325/1148 28.3 
80/146 54.8 
2241373 60 
629/1667 37.7 

ment method. They found evidence of severe periodontal disease with no sexual differences 

in the frequency of the condition and suggested this could be a result of the practice of betel 

chewing affecting the periodontal status and/or calculus deposition on the teeth (Fyfe et al., 

1993). 

A study of Marianas skeletal samples assessed alveolar resorption in addition to the 

presence of calculus as indicators of periodontal disease (Pietrusewsky et al., 1997) (Ta

ble 4.4). As reviewed above, the link between calculus and periodontal disease should not 

be automatically assumed, as many factors will influence the development of both condi

tions. Pietrusewsky et al. (1997) also suggested the older age profiles of the Saipan skeletal 

samples influenced the relatively higher prevalence of the condition compared to the other 

samples (Pietrusewsky et al., 1997). Additionally, betel nut, thought to be chewed by the 

Marianas populations during prehistory, has been identified as a possible aetiological factor 

of periodontal disease in a modem Indian population (Mehta et al., 1955). 

Information regarding sex differences in the prevalence of periodontal disease in bioar

chaeological studies is variable because of the complex aetiology of the condition. A study 

of prehistoric Eskimo remains from Point Hope, Alaska found no differences in disease fre

quency between the sexes (Costa, 1982). A study of prehistoric cemetery samples from Gran 

Canaria, Canary Islands found that women had a lower prevalence of the condition compared 

to men, which was attributed to sexual differences in diet (Delgado-Darias et al., 2006). 

4.7 Antemortem Tooth Loss (AMTL) 

The premature loss of a tooth is known in bioarchaeology as antemortem tooth loss (AMTL). 

AMTL is identified by the presence of a remodelled tooth socket within the dental arcade 

(Hillson, 1996, 2005). The genesis of AMTL is multifactorial; it can ·occur for a number 

of reasons including, but not limited to, severe caries resulting in pulp exposure and sub-
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sequent infection of the tooth, extreme periodontal disease (possibly affected by calculus) 

causing the resorption of the alveolar bone underlying the tooth, severe attrition resulting in 

pulp exposure and subsequent infection and/or continued tooth eruption (Hartnady and Rose, 

1991; Lukacs, 1989). Ablation ofthe teeth for cultural purposes has also been recorded and 

typically occurs in the anterior dentition (Milner and Larsen, 1991; Tayles, 1996). Trau

matic injury to the tooth, such as interpersonal violence or accidental falls, can also result 

in AMTL. If this occurs in the anterior teeth, a portion of the distal root may be visible in 

the crypt if the tooth was broken during the trauma (Lukacs, 2007). However, due to the 

multifactorial nature of AMTL, it is difficult to ascertain the exact reasons for the tooth loss. 

Trends can be suggested from the pattern of other dental pathologies and other lines of ev

idence including ethnographic and archaeological data and, in the case of this study, stable 

isotope analysis (Larsen, 1995; Lukacs, 2007). 

Generally, molars are more affected by AMTL than the anterior teeth if the cause of the 

tooth exfoliation is not culturally induced. This is a result of the predisposition of the molar 

teeth to caries formation and severe attrition (Lukacs, 2007). Severe periodontal disease will 

also result in the premature loss of a tooth. In modern epidemiological studies molars are lost 

more frequently than the anterior teeth or premolars as a result of periodontitis (Oliver and 

Brown, 1993). However, some researchers have asserted that periodontal disease does not 

usually result in exfoliation in prehistoric skeletal samples (Clarke and Hirsch, 1991). Both 

the mandible and maxilla have been found to have higher rates of AMTL than one another 

depending on the study (Littleton and Frohlich, 1993; Lukacs, 2007). 

Most studies that observe AMTL in archaeological samples typically associate massive 

caries and/or severe macrowear with the exfoliation of the tooth (Costa, 1980a; Lukacs, 2007; 

Molnar et al., 1983; Whittington, 1999). A study of prehistoric Native Americans from the 

Lower Pecos region of Texas by Hartnady and Rose (1991) suggested severe macrowear and 

caries contributed to the high frequency of AMTL of both mandibular and maxillary molars. 

This was attributed to the consumption of foods that were both high in fibre and simple 

carbohydrates (e.g. prickly pear fruit, Dasylirion texanum) and food processing techniques 

including limestone mortars and open fire roasting pits, in addition to the possibility of the 

use of teeth as tools (Hartnady and Rose, 1991). 

Not surprisingly, AMTL is usually correlated with increasing age as dental patholo

gies and risk of trauma also increase with age. This correlation has been observed in the 

prehistoric Tigara and Ipiutak cemetery samples from Point Hope, Alaska, although another 

prehistoric Eskimo sample, the Koniag, did not display the same trend (Costa, 1980a). The 
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AMTL of the posterior teeth was interpreted as resulting from severe dental wear and/or 

periodontal disease and the anterior AMTL as a result of trauma or wear (Costa, 1980a). 

Furthermore, differences between the sexes in anterior AMTL frequencies were observed in 

the Ipiutak sample and it was suggested that this could be a result of extramasticatory tooth 

function such as using teeth as tools (Costa, 1980a). Sex differences in the frequency of 

AMTL were also found in a population from the La Playa site in Sonoro, Mexico. Women 

had a much higher prevalence of the condition than men and it was suggested that this was 

a result of physiological factors affecting their susceptibility to caries and subsequent tooth 

exfoliation (Fields et al., 2009). 

4.8 Palaeodietary Research Using Indicators of Dental Health 

and Tooth Macrowear 

As each dental condition assessed in this study is reviewed independently, it is important to 

note that most studies focused on interpreting prehistoric trends in diet utilise multiple dental 

pathologies and/or tooth wear assessments for a more comprehensive analysis (Hall et al., 

1986). It is well known that a number of dental pathologies are interrelated (Lukacs, 1989) 

(Figure 4.1 ). For example, severe caries can result in the exfoliation of a tooth, and therefore 

assessing both pathologies will shed light on the possible aetiology of the latter (Hillson, 

2008a). The few large studies that have included assessments of specific dental conditions 

have been reviewed above with regard to each specific oral health indicator. The following 

discussion will address how these indicators can be used together to assess possible diet and 

associated subsistence patterns if the sample analysed in this study. 

A number of studies focused on understanding health experiences in prehistory dur

ing times of subsistence change have noted a marked decrease in oral health as popula

tions became more reliant on agricultural foods (Larsen, 1995; Lukacs, 1989; Smith, 1984; 

Steckel et al., 2002). This trend was most notable in the Americas with the adoption of 

maize (Zea mays) as a staple food. In these prehistoric populations, agricultural subsistence 

patterns have been associated with a decline in severity of macrowear but a much higher 

prevalence of caries and associated AMTL than earlier populations based on other types of 

non-agricultural subsistence regimes (Cook, 1984; Larsen, 1995; Steckel and Rose, 2002). 

In Europe this trend of declining oral health during the Mesolithic/Neolithic transition was 

not so pronounced (Lubell et al., 1994; Molnar and Molnar, 1985). It has been suggested 

that the grains cultivated in Europe did not have the same deleterious effect on oral health as 
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Figure 4.1: Dental pathology inter-relationships, from Lukacs (1989, p.265). 

that of maize in North America, (Molnar and Molnar, 1985). 

In East Asia similar trends in oral health have been observed and associated with the 

introduction of millet in China and, in some areas, starchy root crops. Pechenkina et al. 

(2002) have analysed dental and skeletal pathologies from a number of samples that are 

representative of two cultures: the Yangshao culture (7000-5000 BP) and the later Longshan 

culture (5000-4000 BP) in addition to a more recent skeletal sample from the Western Zhao 

Dynastic Period (3800-2200 BP) for more recent comparative purposes. Although there 

was some variation at the end of the Yangshao culture of increased macrowear thought to 

be associated with food processing or variation in subadult diet, they observed a trend of 

increasing caries rates and a decrease in macrowear and calculus over time. Although there 

were also variations in AMTL attributed to the underlying causes (e.g. wear or caries), the 

dental pathologies generally supported a picture of an increasing reliance on softer processed 

foods such as millet (Pechenkina et al., 2002). The stable isotope analysis of these samples 

also supported the dietary interpretations, indicating a C4 plant, most likely millet, was relied 

upon more heavily as a staple cultivar during and after this transition (Pechenkina et al., 2005, 

2002). 

The adoption of rice as a main staple food in South East Asia did not seem to have 

the same detrimental impact on oral health as other types of cultivars such as maize (Tayles 
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et al., 2000). A number of studies have noted that there was no distinct decline in oral health 

over time when hunter/gatherer populations were compared to later agricultural populations 

in both Thailand and Vietnam (Oxenham et al., 2006, 2002). This is thought to be either a 

result of the non-cariogenic nature of rice or cultural practices such as the consumption of 

betel nut (Areca catechu) (Oxenham et al., 2006; Tayles et al., 2000). 

Comprehensive published studies focused on prehistoric Pacific island oral health and 

diet are limited and were reviewed in Chapter 2. The few studies that have a reasonable 

sample size (i.e. more than a few individuals) have been discussed in the previous sections. 

However, it must be noted that most of the skeletal samples with large numbers of individ

uals are from the Marianas Islands and therefore are not directly comparable to the ceme

tery samples analysed in the current study, although they most likely had relatively similar 

subsistence practices (Douglas et al., 1997; Hanson and Butler, 1997; Pietrusewsky et al., 

1997). Buckley et al. (2008) published a preliminary report of the oral health for the Teouma 

skeletal sample analysed in the current study. However, this publication only included the 

individuals from the first two years of excavation. The complete skeletal series of Teouma 

was reanalysed in the current study for consistency in the data collection to ensure the results 

were comparable with the other skeletal samples. The inclusion of the individuals from the 

2006 field season also greatly increased the sample size from Teouma. 

Evans (1987, 1989) conducted a study focused on dental caries rates in a number of 

skeletal samples from the Pacific Islands, including the Nebira and Taumako skeletal sam

ples analysed in the present study. These samples are reassessed in the current study to 

ensure consistency in recording and analysis of caries. Overall, Evans (1987, 1989) ob

served that the oral health agreed with the parameters outlined for specific subsistence types 

(e.g. agricultural, hunter/gatherer) from previous studies, although the consumption of betel 

nut (discussed above) in the samples from the Western Pacific may have influenced the di

etary interpretations. Evans (1987, 1989) studies did not specifically assess possible sexual 

or age differences in diet in any of the samples. Therefore by analysing stable isotopes in 

conjunction with dental evidence of diet, the current study aims to address possible age and 

sex differences in these samples. 

Studies pertaining to oral health with the adoption of either rice or millet as main 

staple crops have observed interesting trends, especially with regard to caries prevalence. In 

the Indian subcontinent, trends in dental pathology similar to those of North America and 

Europe have been observed. A study conducted by Littleton and Frohlich (1993) of twelve 

skeletal samples, ranging from 5000 BP to 450 BP from the Arabian Gulf, focused on the 
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Table 4.5: Dental pathology profile of populations practicing various subsistence economies. 

Dental pathology Hunter-gatherer Marine-dependent Transitional-mixed Mixed-farming- Agriculture Intensive gardening-' 
Attrition high high moderate low low low 
Caries low low moderate (low) high high high 
Pulp exposure (caries) low (low) moderate high 
Pulp exposure (attrition) high (high) moderate low low 
AMTL low low high high 
Calculus low4 low4 moderate high high low 

Table modified from Lukacs (1989) and Littleton and Frohlich (1993), cited in Oxenham et al. (2002, p.130) 
1 This category refers to strategies including various combinations of the following: pastoralism, marine, agriculture, horticulture, hunting 
and gathering 
2 Excludes hunter-gatherer and marine strategies as being significant contributors 
3 Diet high in carbohydrates (grain not significant component of the diet) intensive agriculture/horticulture. 
4 Moderate to high instances have been recorded for marine dependent communities (Littleton and Frohlich, 1993) 

use of oral health indicators as evidence for dietary patterns at these sites. They concluded 

that "overall, the various dental conditions form a complex inter-relationship, the nature of 

which is determined by diet, food preparation and environment" (Littleton and Frohlich, 

1993, p.443). 

Lukacs (1989) and Littleton and Frohlich (1993) (mentioned above) have both com

piled dental wear and dental pathology data from various skeletal samples, later combined 

by Oxenham et al. (2002), termed a dental pathology profile (DPP) (Table 4.5). It has been 

suggested that DPPs can assist in interpretations of subsistence patterns (Lukacs, 1989). As 

a result of the large number of samples used to construct the DPPs in the aforementioned 

studies, they provide a broad indication of subsistence patterns. Variations in dental wear 

and health are found between populations subsisting by similar means as a result of cultural 

and ecological variables such as food preparation techniques and the mineral content of wa

ter (Littleton and Frohlich, 1993). Moreover, although most grains are cultivated as a result 

of agricultural subsistence patterns, differences in the association of oral health with specific 

grains (e.g. maize vs. rice) can also lead to variation from the expected DPP for a sample 

(Molnar and Molnar, 1985; Oxenham et al., 2002; Tayles et al., 2000). There are also dif

ferences in the quantitative estimates to differentiate between the high and low frequencies 

outlined in each respective publication, depending on whether the prevalence of a pathology 

was analysed by tooth or individual (Littleton and Frohlich, 1993; Lukacs, 1989; Oxenham 

et al., 2002). Therefore, although the DPP is used to assess possible diet and associated sub

sistence patterns, it is recognised that the comparison of potential prehistoric Pacific island 

subsistence patterns with populations from other geographical areas, and possible unknown 

variations resulting from cultural or ecological process occurring at the sites, could introduce 

bias into these analyses. 
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Table 4.6: Dental census recording scheme. 

Score Description 
1 Tooth present and undamaged, either in situ or loose. 
2 Tooth present, damaged but with all or part of the crown remaining. Enamel of many teeth brittle, and easily flaked off 

underlying dentine. 
3 Tooth lost postmortem, socket remains, with or w/out root fragment in situ. 
4 Tooth lost antemortem, w/ socket and alveolar crest either partially or completely remodelled: either 1) tooth lost from path 

cause, 2) tooth deliberately ablated 
5 Tooth congenitally absent. 

4.9 Methods 

The following section will outline the methods used to assess and analyse tooth wear and 

tooth pathology in the current study. Adult and subadult individuals from Teouma (n=34 

adults), Uripiv (n=3 adults and n=l subadult), Vao (n=4 adults and n=l subadult), Watom 

(n=4 adults), Taumako (n=116 adults and n=42 subadults) and Nebira (n=27 adults and n=4 

subadults) were analysed for the current study. The specific statistical tests used to analyse 

the wear of dental pathologies is outlined in each respective section, and statistical signifi

cance was determined for all inferential statistics by p<0.05 (two-sided). In all cases where 

it is noted that a Chi-squared test was used, a Fisher's exact test was used in place of this 

test if 20% of the excepted values in a given contingency table were below five. No statisti

cal analyses were performed at an intra-population level for Uripiv, Vao and Watom skeletal 

samples as the size of the sample for each location was less than five individuals. 

4.9.1 Dental Census 

The dentitions of all the individuals in each sample were assessed twice and the second ob

servation was used for the following analysis. The mid aged (35-50 years) and old aged (50+ 

years) individuals were combined into one mid/old age group for the following analyses. 

Teeth were recorded by the following scheme based on the method used in Tayles (1999) 

(Table 4.6). 

Tooth Macrowear Recording and Analysis 

The recording methods for dental wear were based on the recording scheme developed by 

Molnar (1971a) (Figure 4.2). For the analyses of dental wear, the teeth were separated into 

three groups, anterior (incisors and canines), premolars and molars for the adults (17+ yrs) in 

each sample. The wear grades from Molnar (1971a) were grouped as: 'no wear' (grade 1), 
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'mild wear' (grades 2 and 3), 'moderate wear' (grades 4 and 5) and 'heavy wear' (wear grade 

6, 7 and 8). The percentage of each of these wear groups was then calculated for the sexes 

and the two age groups (young and mid/old). Subadults were analysed separately and the 

deciduous teeth were separated into anterior (incisors and canines) and posterior (molars). 

If permanent teeth were present in these subadult individuals, these teeth were also included 

in the analysis, but categories were added for the permanent teeth. It is acknowledged that 

tooth wear will increase with age, but the analysis of the wear in this study is based on broad 

categories that it is hoped will eliminate some of the age effect on the dietary interpretations. 

However, the data is presented by sex and age groups to show whether there were any large 

differences in wear patterns between these groups. As a result of the possible bias introduced 

by variation in the age profiles within the specific samples, in this study the tooth wear 

is primarily used to identify dietary trends on an inter- rather than intra-population level. 

Previously, tooth wear, in addition to other standard age estimation methods (Buikstra and 

Ubelaker, 1994), had been used for age assessment of the Taumako skeletal sample, but none 

of the other samples Buckley (2001). 

Statistical Analysis of Tooth Wear 

A Wilcoxon test was used to analyse the difference in the median overall wear, anterior 

wear and posterior wear between the sexes and the age groups. A Kruskal-Wallis test was 

used to analyse the difference in the median overall wear, anterior wear and posterior wear 

between the samples. If this was found to be statistically significant, pair-wise comparisons 

(Wilcoxon test) were conducted to determine which samples were significantly different. 

4.9.2 Caries Recording and Analysis 

The recording scheme used in this study was adapted from Hillson (2008b). This scheme 

recorded the type of caries, the location of the caries on the tooth and the number of caries 

on each tooth (Table 4.7). The teeth were observed macroscopically with both fluorescent 

and incandescent lighting and a magnifying light (1.75x) when necessary. Carious lesions 

were only recorded as present if the lesion had an irregular border, was discoloured and had 

necrotic dentin (Lukacs, 1989; Turner, 1991). All the dental material was relatively clean; 

however if dirt was obscuring any part of the tooth it was gently removed with a soft brush 

taking care not to remove any adhering calculus deposits. 

The overall caries prevalence was determined for each sample by the following equa-
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Figure 4.2: Tooth wear recording scheme, from Molnar (1971a, p.178). 
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Total number of teeth observed 

Although Lukacs (1995) developed a caries correction factor that accounts for AMTL 

of individuals affected by caries on a sample-specific basis, questions have been raised about 

the appropriateness of the caries correction factor if other aetiologies were responsible for 

AMTL (e.g. periodontal disease, severe tooth wear, periapical cavities and trauma) in a 

given sample (Esclassan et al., 2009; Kerr et al., 1988). Therefore, in this thesis the caries 

correction factor was not used. 
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Table 4.7: Caries recording scheme. 

Score Description 
1 Pit and fissure, located in the molar buccal and lingual pits and grooves 
2 Interproximal, located at the point of contact between two adjacent teeth. 
3 Smooth surface, located on smooth buccal or lingual surfaces 
4 Cervical, located on the root below the cementa-enamel junction 
5 Occlusal, located on the occlusal fissures of premolars and molars 
6 Massive, involving the crown of the tooth to an extent that obscures the site of the original caries 
7 Circular 
8 Multiple(> 1 caries) affecting any one tooth 

· Male and female caries rates were determined for the teeth overall and individually, 

if the individual had at least one tooth available for analysis. Age categories (young and 

mid/old) were then compared for the adult individuals at a tooth and individual level. Males 

and females were not assessed by age group because of the small size of most of the skeletal 

samples. However, in the larger three samples (Teouma, Taumako and Nebira) there were 

no statistically significant differences found between the age and sex groups suggesting the 

age/sex distribution in these samples did not introduce bias into the caries analyses. Subadult 

caries rates were also calculated for both the deciduous and permanent dentition at the tooth 

and individual level. 

Statistical Analysis of Caries 

The overall caries prevalence, the number of individuals with at least one tooth affected by 

caries and median number of caries per individual for the overall sample, the subadults, the 

two adult age categories and the sexes were calculated. Individuals with an unknown age 

and/or sex were assessed for the sample analyses but not for the subgroup analyses. 

The frequency of caries affecting a tooth location was calculated by dividing the num

ber of caries in each type of location (e.g. occlusal, pit/fissure) by the total number of caries. 

A Chi-squared test was used to assess whether the proportion of individuals affected by 

caries was statistically significantly different between either the age or sex groups. This test 

was used to analyse the overall caries and each type of caries (e.g. occlusal, pit/fissure). A 

Fisher's exact test was used to analyse whether there was a statistically significantly differ

ence between the samples in the proportion of individuals affected by caries and each specific 

type of caries. If evidence of a difference was found between the groups, pair-wise compar

isons (using a Fisher's exact test) were conducted between each sample type to ascertain 

which samples were significantly different. 
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Table 4.8: Calculus recording scheme. 

Score Description 
1 Absent 
2 Small amount 
3 Moderate amount 
4 Large amount 

4.9.3 Calculus Recording and Analysis 

The recording of dental calculus was performed using the standard scoring system developed 

by Brothwell (1981) (Figure 4.3). The recording of calculus is generally subjective and 

categorised as small, moderate and large amounts for supra-gingival calculus (Table 4.8). 

Sub-gingival calculus is more difficult to evaluate in a consistent methodological manner 

because the tooth needs to be loose to macroscopically assess the tooth root and, as a result 

of this, sub-gingival calculus was not assessed for this study (Hillson, 1996). 

Slight 

1\'fedium · 

Considerable 

Figure 4.3: Calculus recording scheme, from Brothwell (1981, p.150). 

It is important to record both the overall prevalence of calculus for the teeth present and 

at an individual level to compensate for any preservation biases (Roberts and Manchester, 

2005). The overall prevalence of individuals with calculus was determined for each sample 

by dividing the number of teeth with calculus by the total number of teeth observed. The 

proportion of individuals affected by calculus was determined by dividing the number of 
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Table 4.9: Recording scheme for periapical cavities. 

Description 
Absent (for tooth location) 
Present (for tooth location) 

individuals with at least one tooth affected by calculus by the total number of individuals 

in the sample. A Chi-squared test was used to assess whether the proportion of individuals 

affected by calculus was statistically significantly different between either the age or sex 

groups. This test was used to analyse the overall calculus and each type of calculus (mild, 

moderate or heavy). A Wilcoxon test was used to analyse the difference in the median 

calculus values between each respective group (e.g. age or sex). 

Statistical Analysis of Calculus 

A Fisher's exact test was used to compare the proportion of individuals affected by calculus 

between the samples. If this was found to be significantly different, pair-wise comparisons 

(Fisher's exact test) were conducted to determine which samples were significantly different. 

4.9.4 Periapical Cavities Recording and Analysis 

Only adult individuals were analysed for periapical cavities. An individual was assessed for 

periapical abscesses if alveolar bone located around the root apex area of any tooth socket 

was present (Table 4.9). The distinction between a periapical granuloma, apical periodontal 

cyst and an abscess was determined by size. A periapical granuloma was determined by a 

small cavity size ( <3.0mm) and an apical periodontal cyst by a larger cavity size (> 1.5cm). 

Both these conditions are smooth walled and located in the apical region of the tooth. A 

chronic abscess was identified by the presence of a fistula (Dias and Tayles, 1997). As the 

aetiology of these conditions is complex, all the periapical cavities were grouped together 

for analysis by tooth position rather than cavity or abscess type. 

In line with the other analyses, the overall prevalence of periapical cavities and ab

scesses was calculated for each sample by dividing the number of affected cavities with the 

observed number of potential areas for periapical formation. The proportion of affected in

dividuals was calculated by dividing the number of individuals with one or more periapical 

cavities by the number of individuals with observable alveolar bone. Age categories (young 

and mid/old) and the sexes were compared respectively for both the overall prevalence and 

individual frequency, removing the individuals of an unknown age and/or sex. 
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Score 
1 
2 
3 
4 

Table 4.10: Periodontal recording scheme. 

Description 
Marked resorption of the alveolar crest, to the extent that the root furcation is exposed, or more than half of the root of a single-rooted tooth. 
Reactive bone (moderate-severe porosity) on the alveolar crest. 
An irregular alveolar crest, the result of irregular alveolar resorption. 
The presence of pockets, particularly around posterior teeth. 

Statistical Analysis of Periapical Cavities 

A Wilcoxon test was used to analyse the difference in the distribution of periapical cavi

ties (overall, anterior and posterior) between the two age groups and sexes. A Chi-squared 

test was used to assess whether the proportion of individuals affected by periapical cavities 

(overall, anterior and posterior) was significantly different between the age groups or the 

sexes. 

A Fisher's exact test was used to compare the proportion of individuals affected by 

periapical cavities between samples. If the overall comparison between all the samples was 

statistically significant, a pair-wise comparison between the samples with a Fisher's exact 

test was conducted to determine which samples were significantly different. 

4.9.5 Periodontal Disease Recording and Analysis 

Periodontal disease was recorded using the method described in·Tayles (1999, p.238) (Table 

4.10). The recording was used to ascertain the presence or absence of the disease for each 

individual. At least four tooth sockets with intermediate alveolar bone had to be present per 

individual to assess periodontal disease. Similar to Tayles (1999), the number of individuals 

who had evidence of porosity and/or resorption were calculated together and the number of 

individuals who had evidence of pockets were calculated separately. Horizontal periodontal 

disease was recorded as present if two of the indicators were observed and 'pockets' were 

recorded as such. Care was taken to distinguish between postmortem changes to the alveolar 

bone as a result of taphonomic process such as acidic soils and breakage caused during 

excavation, cleaning, and/or curation of the remains (Hildebolt and Molnar, 1991). 

The overall prevalence of periodontal disease was determined for each sample by di

viding the number of individuals with horizontal periodontal disease or pockets divided by 

the total number of individuals with observable alveolar bone. Childhood forms of periodon

tal disease are rarely found in the archaeological record and therefore subadult individuals 

were not assessed for periodontal disease (Hildebolt and Molnar, 1991). Prevalence was then 
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calculated for the sexes and two age groups, disregarding the individuals with no age and/or 

sex determinations. 

A Chi-squared test was used to assess whether there was a statistically significant dif

ference between the samples in the proportion of individuals affected by horizontal periodon

tal disease or pockets. If this difference was statistically significant, pair-wise comparisons 

were used to determine which samples were significantly different from one another. 

4.9 .6 Antemortem Tooth Loss Recording and Analysis 

Antemortem tooth loss was recorded during the general dental census outlined at the begin

ning of the methods section of this chapter. Unlike the recording of the other dental patholo

gies that relied on the tooth being present (i.e. caries and calculus), AMTL was recorded on 

the basis of the tooth socket. AMTL was recorded as present if resorption of the alveolar 

bone of a tooth crypt was either active or complete. 

The overall prevalence of AMTL was assessed for the adults in each sample and was 

calculated by dividing the number of remodelled or remodelling tooth crypts with the total 

number of observed crypts (both with postmortem and antemortem loss) and observed teeth. 

The median number of AMTL per individual was also assessed. 

Statistical Analysis of Antemortem Tooth Loss 

The differences in the distribution of AMTL between age and sex groups respectively was 

analysed with a Wilcoxon test. A Chi-squared test was used to assess whether the proportion 

of individuals affected by AMTL was significantly different between either the age or sex 

groups. A Chi-squared test was also used to assess whether the proportion of individuals af

fected by at least one AMTL differed between the samples. If the overall sample comparison 

was statistically significant, pair-wise comparisons (using a Fisher's exact test) were used to 

assess which samples were significantly different. 
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Table 4.11: Teouma adult dental census. 

M3 M2 Ml Premolars Canines Incisors All teeth 
n-34 individuals n- % n- % n= % n- % n- % n- % n- % 
Teeth present 11 8 15 11 26 19 48 18 16 12 33 12 149 14 
Lost postmortem 4 3 1 1 3 2 16 6 14 10 30 11 68 6 
AMTL 6 4 10 7 8 6 2 1 1 1 4 1 31 3 
Unerupted or agenesis 6 4 0 0 0 0 0 0 1 1 0 0 7 1 
Total recorded 27 20 26 19 37 27 66 24 32 24 67 25 255 23 
No record possible 109 80 110 81 99 73 206 76 104 76 205 75 833 77 
Total potential 136 100 136 100 136 100 272 100 136 100 272 100 1088 100 

M=Molar 

4.10 Tooth Wear and Dental Health Results 

4.10.1 Teouma 

Teouma Adult Dental Census 

There were 33 individuals with observable dentition in the Teouma skeletal sample; seven 

crania and five by mandibles represented twelve of these individuals; the rest of the indi

viduals were represented by loose teeth for the dental analyses. Of the 1088 possible tooth 

positions, 23% were available for analysis; 14% of these constituted intact teeth, 6% were 

lost postmortem, 3% were exfoliated before death and 1% were either unerupted or congen

itally absent (Table 4.11). 

Teouma Adult Tooth Wear 

More than half the tooth wear affecting the Teouma sample was classified as moderate (56%), 

30% was mild and 13% was heavy (Table 4.12). Males had a slightly higher proportion 

of teeth affected by moderate and heavy wear, especially on the anterior teeth (Figure 4.4). 

Mid/old individuals had a much higher proportion of all tooth types affected by moderate and 

heavy wear than the young individuals (Figure 4.5). There were no significant differences 

in the median wear values of the overall, the anterior or the posterior wear between the age 

groups or the sexes. 

Teouma Adult Caries 

Thirty-one percent of the 149 observed teeth were affected by caries and more female teeth 

(35%) were carious compared to male teeth (27%) (Table 4.13). Of the 33 individuals in 
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Table 4.12: Teouma adult tooth wear. 

Anterior Premolar Molar Overall 
Wear Grade A 0 % A 0 % A 0 % A 0 % 
NoneO 0 46 0 0 46 0 0 49 0 0 141 0 
Mild(l&2) 5 46 11 13 46 28 25 49 51 43 141 30 
Mod(3 &4) 32 46 70 27 46 59 20 49 41 79 141 56 
Heavy (5. 6 & 7) 9 46 20 6 46 13 4 49 8 19 141 13 

A (affected) and 0 (observed) 

100% ... 90% ('CJ 

~ 80% 
.s::. 70% .... 

60% Heavy 0 

~ SO% 
(ij 40% Moderate .... 
~ 30% 

Mild - 20% 0 

'*- . 10% None 
0% 

Tooth Wear by Sex and Tooth Type 

Figure 4.4: Teouma adult tooth wear, by sex. 

the. skeletal sample, 61% had at least one carious lesion and a higher proportion of males 

(69%) were affected by caries compared to females (53%) (Figure 4.6). A higher proportion 

of mid/old teeth and individuals were affected by caries, although this may be a result of a 

larger sample of old/mid teeth and individuals. However, there was no significant difference 

in either the distribution of caries or the proportion of individuals affected by caries between 

the age groups or the sexes. 

The majority (61 %) of the observed carious lesions were located on the cervical/root 

surfaces of the teeth (Table 4.14 and Figure 4.7). The remaining were located on the inter

proximal and occlusal surfaces of the teeth. Additionally, 15% of the lesions were massive, 

obscuring the initial site of caries formation. Females had a higher proportion of teeth af

fected by massive and smooth surface caries than the males. Young individuals were only 

affected by cervical/root, occlusal and interproximal caries. 
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Table 4.13: Teouma adult caries prevalence. 

Teeth Individual 
A 0 % A 0 % Median teeth Median caries 

All adults 46 149 31 20 33 61 3 1 
Males 18 66 27 9 13 69 4 1 
Females 23 66 35 9 17 53 3 1 
Unknown sex 5 17 29 2 3 67 7 2 
Young 5 28 18 3 6 50 3 1 
Mid/Old 37 107 35 14 22 64 4 1 
Unknown age 4 14 29 3 5 60 1 1 

A (affected) and 0 (observed) 

Table 4.14: Teouma adult caries, by caries type. 

Total Sample Males Females Young Age <35 yrs Mid/Old Age >35 yrs 
Caries Type n %" nj %4 nl 

Pit/fissure 0 0 0 0 0 
Interproximal 6 13 5 25 4 
Smooth Surface 1 2 1 5 0 
Occlusal 4 9 4 20 2 
Massive 7 15 3 15 0 
Multiple 0 0 0 0 0 
Cervical/root 28 61 14 70 12 
Total 46 100 20* NI A* 18 

n 1 =number of teeth affected 
%2=percent of total carious teeth 
n3=number of individuals affected 
%4=percent of total carious individuals 

%" nj %4 
0 0 0 
22 3 33 
0 0 0 
11 2 22 
0 0 0 
0 0 0 
67 7 78 
100 9* NA* 

n %" nj %4 n %" nj %4 n %" 
0 0 0 0 0 0 0 0 0 0 
2 9 2 22 2 40 2 67 4 11 
1 4 1 11 0 0 0 0 0 0 
1 4 1 11 1 20 1 33 3 8 
6 26 2 22 0 0 0 0 7 19 
0 0 0 0 0 0 0 0 0 0 
13 57 5 56 2 40 1 33 23 62 
23 100 9 NA* 5 100 3* NA* 37 100 

*Some individuals have evidence of two types of caries and therefore totals given are total number of individuals affected by any type of 
caries 
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nj %4 
0 0 
3 21 
0 0 
3 21 
3 21 
0 0 
11 79 
14 NA* 
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Figure 4.5: Teouma adult tooth wear, by age groups. 
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Figure 4.6: Teouma adult caries, % of teeth and individuals affected. 
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Figure 4.7: Teouma adult caries, by caries type. 
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Table 4.15: Teouma adult calculus prevalence. 

Teeth Individuals 
A 0 % A 0 % 

All adults 50 149 34 16 33 48 
Males 27 66 41 8 13 62 
Females 11 66 17 6 17 35 
Unknown sex 12 17 71 2 3 67 
Young 4 28 14 1 6 17 
Mid/Old 41 107 38 14 22 64 
Unknown age 5 14 36 1 5 20 

A (affected) and 0 (observed) 

Teouma Adult Calculus 

Calculus was recorded on 34% of all the observed teeth in the Teouma skeletal sample. A 

much lower proportion of calculus was observed in the female (17%) than the male dentition 

(41 %) (Table 4.15). There was also a higher proportion of male (62%) than female (35%) 

individuals with least one tooth with calculus (Figure 4.8). There were no significant differ

ences in the proportion of individuals affected by calculus between the age groups or sexes. 

However, there was a significant difference in the distribution of teeth affected by calculus 

between the sexes (z=2.58, p=0.010) and the age groups (z=-2.02, p=0.043). 
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Figure 4.8: Teouma adult calculus, % of individuals affected. 

Most of the calculus observed in the Teouma skeletal sample was mild (78%), however 

210 



Table 4.16: Teouma adult calculus, by calculus degree. 

Total Sample Males 
Degree n %" n, %• n %" 
Mild 39 78 13 81 20 74 
Moderate 8 16 6 38 6 22 
Heavy 3 6 2 13 I 4 

n 1 =number of teeth affected 
%2=percent of total teeth affected by calculus 
n3=number of individuals affected 

n, 

8 
4 
I 

%4=percent of total individuals affected by calculus 

Females 
%• n %" n, 

100 7 64 3 
50 2 18 2 
13 2 18 I 

Young Age Mid/Old Age 
%• n %"' n' %• n %" n' 
50 4 100 I 100 30 73 11 
33 0 0 0 0 8 20 6 
17 0 0 0 0 3 7 2 

16% was moderate and 6% was heavy (Table 4.16 and Figure 4.9). Additionally, most of the 

individuals with evidence of calculus had the mild grade (81%) and one-third had evidence of 

moderate calculus (38% ). Females had a higher proportion of moderate and heavy calculus 

than males and young individuals only had evidence of mild calculus. 
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Figure 4.9: Teouma adult calculus, by degree of calculus formation. 
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Table 4.17: Teouma adult periapical cavities. 

Teeth 
A 0 % A 0 

All adults 15 172 9 6 12 
Males 7 68 10 2 5 
Females 4 78 5 2 5 
Unknown sex 4 26 15 2 2 
Young 0 30 0 0 2 
Mid/Old 11 116 9 4 8 
Unknown age 4 26 15 2 2 

*Median of possible tooth positions with associated alveolar bone 
A (affected) and 0 (observed) 

Individuals 
% Median possible* 
50 0 
40 0 
40 0 
100 10 
0 0 
50 0 
100 0 

Table 4.18: Teouma adult periapical cavities, by mouth region. 

Overall Males Females 

Median periapical 
0 
0 
0 
1 
0 
0 
0 

Young 
Position n I %" I n, I %' n I %" I n, I % n I %" I n, I %' n' I %" I n, I %' 
Anterior 3 I 20 I 2 I 33 0 
Posterior 12 80 5 83 7 

n1=number of cavities 
%2=percent of total periapical cavities 
n3=number of individuals affected 
%4=percent of total individuals 

I ~oo I ~ I ~00 

Teouma Adult Periapical Cavities 

3 I 75 I 2 I lOO 
1 25 1 50 ~ I I ~ I 

Mid/Old 
n I %" I n, I %' 
3 12712150 
8 73 3 75 

Of the 172 observed tooth positions, 15 were affected by periapical cavities and exactly 

half of the individuals with observable alveolar bone had evidence of at least one periapical 

cavity (Table 4.17). Although male teeth (1 0%) had a higher proportion of periapical cavities 

compared to female teeth (5%), the same proportion of individuals was affected (40%) . 

Only mid/old and individuals of unknown age were affected by periapical cavities, but there 

were only two young individuals with observable alveolar bone. There were no significant 

differences in the distribution of periapical cavities or the proportion of individuals affected 

by cavities between the age groups or sexes respectively. 

Of the observed periapical cavities, 80% were l_ocated in the posterior dentition (Table 

4.18). Additionally 83% of the affected individuals had cavities located in the posterior area 

of the mouth. Only female individuals had evidence of periapical cavities in the anterior 

alveolar bone. 
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Table 4.19: Teouma adult periodontal disease, by individual. 

na1 na" 
All 12 11 
Males 5 5 
Females 5 4 
Unknown sex 2 2 
Young 2 1 
Mid/Old 8 8 
Unknown age 2 2 

na1=number of individuals affected by horizontal periodontal disease 
na2=number of individuals affected by pockets 
no3=total number of individuals with observable alveolar bone 
%4=percentage individuals affected by horizontal periodontal disease 
%5=percentage of individuals affected by pockets 

Table 4.20: Teouma adult AMTL. 

Tooth Positions 
A 0 % 

Total 31 172 18 
Male 14 68 21 
Female 8 78 10 
Unknown sex 9 26 35 
Young 0 30 0 
Mid/Old 16 116 14 
Unknown age 15 26 58 

A (affected) and 0 (observed) 

Teouma Adult Periodontal Disease 

A 
9 
3 
4 
2 
0 
7 
2 

noj %• %' 
12 100 92 
5 100 100 
5 100 80 
2 100 100 
2 100 50 
8 100 100 
2 100 100 

Individuals 
0 % MedianAMTL 
12 75 0 
5 60 0 
5 80 0 
2 100 4 
2 0 
8 88 0 
2 100 0 

All of the individuals with observable alveolar bone had evidence of horizontal periodontal 

disease and 92% had evidence of pockets. Both the females and the young individuals were 

affected less by pockets compared to the males and the mid/ old who had 100% of individuals 

affected by pockets (Table 4.19). 

Teouma Adult AMTL 

Of the 172 observed tooth positions, 18% had evidence of teeth lost antemortem (Table 4.20). 

Twice as many male than female tooth positions were affected by AMTL, although a similar 

number of individuals from each sex had evidence of AMTL. Only the mid/old individuals 

and individuals of an unknown age were affected by AMTL, and neither of the two young 

individuals was affected. 
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Table 4.21: Uripiv post-Lapita adult dental census. 

M3 M2 M1 Premolars Canines Incisors All teeth 
n-3 individuals n- % n- % n- % n- % n= % n- % n- % 
Teeth present 4 33 5 42 6 50 16 67 8 67 9 38 48 50 
Lost postmortem 0 0 0 0 0 0 0 0 0 0 1 4 1 1 
AMTL 1 8 2 17 1 8 0 0 0 0 0 0 4 4 
Unerupted or agenesis 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Total recorded 5 42 7 58 7 58 16 67 8 67 10 42 53 55 
No record possible 7 58 5 42 5 42 8 33 4 33 14 58 43 45 
Total potential 12 100 12 100 12 100 24 100 12 100 24 100 96 100 

M=Molar 

Table 4.22: Uripiv Lapita-associated subadult dental census, deciduous teeth. 

M2 M1 Canines Incisors All teeth 
n-1 n- n- n- n- n= 
Teeth present 0 4 0 8 12 
Lost postmortem 0 0 0 0 0 
Unerupted agenesis 4 0 4 0 8 
Total recorded 4 4 4 8 20 

M=Molar 

4.10.2 Uripiv 

Uripiv Adult Dental Census 

There were three post-Lapita individuals with dentition present for analysis. Of the 55% of 

recorded tooth positions, 50% were intact teeth, 1% were lost postmortem and 4% were lost 

antemortem (Table 4.21). 

Uripiv Subadult Dental Census 

The entire deciduous dentition from the one Lapita-associated subadult (Burial 1) from 

Uripiv was either present or unerupted (Table 4.22). 

Uripiv Adult Tooth Wear 

Around half of the observed teeth from Uripiv were affected by mild wear ( 49%) and half 

were affected by moderate wear (51%) (Table 4.23). Twice as many anterior and molar teeth 

were affected by moderate wear compared to mild wear. 
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Table 4.23: Uripiv post-Lapita adult tooth wear. 

Anterior Premolar Molar Overall 
Wear Grade A 0 % A 0 % A 0 % A 0 % 
NoneO 0 17 0 0 16 0 0 14 0 0 47 0 
Mild(l&2) 6 17 35 8 16 50 9 14 64 23 47 49 
Mod(3&4) 11 17 65 8 16 50 5 14 36 24 47 51 
Heavy (5, 6 & 7) 0 17 0 0 16 0 0 14 0 0 47 0 

A (affected) and 0 (observed) 

Table 4.24: Uripiv Lapita-associated subadult tooth wear, deciduous teeth. 

Anterior Molar Overall 
Wear Grade A 0 % A 0 % A 0 % 
NoneO 7 8 88 4 4 100 11 12 92 
Mild(l and2) 1 8 12 0 4 0 1 12 8 
Mod (3 and4) 0 8 0 0 4 0 0 12 0 
Heavy (5 67) 0 8 0 0 4 0 0 12 0 

A (affected) and 0 (observed) 

Uripiv Subadult Tooth Wear 

With the exception of one moderately worn incisor, all wear of the deciduous teeth from the 

subadult individual was mild (Table 4.24). 

Uripiv Adult Caries 

Of the 48 observed teeth, 19 were affected by caries (Table 4.25). Most of these caries were 

either cervical/root caries (84%) or massive carries (16%) (Table 4.26). Two of the three 

individuals were affected by caries. No caries were observed in the deciduous dentition of 

the one subadult individual from Uripiv. 

Table 4.25: Uripiv post-Lapita adult caries prevalence. 

Teeth Individual 
A 0 % A 0 % 

All adults 19 48 40 2 3 67 
Females 17 26 65 1 2 50 
Unknown Sex 2 22 9 1 1 50 
Young 0 3 0 0 1 100 
Unknown Age 19 45 42 2 2 0 

A (affected) and 0 (observed) 

215 



Table 4.26: Uripiv post-Lapita adult caries, by caries type. 

n 1 =number of teeth affected 
%2=percent of total carious teeth 
n3=number of individuals affected 
%4=percent of total carious individuals 

Caries Type 
Pit/fissure 
Interproximal 
Smooth Surface 
Occlusal 
Massive 
Multiple 
Cervical/root 
Total 

All Teeth 
nl %" 
0 0 
0 0 
0 0 
0 0 
3 16 
0 0 
16 84 
19 100 

Individuals 
nj %4 

0 0 
0 0 
0 0 
0 0 
2 100 
0 0 
2 100 
2 N/A* 

*SOme individuals have evidence of two types of caries and therefore totals given are total number of individuals affected by any type of 
caries 

Table 4.27: Uripiv post-Lapita adult calculus prevalence. 

Teeth Individuals 
A 0 % A 0 % 

All adults 25 48 52 3 3 100 
Females 7 26 27 2 2 lOO 
Unknown 18 22 82 1 1 lOO 
Young 2 3 67 1 1 100 
Unknown 23 45 51 2 2 100 

A (affected) and 0 (observed) 

Uripiv Adult Calculus 

All three of the individuals from Uripiv had at least one tooth affected by calculus (Table 

4.27). Of the 48 observed teeth, mild calculus was present on 24 of these teeth and moderate 

calculus present on one (Table 4.28). No calculus deposits were observed in the deciduous 

dentition of the one subadult individual from Uripiv. 

Table 4.28: Uripiv post-Lapita adult calculus, by calculus degree. 

n 1 =number of teeth affected 
%2=percent of total teeth affected by calculus 
n3=number of individuals affected 

Degree 
Mild 
Moderate 
Heavy 

%4=percent of total individuals affected by calculus 

n %" 
24 96 
1 4 
0 0 

216 

nj %4 
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1 33 
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Table 4.29: Uripiv post-Lapita adult periapical cavities. 

Teeth Individuals 
A 0 % A 0 % 

All adults 0 42 0 0 2 0 
Females 0 21 0 0 1 0 
Unknown Sex 0 21 0 0 1 0 
Young 0 0 0 0 0 0 
Unknown 0 42 0 0 2 0 

A (affected) and 0 (observed) 

Table 4.30: Uripiv post-Lapita adult periodontal disease, by individual. 

na 1 =number of individuals affected by horizontal periodontal disease 
na2=number of individuals affected by pockets 
no3=total number of individuals with observable alveolar bone 
%4=percentage individuals affected by horizontal periodontal disease 
%5=percentage of individuals affected by pockets 

Uripiv Adult Periapical Cavities 

50 0 

Neither of the two individuals with observable alveolar bone had any evidence of periapical 

cavities (Table 4.29). 

Uripiv Adult Adult Periodontal Disease 

One of the two individuals with observable alveolar bone present had evidence of horizontal 

periodontal disease but no evidence of pockets (Table 4.30). 

Uripiv Adult AMTL 

Of the two individuals with alveolar bone present, one female of unknown age had four teeth 

lost antemortem. 
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Table 4.31: Vao Lapita-associated adult dental census. 

M3 M2 Ml Premolars Canines Incisors All teeth 
n-3 individuals n- % n- % n- % n- % n= % n= % n= % 
Teeth present 8 67 10 83 12 100 19 79 9 75 8 33 66 69 
Lost postmortem 0 0 1 8 0 0 0 0 0 0 3 13 4 4 
AMTL 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Unerupted or agenesis 3 25 0 0 0 0 0 0 0 0 0 0 3 3 
Total recorded 11 92 11 92 12 100 19 79 9 75 11 46 73 76 
No record possible 1 8 1 8 0 0 5 21 3 25 13 54 23 24 
Total potential 12 100 12 100 12 100 24 100 12 100 24 100 96 100 

M=Molar 

Table 4.32: Vao post-Lapita adult dental census. 

M3 M2 Ml Premolars Canines Incisors All teeth 
n-1 individuals n= % n= % n= % n= % n= % n= % n= % 
Teeth present 3 75 3 75 2 50 6 75 2 50 2 25 18 56 
Lost postmortem 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
AMTL 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Unerupted or agenesis 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Total recorded 3 75 3 37 2 50 6 75 2 50 2 25 18 56 
No record possible 1 25 1 25 2 50 2 25 2 50 6 75 14 44 
Total potential 4 100 4 62 4 100 8 100 4 100 8 100 32 100 

M=Molar 

4.10.3 Vao 

Vao Lapita-associated and Post-Lapita Adult Dental Census 

There were three Lapita-associated and one post-Lapita individual with observable dentition 

for analysis. Data were collected from 76% of the 96 possible tooth positions from the adult 

dentition of the three Lapita-associated adults from Vao. Of these recorded tooth positions, 

69% were complete teeth, 4% were lost postmortem and 3% were either unerupted or con

genially absent (Table 4.31). Of the 32 possible teeth of the one post-Lapita individual, 18 

intact teeth were present for analysis (Table 4.32). There was no evidence of AMTL in either 

the three Lapita-associated adults and no alveolar bone present in the post-Lapita individual 

to assess AMTL. 

Post-Lapita Subadult Dental Census 

There were 17 deciduous teeth available for analysis from the one post-Lapita subadult in

dividual from Vao (Table 4.33). The posterior deciduous dentition was entirely present, but 

only five of the eight possible incisors were observable. 
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Table 4.33: Vao post-Lapita subadult dental census, deciduous teeth. 

n-1 M2 Ml Canines Incisors All teeth 
Teeth present 4 4 4 5 17 
Lost postmortem 0 0 0 0 0 
Unerupted agenesis 0 0 0 0 0 
Total recorded 4 4 4 5 17 

M=Molar 

Table 4.34: Vao Lapita-associated adult tooth wear. 

M3 M2 M! Premolars Canines Incisors 
Wear Grade n- % n- % n- % n= % n- % n- % 
NoneO 3 75 3 75 2 50 6 75 2 50 2 25 
Mild (1 & 2) 0 0 0 0 0 0 0 0 0 0 0 0 
Mod(3 &4) 0 0 0 0 0 0 0 0 0 0 0 0 
Heavy (5, 6 & 7) 0 0 0 0 0 0 0 0 0 0 0 0 

M=Molar 

Vao Lapita-associated and Post-Lapita Adult Tooth Wear 

The teeth of the Lapita-associated adults from Vao were predominantly affected by mild 

wear (73%) and moderate wear (21%) (Table 4.34). However, 6% of the teeth (all molars) 

were unwom. All of the observed teeth belonging to the one post-Lapita individual were 

mildly worn (Table 4.35). 

Vao Post-Lapita Subadult Tooth Wear 

Most of the wear observed on the deciduous dentition of the one subadult individual was 

mild (76%) although 24% ofteeth (all molars) had no wear (Table 4.36). 

Table 4.35: Vao post-Lapita adult tooth wear. 

Overall Teeth Anterior Premolar Molar Overall 
Wear Grade A 0 % A 0 % A 0 % A 0 % 
NoneO 0 4 0 0 6 0 0 8 0 0 18 0 
Mild(! &2) 4 4 100 6 6 100 8 8 100 18 18 100 
Mod(3 &4) 0 4 0 0 6 0 0 8 0 0 18 0 
Heavy (5, 6 & 7) 0 4 0 0 6 0 0 8 0 0 18 0 

A (affected) and 0 (observed) 
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Table 4.36: Vao post-Lapita subadult tooth wear, deciduous teeth. 

Anterior Molar Overall 
Wear Grade A 0 % A 0 % A 0 % 
NoneO 0 9 0 4 8 50 4 17 24 
Mild(! and2) 9 9 100 4 8 50 13 17 76 
Mod(3 and4) 0 9 0 0 8 0 0 17 0 
Heavy (56 7) 0 9 0 0 8 0 0 17 0 

A (affected) and 0 (observed) 

Table 4.37: Vao Lapita-associated adult caries prevalence. 

Teeth Individual 
A 0 % A 0 % 

All adults 4 66 6 1 3 33 
Males 0 24 0 0 1 0 
Females 4 42 10 1 2 50 
Young 0 48 0 0 2 0 
Mid/Old 4 18 22 1 1 100 

A (affected) and 0 (observed) 

Vao Lapita-associated and Post-Lapita Adult Caries 

Four teeth from one mid/old female were the only teeth affected by caries observed in the 

Lapita-associated adults from Vao (Table 4.37). Three of these caries were observed in the 

cervical/root surface of the tooth and one carious lesion was massive (Table 4.38). No caries 

were found in the dentition of the one post-Lapita individual from Vao. There were no caries 

observed in the subadult teeth from Vao. 

Table 4.38: Vao Lapita-associated adult caries, by caries type. 

n1=number of teeth affected 
%2=percent of total carious teeth 
n3=number of individuals affected 
%4=percent of total carious individuals 

Caries Type 
Pit/fissure 
Interproximal 
Smooth Surface 
Occlusal 
Massive 
Multiple 
Cervicallroot 
Total 

n 
0 
0 
0 
0 
1 
0 
3 
4 

%" n' % 
0 0 0 
0 0 0 
0 0 0 
0 0 0 
25 1 100 
0 0 0 
75 1 100 
100 h NI A* 

*some individuals have evidence of two types of caries and therefore totals given are total number of individuals affected by any type of 
caries 
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Table 4.39: Vao Lapita-associated adult calculus prevalence. 

Teeth Individuals 
A 0 % A 0 % 

All adults 37 66 56 3 3 100 
Males 19 24 79 I 1 100 
Females 18 42 43 2 2 100 
Young 23 48 48 2 3 67 
Mid/Old 14 18 78 1 1 100 

A (affected) and 0 (observed) 

Table 4.40: Vao Lapita-associated adult calculus prevalence. 

n 1 =number of teeth affected 
%2=percent of total teeth affected by calculus 
n3=number of individuals affected 

Degree 
Mild 
Moderate 
Heavy 

%4=percent of total individuals affected by calculus 

nl 

30 
7 
0 

%" n> % 
81 3 100 
19 1 33 
0 0 0 

Vao Lapita-associated and Post-Lapita Adult Calculus 

Of the 66 observed teeth from the Lapita-associated individuals from Vao, 37 (56%) had 

evidence of calculus deposits (Table 4.39). All of the individuals were affected by mild 

calculus and one individual had seven teeth affected by moderate calculus (Table 4.40). Mild 

calculus was present on four of the 18 teeth from the one post-Lapita individual (Table 4.41 

and Table 4.42). 

Vao Post-Lapita Subadult Calculus 

Mild calculus was observed on 5 of the 17 deciduous teeth (29%) from the one post-Lapita 

subadult individual (Table 4.43 and Table 4.44). 

Table 4.41: Vao post-Lapita adult calculus prevalence. 

A (affected) and 0 (observed) 
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Table 4.42: Vao post-Lapita adult calculus, by calculus degree. 

n 1 =number of teeth affected 
%2=percent of total teeth affected by calculus 
n3=number of individuals affected 

Degree 
Mild 
Moderate 
Heavy 

%4=percent of total individuals affected by calculus 

n 
4 
0 
0 

%" n, % 
100 1 100 
·o 0 
0 0 

Table 4.43: Vao post-Lapita subadult calculus prevalence, deciduous teeth. 

A (affected) and 0 (observed) 

Table 4.44: Vao post-Lapita subadult calculus prevalence, deciduous teeth. 

n 1 =number of teeth affected 
%2=percent of total teeth affected by calculus 
n3=number of individuals affected 

Degree 
Mild 
Moderate 
Heavy 

%4=percent of total individuals affected by calculus 

n' 
5 
0 
0 

Teeth Individual 

%" n' % 
100 1 100 
0 0 0 
0 0 0 
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Table 4.45: Vao Lapita-associated adult periapical cavities. 

Teeth Individuals 
A 0 % A 0 % 

All adults I 49 2 I 3 33 
Males 0 22 0 0 I 0 
Females I 27 4 I 2 50 
Young 0 32 0 0 2 0 
Mid/Old I 17 6 I 1 100 

A (affected) and 0 (observed) 

Table 4.46: Vao Lapita-associated adult periapical cavities, by mouth region. 

n 1 =number of cavities 
%2=percent of total periapical cavities 
n3=number of individuals affected 
%4 =percent of total individuals 

Vao Lapita-associated Periapical Cavities 

Only one periapical cavity was observed in the Lapita-associated adults from Vao. This 

periapical cavity was observed in the posterior dentition of a mid/old female (Table 4.45 and 

Table 4.46). The post-Lapita individual had no alveolar bone present to assess periapical 

cavities. 

Vao Lapita-associated Adult Periodontal Disease 

Two of the three Lapita-associated adults from Vao had evidence of horizontal periodontal 

disease and none of these individuals had evidence of 'pockets' (Table 4.47). The post-Lapita 

individual had no alveolar bone present to assess periodontal disease. 

Table 4.47: Vao Lapita-associated adult periodontal disease, by individual. 

na' na" 
All 2 0 
Males 1 0 
Females 1 0 
Young 1 0 
Mid/Old 1 0 

na1=number of individuals affected by horizontal periodontal disease 
na2=number of individuals affected by pockets 
no3=total number of individuals with observable alveolar bone 
%4=percentage individuals affected by horizontal periodontal disease 
%5=percentage of individuals affected by pockets 
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3 67 0 
I 100 0 
2 50 0 
2 50 0 
1 100 0 



Table 4.48: Watom adult dental census. 

M3 M2 Ml Premolars Canines Incisors All teeth 
n-4 individuals n- % n- % n- % n- % n- % n- % n- % 

Teeth present 8 50 10 63 12 75 21 66 11 69 16 50 78 61 
Lost postmortem I 6 0 0 0 0 3 9 0 0 7 22 11 9 
AMTL 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Unerupted or agenesis 1 6 0 0 0 0 0 0 0 0 0 0 1 I 
Total recorded 10 63 10 63 12 75 24 75 11 69 23 72 90 70 
No record possible 6 38 6 38 4 25 8 25 5 31 9 28 38 30 
Total potential 16 100 16 100 16 100 32 100 16 100 32 100 128 100 

M=Molar 

Table 4.49: Watom adult tooth wear. 

Overall Teeth Anterior Premolar Molar Overall 
Wear Grade A 0 % A 0 % A 0 % A 0 % 

NoneO 0 27 0 0 21 0 0 30 0 0 78 0 
Mild(! &2) 3 27 11 14 21 67 15 30 50 32 78 41 
Mod(3 &4) 24 27 89 7 21 33 15 30 50 46 78 59 
Heavy (5, 6 & 7) 0 27 0 0 21 0 0 30 0 0 78 0 

A (affected) and 0 (observed) 

4.10.4 Watom 

Watom Adult Dental Census 

Of the four individuals with observable dentition from Watom, data were recorded on 71% 

of all tooth positions; 61% of these constituted teeth that were present, 9% teeth lost post

mortem, and J% were unerupted or congenitally absent. No record was possible for 30% 

of the tooth positions because there was no observable tooth or alveolar bone present (Table 

4.48). None of the four observed individuals had evidence ofteeth exfoliated before the time 

of death. 

Watom Adult Tooth Wear 

The adult teeth from Watom were either moderately worn (59%) or mildly worn (41 %). 

None of the teeth were unworn or heavily worn (Table 4.49). A higher proportion of the 

anterior teeth were more heavily worn than the premolars or molars. Half of the molars were 

mildly worn and half were moderately worn (Figure 4.10). 
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Figure 4.10: Watom adult tooth wear, overall sample. 

Table 4.50: Watom adult caries prevalence. 

Teeth Individual 
A 0 % A 0 % 

All adults 4 78 5 3 4 75 
Males 2 23 9 1 1 100 
Females 2 54 4 1 2 50 
Unknown Sex I 1 100 1 1 100 
Young 0 23 0 0 1 0 
Mid/Old 1 31 3 1 1 100 
Unknown Age 3 24 13 2 2 100 

A (affected) and 0 (observed) 

Watom Adult Caries 

Heavy 

Moderate 

M ild 

None 

Of the 78 observed teeth, carious lesions affected four teeth; two of these were from females 

and two were male teeth. Of the four individuals present in the sample one female, one 

male and one individual of unknown sex had at least one carious lesion present (Table 4.50). 

These individuals were either of unknown age or mid/old age. All the caries were located 

either in the pit/fissures or the occlusal surface of the tooth. 
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Table 4.51: Watom adult caries, by caries type. 

n 1 =number of teeth affected 
%2=percent of total carious teeth 
n3=number of individuals affected 
%4=percent of total carious individuals 

Caries Type 
Pit/fissure 
Interproximal 
Smooth Surface 
Occlusal 
Massive 
Multiple 
Cervical/root 
Total 

n 
3 
0 
0 
I 
0 
0 
0 
4 

%" n, %4 

75 2 67 
0 0 0 
0 0 0 
25 1 33 
0 0 0 
0 0 0 
0 0 0 
lOO 3* NI A* 

*some individuals have evidence of two types of caries and therefore totals given are total number of individuals affected by any type of 
caries 

Table 4.52: Watom adult calculus prevalence. 

Teeth Individuals 
A 0 % A 0 % 

All adults 46 78 59 3 4 75 
Males 16 23 70 1 1 100 
Females 30 54 56 2 2 lOO 
Unknown sex 0 1 0 0 1 0 
Young 1 23 4 1 1 100 
Mid/Old 29 31 94 1 1 100 
Unknown age 16 24 67 1 2 50 

A (affected) and 0 (observed) 

Watom Adult Calculus 

Calculus was observed on 46 of the 78 adult teeth (59%) present in the Watom skeletal 

sample. The only individual not affected by calculus was young and of unknown sex (Table 

4.52). Of the teeth affected by calculus, 83% were had mild calculus and 17% had moderate 

calculus (Table 4.53). However, all the teeth affected by moderate calculus (n=8) were from 

a single individual. 

Table 4.53: Watom adult calculus, by calculus degree. 

n 1=number of teeth affected 
%2=percent of total teeth affected by calculus 
n3=number of individuals affected 

Degree 
Mild 
Moderate 
Heavy 

%4=percent of total individuals affected by calculus 

n 
38 
8 
0 

%" n, 

83 3 
17 1 
0 0 
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Table 4.54: Watom adult periapical cavities. 

Teeth Individuals 
A 0 % A 0 % 

All adults 4 79 5 2 3 67 
Males 0 20 0 0 1 0 
Females 4 59 7 2 2 100 
Unknown sex 0 0 0 0 
Young 3 27 11 1 1 100 
Mid/Old 1 32 3 1 1 100 
Unknown age 0 20 0 0 1 0 

A (affected) and 0 (observed) 

Table 4.55: Watom adult periapical cavities, by mouth region. 

n 1 =number of cavities 
%2=percent of total periapical cavities 
n3=number of individuals affected 
%4 =percent of total individuals 

Watom Adult Periapical Cavities 

Four periapical cavities were observed in the adult dentition from Watom. Three periapical 

cavities were observed in a young female and one was present in a female individual of 

unknown age (Table 4.54). All of these periapical cavities occurred in the posterior dentition 

(Table 4.55). 
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Table 4.56: Watom adult periodontal disease, by individual. 

na na" 
All 3 1 
Males 1 0 
Females 2 1 
Young 1 0 
Mid/Old 1 1 
Unknown Age 1 0 

na 1 =number of individuals affected by horizontal periodontal disease 
na2=number of individuals affected by pockets 
no3=total number of individuals with observable alveolar bone 
%4=percentage individuals affected by horizontal periodontal disease 
%5=percentage of individuals affected by pockets 

Watom Adult Adult Periodontal Disease 

no-' %4 
3 100 
1 100 
2 100 
1 100 
1 100 
1 100 

%' 
33 
0 
50 
0 
100 
0 

All three of the individuals with observable alveolar bone were affected by horizontal pe

riodontal disease. Only one individual, a mid/old female, had evidence of pockets (Table 

4.56). 
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Table 4.57: Taumako adult dental census. 

M3 M2 M! Premolars Canines Incisors All teeth 
n-116 individuals n- % n- % n- % n- % n- % n- % n- % 
Teeth present 189 41 240 52 264 57 393 42 223 48 370 40 1679 45 
Lost postmortem 35 8 23 5 14 3 83 9 67 14 !56 17 378 10 
AMTL 36 8 44 9 41 9 70 8 36 8 101 11 328 9 
Unerupted or agenesis 29 6 0 0 0 0 0 0 0 0 1 0 30 1 
Total recorded 289 62 307 66 319 69 546 59 326 70 628 68 2415 65 
No record possible 175 38 !57 34 145 31 382 41 138 30 300 32 1297 35 
Total potential 464 100 464 100 464 100 928 100 464 100 928 100 3712 100 

M=Molar 

Table 4.58: Taumako subadult dental census, deciduous teeth. 

n=42 M2 M! Canines Incisors All teeth 
Teeth present 21 31 24 39 115 
Lost postmortem 0 1 6 12 19 
Unerupted agenesis 51 25 28 42 146 
Total recorded 72 57 58 93 280 

M=Molar 

4.10.5 Taumako 

Taumako Adult Dental Census 

The adult dental census for the Taumako skeletal sample included 116 individuals that had 

observable dentition (Table 4.57). Data were collected from 65% of the possible permanent 

tooth positions. This includes 1679 existing teeth (45% ), 328 resorbed tooth sockets repre

senting teeth lost antemortem (9%), 30 teeth that were congenitally absent or unerupted (1 %) 

and 378 empty tooth sockets of teeth that were lost postmortem (10%). Antemortem tooth 

loss will be discussed in further detail following the results of the dental wear and dental 

pathologies. 

Taumako Subadult Dental Census 

Estimating the proportion of possible deciduous teeth in the sample was difficult as there 

were a number of individuals who could possibly have deciduous teeth present in their 

mouths. This was a result of the range of ages of the sub adult individuals within the sample. 

Therefore only the number of teeth present, the teeth lost postmortem, the unerupted teeth 

and combined total of all these dental categories are noted in table, but no percentages of 

total potential teeth were calculated (Table 4.58). 

There were 27 subadults aged 0.1-3 years old and 15 subadults aged 4-16 years all with 
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Table 4.59: Taumako subadult dental census, permanent teeth. 

M2 Ml Premolars Canines Incisors All Teeth 
n=l5 individuals n= % n= % n= % n= % n= % n= % 
Teeth present 17 28 22 37 29 24 16 27 30 25 114 27 
Lost postmortem 2 3 2 3 7 6 5 8 15 13 31 7 
AMTL 0 0 0 0 0 0 0 0 0 0 0 0 
Unerupted agenesis 10 17 36 60 14 12 15 25 15 13 94 22 
Total recorded 29 48 60 100 50 42 36 60 60 50 235 56 
No record possible 31 52 0 0 70 58 24 40 60 50 185 44 
Total potential 60 100 60 100 120 100 60 100 120 100 420 100 

M=Molar 

Table 4.60: Taumako adult tooth wear. 

Anterior Premolar Molar Overall 
Wear Grade A 0 % A 0 % A 0 % A 0 % 
NoneO 0 593 0 0 393 0 57 693 8 57 1679 3 
Mild (I & 2) 426 593 72 374 393 95 475 693 69 1275 1679 76 
Mod(3 &4) 167 593 28 16 393 4 !50 693 22 333 1679 20 
Heavy (5, 6 & 7) 0 593 0 3 393 I 11 693 2 14 1679 1 

A (affected) and 0 (observed) 

observable dentitiou-(Table 4.59). Of the possible permanent dentition, 56% of all existing 

teeth and tooth positions were recorded including unerupted teeth and possible teeth lost 

antemortem. 

Taumako Adult Tooth Wear 

The dental wear for the overall adult sample at Taumako was predominately mild. However, 

both the anterior and molar teeth had about a quarter of their respective number of teeth 

affected by moderate wear (Table 4.60). 

No significant difference was found between the sexes, between the median wear of the 

overall teeth or between the anterior and posterior teeth between these two groups. However, 

a higher proportion of the female tooth wear was moderate for all tooth types compared to 

the male tooth wear (Figure 4.11). 

There was a significant difference in the median tooth wear values for the overall teeth 

(z=-6.33, p= <0.001), the anterior teeth (z=-4.16, p=<0.001) and posterior teeth (z=-7.06, 

p=<0.001) between the young adults and the mid/old adults. The mid/old age group had a 

higher proportion moderate and heavy tooth wear compared to the young adult age group 

(Figure 4.12). 
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Figure 4.11: Taumako adult tooth wear, by sex. 
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Figure 4.12: Taumako adult tooth wear, by age groups. 
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Table 4.61: Taumako subadult tooth wear, deciduous teeth. 

Anterior Molar Overall 
Wear Grade A 0 % A 0 % A 0 % 
NoneO 57 63 90 27 52 52 84 115 73 
Mild (I and 2) 6 63 10 25 52 48 31 115 27 
Mod(3 and4) 0 63 0 0 52 0 0 115 0 
Heavy (56 7) 0 63 0 0 52 0 0 115 0 

A (affected) and 0 (observed) 

Taumako Subadult Tooth Wear 

The deciduous dentition was mostly unwom, but 10% of the anterior teeth and 48% of molar 

teeth were affected by mild wear (Table 4.61 and Figure 4.13). A majority (80%) of the 

observed subadult permanent teeth from Taumako exhibited mild wear and the remaining 

20% showed no evidence of wear (Table 4.62 and Figure 4.14 ). 
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Figure 4.13: Taumako subadult tooth wear, deciduous teeth. 

There was a significant difference between the median subadult and adult tooth wear 

on the permanent teeth when the overall, the anterior and the posterior wear of the two groups 

was analysed (Table 4.63). 
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Table 4.62: Taumako subadult tooth wear, permanent teeth. 

Anterior Premolar Molar 
Wear Grade A 0 % A 0 % A 0 % 
NoneO 10 46 22 6 29 21 7 39 18 
Mild (1 & 2) 36 46 78 23 29 79 32 39 82 
Mod(3 &4) 0 46 0 0 29 0 0 39 0 
Heavy (5, 6 & 7) 0 46 0 0 29 0 0 39 0 

A (affected) and 0 (observed) 
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Figure 4.14: Taumako subadult tooth wear, permanent teeth. 

Overall 
A 0 
23 114 
91 114 
0 114 
0 114 

% 
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80 
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0 

Heavy 
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M ild 

None 

Table 4.63: Wilcoxon p values of differences between adult and subadult overall tooth wear 
at Taumako. 

Wear type p value Z-

Overall wear <0.001 4.96 
Anterior wear <0.001 -4.49 
Posterior wear <0.001 -4.64 

A (affected) and 0 (observed) 
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Table 4.64: Taumako adult caries prevalence. 

Teeth Individual 
A 0 % A 0 % Median teeth Median caries 

All adults 63 1679 4 28 107 26 15 0 
Males 43 781 6 16 45 36 20 0 
Females 19 874 2 11 52 21 16 0 
Unknown Sex 1 29 3 1 10 10 1 0 
Young 23 972 2 12 55 22 19 0 
Mid/Old 39 681 6 15 43 35 15 0 
Unknown Age 1 26 4 1 9 11 2 0 

A (affected) and 0 (observed) 

Taumako Adult Caries 

Of all the intact teeth present at Taumako, 4% were affected by caries and 26% of the in

dividuals had at least one carious tooth (Table 4.64). There was no significant difference 

between the number of males and females affected by caries (Figure 4.15). There was no 

significant difference in the proportion of teeth in each mouth affected by caries between the 

male and female individuals. 

When the two adult age groups were compared, both the percentage of teeth and the 

proportion of individuals affected by at least one carious lesion were higher in the older age 

group (Figure 4.15). However, there was no significant difference between the older and 

younger age groups at an individual level or between the proportion of teeth affected by 

caries when the overall teeth were compared. 

Most of the carious lesions ( 43%) were located on the cervical/root region of the teeth 

(Figure 4.16). The relatively low proportion of massive caries (2%) on any of the teeth 

suggests that once caries began to form, the progression of the lesion was slow and did not 

normally develop into a severe lesion. However, it is possible that teeth with severe lesions 

were exfoliated before the time of death, and this will be further discussed in the section 

focused on AMTL. 

Males had a higher proportion of teeth affected by cervical and root caries than the 

females and this difference was significant between the sexes when the proportion of affected 

individuals was analysed (p=0.002) (Table 4.65). Although less affected by caries overall, the 

number of each type of caries (e.g. pit and fissure, interproximal etc.) was similar between 

the sexes, with the exception of the abovementioned root caries. Thus, with the exception of 

root and cervical caries, there were no significant differences between the sexes for any of 

the other caries types when the proportion of affected individuals were compared. 

The mid/old individuals showed a higher prevalence of root caries compared to the 
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Figure 4.15: Taumako adult caries,% of teeth and individuals affected. 

young individuals, although the difference between the two age groups was not statistically 

significant. With the exception of the occlusal caries, both the overall teeth of the mid/old 

individuals and the old/mid individuals themselves had a higher proportion of each type of 

caries (pit and fissure, smooth surface etc.) compared to the young individuals (Table 4.65). 

However, using a Fisher's exact test, there was no significant difference between the two age 

groups in the proportion of individuals affected by any of the caries types. 

Taumako Subadult Caries 

Of the 155 deciduous teeth, 28 were affected by caries (24%) and 36% of all the observed 

individuals were affected by at least one carious lesion (Table 4.66). There were no sig

nificant differences between the two subadult age groups in the proportion of individuals 

affected by caries. Most of the observed carious lesions were located on the smooth surface 

of these teeth. Other areas of the deciduous teeth affected by caries include interproximal 

and root/cervical surfaces (Table 4.67). 

Of the fifteen subadult individuals with observable permanent dentition, ten had at 

least one carious lesion (Table 4.68). However, overall 11% of the permanent dentition was 

affected by caries. Carious lesions were observed on all surfaces of the teeth except the 
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Table 4.65: Taumako adult caries, by caries type. 

Total Population Males Females Young Age <35 yrs Mid/Old Age >35 yrs 

Caries Type n %" n, %• n 
Pit/fissure 15 24 11 39 6 
Interproximal 7 11 5 18 3 
Smooth Surface 4 6 3 11 2 
Occlusal 9 14 4 14 7 
Massive 1 2 1 4 0 
Multiple 0 0 0 0 0 
Cervical/root 27 43 11 39 25 
Total 63 100 28* * 43 

n 1 =number of teeth affected 
%2=percent of total carious teeth 
n3=number of individuals affected 
%4=percent of total carious individuals 

%" n, %4 n 
14 4 25 8 
7 2 13 4 
5 2 13 2 
16 3 19 2 
0 0 0 1 
0 0 0 0 
58 10 63 2 
100 16* * 19 

%" n, %• n %" n, %. n' %" n, 

42 6 55 8 35 4 33 6 15 6 
21 3 27 2 9 2 17 5 13 3 
11 1 9 1 4 1 8 3 8 1 
11 1 9 7 30 3 25 2 5 1 
5 1 9 0 0 0 0 1 3 1 
0 0 0 0 0 0 0 0 0 0 
11 1 9 5 22 3 25 22 56 8 
100 lh * 23 100 12* * 39 100 15* 

*some individuals have evidence of two types of caries and therefore totals given are total number of individuals affected by any type of 

caries 

Table 4.66: Taumako subadult caries prevalence, deciduous teeth. 

Teeth Individual 
A 0 % A 0 % 

All subadults (yrs) 28 115 24 15 42 36 
0.1-3 17 69 25 9 27 33 
4to 16 11 46 24 6 15 40 

A (affected) and 0 (observed) 

Table 4.67: Taumako subadult caries type by tooth, deciduous teeth. 

Caries type A % 
Pit/fissure 1 4 
Interproximal 5 18 
Smooth Surface 17 61 
Occlusal 0 0 
Massive 0 0 
Multiple 3 11 
Cervical/root 2 7 
Total 28 100 

A (affected) and % (% of total caries) 
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Figure 4.16: Taumako adult caries, by caries type. 

Table 4.68: Taumako subadult caries prevalence, permanent teeth. 

A (affected) and 0 (observed) 

occlusal and the root/cervical areas (Table 4.69). 

When the proportion of individuals affected by at least one carious lesion in the perma

nent dentition was compared between the subadult and adult groups, a significant difference 

was found between the overall caries and cervical/root caries (Table 4.70). 

Taumako Adult Calculus 

Almost half the teeth ( 42%) present in the Taumako sample were affected by some degree of 

calculus. Around 90% of the adult individuals were affected by calculus. Of these affected 

individuals, most had evidence of mild calculus (96%) and less than half (42%) had at least 

one tooth affected by moderate calculus. 

Males and the females had similar proportions of teeth affected by calculus and there 

was no significant difference between the sexes in the caries distribution in each mouth (Table 
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Table 4.69: Taumako subadult caries type by tooth, permanent teeth. 

Caries type A % 
Pitlfissure 4 33 
Interproximal 3 25 
Smooth Surface 1 8 
Occlusal 0 0 
Massive I 8 
Multiple 3 25 
Cervical! root 0 0 
Total 12 100 

A (affected) and% (%of total caries) 

Table 4.70: Fisher's exact p values of differences between adult and subadult caries preva
lence at Taumako, by individual. 

Caries type p value 
Any caries <0.001 
Pit! fissure ns 
Interproximal ns 
Smooth Surface ns 
Occlusal ns 
Massive ns 
Multiple ns 
Cervical! root 0.017 

4.71 and Figure 4.17). Although male individuals were more affected by calculus, there was 

no significant difference between the sexes in the proportion of individuals affected by any 

type of calculus and the three grades of calculus (mild, moderate and heavy) (Table 4.72 and 

Figure 4.18). 

There was a higher prevalence of calculus on the teeth of the old/mid adults compared 

to the young adults (by 12%) (Table 4.71 and Figure 4.17). However, there was no significant 

difference between the two age groups in the distribution of calculus. Additionally, there was 

no significant difference between the two age groups in the proportion of individuals affected 

by calculus. 

A higher proportion of both teeth and individuals in the older age group were affected 

Table 4.71: Taumako adult calculus prevalence. 

Teeth Individuals 
A 0 % A 0 % 

All adults 704 1679 42 96 107 90 
Males 340 781 44 41 45 91 
Females 355 874 41 46 52 88 
Unknown sex 9 24 38 9 10 90 
Young 358 972 37 49 55 89 
Mid/Old 337 681 49 39 43 91 
Unknown age 9 26 35 8 9 89 

A (affected) and 0 (observed) 
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Figure 4.17: Taumako adult calculus,% of individuals affected. 

Table 4.72: Taumako adult calculus, by calculus degree. 

Total Population Males Females Young Age Mid/Old Age 
Degree n' %" n' % n %" n' %4 n %" n' %4 n %' n' %4 n %' n' 
Mild 554 79 92 96 251 74 40 98 297 84 46 100 296 83 48 98 251 74 38 
Moderate 130 18 40 42 78 23 21 51 50 14 17 37 55 15 15 31 74 22 24 
Heavy 20 3 13 14 11 3 

n 1 =number of teeth affected 
%2=percent of total teeth affected by calculus 
n3=number of individuals affected 

5 

%4=percent of total individuals affected by calculus 

12 8 2 7 15 7 2 4 8 12 4 8 

by all three grades of calculus compared to the younger age group (Table 4.72 and Figure 

4.18). However, there was only a significant difference between the two age groups for the 

moderate calculus scores (p=0.025). 

Taumako Subadult Calculus 

On the deciduous dentition, 15% of the individuals and 5% of the teeth were affected by mild 

calculus (Table 4.73 and Table 4.74). One-third of the 15 subadults with permanent dentition 

had evidence of calculus (Table 4.75). Additionally, mild calculus was observed on one third 

of the observed permanent teeth (Table 4.76) . 

There was a significant difference between the adult and subadults in the proportion 
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Table 4.73: Taumako subadult calculus prevalence, deciduous teeth. 

A (affected) and 0 (observed) 

Table 4.74: Taumako subadult calculus, by calculus degree, deciduous teeth. 

n 1 =number of teeth affected 
%2=percent of total teeth affected by calculus 
n3=number of individuals affected 

Degree 
Mild 
Moderate 
Heavy 

%4=percent of total individuals affected by calculus 

n 
6 
0 
0 

%" nj %4 

100 4 100 
0 0 0 
0 0 0 

Table 4.75: Taumako subadult calculus prevalence, permanent teeth. 

Table 4.76: Taumako subadult calculus, by calculus degree, permanent teeth. 

nl=number of teeth affected 
% 2=percent of total teeth affected by calculus 
n3=number of individuals affected 

Degree 
Mild 
Moderate 
Heavy 

%4=percent of total individuals affected by calculus 

nl 
33 
0 
0 

%2 n3 %4 
100 5 100 
0 0 0 
0 0 0 
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Figure 4.18: Taumako adult calculus, by degree of calculus formation. 

of individuals affected by calculus in the permanent dentition, the adults exhibiting a higher 

prevalence of calculus than the subadults (p=0.022). 

Taumako Adult Periapical Cavities 

Of the 1781 observable tooth positions, only 1% were affected by periapical cavities (Table 

4.77). The proportion of teeth and individuals affected by periapical lesions was similar be

tween the sexes and the two age groups respectively (Figure 4.19). However both the males 

and the young adults had a higher number of observable tooth positions than the females 

and mid/old individuals. Most of the observed periapical lesions occurred in the posterior 

dentition (premolars and molars) (Table 4.78). The only periapical lesion in the anterior den

tition occurred in an individual of unknown age and sex. There was no significant difference 

in the distribution of periapical lesions between the sexes or age groups when the overall, 

anterior or posterior dentition was analysed. There was also no significant difference in the 

proportion of individuals affected by at least one periapical lesion in the overall, anterior or 

posterior dentition. 
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Table 4. 77: Taumako adult periapical cavities. 

Teeth Individuals 
A 0 % A 0 % Median possible* Median periapical 

All adults 24 1781 1 19 102 
Males 12 846 1 8 43 
Females 10 886 1 9 49 
Unknown sex 2 49 4 2 10 
Young 14 1077 1 9 51 
Mid/Old 8 655 1 8 45 
Unknown age 2 49 4 2 6 

*Median of possible tooth positions with associated alveolar bone 
A (affected) and 0 (observed) 

19 16 0 
19 21 0 
18 16 0 
20 0 0 
18 21 0 
18 16 0 
33 0 0 

Table 4.78: Taumako adult periapical cavities, by mouth region. 

Overall Males 
Position n l%"'1nol% n I %" I nj I % 
Anterior 1 I 4 1 ~ I 5 o I o I o I o 
Posterior 23 96 18 95 12 100 8 100 

n 1 =number of cavities 
%2=percent of total periapical cavities 
n3=number of individuals affected 
%4 =percent of total individuals 

Taumako Adult Periodontal Disease 

Females Young 
n I %"' I no I %4 n I %"' I no I % 

o I o I o I o 
10 100 9 100 o I o I o I o 

14 100 9 100 

Mid/Old 
n I %"' I no I %4 
0 

I ~00 I ~ I ~00 8 

The overall proportion of individuals affected by two of the three indicators of horizontal 

periodontal disease was 75% and the proportion of individuals affected by 'pockets', 40% 

(Table 4.79). A higher proportion of males than females was affected by both horizontal 

periodontal disease and pockets, although these differences were not statistically significant 

(Figure 4.20). The older age groups had a higher prevalence than the younger age group 

of both horizontal periodontal disease (22%) and pockets (29% ). These differences were 

statistically significant (p=0.008 for horizontal PD and p=0.006 for pockets). 

Table 4.79: Taumako adult periodontal disease, by individual. 

na1 na"' 
All 77 41 
Males 33 20 
Females 36 19 
Unknown sex 8 2 
Young 33 14 
Mid/Old 39 25 
Unknown age 5 2 

na 1 =number of individuals affected by horizontal periodontal disease 
na2=number of individuals affected by pockets 
no3=total number of individuals with observable alveolar bone 
%4=percentage individuals affected by horizontal periodontal disease 
%5=percentage of individuals affected by pockets 
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no0 %' %0 

102 75 40 
43 77 47 
49 73 39 
10 80 20 
51 65 27 
45 87 56 
6 83 33 



100 

90 
"0 80 (I) .... 
u 
(I) 70 
~ 
<( 

60 u'i 
(ij 
::::! 50 

"0 

:2: 40 
"0 
.5 30 .... 

Periapical Cavities 

0 

~ 20 

10 

0 

Males Females Young Mid/Old All adu lts 

Age and Sex Groups 

Figure 4.19: Taumak:o adult periapical cavities,% of individuals affected. 

Taumako Adult AMTL 

Almost half of all the adult individuals had lost at least one tooth before death as a result of 

pathological causes (Table 4.80). A higher proportion of females than males were affected 

by AMTL, although the difference between these two groups was not significant (Figure 

4.21). Additionally there was no significant difference between the sexes in the distribution 

of AMTL. 

There was evidence of a significant difference between the two age groups in the pro

portion of individuals affected by AMTL. The mid/old age individuals were more affected 

by AMTL than the young age group ( 69% compared to 29% ), and the median AMTL for the 

older individuals was 2, compared to a median value of 0 for the younger individuals (Figure 

4.21). 
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Figure 4.20: Taumako adult periodontal disease (PD), % of individuals affected by horizon
tal PD and 'pockets'. 

Table 4.80: Taumako adult AMTL. 

Tooth Positions Individuals 
A 0 % A 0 % MedianAMTL 

Total 328 1781 18 50 102 49 0 
Male 116 846 14 18 43 42 0 
Female 142 886 16 24 49 49 0 
Unknown sex 70 49 143 8 10 80 2 
Young 63 1077 6 15 51 29 0 
Mid/Old 237 655 36 31 45 69 2 
Unknown age 28 49 57 4 6 67 0 

A (affected) and 0 (observed) 
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Figure 4.21: Taumako adult AMTL, % of individuals affected. 
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Table 4.81: Nebira adult dental census. 

M3 M2 M! Premolars Canines Incisors All teeth 
n-27 individuals n- % n- % n- % n= % n= % n= % n= % 
Teeth present 65 60 83 77 79 73 !57 73 76 70 108 50 568 66 
Lost postmortem 4 4 2 2 6 6 9 4 6 6 39 18 66 8 
AMTL I I I I I I 0 0 0 100 10 5 13 2 
Unerupted or agenesis 9 8 0 0 0 0 0 0 0 0 0 0 9 I 
Total recorded 79 73 86 80 86 80 166 77 82 76 !57 73 656 76 
No record possible 29 27 22 20 22 20 50 23 26 24 59 27 208 24 
Total potential 108 100 108 100 108 100 216 100 108 100 216 100 864 100 

M=Molar 

Table 4.82: Nebira subadult dental census, permanent teeth. 

M2 M! Premolars Canines Incisors All Teeth 
n-4 n- % n= % n= % n= % n= % n= % 
Teeth present 12 75 16 100 22 69 10 63 25 78 85 76 
Lost postmortem 0 0 0 0 4 13 3 19 5 16 12 11 
AMTL 0 0 0 0 0 0 0 0 0 0 0 0 
Unerupted or agenesis 4 25 0 0 6 19 3 19 0 0 13 12 
Total recorded 16 100 16 100 32 100 16 100 30 94 110 98 
No record possible 0 0 0 0 0 0 0 0 2 6 2 2 
Total potential 16 100 16 100 32 100 16 100 32 100 112 100 

4.10.6 Nebira 

Nebira Adult Dental Census 

The Nebira skeletal sample consisted of 27 individuals with observable dentition. Data were 

recorded from 76% of the tooth positions, including the sockets of teeth lost postmortem. 

Intact teeth represented 66% of this total recorded number, teeth lost before the time of death 

constituted 3% of the total recorded teeth and tooth positions and 1% of teeth were unerupted 

or congenitally absent (Table 4.81). 

Nebira Subadult Dental Census 

There were four adolescent individuals with permanent teeth available for analysis. Data 

were recorded for 98% of all possible tooth positions and 76% of all the possible teeth. No 

teeth were lost antemortem and 12% were either unerupted or congenitally absent (Table 

4.82). 
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Table 4.83: Nebira adult tooth wear. 

Anterior Premolar Molar Overall 
Wear Grade A 0 % A 0 % A 0 % A 0 % 

NoneO 0 106 0 0 91 0 6 134 4 6 331 2 
Mild (1 &2) 54 106 51 82 91 90 86 134 64 222 331 67 
Mod(3&4) 53 106 50 9 91 10 41 134 31 102 331 31 
Heavy (5, 6 & 7) 0 106 0 0 91 0 1 134 1 1 331 0 

A (affected) and 0 (observed) 

Nebira Adult Tooth Wear 

Only 2% of the adult teeth were not affected by any type of tooth wear (Table 4.83). The other 

tooth wear was predominantly mild (67%), and the remaining teeth (31 %) were affected by 

moderate wear. Half of the anterior teeth were affected by moderate tooth wear, but only one 

third of the molars were affected by this higher degree of wear . 

Males were more affected by moderate tooth wear compared to the overall wear and 

the different groups of teeth (Figure 4.22). There was a significant difference between the 

median values of the overall wear between the males and females, males having more severe 

wear than the females (z=2.13, p=0.033). However there were no significant differences 

between the sexes in the median values of wear on the anterior or posterior teeth. 
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Figure 4.22: Nebira adult tooth wear, by sex. 
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The mid/older adults had a higher proportion of teeth affected by moderate wear for 

all the tooth types and higher overall wear compared to the younger adults (Figure 4.23). 

There was no significant difference in the mean overall value of tooth wear between the two 

adult age groups . There were statistically significant differences between the age groups for 

anterior (z=2.82 p=0.005) and posterior wear (z=2.01 p=0.045). 
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r= 50% 
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*' 20% 
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None 
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Figure 4.23: Nebira adult tooth wear, by age groups. 

Nebira Subadult Tooth Wear 

As with the adults, the permanent dentition of the subadults was primarily affected by mild 

wear (Table 4.84). However, 4% of teeth had moderate wear, and all of these teeth were an

terior (Figure 4.24). There was a significant difference between the adults and the subadults 

in the median tooth wear of the permanent teeth for the overall teeth (z=-3.24, p=0.001), 

anterior teeth (z=-2.90, p= 0.004) and posterior teeth (z=-2.45, p=0.015) (Table 4.85). 

Nebira Adult Caries 

Of the 568 observed teeth, 11% had caries and a higher proportion of female than to male 

teeth were affected (Table 4.86). Almost half (44%) of the adults had at least one carious 

lesion and exactly half of the female individuals were affected (Figure 4.25). There was no 
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Table 4.84: Nebira subadult tooth wear, permanent teeth. 

Anterior Premolar Molar Overall 
Wear Grade A 0 % A 0 % A 0 % A 0 
NoneO 1 35 3 0 22 0 I 28 4 2 85 
Mild(l&2) 31 35 89 22 22 100 27 28 96 80 85 
Mod(3 &4) 3 35 9 0 22 0 0 28 0 3 85 
Heavy (5, 6 & 7) 0 35 0 0 22 0 0 28 0 0 85 

A (affected) and 0 (observed) 
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Figure 4.24: Nebira subadult tooth wear, permanent teeth. 

% 
2 
94 
4 
0 

Heavy 

Moderate 

Mild 

None 

evidence of a significant difference in the distribution of caries between the male and females. 

There was also no significant difference between the proportion of individuals affected by at 

least one carious lesion when the sexes were compared using a Fisher's exact test. 

Twice as many mid/old teeth and individuals were affected by caries than the young age 

groups (Table 4.86). There were no significant differences between the two age groups in the 

distribution of overall caries. Additionally, there was no evidence of a statistically significant 

difference between the two adult age groups in the proportion of individuals affected by at 

least one carious lesion. 

The largest proportion of caries occurred on the cervical/root surfaces of the teeth 

(77%) (Table 4.87). Males and females had similar proportions of types of caries, although 

males had higher proportion of smooth surface caries than females. The older group had 
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Table 4.85: Wilcoxon p values of differences between adult and subadult overall tooth wear 
at Nebira. 

Wear type pvalue Z-

Overall wear 0.001 -3.24 
Anterior wear 0.004 -2.9 
Posterior wear 0.015 -2.45 

Table 4.86: Nebira adult caries prevalence. 

Teeth Individual 
A 0 % A 0 % Median teeth Median caries 

All adults 61 568 11 12 27 44 21 0 
Males 27 330 8 6 15 40 23 0 
Females 34 238 14 6 12 50 21 1 
Young 14 214 7 3 10 30 21 0 
Mid/Old 47 320 15 9 15 60 24 2 
Unknown age 0 34 0 0 2 0 17 0 

A (affected) and 0 (observed) 

more teeth, and individuals, affected by all the different types of caries than the younger 

individuals (Figure 4.26). However, there was no statistically significant difference in the 

proportion of individuals affected by caries between either the males and the females or the 

mid/old and the young groups. 

Nebira Subadult Caries 

Of the 85 observable permanent teeth for the subadult individuals, 7% were affected by 

caries and all the subadults had evidence of at least one carious lesion present (Table 4.88). 

Most of these carious lesions were located on the buccal and lingual pits and fissures on the 

Table 4.87: Nebira adult caries, by caries type. 

Total Population Males Females Young Age <35 yrs Mid/Old Age >35 yrs 
Caries type nl %" nj %4 n 
Pit/fissure 1 2 1 8 0 
Interproximal 1 2 1 8 0 
Smooth Surface 3 5 2 17 3 
Occlusal 1 2 1 8 0 
Massive 4 7 3 25 2 
Multiple 4 7 4 33 1 
Cervical/root 47 77 10 83 21 
Total 61 100 12* NI A* 27 

n 1 =number of teeth affected 
%2=percent of total carious teeth 
n3=number of individuals affected 
%4=percent of total carious individuals 

%" nj %4 
0 0 0 
0 0 0 
11 3 50 
0 0 0 
7 2 33 
4 1 17 
78 6 100 
100 6* NA* 

n %" nj %4 n %" nj %4 n %" 
1 3 1 17 0 0 0 0 1 2 
1 3 1 17 0 0 0 0 1 2 
0 0 1 17 0 0 1 33 3 6 
1 3 1 17 1 7 1 33 0 0 
2 6 1 17 0 0 0 0 4 9 
3 9 3 50 2 14 2 67 2 4 
26 76 4 67 11 79 2 67 36 77 
34 100 6* NA* 14 100 3* NA* 47 100 

• some individuals have evidence of two types of caries and therefore totals given are total number of individuals affected by any type of 
caries 
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1 11 
1 11 
3 33 
0 0 
3 33 
2 22 
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Figure 4.25: Nebira adult caries, %of teeth and individuals affected. 

Table 4.88: Nebira subadult caries prevalence, permanent teeth. 

A (affected) and 0 (observed) 

molars (Table 4.89). There was no evidence of a significant difference between the adults 

and subadults in the proportion of individuals affected by any type of caries. 

Nebira Adult Calculus 

About half of the observed teeth had deposits of calculus. More male than the female teeth 

were affected by calculus (49% compared to 37%) and a higher proportion of teeth from 

younger individuals were affected by calculus than the mid/old age group (Table 4.90 and 

Figure 4.27). There were no significant differences in the proportion of individuals with 

evidence of calculus either between the sexes or the age groups. Almost all of the adult 

individuals had at least one tooth affected by calculus, and there was no significant difference 

between either the age groups or the sexes. 

The majority of observed calculus was mild (82% ); the remaining deposits were pri-
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Figure 4.26: Nebira adult caries, by caries type. 

Table 4.89: Nebira subadult caries type by tooth, permanent teeth. 

Caries type A % 
Pit/fissure 5 83 
Interproximal 0 0 
Smooth Surface 0 0 
Occlusal I 17 
Massive 0 0 
Multiple 0 0 
Cervical/root 0 0 
Total 6 100 

A (affected) and % (% of total caries) 

• Cervical/Root 

Multiple 

Massive 

• Occlusal 

Smooth surface 

Interproximal 

• Pit and Fissure 

marily moderate (17%) and a small proportion of the calculus was heavy (1 %) (Table 4.91). 

Mild calculus was observed on the teeth of all the individuals with evidence of any calculus 

and 42% of the individuals had at least one tooth with moderate calculus (Figure 4.28). Only 

one adult individual had evidence of heavy calculus . There were no significant differences 

in the proportions of individuals affected by any grade of calculus (mild, moderate or heavy) 

between the age groups or the sexes. 
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Table 4.90: Nebira adult calculus prevalence. 

Teeth Individuals 

A 0 % A 0 % 

All adults 247 566 44 24 27 89 
Males 160 328 49 14 15 93 
Females 87 238 37 10 12 83 
Young 112 213 53 9 10 90 
Mid/Old 132 319 41 14 15 93 
Unknown age 3 34 9 I 2 50 

A (affected) and 0 (observed) 
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Figure 4.27: Nebira adult calculus, %of individuals affected. 

Nebira Subadult Calculus 

A smaller proportion of subadult permanent teeth than adult teeth were affected by calculus, 

but three of the four subadult individuals had at least one tooth affected by calculus (Table 

4.92). All of the subadult calculus was mild (Table 4.93). There was no significant difference 

in the proportion of adults and subadults affected by calculus. 

Nebira Adult Periapical Cavities 

Of the 576 observed tooth positions, 11 periapical cavities were observed. These periapical 

cavities were observed in 8 of the 27 burials (Table 4.94). Although similar proportions 
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Table 4.91: Nebira adult calculus, by calculus degree. 

Total Population 
Calculus degree n %" n, %' n 
Mild 201 81 24 100 127 
Moderate 43 17 10 42 30 
Heavy 3 I I 4 3 

n 1 =number of teeth affected 
%2=percent of total teeth affected by calculus 
n 3=number of individuals affected 

Males 
%" n, 

79 14 
19 6 
2 I 

%4=percent of total individuals affected by calculus 

Females 
%' n %" n, 

100 74 85 10 
43 13 15 4 
7 0 0 0 

% n' 
100 93 
40 19 
0 0 

Table 4.92: Nebira subadult calculus prevalence, permanent teeth. 

A (affected) and 0 (observed) 

Young Age 
%" n, 

83 9 
17 6 
0 0 

Table 4.93: Nebira subadult calculus, by calculus degree, permanent teeth. 

n 1 =number of teeth affected 
%2=percent of total teeth affected by calculus 
n3=number of individuals affected 

Calculus degree 
Mild 
Moderate 
Heavy 

%4=percent of total indiviudals affected by calculus 

Teeth 
n %" 
25 100 
0 0 
0 0 
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Individuals 
n' %4 
3 100 
0 0 
0 0 

Mid/Old Age 
%' n' %" n' %4 
100 105 80 14 100 
67 24 18 4 29 
0 3 2 I 7 
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Figure 4.28: Nebira adult calculus, by degree of calculus formation. 

Table 4.94: Nebira adult periapical cavities. 

Teeth Individuals 
A 0 % A 0 % Median possible* Median periapical 

All adults 11 576 2 8 27 
Males 5 339 I 5 15 
Females 6 237 3 3 12 
Young 2 206 1 2 10 
Mid/Old 8 347 2 5 15 
Unknown age I 23 4 1 2 

*Median of possible tooth positions with associated alveolar bone 
A (affected) and 0 (observed) 

30 25 0 
33 27 0 
25 21 0 
20 23 0 
33 27 0 
50 12 1 

of males and females were affected by periapical cavities, more mid/old aged adults were 

affected by these cavities than the young individuals (Figure 4.29). There was no significant 

difference in the distribution of individuals affected by periapical cavities between the age 

groups or the sexes respectively. 

There was a similar distribution of periapical cavities in the anterior ( 45%) and pos

terior (55%) areas of the mouth (Table 4.94). However, the posterior area of the mouth 

was only affected in the older age group. There were no significant differences between the 

proportion of individuals affected by the overall number, the anterior or posterior periapical 

cavities between the age or sex groups respectively (Table 4.95). 
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Table 4.95: Nebira adult periapical cavities, by mouth region. 

Overall Males 
Type n I %" I n, I %' n' I %" I n, I %' 
Anterior 5 I 45 I 3 I 38 2 1 4012140 
Posterior 6 55 6 75 3 60 3 60 

n 1 =number of cavities 
%2=percent of total periapical cavities 
n3=number of individuals affected 
%4=percent of total individuals 
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Figure 4.29: Nebira adult periapical cavities, % of individuals affected. 
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Table 4.96: Nebira adult periodontal disease, by individual. 

na1 na" 
All 22 6 
Males 14 3 
Females 8 3 
Young 8 1 
Mid/Old 13 5 
Unknown age 1 0 

na 1 =number of individuals affected by horizontal periodontal disease 
na2=number of individuals affected by pockets 
no3=total number of individuals with observable alveolar bone 
%4=percentage individuals affected by horizontal periodontal disease 
%5=percentage of individuals affected by pockets 

Nebira Adult Periodontal Disease 

no> %4 
27 81 
15 93 
12 67 
10 80 
15 87 
2 50 

%, 
22 
20 
25 
10 
33 
0 

Of the 27 individuals with observable alveolar bone, 81% had evidence of horizontal peri

odontal disease and 22% had evidence of pockets (Table 4.96). The two age groups were 

similarly affected by horizontal periodontal disease, although more mid/old individuals had 

evidence of pockets (33%) than the young individuals (10%) (Figure 4.30). There was no 

significant difference in the proportion of individuals affected by either horizontal periodon

tal disease or pockets when the age groups were analysed (Figure 4.30). More males than 

females were affected by horizontal periodontal disease, although the sexes were similarly 

affected by pockets. There was no significant difference in the proportion of individuals 

affected by either horizontal periodontal disease or pockets when the sexes were analysed. 

Nebira Adult AMTL 

Out of the 576 observed tooth positions, 13 teeth were observed to have been lost before 

the time of death (Table 4.97). Although a similar proportion of teeth were lost antemortem 

between the sexes and age groups, more males and old people than females and young indi

viduals lost teeth before death (Figure 4.31). However, the differences between the respective 

groups in either the distribution of AMTL or the proportion of affected individuals were not 

significant. 
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Figure 4.30: Nebira adult periodontal disease (PD), % of individuals affected by horizontal 
PD and 'pockets'. 

Table 4.97: Nebira adult AMTL. 

Tooth Positions Individuals 
A 0 % A 0 % MedianAMTL 

Total 13 576 2 7 27 26 0 
Male 7 339 2 5 15 33 0 
Female 6 237 3 2 12 17 0 
Young 6 206 3 2 10 20 0 
Mid/Old 8 347 2 5 15 33 0 
Unknown age 0 23 0 0 2 0 0 

A (affected) and 0 (observed) 
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Figure 4.31: Nebira adult AMTL, % of individuals affected. 
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Table 4.98: Median overall tooth wear of the six skeletal samples, adults only. 

Population Overall wear Anterior wear Posterior wear 
Taumako 2 2 1.5 
Nebira 2 2 2 
Teouma 3.25 4 3 
Watom 2 3 1.5 
Vao Lapita 1 2.5 1 
Uripiv post Lapita 2 2 3 

Table 4.99: Kruskal-Wallis p values for the significant differences between the median over
all tooth wear among the six skeletal samples, adults only. 

All populations <.001 
Pop Comp. Taumako Nebira Teouma Watom Vao Lapita 
Nebira ns 
Teouma <0.001 <0.001 
Watom ns ns ns 
VaoLapita ns ns 0.031 ns 
Uripiv (post Lapita) ns ns ns ns ns 

4.10.7 Skeletal Sample Comparisons of Tooth Wear and Oral Health 

There was strong evidence of difference in the median overall wear between the six adult 

samples (Table 4.98 and Table 4.99). Pair-wise comparisons found that for all the teeth, 

the anterior and the posterior teeth, the median wear at Teouma was higher than the median 

wear at Taumako, Nebira and Vao (Table 4.99, Table 4.100 and Table 4.101). Additionally, 

the median anterior wear of Watom was greater than the median anterior wear at Taumako 

(Table 4.100). There were no other statistically significant differences between the samples. 

The post-Lapita individuals from Vao showed evidence of mild wear on all the observ

able teeth (Figure 4.32). The Vao post-Lapita and Taumako sample had a similar distribution 

of mild wear and moderate wear overall. The individuals from Nebira had a higher propor

tion of teeth affected by moderate wear compared to Taumako and Lapita-associated Vao 

and, in turn, Watom and Uripiv had an even higher proportion of teeth affected by moder

ate wear. Teouma was the only sample with evidence of heavy wear and the proportion of 

individuals affected by moderate wear at Teouma was greater than in all the other samples 

Table 4.100: Kruskal-Wallis p values for the significant differences between the median an
terior tooth wear among the six skeletal samples, adults only. 

All populations ( <.001) 
PopComp. Taumako Nebira Teouma Watom VaoLapita 
Nebira ns 
Teouma <0.001 <0.001 
Watom 0.01 ns ns 
Vao Lapita ns ns 0.048 ns 
Uripiv (post Lapita) ns ns ns ns ns 
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Table 4.101 : Kruskal-Wallis p values for the significant differences between the median pos
terior tooth wear among the six skeletal samples, adults only. 

All populations <.001 
Pop Comp. Taumako Nebira Teouma Watom VaoLapita 
Nebira ns 
Teouma <0.001 0.001 
Watom ns ns ns 
VaoLapita ns ns 0.05 ns 
Uripiv (post Lapita) ns ns ns ns ns 

(Figure 4.32). 
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Figure 4.32: All sample comparison of adult tooth wear, overall wear. 

Subadult Tooth Wear 

There was a significant difference in median overall (p=.0.004), anterior (p=0.006) and pos

terior wear (p=0.018) of the permanent dentition of the subadult teeth. For all three wear 

medians the subadults from Taumako had heavier wear than the subadults at Nebira (Table 

4.102). The small sample sizes of the individuals with deciduous dentition from Vao and 

Uripiv make statistical comparisons with the deciduous dentition from Taumako difficult. 
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Table 4.102: Median overall tooth wear of subadults from Taumako and Nebira, permanent 
teeth only. 

Adult Caries 

There was a significant difference in the proportion of individuals affected by caries between 

the samples. These differences were only significant for the overall caries (p=< 0.001), the 

pit/fissure caries (p=< 0.041), the massive caries (p=< 0.001) and the cervicaVroot caries 

(p=< 0.001) (Table 4.103). However, when the samples with more than four individuals 

(Teouma, Taumako and Nebira) were compared in a similar manner, there was only a sig

nificant difference between overall caries (Table 4.104), massive caries (Table 4.105) and 

cervicaVroot caries (Table 4.106). Teouma had the highest proportion of individuals affected 

by caries (61 %), followed by Nebira (44%) and Taumako (26%) (Figure 4.33). 
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Figure 4.33: All sample comparison of adult caries, % of teeth and individuals affected. 

With the exception of Watom and Taumako, the majority of carious lesions were lo

cated on the cervicaVroot surface of the teeth (Figure 4.34). Massive carious lesions were the 

only type of caries in the Lapita-associated Vao and the Uripiv sample. The carious lesions 

in the Watom sample were only observed on the occlusal surfaces and in the molar buccal 
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Table 4.103: Fisher's exact p values for the significant differences between individuals af
fected by caries among the six skeletal samples, adults only. 

Caries All pop p value TIN*pvalue 
Any Caries <0.001 <0.001 
Pit/fissure <0.041 ns 
Interproximal ns ns 
Smooth Surface ns ns 
Occlusal ns ns 
Massive <0.001 0.01 
Cervical/root <0.001 <0.001 

TIN*=Teouma, Taumako and Nebira 

Table 4.104: Fisher's exact p values for the significant differences between individuals af
fected by caries in the Teouma, Taumako and Nebira skeletal samples, adults 
only. 

All populations <.001 
PopComp. Taumako I Nebira 
Nebira 0.055 I ns Teouma <0.001 

Table 4.105: Fisher's exact p values for the significant differences between individuals af
fected by massive caries in the Teouma, Taumako and Nebira skeletal samples, 
adults only. 

All populations <.001 
Pop Comp. Taumako I Nebira 
Nebira 0.021 I ns Teouma 0.037 

Table 4.106: Fisher's exact p values for the significant differences between individuals af
fected by root caries in the Teouma, Taumako and Nebira skeletal samples, 
adults only. 

All populations <.001 
PopComp. Taumako I Nebira 
Nebira 0.001 

I ns Teouma <0.001 
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and lingual pits and fissures. The remaining samples (Taumako, Nebira and Teouma) were 

affected by caries on a variety of tooth surfaces. 
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Figure 4.34: All sample comparison of adult caries, by caries type. 

Subadult Caries 
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Other than the Taumako skeletal sample, the number of subadult individuals in the other 

samples was too small to be analysed with inferential statistics. The Taumako subadults 

had more permanent and deciduous teeth affected by caries (permanent affected= II% and 

deciduous affected=24%) compared to the Nebira (permanent affected=?%), Vao and Uripiv 

subadults (both samples deciduous affected=O% ). 

Adult Calculus 

There was a significant difference between the samples in the proportion of individuals af

fected by calculus (Table 4.107and Figure 4.35). However when analysed by pair-wise 

comparison, the difference was only statistically significant between Taumako (90% ), and 

Teouma (48%) and Nebira (89%) and Teouma. Most of the observed calculus was mild and 

to a lesser extent moderate, although Teouma, Taumako and Nebira had a limited number of 

heavy calculus deposits (Figure 4.36). 
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Table 4.107: Fisher's exact p values for the significant differences between individuals af
fected by calculus among the six skeletal samples, adults only. 

All populations ( <.001) 
Pop Comp. Taumako Nebira Teouma Watom Vao Lapita 
Nebira ns 
Teouma <0.001 0.001 
Watom ns ns ns 
Vao Lapita ns ns ns ns 
Uripiv (post Lapita) ns ns ns ns NIA 
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Figure 4.35: All sample comparison of adult calculus,% of individuals affected. 

Subadult Calculus 

The proportion of subadult individuals with at least one permanent tooth affected by calculus 

was 33% at Taumako, 75% at Nebira and 0% at Uripiv. However, as the sample size was 

fewer than five individuals for all these samples, inferential statistics were not used to assess 

whether these differences were statistically significant. The subadult from Uripiv was not 

affected by calculus; the subadult from Vao was affected by calculus and four of the 27 

subadults with deciduous dentition from Taumako (15%) had at least one tooth affected by 

calculus. 
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Figure 4.36: All sample comparison of adult calculus, by degree of calculus formation. 
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Adult Periapical Cavities 

No significant differences were found in the proportion of individuals affected by periapical 

cavities when the samples were compared. However, Teouma had the highest percentage 

of tooth positions affected by periapical cavities (9%) compared to Taumako (1 %), Nebira 

(2%), Watom (5%), Vao (2%) and Uripiv (0%) (Figure 4.37). 
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Figure 4.37: All sample comparison of adult periapical cavities, % of individuals affected. 

Adult Periodontal Disease 

There was no evidence of a significant difference between the samples in the proportion of 

individuals affected by either horizontal periodontal disease or 'pockets'. When the three 

largest samples were compared (Taumako, Teouma and Nebira) there was still no significant 

difference in the proportion of individuals affected by either horizontal periodontal disease 

or pockets. The Taumako, Nebira and Teouma samples were the only samples with more 

than ten individuals with observable alveolar bone. Of these three samples Teouma had 

the highest proportion of individuals affected by horizontal periodontal disease ( 100%) and 

pockets (92%), followed by Nebira (horizontal PD=81% and pockets=22%) and Taumako 

(horizontal PD=75% and pockets=40%) (Figure 4.38). 
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Figure 4.38: All sample comparison of adult periodontal disease (PD), % of individuals af
fected by horizontal PD and 'pockets'. 

AdultAMTL 

There was no significant difference between the samples in the proportion of individuals that 

had lost at least one tooth antemortem. The Teouma sample had the largest proportion of 

individuals affected by AMTL (75%), followed by Taumako (49%), Vao (33%) and Nebira 

(26%) (Figure 4.39). 
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Figure 4.39: All sample comparison of adult of AMTL, % of individuals affected. 
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4.11 Summary of Tooth Wear and Oral Pathologies 

Only the three samples that included more than five individuals (Teouma, Taumako and 

Nebira) are summarised here for age and sex differences. The remaining samples (Watom, 

Uripiv and Vao) are discussed as a whole in the following section. This section will also 

compare the Pacific Island skeletal samples analysed in this study with the abovementioned 

DDP describing the tooth wear and dental pathologies indicative of different types of sub

sistence practices (Littleton and Frohlich, 1993; Lukacs, 1989; Oxenham et al., 2002). It is 

recognised there will be differences in estimated levels of wear and pathologies as a result 

of inter-study variation in recording methods, the use of either the tooth or individual as the 

level of analysis, and the specific definition of agriculture. As grains were most certainly not 

on the menu of prehistoric Pacific Islanders, the potential agricultural category outlined in the 

DPPs from other studies is not relevant (Littleton and Frohlich, 1993). Rather, the 'intensive 

gardening' category would be the most likely possibility for potential subsistence practices 

of the samples analysed in this study. The following discussion will use the individual as the 

level of analysis, as the aim of the current analysis is to ascertain general trends in possible 

diet, and to investigate whether it is possible to discern any age or sex difference in diet from 

the oral health. The prevalence of caries at a tooth level will be commented on, but it is not 

within the scope of this thesis to comment further on other pathologies in the same detail. 

The definitions of low ( <30% ), low/moderate (30-40% ), moderate ( 40-60% ), moderate/high 

(60-70%) and high (>70%) are used to differentiate the percentage of individuals affected 

by certain pathologies for the DPP for each sample. 

4.11.1 Teouma Summary of Tooth Wear and Oral Pathologies 

Overall, the Teouma sample had the highest median values for wear (statistically signifi

cantly different from Taumako, Nebira and Vao) and all the dental pathologies were con

sidered high or moderate compared to the other samples. The high levels of tooth wear at 

Teouma, especially the molars, supports the suggestion that reef/inshore foods were con

sumed as these foods usually contain grit and sand from their marine environment. For these 

reasons, other researchers have suggested that the consumption of marine foods results in 

high levels of tooth wear (Littleton and Frohlich, 1993; Walker and Erlandson, 1986). It is 

possible that the observed patterns in tooth wear may be representative of certain cooking 

techniques that promoted the inclusion of sand and grit into the cooked food. The use of 

earth ovens for cooking food is popular in the Pacific islands and there is evidence in the ar-
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chaeological record of earth oven use at Lapita-associated sites including Teouma and Uripiv 

(Bedford, 2003; Bedford et al., 2009). The improper wrapping of food or the preparation of 

food on sandy surfaces, or the cooking of food directly in the fire, could easily result in the in

clusion of sand and soil particles within the food. Another possible factor is the consumption 

of whole small birds and fish, including the bones, or the practice of cracking larger bones 

to consume the marrow; both consumption patterns cannot be ruled out, but also cannot be 

proved. 

The prevalence of calculus supports the interpretation that foods high in protein were 

consumed, although the formation of calculus deposits may also be a result of starchy food 

consumption and/or poor oral hygiene. The calculus could have exacerbated the development 

of the periodontal disease, and possibly influenced the development of periapical cavities. In 

turn, the high rates of root caries and massive caries were most likely secondary to severe pe

riodontal disease which would have exposed the tooth roots. The severe periodontal disease 

present in the individuals with observable alveolar bone may be related to the calculus de

posits found on the teeth or could have been exacerbated by some type of metabolic disease 

such as scurvy, which affects the oral tissues in a similar way (Buckley, 2000b; Kinaston 

et al., 2009; Touyz, 1984, 1997). Although the frequency of caries was high, suggesting the 

diet was cariogenic in nature, most caries were observed on the cervical/root area of the tooth. 

This does not rule out the possibility the diet was high in fermentable carbohydrates, but does 

suggest that caries predominantly formed on the most vulnerable surface of the tooth. The 

presence of massive caries does indicate that once the caries formed, it advanced rapidly, 

suggesting that some type of food in the diet was cariogenic. Either through the action of the 

periodontal disease, infection from the periapical cavity or caries, a high proportion of indi

viduals experienced AMTL. The high rates of AMTL suggest these pathologies were severe 

enough to cause oral infection or a reduction of alveolar bone that resulted in the exfoliation 

of a number of permanent teeth. 

As with the median wear scores, similar numbers of male and female individuals were 

affected by periapical cavities and both types of periodontal disease were observed in both 

the sexes. The female group had fewer individuals affected by both caries and calculus than 

the males and female teeth were also more affected by massive caries than male teeth (Table 

4.1 08). The variation in caries and calculus between the sexes may suggest differences in oral 

health experience as a result of sexual differences in diet, or could be a result of a sampling 

bias. 

The DPP of the Teouma skeletal sample does not match any of the published material 
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Table 4.108: Teouma intra-population comparison of tooth wear and dental health, individ
ual level. 

Teouma Male Female 
Overall Wear Similar Similar 
Caries Higher Lower 
Calculus Higher Lower 
Periapical Similar Similar 
Horizontal PD Similar Similar 
Pockets Similar Similar 
AMTL Similar Similar 

for subsistence patterns determined by the DPP (Table 4.111 and Figure 4.40). However, 

from the wear pattern and pathologies of the samples, discussed above, it can be suggested 

that it is likely a number of different subsistence patterns were being practised. A combina

tion of marine exploitation, gardening, and hunter/gatherer or a mixed transitional economy 

somewhere in between hunting/gathering and gardening could explain the observed DPP 

from Teouma. The caries rates at a tooth level of analysis (30%) were much higher than the 

observed caries rates for agricultural societies in other areas of the world ('"" 10.4% ). This is 

possibly a result of a very cariogenic diet, but may also be related to the small sample size 

of total observable teeth. 

4.11.2 Uripiv Summary of Tooth Wear and Oral Pathologies 

The post-Lapita adults from Uripiv experienced more moderate tooth wear than the individ

uals from Taumako, Nebira and Vao. All of the adults from Uripiv had evidence of calculus; 

two had caries (primarily root and massive caries), one had lost a tooth antemortem and one 

of the two individuals with observable alveolar bone was affected by periodontal disease. 

The wear of the deciduous dentition of the Lapita-associated subadult from Uripiv was mild 

and there was no evidence of caries or calculus. The small sample size and difference in 

ages makes comparisons between temporal periods difficult. However the wear observed 

on the deciduous dentition of the one Lapita-associated subadult from Uripiv compared to 

the subadults from Taumako and Vao may suggests a softer diet was fed to this individual, 

although the observed wear pattern may be a result of his or her young age (18 months). 

The post-Lapita individuals with observable dentition had mild/moderate tooth wear 

supporting the interpretation some reef/marine foods were probably consumed or, as for 

Teouma, cooking methods could have introduced grit into the foods. The small sample 

size makes interpretations of subsistence from the oral health difficult. The prevalence of 

calculus could support the suggestion both that protein rich marine foods and that C3 starchy 
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vegetables were consumed at the site. Caries (mostly root and massive) only formed in tfie 

dentition when the root surface was exposed by periodontal disease. However, after initial 

formation, the progression of the infection was rapid, supporting the suggestion that there 

were some types of cariogenic food in the diet, possibly some type of cultigen, such as 

banana or sugar cane. 

Developing a DPP for Uripiv from three adult individuals and one subadult is difficult 

because of the small sample size (Table 4.111 and Figure 4.40). The high percentage of teeth 

affected by caries in the sample ( 40%) supports the suggestion that intensive gardening may 

have been practised at the site. However, many of these carious lesions were observed in one 

adult individual and the observed prevalence rates may not be representative of the sample 

as a whole. It is possible that the DPP of the Uripiv individuals may represent a mixture of 

intensive gardening and marine exploitation as evidenced by low tooth wear, high caries and 

high calculus. However, although a DPP is presented for the sample, it should be regarded 

tentatively because of the small sample size from Uripiv. 

4.11.3 Vao Summary of Tooth Wear and Oral Pathologies 

The three Lapita-associated individuals and the two post-Lapita individuals (one adult and 

one subadult) from Vao exhibited the least amount of tooth wear of any of the samples. All 

of the Lapita-associated individuals had evidence of calculus, two were affected by horizon

tal periodontal disease, and only one individual had evidence of caries or periapical cavities. 

There was no evidence of pockets or AMTL. Neither the post-Lapita adult or the subadult 

was affected by caries, but both had evidence of calculus. The small sample size of both 

Lapita-associated and post-Lapita individuals makes comparisons between these groups dif

ficult, although the low degree of tooth wear suggests the diet on Vao was less abrasive 

than that consumed by some of the other samples. The mild tooth wear of the three Lapita

associated adults with dentition suggested the foods were relatively soft. The high proportion 

of individuals affected by calculus and few carious lesions could support the suggestion that 

the diet was high in starchy vegetable/protein and was relatively cariostatic. The one post

Lapita individual was also affected by caries and calculus. 

As with Uripiv, the small sample size from Vao makes interpretations regarding sub

sistence from a DPP of the sample difficult. The caries rate at a tooth level of analysis was 

6%, a prevalence rate between the values observed from agricultural populations and popula

tions practising mixed subsistence economies (Turner, 1989). The observed pattern of tooth 
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wear and dental pathology could suggest a diet based on marine foods and foods obtained 

from intensive gardening; however the sample size is too small to make inferences about 

subsistence from the DPP (Table 4.111 and Figure 4.40). 

4.11.4 Watom Summary of Tooth Wear and Oral Pathologies 

The four individuals from Watom had more moderate wear than the other samples, with the 

exception of Teouma. Most of these individuals were affected by caries, calculus, periapical 

cavities and periodontal disease, but the small sample size makes comparison with the larger 

samples regarding oral health rather tentative. None of the individuals with observable alve

olar bone was affected by AMTL and all the carious lesions were small and located on the 

molar pit/fissure or occlusal surface, suggesting that although affected by the pathologies, 

the individuals were not experiencing rapidly progressing dental infections. 

The wear pattern was mild/moderate suggesting some abrasive foods were consumed, 

and these could be either marine foods or a result of cooking techniques. The high prevalence 

of calculus supports the suggestion protein and/or starchy foods were consumed and the high 

prevalence of periodontal disease could possibly be related to calculus deposits. Although 

most of the individuals were affected by caries, the number of caries overall was very small 

and none of the caries occurred on the cervical/root surface of the tooth, even though evi

dence of periodontal disease was found in all the individuals with observable alveolar bone. 

This suggests the diet may have been cariostatic in some way. As previously discussed, the 

process of chewing betel nut (Areca catechu) and slaked Lime (CaC03) is thought to be both 

cariostatic and associated with the development of periodontal disease and possibly calcu

lus. Although the presence of betel nut cannot be confirmed at the site, one individual (Burial 

10) had reddish brown staining on her teeth suggestive of betel nut chewing. Moreover, the 

presence of the cultigen is ubiquitous in modern day Papua New Guinea and the Solomon Is

lands and, as previously discussed, is thought to have been present throughout Near Oceania 

in prehistory. 

Similar to the other two samples with comparable sample sizes (Uripiv and Vao) inter

preting possible subsistence from a DPP of the Watom individuals could possibly be mislead

ing (Table 4.111 and Figure 4.40). The overall caries prevalence by tooth was 5%, similar 

to the prevalence rates of samples subsisting by means of a mixed economy of horticulture 

and hunting and gathering (Turner, 1989). It could be suggested from the DPP that marine 

exploitation with some influence from gardening was a possible means of subsistence, but 
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these interpretations are made with caution because of the small sample size and possible 

influence of betel chewing at the site. 

4.11.5 Taumako Summary of Tooth Wear and Oral Pathologies 

With the exception of the Vao samples, the sample from Taumako had the lowest overall 

wear and proportion of individuals affected by either caries or periapical cavities of any of 

the samples. The dental wear suggests that the diet at Taumako was predominantly soft, 

although some abrasive foods were consumed as was evidenced from the moderate wear on 

the posterior teeth. This pattern of tooth wear could be used to support the suggestion that 

mainly foods such as soft vegetables were eaten but if marine foods were consumed they 

were more likely softer fleshed fish than gritty shellfish. The high prevalence of calculus 

could support the suggestion that both starchy and/or high protein foods were consumed 

and the large proportion of individuals affected by periodontal disease may be directly re

lated to the calculus deposits. The low cariostatic nature of the diet does not support that 

large amounts of easily fermentable carbohydrates were consumed and could be related to 

the consumption of marine protein. Most of the carious lesions were observed on the root 

surfaces of the teeth, suggesting that they only formed when the most vulnerable part of the 

tooth was exposed. There were few massive carious lesions and the AMTL was most likely 

related to severe periodontal disease, supporting the conclusion that the diet was generally 

cariostatic. 

The female sample had more tooth wear, less caries and fewer individuals affected by 

periapical lesions the male sample. All other dental pathologies were observed in similar 

proportions to the males (Table 4.109). With the exception of the proportion of subadults 

affected by caries on the permanent dentition, the subadult individuals were less affected by 

tooth wear and calculus than the adults (Table 4.109). 

The DPP of Taumako does not fit any of the categories of subsistence economies de

scribed by other studies (Table 4.111 and Figure 4.40). It is possible the observed wear and 

pathologies represent a combination of marine exploitation and intensive gardening. The 

overall caries prevalence from the tooth level of analysis is 4%, which falls slightly below 

the observed caries prevalence rates of samples practising a mixed economy (Turner, 1979). 

Similar to Watom, the practice of chewing betel nut could be influencing the DPP and could 

be responsible for the observed low prevalence of caries and high rates of periodontal disease 

and calculus. Therefore, if betel nut was chewed the interpretation of possible agricultural 
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Table 4.109: Taumako intra-population comparison of tooth wear and dental health, individ
ual level. 

Taumako 
Overall Wear 
Caries 
Calculus 
Periapical 
Horizontal PD 
Pockets 
AMTL 

Subadults compared to the adult individuals 
Perm=pennanent teeth, Dec=deciduous teeth 

Male Female 
Lower Higher 
Higher Lower 
Similar Similar 
Similar Similar 
Similar Similar 
Higher Lower 
Similar Similar 

foods in the Taumako diet may be skewed. 

Subadult Perm Subadult Dec 
Lower Lower 
Similar Lower 
Lower Lower 

4.11.6 Nebira Summary of Tooth Wear and Oral Pathologies 

The overall tooth wear of the individuals from the Nebira sample was slightly heavier than 

that of the Taumako individuals, but still only mild or moderate. The tooth wear was 

mild/moderate suggesting that although some abrasive foods were consumed, the major

ity of the diet consisted of soft foods such as yams and taro. The high prevalence of calculus 

suggests some type of starchy/protein foods were consumed and could have been influenced 

by the consumption of domesticated vegetables. However, the diet was relatively cariostatic 

as most of the carious lesions were observed on the cervical/root surface of the tooth. Over

all, the proportion of individuals affected by caries was moderate. The high proportion of 

individuals affected by calculus and periodontal disease may explain the root exposure and 

subsequent caries development. The small number of massive caries and periapical cavities 

and the low proportion of individuals affected by AMTL indicate that severe dental infections 

were few in the sample. 

The lower degree of tooth wear, higher proportion of individuals affected by caries, 

and lower proportion of individuals affected by all types of dental pathologies in the female 

group may suggest the females had different factors affecting their oral health (Table 4.110). 

The subadults had evidence of less wear and fewer individuals affected by calculus, but a 

higher proportion of individuals affected by caries (Table 4.11 0). However, the sample size 

(n=4) of the subadult individuals with permanent dentition was perhaps too small to make 

inferences regarding differences in the adult and subadult oral health and diet. 

The DPP could be suggestive of a mixed/transitional economy, and/or a combination 

of intensive gardening and marine exploitation (Table 4.111 and Figure 4.40). The caries 
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Table 4.110: Nebira intra-population comparison of tooth wear and dental health, individual 
level. 

Nebira 
Overall Wear 
Caries 
Calculus 
Periapical 
Horizontal PD 
Pockets 
AMTL 

Subadults compared to the adult individuals 
Perm=permanent teeth 
*differences are statistically significant 

Male Female Subadult Perm 
Higher* Lower Lower 
Lower Higher Higher 
Higher Lower Lower 
Higher Lower 
Higher Lower 
Similar Similar 
Higher Lower 

Table 4.111: Dental pathology profiles (DPP) for the six skeletal samples. 

Tooth Wear/Pathology Teouma Uripiv VaoLapita Watom Taumako 
Tooth Wear Moderate/High Moderate Low Moderate Low 
Caries Moderate/High High Low/Moderate High Low 
Periapical Moderate Low Low/Moderate Moderate/High Low 
Horizontal PD High Moderate Moderate/High High High 
PD Pockets High Low Low Low/Moderate Low/Moderate 
AMTL High Low/Moderate Low Low Moderate 
Calculus Moderate High High High High 

Nebira 
Low 
Moderate 
Low 
High 
Low 
Low 
High 

prevalence at Nebira by the tooth level of analysis is 11%, slightly higher than the caries 

rates observed for other samples practicing agricultural means of subsistence. However, 

many of these carious lesions were observed in single individuals and, as discussed, most of 

them formed on the root surface of the teeth. It is also possible that betel nut could have been 

chewed by the individuals from Nebira and the observed pattern of a high prevalence of root 

caries, periodontal disease and calculus may be a reflection of this. 

Concluding Remarks 

The tooth wear, oral health and DPP of all the samples will be discussed in detail in Chapter 

6 in relationship to the stable isotope data for diet and the health. 
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Chapter 5 

Linear Enamel Hypoplasia as a 

Non-specific Indicator of Stress 

5.1 Introduction 

The assessment of non-specific indicators of stress in past populations can inform about 

health and wellbeing in prehistory (Humphrey, 2000a). The aetiology of linear enamel hy

poplasia (LEH) is associated with environmental perturbations during tooth formation and, 

because a number of stressors have been implicated in the development of these dental le

sions, LEH is termed a non-specific indicator of stress. The analysis of LEH has become a 

routine procedure in bioarchaeology because teeth are regularly preserved in the archaeolog

ical record and the presence of these dental lesions is suggestive of impaired health and can 

negatively affect life expectancy (Humphrey, 2000b; Lewis, 2007; Larsen, 1997). 

LEH may develop in response to both infection and to nutritional stress (Goodman, 

1991b; Newell et al., 2006; Starling and Stock, 2007). Because of this, it is difficult to 

ascertain the exact cause of stress if these lesions are observed in prehistoric populations. 

However, by comparing the diet of the samples as analysed from the stable isotope and dental 

evidence (Chapters 3 and 4) with the non-specific indicators of stress it may be possible to 

ascertain whether food was a limiting factor in any of these prehistoric populations, one 

that may have affected health and survival. In some of these samples dietary differences 

were observed between the sexes and age groups; therefore the patterns of LEH within each 

sample may help to indentify whether the observed dietary differences compromised the 

health of sub-groups within a sample (e.g. males, females or subadults). 
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This chapter will focus on the assessment and analysis of the LEH within and between 

the samples in order to address the second aim of this thesis. The chapter will commence with 

a review of growth, as the disruption of the growth of the tooth causes LEH development. 

This will be followed by a review of bioarchaeologicalliterature pertinent to this topic and 

the methods for the assessment and analysis of LEH in this study. The results and discussion 

of the LEH analysis will conclude the chapter. The LEH results will be discussed in the 

context of diet (as analysed from stable isotopes and dental wear and health) in the Chapter 

6 to fully address the hypotheses of this thesis. 

5.1.1 Growth and Stress 

Growth occurs simultaneously with the development, or quantitative and qualitative changes, 

of the body's systems until maturity is reached (Bogin, 1993). The normal growth of all 

humans follows a similar predictable trajectory marked by a high growth rate during infancy 

and puberty. Normal growth and development is reliant upon the sustained homeostasis 

and adequate immune response of an individual. Importantly, an adequate diet is integral 

to maintaining homeostasis. Physiological stressors can result in the disruption of normal 

growth and development, the signs of which can potentially be observed in human skeletal 

remains as markers of non-specific indicators of stress (Bogin, 1993). 

The concept of stress was introduced in Chapter 1. As noted, the model of stress used 

in this study was developed by Goodman et al. (1984) and revised by numerous authors to 

"consider feedbacks and the functional implications of stress" (Goodman and Martin, 2002, 

p.16). In the most general sense, "it is the notion of the organism reacting and responding 

to internal and external agents in order to maintain its inherent balance" (Bush, 1991, p.17). 

Humans have a distinct advantage over other animals in that cultural systems may buffer 

against environmental stressors and certain limiting resources (e.g. inadequate food or wa

ter) (Goodman and Martin, 2002). However, cultural systems can also introduce stress at a 

population, family or individual level (Goodman and Armelagos, 1989). For example, the 

formation of socio-economic hierarchies that disadvantage certain subgroups in a population 

or the preferential treatment of certain individuals in a family are both examples of stress 

induced by cultural practices (Cohen, 1989; Stinson, 1985). Therefore, identifying the type 

of stressor that possibly affected an individual long dead is not straightforward, not least of 

all because the concept of stress is, in itself, multifaceted. 
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5.1.2 Diet, Disease and Stress 

Two of the most common environmental stressors that can affect an individual's growth and 

cause physiological stress are inadequate nutrition and infectious disease (Guzman, 1968; 

Humphrey, 2000a). As will be discussed, these types of stressors are not mutually exclu

sive and a synergistic relationship developing between the two factors is common (King and 

Ulijaszek, 1999). Diet is not analogous with nutrition; diet constitutes the foods a person 

eats and nutritional status is defined as "the state resulting from the balance between the 

supply of nutrients on the one hand and expenditure of the organism on the other" (McLaren 

1976) (Goodman and Martin, 2002, p.19). Generally, malnutrition is a consequence of the 

inadequate consumption of overall calories and/or specific nutrients (Norgan, 2002). Malnu

trition can occur as a result of periodical or chronic food and/or nutrient scarcity and seasonal 

fluctuations (Binns, 1998b; Cole, 1998; Ulijaszek, 1998b). 

Nutrients especially important to growth include proteins, lipids, iron, calcium and 

phosphorus, zinc, copper and vitamins A and D (Binns, 1998b). Identifying specific nutrient 

deficiencies in living malnourished individuals is relatively difficult, as many deficiencies do 

not show specific clinical symptoms and are intertwined with other disease processes (King 

and Ulijaszek, 1999). Both gender and socioeconomic variations in food consumption pat

terns and general hygiene can also affect patterns of malnourishment and infection (Pinhasi, 

2008a) (Figure 5.1). Thus, identifying such deficiencies in the archaeological record presents 

similar impediments (Huss-Ashmore et al., 1982). 

Some researchers of modem populations in developing countries have suggested that 

certain populations adapt to low energy and protein intake with no functional cost to the 

individual (Seckler, 1982). This theory is referred to as the 'small but healthy' hypothesis, 

and is based on the observation that some seemingly malnourished populations are the ap

propriate weight for height, although their height for age is reduced compared to populations 

who are not considered malnourished (Messer, 1986; Seckler, 1982). The 'small but healthy' 

hypothesis has been subsequently refuted on the basis that the 'hypothesis' was founded on 

very little scientific evidence and neglects to acknowledge health-related, socioeconomic or 

physiological studies that suggest that these undernourished people were actually unhealthy 

compared to more affluent populations (Messer, 1986). Other researchers have observed 

variations in growth tempos that cannot be entirely attributed to environmental constraints. 

For example, in a modem study of twenty-two societies, Walker et al. (2006) found that 

although favourable environmental conditions (reduced infection and increased nutrition) 

resulted in an increased rate of growth in some societies, other societies displayed a trend 
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Figure 5.1: Association between parasitic infection, childhood nutritional status, growth and 
function. From Briend (1998, 337). 

for faster and earlier growth for their adult size that was related to an increase in mortality 

within the population. They suggested that the rates of growth were related to environmental 

constraints and selective pressures (Walker et al., 2006, p.295). 

Malnourishment has been identified as a key factor in compromising the immune re

sponse of an individual, and can leave the body susceptible to both chronic and acute in

fections (Bogin, 1993; Saunders and Hoppa, 1993). The reduced host immunity of mal

nourished individuals can create a vicious circle of chronic infection and subsequently more 

extreme malnourishment. For example, as a result of a chronic infection such as long-term 

diarrhoea or parasites, the return to an adequate diet after a period of nutritional stress can 

be insufficient to restore the individual to normal health and may actually cause further mal

nourishment (King and Ulijaszek, 1999). These infections inhibit the body's ability to absorb 

nutrients and can also result in reduced food consumption (Briend, 1998; McGarvey, 1998). 

Thus, infection can negatively affect the growth _Process by "reducing food intake, by com

peting for nutrients and energy, as in the case of parasitic infections, and by increasing total 

requirements, because of fever or the hypermetabolism of malignancy" (Heywood and Nor

gan, 1992, p.238). 

There is a general hypothesis that males and females respond differently to environ-
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mental stress (Blanco et al., 1972, 1974; Prayer and Wolpoff, 1985). However, two physio

logical responses have been suggested as the reasons for this difference: one is that although 

the females in a population are, hypothetically, undergoing the same amount of environ

mental stress, they are inherently buffered against any environmental insults to maintain 

reproductive success; the other theory suggests that males are more affected by environmen

tal stress than females and will respond faster following the period of environmental stress 

(Neves and Costa, 1998; Stinson, 1985). 

In a review of the literature on the topic, Stinson (1985) noted that there were differ

ences in prenatal survival and growth between males and females in modem populations. A 

higher proportion of females than males survived this early period of life, and females were 

less affected by prenatal stress. She noted the difficulties in interpreting biological postnatal 

mortality patterns because of the preferential treatment (e.g. increase in food allocation) of 

male individuals in many societies which were under stressed conditions. This type of male 

favouritism was also one of a number of biases (e.g. study methodologies, type of envi

ronmental stress) that was observed when she tried to interpret patterns of growth between 

males in females from these modem studies (Stinson, 1985). 

5.1.3 Caveats Associated with Interpreting Stress in Past Populations 

There are a number of caveats associated with growth-related analyses. Generally, the as

sessment of subadult material is inherently biased because of certain types of mortality bi

ases (Saunders and Hoppa, 1993). The under-representation of subadults within a sample, 

especially infants, can be a result of cultural mortality bias, such as burial practices, or en

vironmental mortality bias, such as taphonomic processes affecting the skeletal preservation 

of the sample (Saunders and Barrans, 1999; Saunders and Hoppa, 1993). These types of 

bias are thought to affect the interpretations of health from growth-related studies more than 

"biological mortality bias, or the physiological and morphological difference between those 

who die and those who survive"(Saunders and Hoppa, 1993, p.129). Biological mortality 

bias results from the fact that there can be differences in the prevalence of a developmental 

indicator of stress between the living population and the individuals who died. This is af

fected both by the potential relationship between the stress indicator and the cause of death, 

and the correlation between the age of development of the stress indicator and age-specific 

death rates (Saunders and Hoppa, 1993). The subadults present in skeletal samples are only 

available because these individuals died before maturity. They are representative only of 

the deceased individuals who probably died of sickness (although accidental death could 
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have occurred) and may not be representative of the healthy members of the population who 

survived (Jantz and Owsley, 1984; Wood et al., 1992). 

5.2 Developmental Enamel Defects 

Tooth enamel formation is regulated by ameloblasts located in the internal enamel epithe

lium of developing teeth and begins at the occlusal surface of the crown. Enamel formation 

commences with the secretion of the enamel matrix, which consists of both organic and in

organic components (Hillson, 1996). Apatite crystals are seeded in the matrix and grow in 

variable orientations, and further apatite crystals are seeded and grow in the areas that re

main after the removal of the ameloblasts from the developing matrix. Following enamel 

matrix secretion, the organic fraction of the matrix is broken down by the ameloblasts and 

the apatite crystals grow, creating the mature tooth enamel (Hillson, 1996). 

As a result of the strong genetic control over formation of teeth, the enamel of the tooth 

crown is still formed during times of stress, but the secretion of the dental matrix is reduced. 

The thinning or absence of enamel (enamel hypoplastic defect) occurs when the secretory 

phase of amelogenesis is disrupted and can be manifested as transverse lines or lines of 

pitting in the enamel, termed linear enamel hypoplasia (LEH) (Goodman and Armelagos, 

1985; Goodman et al., 1980). 

Linear enamel hypoplasia is thought to occur as an attempt to mitigate stress to body 

systems in a way that has less overall impact on the developing individual (Bogin, 1993). For 

example, it is necessary to maintain the function of the internal organs and the brain to sustain 

life during environmental perturbations (Leonard and Robertson, 1992). Maintaining these 

organs at the expense of calcified tissues is preferential for immediate survival and therefore 

the presence of dental enamel defects can indicate that some type of systemic physiological 

disruption occurred during the formation of the tooth (Goodman and Martin, 2002; Goodman 

et al., 1980, 1984). In addition to LEH, less mineralised areas of tooth enamel, termed 

hypocalcifications, and can occur throughout the formation of the crown (Goodman, 1998). 

Depending on the type of tooth (i.e. deciduous or permanent), general inferences can 

be made as to when the stress occurred in an individual's life (Blakey and Armelagos, 1985; 

King et al., 2005; Saunders and Keenleyside, 1999). Deciduous tooth crown development 

occurs prenatally to around 12 months of age, and as many ofthese tooth crowns are formed 

during gestation, they can illuminate trends in maternal ill health (Humphrey, 2008). Per-
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manent tooth crowns start to develop from around the time of birth and are complete around 

the age of 7-8 years, with the exception of the third molar crown, which finishes develop

ment at around age 13 (Hillson, 2008b; Lewis and Roberts, 1997; Scheuer and Black, 2000). 

LEH is an important indicator of stress because enamel does not remodel after it is formed 

and therefore the defect will remain visible unless the tooth is exfoliated. LEH can be ob

served in adult dental remains as well as subadult remains, depending on the age at which 

the individual died (King et al., 2002). 

LEH may not form on all the teeth that are developing during the period of systemic 

stress. It has been observed that the anterior teeth (incisors and canines) display a higher 

prevalence of LEH than posterior teeth and this is thought to be a result of the strong genetic 

control over the formation of the latter (Goodman and Arrnelagos, 1985). Moreover, canines 

take the longest period of time to form and are therefore potentially more susceptible to 

periods of stress than other teeth (Lewis, 2007). As mentioned, the timing of the tooth crown 

development can also assist in understanding when the stress occurred during an individual's 

life because the "regular and ring-like nature of enamel apposition" allows for LEH to form 

in a distinct area of the tooth (Goodman et al., 1991, p.773). 

The formation of LEH has been associated with environmental stress, including mal

nutrition and disease (Goodman et al., 1987; Sawyer and Nwoku, 1985; Schultz et al., 1998; 

Sweeney et al., 1971). Deficiencies in both micronutrients and macronutrients have been 

connected with the formation of LEH in infants and children (Goodman et al., 1991). A 

study that assessed the rates of LEH and nutrition in living Mexican children found a strong 

correlation between the two factors: children who did not receive nutritional supplemen

tation displayed an almost two-fold increase in LEH compared to the supplemented group 

(Goodman et al., 1991). Although this study found a slightly higher frequency of LEH in 

females than males, other epidemiological studies have found opposite results (Goodman 

et al., 1991; Goodman and Rose, 1990). In both the non-supplemented and supplemented 

groups the greatest frequency of LEH occurred around 24-36 months post-birth, although 

the supplemented group displayed a much lower prevalence of the condition. These ages 

correspond with both the time of weaning and associated period of greatest disease. Thus, 

LEH was also moderately associated with both gastrointestinal disease and disease of the 

upper respiratory tract (Goodman et al., 1991). 

In the first six months of infancy, breastmilk supplies all the nutrients (e.g. protein, 

lipids, iron, sodium and trace elements) necessary for normal growth and development and 

also provides the infant with growth-promoting agents (Jay et al., 2008; Dettwyler and Fish-
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man, 1992; Whitehead and Paul, 1984). Breastfeeding is also associated with a reduction 

in infection in infancy (Binns, 1998a). This is because breastmilk provides passive immu

nity through maternal IgA antibody designed specifically for pathogens present in the local 

environment (Ulijaszek, 1998a). The new pathogens within supplementary food and wa

ter trigger the individual's immune system to develop independently of maternal influences 

(Lewis, 2007). Malnutrition can develop as a result of poor food quality or as a result of dis

ease, especially diarrhoea! disease, contracted from contaminated food and water (or foods 

mixed with contaminated water) (Binns, 1998a; King and Ulijaszek, 1999). Many studies 

have found that the introduction of solid foods during infancy is regarded as a high-risk pe

riod in which growth disturbance can occur because of both the increased risk of infection 

and malnutrition (Bogin and MacVean, 1978; Eveleth and Tanner, 1990). 

Weaning, or the gradual reduction in breastfeeding accompanied by the introduction of 

supplementary foods, is a period of potential physiological and psychological stress that can 

potentially disturb growth (Lewis, 2007). Typically there is a neonatal ( <1month) peak in 

mortality associated with such endogenous factors as congenital birth defects and low birth 

weight. Post-neonatal (> 1month) mortality is mostly a result of exogenous factors including 

malnutrition and infection (Lewis and Gowland, 2007). Exogenous factors greatly affect 

individuals undergoing the weaning process, and some bioarchaeological studies have also 

suggested that a high prevalence of dental enamel defects located on teeth formed during the 

ages of 2-4 years is indicative of weaning stress (Cook and Buikstra, 1979; Corruccini et al., 

1985; Wright, 1990, 1997). 

However, the interpretation of weaning as the sole reason for the development of LEH 

has also been questioned as many other environmental factors can affect the health of a 

young child after weaning is complete (Blakey et al., 1994). It has also been suggested 

that the structural properties of the enamel during the 2-4 year age period may act to mask 

earlier-forming LEH, and the long duration of ameloblast secretion until this age range may 

leave these enamel-secreting cells susceptible to environmental perturbations (Lewis and 

Gowland, 2007). 

The occurrence of non-specific systemic stress during the development of the teeth is 

only one reason why enamel hypoplastic defects can occur. Other aetiologies of enamel hy

poplastic defects include local trauma, external toxins (e.g. fluoride intoxication) and heredi

tary conditions (Schultz et al., 1998). The multifactorial aetiology of both hypocalcifications 

and enamel hypoplastic defects is the reason they are regarded as non-specific indicators of 

stress during the time of tooth development (Hillson, 1996). However, many studies of living 
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populations, such as the abovementioned research by (Goodman et al., 1991), have made a 

correlation between malnutrition, disease prevalence and low socioeconomic status, with a 

higher prevalence of dental enamel defects observed in a number of populations from around 

the world. 

5.2.1 Deciduous Teeth, LEH and Circular Caries 

The presence of hypoplastic defects, including LEH, in the deciduous dentition can point to 

periods of stress during the third trimester in utero until about the age of one year (Buckley, 

2001; Goodman et al., 1987; Hanson and Butler, 1997; Tayles, 1999). Hypoplastic defects 

located on the deciduous dentition have also been observed as areas susceptible to caries 

development after birth (Cook and Buikstra, 1979; Hillson, 2008b). The defective minerali

sation of the crown enamel as a result of these developmental defects is thought to predispose 

this area to the formation of circular caries (Larsen, 1997). A circular carious lesion is iden

tified as a transverse carious band on the labial and/or buccal surface of the deciduous teeth 

(Cook, 1979; Cook and Buikstra, 1979). The presence of circular caries has been linked with 

stress during the prenatal and perinatal period, including diarrhoeal disease (Sweeney et al., 

1971). 

Circular caries have been observed in both modem and prehistoric populations through

out the Pacific Islands. The modem studies include an assessment of Hawaiian children in 

the 1930s by Barmes (1967), suggested that a high prevalence of circular caries in children 

aged under 14 years was related to stress during the prenatal period. A high prevalence 

(22%) of hypoplastic defects and circular caries of sub adults aged less than 6 years was also 

observed in a population from Manus Island, Papua New Guinea (Kirkpatrick, 1935). Addi

tionally, high rates of caries were observed in the deciduous dentition of small children from 

isolated islands in French Polynesia, and it was noted that this was probably a result of the 

presence ofLEH in these populations (Baume, 1969). 

It has been suggested that the high prevalence of circular caries in modem Pacific 

island populations was influenced by the consumption of European foods rich in sugar and 

refined carbohydrates (Baume, 1966). However, most of the modem populations mentioned 

above relied primarily on 'traditional' foods and the archaeological individuals from Rota 

most definitely did not have any European foods present in their diets. Therefore, although 

the aetiology is unknown and most likely multifaceted, it can be suggested that the defective 

mineralisation of the deciduous tooth crown enamel, leaving the tooth more vulnerable to 
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caries development, was a result of some type of stress during the prenatal and perinatal 

period. 

5.3 Bioarchaeological Studies of Disturbance of Growth 

Comparative studies of past populations have focused on understanding temporal shifts in 

subsistence patterns and the associated trends in nutrition and health during these periods. 

The adoption of agriculture in areas outside Oceania has been linked to a decline in popula

tion health (Cook, 1984; Goodman et al., 1984; Larsen, 1995). A high prevalence ofLEH has 

been associated with a movement away from a hunter-gatherer lifestyle toward a subsistence 

based on cereal foods in some parts of the world (Cohen, 1989; Goodman, 1991b; Larsen, 

1995). Heavy reliance on cereal crops has been associated with specific nutrient deficiencies 

(e.g. iron and vitamin B), limited protein intake, and protein deficient supplementary foods 

(Cohen, 1989; Larsen, 1995). Additionally it has been suggested that an increase in food pro

duction resulted in population growth, a more sedentary lifestyle and, consequently, higher 

pathogen loads in these communities (King and Ulijaszek, 1999). Therefore, in these cases 

it is difficult to discern whether the presence of non-specific indicators of stress was a result 

of nutritional deficiencies, infection, or a combination of the two environmental stressors 

(Larsen, 1995). 

As discussed in Chapter 1, it cannot be assumed that horticultural production systems 

in prehistoric Pacific islands were analogous with the North American and European agricul

tural traditions. Over-simplistic generalisations of transitions to agricultural systems can hin

der meaningful interpretations of subsistence. The complexities of interpreting 'agriculture' 

in prehistoric Pacific islands, combined with the uncertainty of the extent to which the early 

Lapita-associated populations cultivated plants, make such types of 'transition' interpreta

tions rather tentative. The complex biogeographical and socio-cultural situations inherent in 

Oceanic prehistory support the idea that the Pacific Islands are not directly comparable to 

these other geographical areas (Golson, 1989; Gosden, 1999). Regardless, analysing growth 

patterns at a population level in order to investigate community health in prehistoric skeletal 

samples can aid in understanding whether diet affected the health and growth of a popula

tion. At a finer level, this analysis can also potentially identify differences in diet between 

age or sex groups that may be culturally induced (Wentz et al., 2006). This type of analy

sis will take into account site-specific variations in both diet and health for inter-population 

comparisons to determine whether, by analysing the populations temporally, patterns of diet 
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and health over time can be identified. 

Bioarchaeological studies that included the analysis of LEH to understand health in 

the prehistoric Pacific Islands are relatively scarce. Although a number of studies have 

recorded the presence of LEH in prehistoric skeletal samples, many of these studies are 

assessments of a single individual and are therefore of little use in understanding population 

health (Katayama et al., 2007; Pietrusewsky et al., 1998, 1997). The literature focused on 

LEH in larger prehistoric samples is limited, and some studies have mentioned the presence 

of LEH but not expounded on the possible health-related implications of these lesions in 

skeletal samples (Nelson and Fitzpatrick, 2006). 

With regard to early infant health, a bioarchaeological study of a skeletal sample from 

Rota Island, Marianas Islands, noted a high prevalence (73% of the deciduous teeth) of cir

cular caries in deciduous teeth and suggested early weaning could be responsible for the 

formation of these lesions (Hanson and Butler, 1997). Another study of individuals from 

Guam, Marianas Islands observed that the prevalence and frequency of LEH in a prehis

toric Latte period skeletal sample was higher in subadults and young adults (non-survivors) 

than the mid/old adults (survivors) (Stodder, 1997). In this sample, LEH was also associated 

with other skeletal pathologies, such as skeletal infections suggestive of treponema! disease 

(yaws). The dense living conditions and associated high pathogen loads in this community 

were implicated as possible reasons for the observed environmental stress during this time 

in prehistory. Although the subadult individuals survived the periods of stress long enough 

to develop LEH, it was suggested that the stressor itself or, as a result of the stress, the com

promised immune response of an individual influenced his or her premature death (Stodder, 

1997). 

A study of health and disease in prehistoric Marianas Islands skeletal samples sug

gested that high frequencies of LEH found in skeletal samples from smaller islands was a 

result of increased resource stress during childhood which was mitigated on the larger is

lands (Pietrusewsky et al., 1997). The same study also found that males were more affected 

by LEH than females in some of the samples but not others, but suggested the small size of 

the samples could have affected these results. The LEH results suggested that, overall, the 

prehistoric inhabitants of the Marianas Islands were undergoing high levels of physiologi

cal stress during childhood, and that the inhabitants of the smaller islands were adversely 

affected by their surroundings as a result of environmental perturbations such as typhoons 

and an inadequate diet. It was also suggested that the sexual differences in LEH (higher 

prevalence ofLEH in males than females) found in some of the skeletal samples could indi-
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cate that physiological stress was greater in childhood for males than females (Pietrusewsky 

et al., 1997). In another study also focused on the prehistoric inhabitants from the Mariana 

Islands, (Douglas et al., 1997) suggested that females were experiencing more physiological 

stress than males as evidenced by a higher prevalence of LEH in the females of the observed 

skeletal samples. 

Infection, specifically malaria and intestinal parasites, have also been implicated as fac

tors contributing to the high prevalence of LEH in skeletal samples from the Western Pacific 

Islands (Buckley, 2001, 2006). It was suggested that the high prevalence of LEH and cribra 

orbitalia in the Nebira sample (reanalysed in this thesis) was associated with malarial infec

tion during childhood, although it was noted that other ecological and cultural factors related 

to diet could also have influenced the observed patterns of LEH (Buckley, 2006). Addition

ally, Buckley (2001) suggested that the higher prevalence of LEH in the Taumako sample 

(also reanalysed in this study) compared with a prehistoric skeletal sample from Tonga was 

a result of malaria infection in the former population. Malaria is endemic in the Western Pa

cific, but not Polynesia, and malaria infection in childhood at Taumako could possibly have 

predisposed the population to subsequent infection by treponema! disease (yaws), leading to 

another possible aetiology of LEH in the skeletal sample (Buckley, 2001). The reassessment 

of the LEH in the Nebira and Taumako skeletal samples, in the context of the potential diet of 

these samples, may clarify whether childhood stress was also associated with diet at Nebira, 

Taumako and other prehistoric Pacific Island skeletal samples. 

5.3.1 Pacific Island Studies of Childhood Growth Disturbance 

Studies of childhood feeding practices and growth of modem Pacific Island populations can 

also assist in understanding the possible reasons for sub adult stress in prehistory. In a number 

of societies from the highlands of Papua New Guinea, reduced growth of children (indicative 

of periods of environmental stress) between the ages of 6-24 months post-birth was linked 

with the pathogens associated with supplementary foods and the type of food that was given 

(Crittenden and Baines, 1986). In these highland societies the most popular supplementary 

food was typically sweet potato (Ipomoea batatas), which is relatively low in protein and 

high in carbohydrates (Crittenden and Baines, 1986). Starchy plant foods such as sweet 

potato (Ipomoea batatas), yam (Dioscorea sp.), sago (Metroxylon sp.) and taro ( Colocasia 

esulenta) are common supplementary foods on Pacific islands, and may have been used 

for the same purpose in prehistory (Marshall, 1985). Most of the starchy staple vegetables 

consumed in the Pacific islands are low in protein and fats, and therefore the use of such 
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foods as primary supplementary foods can predispose children to nutritional deficiencies 

and subsequent growth disruption. Further stress throughout childhood and adolescence can 

occur if the individual remains undernourished, possibly resulting in the formation of LEH 

if this stress occurs during the time of tooth formation (Binns, 1998b ). 

The social and cultural constructs surrounding the introduction of supplementary food 

influence both the type and timing of foods offered (Heywood and Jenkins, 1992). In some 

modern Pacific islands, such as the Solomon Islands, some mothers living in communities 

practising traditional subsistence regimes introduced solid foods at a very young age, some

times as early as one week after birth (Gillogly Akin, 1985). However, in many modern 

Papua New Guinean societies, solid supplementary foods are not offered until the child is 

walking or sitting, or until the deciduous teeth have started to emerge, potentially resulting 

in a period of undernutrition for the growing infant (Chowning, 1985; Heywood and Jenkins, 

1992; Jenkins, 1998b). 

Although the variability of rural life in Papua New Guinea is recognised, Heywood 

and Jenkins (1992) note that the general pattern of breastfeeding in PNG does not entirely 

cease until the child is in its fifth year of life, and that a subsequent pregnancy is commonly 

the reason for complete weaning. Many of the foods regularly consumed by adults are not 

appropriate for infant digestive systems (such as foods cooked in the fire), and therefore 

many of these societies premasticate supplementary foods to render them edible for infants 

(Chowning, 1985; Jenkins, 1998b). It must be noted that modern health workers discourage 

premastication because it is thought to introduce pathogens (Jenkins, 1998b). The availabil

ity of pottery to make broths and gruels for supplementary foods instead of consuming the 

foods as solids will also influence the digestibility of these foods (Heywood and Jenkins, 

1992). 

Crittenden and Baines (1986, p.194) state that "the nutritional status of children in 

Papua New Guinea is a combination of a number offactors: food intake, their environment. .. 

as well as disease conditions and the quality of maternal care". Using both longitudinal and 

cross-sectional data of infant, child, and maternal nutrition, disease, growth, mortality and 

maternal activity of individuals from Nembi Plateau, Papua New Guinea, Crittenden and 

Baines (1986) identified a distinct pattern of malnutrition, morbidity, mortality and growth 

disturbance associated with seasonality. These patterns were related to the seasonality of gar

den crops and disease: women's workload increased and food quality and quantity decreased 

during planting in November-February and disease prevalence (i.e. malaria and dysentery) 

increased during the wet season (November-March). Consequently, this resulted in low mean 
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birthweights of children born during the months of February through April, as these individ

uals were in the third trimester of gestation during the period of maternal stress. However, 

although these children had a lower mean birthweight compared to infants born between Au

gust and January they were less susceptible to malnutrition and disease because the months 

of February and July were periods of reduced maternal workload and increased maternal 

food intake while the gardens were producing. In turn, these healthier babies were con

sistently breastfed and better prepared to cope with the period of stress and supplementary 

feeding associated with months of high maternal workload, low maternal food intake and 

high disease stress (Crittenden and Baines, 1986). 

Although the current economic situation on the Nembi Plateau centres on the cultiva

tion of sweet potato for consumption by humans and pigs, this vegetable is a relatively recent 

introduction to the region and other Pacific islands (Ballard et al., 2005). However, sweet 

potato was most likely introduced to the other islands post-19th century A.D. (Allen, 2005). 

The seasonal planting systems (sweet potato is a perennial crop) utilised for mixed gardens 

were based on taro on the Nembi Plateau (Crittenden and Baines, 1986). Moreover, taro was 

the predominant starchy food staple before the introduction of the sweet potato on the Nembi 

Plateau and, as discussed in Chapter 2, cultivation of crops such as taro, yam and breadfruit 

was likely at the sites analysed in this study, especially Taumako and Nebira. Therefore, 

seasonal growth patterns and stress related to climatic variations associated with cultivation 

practices, weaning, and disease prevalence are likely to have occurred in at least the later 

sites, depending on the communities' reliance on starchy root crops. Moreover, the mainly 

vegetarian diet of 'traditional' Pacific Island societies is generally low in protein and can 

be limited in some trace elements such as zinc and iron, depending on the types of starchy 

vegetables and the proportion of accompanying greens, nuts and animal proteins included 

in the diet (Barrau, 1973, 1958; Heywood and Jenkins, 1992; Oomen and Malcolm, 1958; 

Pollock, 1992; Thaman, 1994). Heywood and Jenkins (Heywood and Jenkins, 1992, p.258) 

state "within the general context of food production and food-related beliefs and behaviours 

the most important proximal causes for growth retardation are low levels of nutrient intake, 

low birth weight, and morbidity". 

Furthermore, throughout the Pacific Islands there are diverse food taboos associated 

with the timing of the introduction of supplementary foods and also concerning foods for 

males and females of all ages, including pregnant women (Heywood and Jenkins, 1992; 

Jenkins et al., 1984; Lepowsky, 1985; Oomen and Malcolm, 1958; Pollock, 1992; Tietjen, 

1985). It is difficult to premise what types of food taboos, if any, were practised in Pacific Is

land prehistory. However, it must be recognised that food taboos could potentially play a part 

292 



in patterns of health and disease observed in these populations. In some cases, food taboos of 

pregnant women can be severely restrictive and such practices are associated with concerns 

about large babies causing difficult deliveries (Heywood and Jenkins, 1992). Therefore it 

must be kept in mind that cultural practices, such as food taboos, may actually be the cause 

of stress and may therefore affect the development of LEH. 

5.4 Methods 

Developmental enamel defects were recorded and measured by the method found in Tayles 

(1999) (Table 5.1) for both the deciduous and permanent teeth. Although the assessment of 

both permanent and deciduous teeth of subadults has the potential to introduce a mortality 

bias into subsequent analysis of the dental enamel defects, the inclusion of young subadults 

can also illuminate trends of ill-health during the age of tooth development for these indi

viduals. The teeth were observed macroscopically with both fluorescent and incandescent 

lighting and a magnifying light. Teeth with more than 50% of the tooth worn from dental 

attrition were excluded from the analysis (wear grade 6 and above) (Molnar, 1971a). All 

developmental defects were recorded and the location of the LEH on the tooth was measured 

from the cemento-enamel junction (CEJ). 

Adult and subadult individuals from Teouma (n=34 adults), Uripiv (n=3 adults and 

n=1 subadult), Vao (n=4 adults and n=1 subadult), Watom (n=4 adults), Taumako (n=116 

adults and n=42 subadults) and Nebira (n=27 adults and n=4 subadults) were analysed for 

the current study. Although the data were recorded for all types of dental enamel defects, the 

scope of this thesis was only to assess linear enamel hypoplasia. This assessment included 

linear enamel hypoplasia defined by the presence of discrete horizontal grooves, discrete 

pitted grooves and the combination of the LEH with both roughened enamel and discoloured 

enamel (scores 1, 2, 6 and 7). 

5.4.1 Permanent Teeth 

LEH prevalence was calculated at both the tooth and the individual level, if an individual 

had at least one observable tooth. The assessment of LEH at the tooth level of analyses 

can eliminate problems associated with missing data. As with the stable isotope analyses, 

the mid (35-50) and old (50+) age groups were combined to increase the sample sizes for 

statistical analyses. Young adults were considered to be from 17-34 years of age. It must be 
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Table 5.1: LEH recording scheme. 

Score Type Observation 
0 NoLEH Normal enamel 
I LEH Horizontal, discrete, cont. grooves 
2 LEH Horizontal, discrete, pitted grooves 
3 NonLEH Areas of uneven enamel, usually not pitted but roughened, often on the gingival area and generally with an 

indistinct vertical orientation of the deficiency 
4 NonLEH Discrete areas of missing enamel, generally circular and less then I mm in diameter 
5 NonLEH Discoloured enamel, staining or hypocalcification, brown, usually horizontal, but not continuous across the 

entire buccalllingual surface of tooth 
6 LEH Combination of 1 +3 
7 LEH Combination of 1+5 
8 NonLEH Combination of 3+5 

noted that as a result of the chosen age categories the third molar was actively erupting in 

some circumstances and these teeth were analysed when possible. Subadult LEH prevalence 

was calculated separately and subsequently compared to the adult LEH prevalence. 

The age of the LEH development was not calculated from the position of the defect on 

the tooth as some studies have done (Blakey and Armelagos, 1985; Ensor and Irish, 1995; 

Goodman et al., 1980; King et al., 2002, 2005; Saunders and Keenleyside, 1999). Rather the 

dentition was separated into earlier and later developing teeth to assess general trends in LEH 

formation. These broad age categories generally represent stress that occurred during infant 

(early), childhood (late) and the juvenile life stages (third molar). The types of teeth were 

combined for the maxilla and mandible although it is recognised that mandibular teeth have 

been observed to erupt before the maxillary teeth (Scheuer and Black, 2000). Regardless, 

the general age ranges of the 'earlier' and 'later' forming teeth should account for any small 

discrepancies resulting from variation in tooth formation rates between the arches. 

The incisors and first molar were grouped together as 'early-forming' teeth as the 

crowns of these teeth start to develop from around the time of birth to 2.5 years (Scheuer 

and Black, 2000). The canines, premolars and the second molars were grouped together as 

'late-forming' teeth, ranging in crown development from about 2 to 7 years of age (with the 

exception of the canine). Although the canine spans both the 'earlier' and 'later' tooth for

mation age ranges, as the crown of this tooth type develops from about seven months until 

around 4.4 years, it is included in the 'later' group of teeth. This is because the majority 

of the crown development following the completion of the cusp outline occurs after about 

1.6 years and this is the area where the enamel defects can be observed (Scheuer and Black, 

2000). The third molars were categorised separately from the earlier and later-forming teeth 

as these teeth develop from around 9.5-13 years (Scheuer and Black, 2000). Table 5.2 out

lines the descriptive statistics computed for LEH. 
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Table 5.2: Data recorded for each type of LEH. 

LEH Early-forming LEH Late-forming LEH Third molar LEH 

Overall prevalence by tooth Overall prevalence by tooth Overall prevalence by tooth Overall prevalence by tooth 

Overall prevalence by individual Overall prevalence by individual Overall prevalence by individual Overall prevalence by individual 

Individual prevalence by sex Individual prevalence by sex Individual prevalence by sex Individual prevalence by sex 

Individual prevalence by age Individual prevalence by age Individual prevalence by age Individual prevalence by age 

5.4.2 Deciduous Teeth 

Linear enamel hypoplasia and circular caries were recorded for the anterior and posterior 

teeth of the deciduous dentition and, as for the analysis of the permanent teeth, the preva

lence of LEH was computed at both the tooth and the individual level. Circular caries were 

recorded if a carious lesion was present on the buccal or lingual aspects of the tooth and the 

lesion was associated with a hypocalcification and/or LEH (Cook and Buikstra, 1979). The 

anterior and posterior teeth were analysed separately because the anterior teeth are thought to 

be more sensitive to the formation of enamel hypoplasia than the posterior teeth (Goodman 

et al., 1980). 

For the anterior teeth, the development of the deciduous incisor tooth crowns (cen

tral and lateral) begins between 13-19 weeks post-fertilisation and is complete by about 4 

postnatal months. The deciduous canine tooth crown begins development 17-20 weeks post

fertilisation and is complete around 9 months to 1.4 years old. For the posterior teeth, the 

deciduous first molar crowns start to develop between 14-17 weeks post-fertilisation and are. 

complete between 5 and 9 months old, and the deciduous second molar crowns begin to de

velop between 18-20 weeks post-fertilisation and are complete between 8 months and 1.4 

years after birth (Scheuer and Black, 2000). No attempt was made to estimate the age of the 

formation of either type of lesion from the position on the tooth. However, as circular caries 

form on pre-existing hypoplastic defects that develop during tooth formation, the presence 

of both these lesions and LEH are therefore representative of possible intrauterine stress as 

well as postnatal health (Cook and Buikstra, 1979; Goodman et al., 1987). 

5.4.3 Statistical Analysis of LEH 

Fisher's exact tests were used to analyse differences between the proportion of affected in

dividuals for overall LEH types, early LEH, late LEH, third molar LEH and LEH on the 

deciduous teeth between the samples. If the result of this test was statistically significant 

( <0.05) then the samples were analysed separately with a Fisher's exact test to determine 

which samples showed evidence of a significant difference between the proportion of indi-
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viduals affected by LEH. Fisher's exact tests were used to analyse the differences between 

the sample for overall LEH types, early LEH, late LEH, third molar LEH. 

5.5 Results 

The following results section will first review the results for the deciduous and permanent 

teeth of the subadult and adult dentitions for the each sample and for the sexes and age groups 

within each sample respectively. A comparison of all the samples will be presented after the 

site-specific discussions. As in the other chapters, the Lapita-associated skeletal samples 

will be reviewed first, followed by the more recent samples of Taumako and Nebira. When 

present in a table, early refers to early-forming LEH, late refers to late-forming LEH and 

TM refers to third molar LEH. 

5.5.1 Teouma 

The sample from Teouma is relatively large, but only a small proportion of the teeth were 

available for analysis because of the removal of the skull before interment. No subadult 

teeth were available for analysis as all the subadult individuals were either foetal or perinatal 

individuals. The teeth assessed from the Teouma sample were either from skulls placed 

in graves as secondary burials, or from loose teeth found in the thoracic region of specific 

burials (Buckley et al., 2008). 

Overall, eight of the 149 teeth from the Teouma sample (5.4%) were affected by LEH. 

Six of these defects were located in the later-forming teeth, one was observed in the early 

and one in the third molar teeth respectively. Five of the affected teeth were from females, 

two were from males and one was from an individual of unknown sex (Table 5.3). 

At an individual level, 17.6% of the individuals from Teouma had at least one tooth 

affected by LEH. Of the 14 male individuals, 14.3% were affected by LEH and 17.6% ofthe 

17 female individuals were affected by LEH. Females were proportionally more affected by 

later-forming and third molar LEH, than by early-forming LEH (Table 5.3 and Figure 5.2). 

Using a Fisher's exact test, there was no evidence of a statistically significant difference in 

the proportion of LEH between males and females at Teouma. 

Comparing the teeth from the different age groups, only the teeth from the mid/old 

adults and the adult of unknown age were affected by LEH. At an individual level, five of the 
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Table 5.3: Prevalence ofLEH in the adults from Teouma, by sex. 

BY TOOTH 
OverallLEH 
Overall pop 
Males 
Females 
Unknown sex 
EarlyLEH 
Overall pop 
Males 
Females 
Unknown sex 
LaterLEH 
Overall pop 
Males 
Females 
Unknown sex 
TMLEH 
Overall pop 
Males 
Females 
Unknown sex 

A (affected) and 0 (observed) 
TM (third molar) 

A 0 
8 149 
2 66 
5 66 
1 17 
A 0 
1 59 
I 27 
0 23 
0 9 
A 0 
6 79 
I 36 
4 35 
1 8 
A 0 
1 11 
0 3 
1 8 
0 0 

% 
5.4 
3 
7.6 
5.9 
% 
1.7 
3.7 
0 
0 
% 
7.6 
2.8 
11.4 
12.5 
% 
9.1 
0 
12.5 
0 

INDIVIDUAL 
Overal!LEH A 0 Median 
Overall pop 6 34 0 
Males 2 14 0 
Females 3 17 0 
Unknown sex 1 3 0 
Early LEH A 0 Median 
Overall pop 1 34 0 
Males 1 14 0 
Females 0 17 0 
Unknown sex 0 3 0 
LaterLEH A 0 Median 
Overall pop 4 34 0 
Males 1 14 0 
Females 2 17 0 
Unknown sex 1 3 0 
TMLEH A 0 Median 
Overall pop 1 34 0 
Males 0 14 0 
Females 1 17 0 
Unknown sex 0 3 0 

% 
17.6 
14.3 
17.6 
33.3 
% 
2.9 
7.1 
0 
0 
% 
11.8 
7.1 
11.8 
33.3 
% 
2.9 
0 
5.9 
0 

22 adults of the mid/old age group (22.7%) were affected by LEH; three of these individuals 

showed evidence of LEH on later-forming teeth (Table 5.4 and Figure 5.3). Using a Fisher's 

exact test, there was no evidence of statistically significant difference between the two age 

groups in the proportion of overall LEH, the early, later and third molar LEH respectively. 

Mid-age females were more affected by all types of LEH than mid-age males, and 

in all categories except early-forming LEH. However, the small sample size of the males 

and females when categorised into age groups makes comparisons between groups difficult 

(Table 5.5). 
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Table 5.4: Prevalence of LEH in the adults from Teouma, by age. 

BY TOOTH 
OverallLEH 
Overall pop 
Young 
Mid/Old 
Unknown age 
EarlyLEH 
Overall pop 
Young 
Mid/Old 
Unknown age 
LaterLEH 
Overall pop 
Young 
Mid/Old 
Unknown age 
TMLEH 
Overall pop 
Young 
Mid/Old 
Unknown age 

A (affected) and 0 (observed) 
TM (third molar) 

A 0 
8 149 
0 28 
7 107 
1 14 
A 0 
1 59 
0 14 
1 39 
0 6 
A 0 
6 79 
0 12 
5 61 
1 6 
A 0 
1 11 
0 2 
1 7 
0 2 

% 
5.4 
0 
6.5 
7.1 
% 
1.7 
0 
2.6 
0 
% 
7.6 
0 

16.7 
% 
9.1 
0 
14.3 
0 

INDIVIDUAL 
OverallLEH A 0 Median 
Overall pop 6 34 0 
Young 0 6 0 
Mid/Old 5 22 0 
Unknown age 1 6 0 
EarlyLEH A 0 Median 
Overall pop 1 34 0 
Young 0 6 0 
Mid/Old 1 22 0 
Unknown age 0 6 0 
LaterLEH A 0 Median 
Overall pop 4 34 0 
Young 0 6 0 
Mid/Old 3 22 0 
Unknown age 1 6 0 
TMLEH A 0 Median 
Overall pop 1 34 0 
Young 0 6 0 
Mid/Old 1 22 0 
Unknown age 0 6 0 

% 
17.6 
0 
22.7 
16.7 
% 
2.9 
0 
4.5 
0 
% 
11.8 
0 
13.6 
16.7 
% 
2.9 
0 
4.5 
0 

Table 5.5: Prevalence of LEH in the adult individuals from Teouma, by sex and age. 

Overall LEH MA MO % FA FO 
Young 0 3 0 0 3 
Mid 2 10 20 3 10 
Unknown age 0 1 0 0 4 
Early LEH MA MO % FA FO 
Young 0 3 0 0 3 
Mid 1 10 10 0 10 
Unknown age 0 1 0 0 4 
LateLEH MA MO % FA FO 
Young 0 3 0 0 3 
Mid 1 10 10 2 10 
Unknown age 0 1 0 0 4 
TMLEH MA MO % FA FO 
Young 0 3 0 0 3 
Mid 0 10 0 1 10 
Unknown age 0 1 0 0 4 

MA (males affected), MO (males observed), FA (females affected), FO (females observed) 
TM (third molar) 
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Figure 5.2: Teouma adult LEH prevalence by sex, %of individuals affected. 
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Figure 5.3: Teouma adult LEH prevalence by age, %of individuals affected. 
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Table 5.6: Prevalence of LEH and circular caries in the subadult deciduous dentition from 
Uripiv. 

BY TOOTH A 0 % INDIVIDUAL A 0 % 
Overal!LEH 1 12 8 Overal!LEH 1 1 100 
Anterior LEH 1 8 13 Anterior LEH 1 I 100 
Posterior LEH 0 4 0 Posterior LEH 0 I 0 
Circular caries 0 I 0 overall 0 I 0 

A (affected) and 0 (observed) 

5.5.2 Uripiv 

Lapita-associated Subadult 

Only one of the four Lapita-associated subadults from Uripiv, an 18-month old infant, had 

erupted dentition. Most of the deciduous teeth were erupted, and one tooth was affected by 

LEH (Table 5.6). 

Post-Lapita Individuals 

Of the 48 observable teeth, seven (14.6%) were affected by LEH. Five ofthese defects were 

observed in the later-forming teeth and two were observed in the earlier teeth. In the overall 

sample two of the three individuals showed evidence of LEH in one or more of the teeth 

present. These individuals were a female and an individual of unknown sex. LEH was 

present on the earlier and the later-forming teeth of these two individuals. Both these indi

viduals were of unknown age and therefore LEH could not be analysed by age (Table 5.7). 
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Table 5.7: Prevalence ofLEH in the post-Lapita adults from Uripiv, by sex. 

BY TOOTH 
OverallLEH 
Overall pop 
Males 
Females 
Unknown sex 
EarlyLEH 
Overall pop 
Males 
Females 
Unknown sex 
LaterLEH 
Overall pop 
Males 
Females 
Unknown sex 
TMLEH 
Overall pop 
Males 
Females 
Unknown sex 

A (affected) and 0 (observed) 
TM (third molar) 

A 
7 

4 
3 
A 
2 

1 
1 
A 
5 

3 
2 
A 
0 

0 
0 

0 % 
48 14.6 
0 
26 15.4 
22 13.6 
0 % 
15 13.3 
0 
10 10 
5 20 
0 % 
29 17.2 
0 
15 20 
14 14.3 
0 % 
4 0 
0 
1 0 
3 0 

BY INDIVIDUAL 
OverallLEH A 0 Median % 
Overall pop 2 3 2 66.7 
Males 0 
Females 1 2 2 50 
Unknown sex 1 1 3 100 
Early LEH A 0 Median % 
Overall pop 2 3 1 66.7 
Males 0 
Females 1 2 I 50 
Unknown sex 1 1 1 100 
LaterLEH A 0 Median % 
Overall pop 2 3 I 66.7 
Males 0 
Females 1 2 2 50 
Unknown sex 1 1 2 100 
TMLEH A 0 Median % 
Overall pop 0 3 0 0 
Males 0 
Females 0 2 0 0 
Unknown sex 0 1 0 0 
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Table 5.8: Prevalence of LEH in the Lapita-associated and post-Lapita adults from Vao, by 
sex. 

BY TOOTH 
OverallLEH 
VaoLapita 
Overall Lapita 
Lapita Males 
Lapita Females 
Post-Lapita 
Overall post-Lapita 
Post-Lapita Males 
Post-Lapita Females 
Early LEH 
Lapita 
Overall Lapita 
Lapita Males 
Lapita Females 
Post-Lapita 
Overall post-Lapita 
Post-Lapita Males 
Post-Lapita Females 
LaterLEH 
Lapita 
Overall Lapita 
Lapita Males 
Lapita Females 
Post-Lapita 
Overall post-Lapita 
Post-Lapita Males 
Post-Lapita Females 
TMLEH 
Lapita 
Overall Lapita 
Lapita Males 
Lapita Females 
Post-Lapita 
Overall post-Lapita 
Post-Lapita Males 
Post-Lapita Females 

A (affected) and 0 (observed) 
TM (third molar) 

5.5.3 Vao 

A 
6 
1 
5 
A 
1 

1 

A 
0 
0 
0 
A 
1 

1 

A 
4 
1 
3 
A 
0 

0 

A 
2 
0 
2 
A 
0 

0 

0 % 
66 9.1 
24 4.2 
42 11.9 
0 % 
18 5.6 

18 5.6 

0 % 
20 0 
7 0 
13 0 
0 % 
4 25 

4 25 

0 % 
38 10.5 
14 7.1 
24 12.5 
0 % 
11 0 

11 0 

0 % 
8 25 
3 0 
5 40 
0 % 
3 0 

3 0 

INDIVIDUAL 
OverallLEH 
VaoLapita A 0 Median % 
Overall Pop 3 3 2 100 
Males 1 1 1 100 
Females 2 2 3 100 
Post-Lap ita A 0 Median % 
Overall Pop 1 1 1 100 
Males 
Females 1 1 100 
EarlyLEH 
Lapita A 0 Median % 
Overall Pop 0 3 0 0 
Males 0 1 0 0 
Females 0 2 0 0 
Post-Lapita A 0 Median % 
Overall Pop 1 1 1 100 
Males 
Females 1 1 1 100 
LaterLEH 
Lapita A 0 Median % 
Post-Lapita 3 3 1 100 
Males 1 1 1 100 
Females 2 2 2 100 
Post-Lapita A 0 Median % 
Overall Pop 0 1 0 0 
Males 
Females 0 1 0 0 
TMLEH 
Lapita A 0 Median % 
Overall Pop 1 3 1 33.3 
Males 0 1 0 0 
Females 1 2 1 50 
Post-Lapita A 0 Median % 
Overall Pop 0 1 0 0 
Males 
Females 0 1 0 0 

There were three Lapita-associated adults and two post-Lapita individuals (one young adult 

female and one subadult) available for analysis of LEH from the Vao skeletal sample. The 

subadult individual was not affected by LEH. 

Of the 66 teeth present from the Lapita-associated dentitions six showed evidence of 

LEH. Four of these defects were observed on the later-forming teeth and one on a third molar 

tooth. Only one of the 18 post-Lapita teeth was affected by LEH and this was a later-forming 

tooth. All three of the Lapita associated individuals and the one post-Lapita individual were 

affected by LEH (Table 5.8 and Table 5.9) 
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Table 5.9: Prevalence of LEH in the Lapita-associated adults from Vao, by age. 

OverallLEH 
BY TOOTH LEH Total teeth % 
Overall 6 66 9.1 
Young 4 48 8.3 
Mid 2 18 11.1 
BYINDIVID LEH Total individual % 
Overall 3 3 lOO 
Young 2 2 lOO 
Mid 1 1 lOO 
EarlyLEH 
BY TOOTH Early LEH Total teeth % 
Overall 0 20 0 
Young 0 15 0 
Mid 0 5 0 
BYINDIVID EarlyLEH Total individual % 
Overall 0 3 0 
Young 0 2 0 
Mid 0 1 0 
LaterLEH 
BY TOOTH LateLEH Total teeth % 
Overall 4 38 10.5 
Young 2 28 7.1 
Mid 2 10 20 
BYINDIVID LateLEH Total individual % 
Overall 3 3 lOO 
Young 2 2 lOO 
Mid 1 1 lOO 
TMLEH 
BY TOOTH Third molar LEH Total teeth % 
Overall 2 8 25 
Young 2 5 40 
Mid 0 3 0 
BYINDIVID Third molar LEH Total individual % 
Overall 1 3 33.3 
Young 1 2 50 
Mid 0 1 0 
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Table 5.10: Prevalence ofLEH in the adults from Watom, by sex. 

BY TOOTH 
OverallLEH 
Overall pop 
Males 
Females 
Unknown sex 
Early LEH 
Overall pop 
Males 
Females 
Unknown sex 
LateLEH 
Overall pop 
Males 
Females 
Unknown sex 
TMLEH 
Overall pop 
Males 
Females 
Unknown sex 

A (affected) and 0 (observed) 
TM (third molar) 

5.5.4 Watom 

A 
14 
6 
8 
0 
A 
7 
4 
3 
0 
A 
7 
2 
5 
0 
A 
0 
0 
0 
0 

0 % 
78 17.9 
23 26.1 
54 14.8 
1 0 
0 % 
28 25 
7 57.1 
20 15 
1 0 
0 % 
42 16.7 
13 15.4 
29 17.2 
0 
0 % 
8 0 
3 0 
5 0 
0 

INDIVIDUAL 
Overall LEH A 0 Median 
Overall pop 2 4 3 
Males 1 1 6 
Females 1 2 4 
Unknown sex 0 1 0 
EarlyLEH A 0 Median 
Overall pop 2 4 1.5 
Males 1 1 4 
Females 1 2 1.5 
Unknown sex 0 1 0 
LaterLEH A 0 Median 
Overall pop 2 4 1 
Males 1 1 2 
Females 1 2 2.5 
Unknown sex 0 1 0 
TMLEH A 0 Median 
Overall pop 0 4 0 
Males 0 1 0 
Females 0 2 0 
Unknown sex 0 1 0 

% 
50 
100 
50 
0 
% 
50 
100 
50 
0 
% 
50 
100 
50 
0 
% 
0 
0 
0 
0 

Of the 78 teeth available for analysis, 14 were affected by LEH ( 17.9%), and more male 

teeth (26.1 %) than female teeth (14.8%) were affected overall. The same number of later 

and earlier-forming teeth was affected by LEH in the Watom adults, although there were 

more later-forming teeth present in the sample. Two of the four individuals from Watom, 

one male and one female, were affected by LEH. Both these individuals were affected by 

earlier and later LEH (Table 5.10). 

Only the older adults and the adults of unknown age were affected by LEH. Both the 

early and later-forming teeth, but not the third molar teeth, were affected by LEH (Table 

5.11). 
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Table 5.11: Prevalence ofLEH in the adults from Watom, by age. 

BY TOOTH 
OverallLEH 
Overall pop 
Young 
Old 
Unknown age 
EarlyLEH 
Overall pop 
Young 
Old 
Unknown age 
LaterLEH 
Overall pop 
Young 
Old 
Unknown age 
TMLEH 
Overall pop 
Young 
Mid 
Unknown age 

A (affected) and 0 (observed) 
TM (third molar) 

A 
14 
0 
8 
6 
A 
7 
0 
3 
4 
A 
7 
0 
5 
2 
A 
0 
0 
0 
0 

0 % 
78 17.9 
23 0 
31 25.8 
24 25 
0 % 
28 25 
9 0 
11 27.3 
8 50 
0 % 
42 16.7 
13 0 
16 31.3 
13 15.4 
0 % 
8 0 
1 0 
4 0 
3 0 

INDIVIDUAL 
OverallLEH A 0 Median 
Overall pop 2 4 3 
Young 0 1 0 
Old 1 1 8 
Unknown age 1 2 3 
Ear1yLEH A 0 Median 
Overall pop 2 4 1.5 
Young 0 1 0 
Old I I 3 
Unknown age I 2 2 
LaterLEH A 0 Median 
Overall pop 2 4 1 
Young 0 1 0 
Old I 1 5 
Unknown age 1 2 1 
TMLEH A 0 Median 
Overall pop 0 4 0 
Young 0 1 0 
Old 0 1 0 
Unknown age 0 2 0 
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Table 5.12: Prevalence ofLEH in the subadult deciduous dentitions from Taumako. 

BY TOOTH A 0 % INDIVIDUAL A 0 Median % 
Overall ages 18 182 9.9 Overall ages 6 42 0 14.3 
0.1-3 years 15 136 11 0.1-3 4 27 0 14.8 
4 to 16 years 3 46 6.5 4to 16 2 15 0 13.3 
Anterior A 0 % Anterior A 0 Median % 
Overall ages 13 110 11.8 Overall ages 5 42 0 11.9 
0.1-3 years 12 87 13.8 0.1-3 4 27 0 14.8 
4 to 16 years 1 23 4.3 4to 16 1 15 0 6.7 
Posterior A 0 % Posterior A 0 Median % 
Overall ages 5 72 6.9 Overall ages 3 42 0 7.1 
0.1-3 years 3 49 6.1 0.1-3 1 27 0 3.7 
4 to 16 years 2 23 8.7 4to 16 2 15 0 13.3 

A (affected) and 0 (observed) 

5.5.5 Taumako 

Taumako Subadults, Deciduous Teeth 

The subadult individuals from Taumako were separated into two age groups; 0.1-3 and 4-16 

years of age. All the deciduous teeth of the subadult individuals were assessed for LEH and 

circular caries. Of the 182 deciduous teeth assessed, 18 showed evidence of LEH (Table 

5.12). Overall six individuals were affected by LEH, four of whom were in the 0.1-3 year 

age group and two in the 4-16 year age group. There is evidence that the anterior teeth were 

more affected by LEH than the posterior teeth: overall11.8% of the anterior teeth showing 

evidence of LEH compared to 6.9% of the posterior teeth. This trend continued when the 

individuals were assessed, with 11.6% of the subadult individuals with LEH on the anterior 

teeth compared to 7.0% of the subadult individuals who showed evidence of LEH on the 

posterior teeth. The anterior teeth were more affected by LEH in the younger age group, 

while the posterior teeth were more affected by LEH in the older age group. This could be 

a reflection of the time of stress, or it may be a result of the small sample size of subadult 

individuals. A Fisher's exact test showed no evidence of a statistically significant difference 

between the two subadult age groups in the proportions of individuals affected in any location 

(anterior or posterior). 

Figure 5.4 details the prevalence of LEH and circular caries in the deciduous teeth of 

the subadults from Taumako. Circular caries were present only in the younger age group with 

17.9% of individuals aged 0.1-3 years were affected. Of the 136 deciduous teeth belonging 

to 0.1-3 year olds, 12 teeth showed evidence of circular caries (Table 5.13). However, using 

a Fisher's exact, there was no evidence of difference in the proportion of individuals affected 

by circular caries between the two age groups. 
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Table 5.13: Prevalence of circular caries in the subadult deciduous dentition from Taumako. 

BY TOOTH A 0 % INDIVIDUAL A 0 
Overall Ages 12 182 6.6 Overall Ages 5 42 
0.1-3 years 12 136 8.8 0.1-3 5 27 
4 to 16 years 0 46 0 4to 16 0 15 

A (affected) and 0 (observed) 
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Figure 5.4: Taumako subadult LEH prevalence in the deciduous dentition, % of individuals 
affected. 

Taumako Subadults, Permanent Teeth 

Almost 50% of the permanent teeth of the subadults showed evidence of LEH; a higher 

percentage (57.3%) of the LEH was located on the later-forming teeth (canines, premolars 

and second molars) compared to the earlier-forming teeth (incisors and first molars) (36.8% ). 

Of the 15 subadult individuals that had permanent teeth present, 73.3% showed evidence of 

LEH; 66.7% of these individuals showed evidence of later-forming LEH and 46.7 showed 

evidence of early-forming LEH. The median (50th percentile) was only one tooth affected by 

LEH per mouth, which suggests that few individuals had evidence of more than one defect 

(Table 5.14). 
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Table 5.14: Prevalence of LEH in the permanent subadult dentition from Taumako. 

BY TOOTH A 0 % INDIVIDUAL A 0 Median 
OverallLEH 64 135 47.4 Overal!LEH 11 15 1 
Early LEH 21 57 36.8 EarlyLEH 7 15 0 
LateLEH 43 75 57.3 LateLEH 10 15 1 

A (affected) and 0 (observed) 
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Table 5.15: Prevalence ofLEH in the adults from Taumako, by sex. 

BY TOOTH 
OverallLEH 
Overall pop 
Males 
Females 
Unknown sex 
EarlyLEH 
Overall pop 
Males 
Females 
Unknown sex 
LaterLEH 
Overall pop 
Males 
Females 
Unknown sex 
TMLEH 
Overall pop 
Males 
Females 
Unknown sex 

A (affected) and 0 (observed) 
TM (third molar) 

Taumako Adults 

A 0 
366 1679 
132 781 
229 874 
5 24 
A 0 
118 634 
38 303 
79 320 
1 11 
A 0 
232 856 
90 382 
138 462 
4 12 
A 0 
16 189 
4 96 
12 92 
0 1 

% 
21.8 
16.9 
26.2 
20.8 
% 
18.6 
12.5 
24.7 
9.1 
% 
27.1 
23.6 
29.9 
33.3 
% 
8.5 
4.2 
13 
0 

INDIVIDUAL 
OverallLEH A 0 Median 

Overall pop 77 116 1 
Males 35 46 2 
Females 38 54 2 
Unknown sex 4 16 0 
EarlyLEH A 0 Median 

Overall pop 47 116 0 
Males 19 46 0 
Females 27 54 0.5 
Unknown sex 1 16 0 
LaterLEH A 0 Median 
Overall pop 64 116 1 
Males 28 46 1 
Females 33 54 1 
Unknown sex 3 16 0 
TMLEH A 0 Median 

Overall pop 12 116 0 
Males 3 46 0 
Females 9 54 0 
Unknown sex 0 16 0 

% 
66.4 
76.1 
70.4 
25 
% 
40.5 
41.3 
50 
6.3 
% 
55.2 
60.9 
61.1 
18.8 
% 
10.3 
6.5 
16.7 
0 

Of the 1679 adult teeth available for analysis, 21.8% showed evidence ofLEH (Table 5.15). 

Later-forming LEH affected the highest proportion of teeth (27.1 %) and individuals (55.2%), 

compared to earlier-forming LEH and LEH on third molar teeth. When the sexes were 

compared, female teeth were consistently more affected by LEH than male teeth for the 

overall prevalence, anterior, posterior and third molar LEH. 

Overall, 66.4% of the 116 adult individuals had at least one tooth with LEH (Table 

5.15). When the prevalence ofLEH was assessed at an individual level for each type ofLEH 

(early, late and third molar) the females were found to be consistently more affected by LEH 

than the males (Figure 5.5). Using a Chi-squared analysis to compare the sexes, there was no 

evidence of a statistically significant difference in the proportion of individuals affected by 

LEH. The median (50th percentile) for both males and females was two defects per mouth 

for overall LEH. Both male and female individuals had higher median values for the number 

of later-forming defects per mouth compared to the earlier-forming and third molar tooth 

LEH (Table 5.15). 

When the age categories were compared, the teeth of the younger adults showed ev

idence of a higher incidence of LEH than the mid/old age group (Table 5.16). With the 

exception of the later-forming LEH, the younger individuals were proportionally more af

fected by LEH than the mid/old age group. The proportion of individuals with evidence of at 
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Figure 5.5: Taumako adult LEH prevalence by sex, % of individuals affected. 

least one early-forming defect per mouth was almost identical for the two age groups. Using 

a Chi-squared test to analyse the age groups, there was no evidence of a significant difference 

between the proportion of individuals affected by LEH overall, or for each type (early, late 

and third molar) . 

At an individual level, when each sex was assessed by age group, there was evidence 

that young females were more affected by LEH than young males, with the exception of 

early-forming LEH (Figure 5.6). Overall there was evidence that the mid/old males were 

more affected by LEH than the females, but when the prevalence of early, late and third 

molar LEH was analysed, mid/old females were consistently more affected by these types of 

LEH than the males of the same age group (Table 5.17). 
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Table 5.16: Prevalence ofLEH in the adults from Taumako, by age. 

BY TOOTH 
OverallLEH 
Overall pop 
Young 
Mid/Old 
Unknown age 
EarlyLEH 
Overall pop 
Young 
Mid/Old 
Unknown age 
LaterLEH 
Overall pop 
Young 
Mid/Old 
Unknown age 
TMLEH 
Overall pop 
Young 
Mid/Old 
Unknown age 

A (affected) and 0 (observed) 
TM (third molar) 

A 0 
366 1679 
248 972 
113 681 
5 26 
A 0 
118 634 
76 360 
42 263 
0 11 
A 0 
232 856 
161 498 
66 344 
5 14 
A 0 
16 189 
11 114 
4 74 
0 1 

% 
21.8 
25.5 
16.6 
19.2 
% 
18.6 
21.1 
16 
0 
% 
27.1 
32.3 
19.2 
35.7 
% 
8.5 
9.6 
5.4 
0 

INDIVIDUAL 
OverallLEH A 0 Median 
Overall pop 77 116 1 
Young 41 55 2 
Mid/Old 32 48 1 
Unknown age 4 13 0 
Early LEH A 0 Median 
Overall pop 47 116 0 
Young 28 55 1 
Mid/Old 19 48 0 
Unknown age 0 13 0 
LaterLEH A 0 Median 
Overall pop 64 116 1 
Young 32 55 1 
Mid/Old 28 48 1 
Unknown age 4 13 0 
TMLEH A 0 Median 
Overall pop 12 116 0 
Young 8 55 0 
Mid/Old 4 48 0 
Unknown age 0 13 0 

% 
66.4 
74.5 
66.7 
30.8 
% 
40.5 
50.9 
39.6 
0 
% 
55.2 
58.2 
58.3 
30.8 
% 
10.3 
14.5 
8.3 
0 

Table 5.17: Prevalence of LEH in the adult individuals from Taumako, by sex and age. 

OverallLEH MA MO % FA FO 
Young 20 27 74.1 21 28 
Mid/Old 14 18 77.8 14 26 
Unknown age 1 1 100 0 
EarlyLEH MA MO % FA FO 
Young 14 27 51.9 14 28 
Mid/Old 5 18 27.8 13 26 
Unknown age 0 1 0 0 
LateLEH MA MO % FA FO 
Young 14 27 51.9 18 28 
Mid/Old 8 18 44.4 14 26 
Unknown age 1 1 100 0 
TMLEH MA MO % FA FO 
Young 3 27 11.1 5 28 
Mid/Old 0 18 0 4 26 
Unknown age 0 1 0 0 

MA (males affected), MO (males observed), FA (females affected), FO (females observed) 
TM (third molar) 
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Figure 5.6: Taumako adult LEH prevalence by sex and age, % of individuals affected. 
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Adult and Subadult Comparisons at Taumako 

Using a Chi-squared test there was evidence of a significant difference between the propor

tion of subadults with at least one permanent tooth affected by any type of LEH (x2=30.70, 

p=<0.001, subadults=73.3%, adults=66.4% ), early-forming LEH (x2=11.47, p=O.OOl, subadults=46.7%, 

adults=40.5%) and late-forming LEH (x2=23.41,p=<0.001, subadults=66.7%, adults=55.2%) 

compared to the adult individuals. The subadults showed evidence of a higher proportion of 

individuals affected by all types of LEH than the overall sample ( 6.9% ). This trend continued 

for the adult age groups when compared to the subadults, with the exception of the young 

adult group which had a slightly higher proportion of individuals affected by all types of 

LEH (2%) and early-forming LEH (4.2%) compared to the proportion of affected subadults 

(Figure 5.7). 
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Figure 5.7: Taumako LEH prevalence by age, adults and subadults (permanent dentition 
only), % of individuals affected. 
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Table 5.18: Prevalence of LEH in the permanent subadult dentition from Nebira. 

BY TOOTH A 0 % INDIVIDUAL A 0 Median % 
OveraiLEH 29 98 29.6 OveraiLEH 4 5 2 80 
Early LEH 11 41 26.8 Early LEH 3 5 I 60 
LaterLEH 16 57 28.1 LaterLEH 3 5 I 60 

A (affected) and 0 (observed) 

5.5.6 Nebira 

Nebira Subadults 

All the subadults from Nebira were adolescents and therefore only permanent teeth were 

available for analysis. Overall, 29.6% of the 98 observed teeth were affected by LEH. The 

proportions of teeth affected by early and late-forming LEH were similar at 26.8% and 28.1% 

respectively. There were only five subadults available for analysis, four of whom were af

fected by LEH overall, three of these by early-forming LEH, and three by late-forming LEH 

(Table 5.18). 

Nebira Adults 

Of the 568 teeth from the Nebira adult individuals, 95 showed evidence of LEH, resulting 

in a 16.7% prevalence rate of LEH in the overall sample overall. Proportionally more later

forming teeth were affected by LEH (17.7%) than the earlier-forming teeth and the third 

molar teeth (15.0% and 16.9% respectively). For the overall LEH and for all the LEH types, 

the female teeth were proportionally more affected than the male teeth (Table 5.19). 

A similar trend was found when the 27 adult individuals with observable dentition 

were analysed. Of these individuals, 77.8% of the adult sample had evidence of LEH on at 

least one tooth. As with the tooth analysis, female individuals were more affected by LEH 

for LEH overall and for each type of LEH, with the exception of later-forming LEH (Table 

5.19 and Figure 5.8). The male and female individuals were equally affected by LEH in 

later-forming teeth. There was no evidence of a statistically significant difference between 

the males and the females when the overall LEH and the LEH types were analysed using a 

Fisher's exact test. 

The teeth from the younger age group were proportionally more affected by LEH than 

teeth from the older age group within the sample. However, when analysed at an individual 

level, the opposite trend was observed, with the mid-age (there were no old individuals in 
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Table 5.19: Prevalence ofLEH in the adults from Nebira, by sex. 

BY TOOTH 
OverallLEH 
Overall pop 
Males 
Females 
EarlyLEH 
Overall pop 
Males 
Females 
LaterLEH 
Overall pop 
Males 
Females 
TMLEH 
Overall pop 
Males 
Females 

A (affected) and 0 (observed) 
TM (third molar) 

A 0 
95 568 
39 331 
56 237 
A 0 
28 187 
12 109 
16 78 
A 0 
56 316 
24 181 
32 135 
A 0 
11 65 
3 41 
8 24 

% 
16.7 
11.8 
23.6 
% 
15 
11 
20.5 
% 
17.7 
13.3 
23.7 
% 
16.9 
7.3 
33.3 

INDIVIDUAL 
OveralJLEH A 0 Median 
Overall pop 21 27 2 
Males 11 15 2 
Females 10 12 3 
Early LEH A 0 Median 
Overall pop 13 27 0 
Males 6 15 0 
Females 7 12 1 
LaterLEH A 0 Median 
Overall pop 18 27 2 
Males 10 15 2 
Females 8 12 2 
TMLEH A 0 Median 
Overall pop 7 27 0 
Males 2 15 0 
Females 5 12 0 

% 
77.8 
73.3 
83.3 
% 
48.1 
40 
58.3 
% 
66.7 
66.7 
66.7 
% 
25.9 
13.3 
41.7 

the sample) group showing a higher proportion of affected individuals than the young age 

group for LEH overall and the LEH types individually except the third molar LEH. This 

was probably the result of young individuals having more LEH per mouth than the mid age 

individuals. For the LEH overall, the young individuals had a median of 4.5 defects per 

mouth, whereas the mid/old individuals had a median of 2. Both the young age individuals 

had the highest median values for the later-forming LEH (median 3) compared to earlier 

and third molar LEH (Table 5.20). Using a Fisher's exact test to compare the proportion 

of individuals affected with LEH in each age group, there was no evidence of a significant 

difference in the prevalence of LEH between the two groups. 

At an individual level, when the males and females were analysed by age group, the 

females had a higher proportion of individuals affected by LEH overall and by the different 

types of LEH than the young males. However, the mid-age males had a higher proportion of 

affected individuals for the overall LEH and late-forming LEH, than the mid and young-age 

females, and an identical proportion of affected individuals for early-forming and third molar 

LEH compared to mid-age females (Table 5.21 and Figure 5.9). However, it is recognised 

the sample sizes were very small and may not be representative of the original sample at 

Nebira. 

Nebira Adult and Subadult Comparisons 

Comparisons between the proportion of subadult and adult individuals affected by at least 

one defect in the permanent dentition shows that, overall, subadults were more affected by 
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Table 5.20: Prevalence of LEH in the adults from Nebira, by age. 

BY TOOTH 
Overall LEH 
Overall pop 
Young 
Mid 
Unknown age 
EarlyLEH 
Overall pop 
Young 
Mid 
Unknown age 
LaterLEH 
Overall pop 
Young 
Mid 
Unknown age 
TMLEH 
Overall pop 
Young 
Mid 
Unknown age 

A (affected) and % (% of total caries) 
TM (third molar) 

A 0 
95 568 
52 212 
43 322 
0 34 
A 0 
28 187 
13 71 
15 102 
0 14 
A 0 
56 316 
32 121 
24 179 
0 16 
A 0 
11 65 
7 20 
4 41 
0 4 

% 
16.7 
24.5 
13.4 
0 

% 
15 
18.3 
14.7 
0 
% 
17.7 
26.4 
13.4 
0 
% 
16.9 
35 
9.8 
0 

INDIVIDUAL 
OverallLEH A 0 Median 

Overall pop 21 27 2 
Young 8 10 4.5 
Mid 13 15 2 
Unknown age 0 2 0 

Early LEH A 0 Median 
Overall pop 13 27 0 
Young 4 10 0 
Mid 9 15 1 
Unknown age 0 2 0 
LaterLEH A 0 Median 
Overall pop 18 27 2 
Young 7 10 3 
Mid 11 15 1 
Unknown age 0 2 0 
TMLEH A 0 Median 

Overall pop 7 27 0 
Young 4 10 0 
Mid 3 15 0 
Unknown age 0 2 0 

% 
77.8 
80 
86.7 
0 
% 
48.1 
40 
60 
0 
% 
66.7 
70 
73.3 
0 
% 
25.9 
40 
20 
0 

Table 5.21: Prevalence of LEH in the adult individuals from Nebira, by sex and age. 

OverallLEH MA MO % FA FO 
Young 2 3 66.7 6 7 
Mid 9 10 90 4 5 
Unknown age 0 2 0 NIA 0 
EarlyLEH MA MO % FA FO 

Young 0 3 0 4 7 
Mid 6 10 60 3 5 
Unknown age 0 2 0 NIA 0 
LateLEH MA MO % FA FO 

Young 2 3 66.7 5 7 
Mid 8 10 80 3 5 
Unknown age 0 2 0 NIA 0 
TMLEH MA MO % FA FO 
Young 0 3 0 4 7 
Mid 2 10 20 1 5 
Unknown age 0 2 0 NIA 0 

MA (males affected), MO (males observed), FA (females affected), FO (females observed) 
TM (third molar) 
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Figure 5.8: Nebira adult LEH prevalence by sex, % of individuals affected. 
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LEH. However, when the data were analysed by LEH type, the adults were proportionally 

more affected by LEH for the earlier and later-forming LEH than the subadult individuals 

(Figure 5.10). The small sample size of the subadult individuals (n=5) makes interpretation 

of these data difficult. Additionally, although the median for overall LEH per mouth was 

the same for the adults and subadults (2), the median for late-forming LEH per adult mouth 

was 2, compared to a median of 1 for late-forming LEH per mouth in the subadults. How

ever, using a Fisher's exact test, there was no evidence of statistically significant difference 

between the proportions of affected subadults compared to the adults for overall, earlier or 

later-forming LEH. 
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Figure 5.9: Nebira adult LEH prevalence by sex and age, %of individuals affected. 
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Figure 5.10: Nebira LEH prevalence by age, adults and subadults (permanent dentition 
only), % of individuals affected. 
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Table 5.22: Comparison ofLEH prevalence in Taumako and Nebira subadult permanent den
tition. 

Unit Taumako Nebira 
Permanent teeth A I 0 1% A I 0 I % 
Tooth 64 l135 I 47 29 I 98 I 30 
Individual 11 15 73 4 5 80 

A (affected) and 0 (observed) 

5.5.7 Comparisons Between Samples 

The varying demographic profiles of the six different cemetery samples make direct com

parisons of LEH prevalence difficult. Subadult individuals were present in four of the six 

samples (Taumako, Nebira, Uripiv and Vao ). With the exception of Taumako, the sub adult 

sample sizes were all less than five individuals. The adult sample sizes were larger for Tau

mako (n=l16), Nebira (n=27) and Teouma (n=34); however the Watom, Uripiv and Vao 

samples each comprised four or fewer individuals with dentition present for analysis. 

Subadults 

Taumako was the only sample with subadult individuals affected by LEH and circular caries 

in the deciduous dentition. However, there was no evidence of a statistically significant 

difference in the proportion of individuals affected by either LEH or circular caries between 

the four subadult skeletal samples with observable deciduous dentition (Table 5.22). 

Using a Fisher's exact test, there was evidence of a statistically significant difference 

between the Nebira and Taumako samples in the proportion of individuals affected by LEH 

in the permanent teeth (p=0.015). There was also evidence of a statistically significant differ

ence between Nebira and Taumako (p=0.042) with regard to the early-forming LEH (Figure 

5.11). 
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Table 5.23: Comparison of overall LEH prevalence in adult individuals between all the skele
tal samples. 

Unit Teouma Watom LAVao PLVao PL Uripiv Taumako Nebira 

OverallLEH AIO I% A I o I % A I 0 I% A I 0 I% A I 0 I% A IO I% A I 0 I% 

Tooth 8 
1

149 I s 14 I 78 
1

18 6 I 66 I 9 1 
1

18 I 6 7 I 48 
1

15 366 
1

1679 I 22 95 I 568 
1

17 
Individual 6 34 18 2 4 50 3 3 100 1 1 100 2 3 67 77 116 66 21 27 78 

A (affected) and 0 (observed) 
LA (Lapita-associated) and PL (post-Lapita) 

Table 5.24: Comparison of overall LEH prevalence in adult male individuals between all the 
skeletal samples. 

Unit Teouma Watom LAVao PLVao PL Uripiv Taumako Nebira 

LEHMales A I o I% A I o I% A I o I% AIOI% AIOI% A 10 1% A I 0 1% 
Tooth 2 I 66 I 3 6123126 1 I 24 I 4 ~ I ~ I ~ I ~ I 132 I 781 l17 39 I 331 l12 
Individual 2 14 14 6 6 100 1 1 100 35 46 76 11 15 73 

A (affected) and 0 (observed) 
LA (Lapita-associated) and PL (post-Lapita) 

Adults 

Descriptive statistics for the overall samples, males and females, are located in Table 5.23, 

Table 5.24 and Table 5.25. Overall the proportion of LEH was higher at Taumako than the 

other samples at the tooth level of analysis (Figure 5.12). Teouma had the lowest proportion 

of LEH at both the tooth and individual level of analysis of all the samples. A comparison of 

the larger (Taumako, Teouma and Nebira) and the smaller samples (Vao, Watom and Uripiv) 

was difficult, especially at the individual level. Therefore only the three largest samples are 

included in the graph showing the proportion of individuals affected by LEH (Figure 5.13). 

When the proportion of individuals affected by LEH was compared between the sam

ples for overall LEH, there was evidence of a statistically significant difference between 

all the samples (p=<0.001) (Table 5.26). When the samples were analysed by pairs, the 

Teouma and Taumako, Teouma and Nebira, and Teouma and Lapita-associated individuals 

Table 5.25: Comparison of overall LEH prevalence in adult female individuals between all 
the skeletal samples. 

Unit Teouma Watom LAVao PLVao PL Uripiv Taumako Nebira 

LEHFemales A I 0 I% A I 0 I% A I o I% A I o I% A I 0 I% A IO I% A I 0 I% 
Tooth s I 66 I 8 8 I 54 

1
15 5 I 42l12 1 

1
18 I 6 4 I 26 

1
15 229 I 874 J 26 56 I 237 I 24 

Individual 3 17 18 1 2 50 2 2 100 1 1 100 1 2 50 38 54 70 10 12 83 

A (affected) and 0 (observed) 
LA (Lapita-associated) and PL (post-Lapita) 
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Figure 5.12: All population comparison of adult LEH prevalence, % of teeth affected. 

Table 5.26: Fisher's exact p values for the significant differences between individuals af
fected by LEH among the six skeletal samples. 

Overall LEH < .001 
Pop Comp. Taumak:o Nebira Teouma Watom Vao Lapita 
Nebira ns 
Teouma < .001 < .001 
Watom ns ns ns 
Vao Lapita ns ns 0.011 ns 
Uripiv (post-Lapita) ns ns ns ns ns 

from Vao showed evidence of a statistically significant difference in the proportions of in

dividuals affected by LEH, with Teouma consistently displaying the lowest proportion of 

individuals affected by LEH (Table 5.26). Similar results were found when the proportion of 

LEH-affected individuals was compared by sex (Table 5.27 and Table 5.28). 

When the proportion of early-forming LEH was compared between the samples, there 

was evidence of a significant difference between the samples overall (p=< 0.001) and be

tween Teouma and Taumako (p=<O.OOl), Teouma and Nebira (p=<0.001), Watom and 

Teouma (p=0.025), and Uripiv and Teouma (p=0.025). There was no evidence of a dif

ference between the proportions of males from different samples affected by early-forming 

LEH. However, when the proportion of early-forming LEH was compared across the samples 

of females there was a significant difference (p=< 0.001), and between those from Taumako 

and Teouma (p=< 0.001), and Teouma and Nebira (p=< 0.001). 
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Figure 5.13: Teouma, Taumako and N ebira comparison of adult LEH prevalence, % of indi
viduals affected. 

Table 5.27: Fisher's exact p values for the significant differences between male individuals 
affected by LEH among the six skeletal samples. 

Males < .001 
Pop Comp. Taumako Nebira Teouma Watom Vao Lapita 
Nebira ns 
Teouma <.001 0.003 
Watom ns ns ns 
Vao Lapita ns ns ns NIA 
Uripiv (post-Lapita) ns ns ns ns ns 

There was also a significant difference in the proportion of individuals affected by 

later-forming LEH across the samples (p=< 0.001), with evidence of significant differences 

between Teouma and Taumako (p=<O.OOl), Teouma and Nebira (p=<0.001) and Lapita

associated Vao and Teouma (p=0.005). The males (p=O.OOl) and the females (p=O.OOl) 

also showed evidence of a difference in the proportions of individuals affected by later

forming LEH. Teouma and Taumako (p=:SO.OOl) and Teouma and Nebira (p=0.002) showed 

evidence of a significant difference in the proportions of males affected by later-forming 

LEH. Additionally, the difference in the proportion of females affected by later-forming 

LEH between Teouma and Taumako (p=<0.001), Teouma and Nebira (p=0.005), and Lapita

associated Vao and Teouma (p=0.035) was statistically significant. There was no evidence 

of a difference in the proportion of individuals affected by third molar tooth LEH across the 
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Table 5.28: Fisher's exact p values for the significant differences between female individuals 
affected by LEH among the six skeletal samples. 

Females <.001 
Pop Comp. Taumako Nebira Teouma Watom VaoLapita 
Nebira ns 
Teouma <.001 0.001 
Watom ns ns ns 
Vao Lapita ns ns ns ns 
Uripiv (post-Lapita) ns ns ns ns ns 

samples. 
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Table 5.29: Teouma male and female LEH comparison. 

Teouma Males Females 
LEH Lower Higher 
EarlyLEH Higher Lower 
LateLEH Lower Higher 
Third Molar LEH Lower Higher 

5.5.8 LEH Summary 

At Teouma, a higher proportion of female individuals and teeth were affected by LEH than 

male individuals and teeth, which may suggest that females may have been exposed to more 

environmental stress than the males at the site (Table 5.29). The females were proportionally 

more affected by later-forming and third molar LEH than the males. The comparatively 

low prevalence of LEH at Teouma and the smaller proportion of individuals affected by 

LEH compared to the other samples may 1) be a result of the small sample size of teeth, 

2) be representative of a subadult period relatively free from environmental stress or 3) may 

actually be a result of a high mortality during subadulthood resulting in few individuals with 

evidence of stress (Goodman, 1993; Wood et al., 1992). 

The post-Lapita individuals from Uripiv had a proportion of teeth affected by LEH 

similar to those at Watom and Nebira. One of the two post-Lapita females from the site 

was affected by both early and late-forming LEH, although a higher proportion of her teeth 

were affected by late-forming LEH. The one Lapita-associated individual from Uripiv also 

had evidence of LEH. As with Watom and Vao, the small sample size of the Lapita and 

post-Lapita individuals from Uripiv makes meaningful interpretations of the data difficult. 

Although all the Lapita-associated individuals from Vao were affected by LEH, a 

smaller proportion of their teeth were affected compared to the other samples (with the ex

ception of Teouma). Of the Lapita-associated individuals, the female teeth were proportion

ally more affected than the male teeth. For both sexes, the later-forming teeth were affected 

by LEH, but not the earlier-forming teeth, and the females were also affected by LEH on 

their third molar teeth. This pattern of LEH expression suggests that environmental stress 

occurred primarily during early childhood for both the sexes, and females were also stressed 

during adolescence. The one post-Lapita female showed evidence of LEH on both the ear

lier and later-forming teeth. However, the small sample size precludes any truly meaningful 

inferences regarding the timing of environmental stress on Vao. 

The similar proportion of teeth and individuals affected by LEH at Watom suggests that 

environmental stress at the site was comparable between the sexes during subadulthood. For 
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Table 5.30: Taumako male and female LEH comparison. 

Taumako Males Females 
LEH Higher Lower 
EarlyLEH Lower Higher 
LateLEH Similar Similar 
Third Molar LEH Lower Higher 

Table 5.31: Taumako survivor (adults) and non-survivor (subadults) LEH comparison. 

Taumako Survivor Non-survivor 
LEH* Lower Higher 
EarlyLEH Lower Higher 
LateLEH Lower Higher 

• permanent teeth 

earlier-forming teeth, a higher proportion of male teeth were affected by LEH than female 

teeth, but for the later-forming teeth a similar proportion were affected by LEH between the 

sexes. However, the small sample size makes any type of inference regarding the timing of 

environmental stress between the sexes rather tentative. 

The high proportion of adult individuals (both male and female) affected by LEH at 

Taumako may suggest that this sample was undergoing some type of environmental stress 

during childhood (Table 5.30). A higher proportion of the adult individuals had LEH present 

on later-forming teeth than on earlier-forming teeth suggesting that more individuals under

went some type of environmental stress during childhood, although stress during infancy was 

also present at the site. However this could suggest that although there was environmental 

stress at Taumako, the individuals were strong enough to survive this stress, resulting in the 

observable LEH in the Taumako skeletal sample (Goodman, 1993; Wood et al., 1992). The 

presence of LEH and circular caries on the deciduous teeth suggests that there was some 

type of prenatal and early postnatal stress at Taumako. A higher proportion of the Taumako 

sub adult permanent teeth and individuals were affected by LEH than the Taumako adult teeth 

and individuals (Table 5.31). As with the adults, a higher proportion of the subadult indi

viduals were affected by later-forming LEH than early-forming LEH, suggesting that similar 

types of environmental stresses affected both the adult and deceased subadults during the 

time of tooth formation. If some type of stress was occurring primarily during infancy it 

would most likely be represented by a higher prevalence of LEH in the deciduous dentition 

and the early-forming permanent teeth, unless the stress was so great that these individuals 

didn't survive. 

The higher proportion of both female teeth and female individuals affected by LEH 

compared to males at Nebira suggests that the females may have been more stressed than 
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Table 5.32: Nebira male and female LEH comparison. 

Nebira Males Females 
LEH Lower Higher 
EarlyLEH Lower Higher 
LateLEH Similar Similar 
Third molar LEH Lower Higher 

Table 5.33: Nebira survivor (adults) and non-survivor (subadults) LEH comparison. 

Nebira Survivor Non-survivor 
LEH* Similar Similar 
Early LEH Lower Higher 
LateLEH Higher Lower 

*permanent teeth 

the males at the site (Table 5.32). Both sexes were more affected by later-forming LEH 

than early-forming LEH, but female teeth and individuals were also proportionally more af

fected by third molar LEH than the males. This may suggest that, although there was some 

environmental stress during infancy, more stress occurred during childhood and, for the fe

males, adolescence. The permanent subadult dentition from Nebira showed evidence of a 

higher proportion of both teeth and individuals affected by both early and late-forming LEH 

compared to the adult individuals (Table 5.33). Although the sample size of subadults from 

Nebira was small, this may suggest that the deceased subadults underwent more environ

mental stress during infancy and childhood than the adult who survived this life stage. 
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5.5.9 Concluding Remarks 

This chapter has outlined differences in the prevalence of LEH within and between samples. 

Thus, the second aim of this study (i.e. assessing LEH as a nonspecific indicators of ill

health) has been addressed in this chapter. In order to fully address the other aims of this 

thesis concerning the comparison of diet and health within and between samples, the results 

of these health analyses will be discussed in the context of diet in the final chapter of this 

thesis (Chapter 6). 
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Chapter 6 

Discussion and Conclusion 

6.1 Introduction 

The results of the stable isotope analysis, tooth macrowear and oral pathologies assessment, 

and the evaluation of a non-specific indicator of stress, linear enamel hypoplasia (LEH), have 

been outlined in Chapters 3, 4 and 5 of this thesis. The research objectives encompassing 

the dietary assessment from both stable isotope analysis and oral health and the analysis of 

growth disturbance by the assessment of linear enamel hypoplasia have been addressed in 

those chapters. The purpose of this chapter is to synthesize the results of the dietary and 

health data to address the hypotheses proposed in Chapter 1. 

The current chapter will address the hypotheses, summarise the relevant results for 

each skeletal sample, and conclude with the hypotheses that are focused on the comparison 

of the samples. The conclusion of this chapter will directly address the aims of the thesis with 

regard to the above interpretations. A biocultural approach will be used in the interpretation 

of the results in an attempt to understand whether cultural processes may have influenced 

the patterns of diet and health observed at the sites (Larsen, 1997; Schutkowski, 2008a). 

Site-specific cultural processes will be discussed for each hypothesis; however a broader 

synthesis of the observed diet and health trends in a Pacific island context will be discussed 

with regard to the aims of the thesis. 

To reiterate, the aims of this thesis were: 1) to characterise the diet of six prehistoric 

Pacific Island skeletal samples to investigate whether there were age or sex differences in diet 

at an intra-population level that could possibly have been a result of cultural practices; 2) to 

assess skeletal manifestations of ill health from a non-specific indicator of stress (LEH) in 
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order to assess the possible effects of diet on health; 3) to compare the survivors (adults) and 

non-survivors (subadults) in each sample to assess whether there were differences in diet and 

health between the two groups that might be related to childhood food allocation practices 

at the sites and 4) to compare the skeletal samples to investigate possible diachronic dietary 

transitions and associated variations in health within prehistoric Pacific islands. 

6.2 Addressing the Hypotheses 

The following section will address the hypotheses as outlined in Chapter 1 of the thesis 

using the information from Chapters 3 through 5. For the sake of clarity and consistency, the 

first five hypotheses will be discussed on a population basis for the three largest populations 

(Teouma, Taumako and Nebira), although the fifth hypothesis can only be addressed for the 

two populations with subadults older than infancy (Taumako and Nebira). As a result of 

their small sample sizes, the three smallest populations are dealt with together. The final 

three hypotheses, focused on diachronic trends in diet and health, will follow the population

specific discussions. 

Regarding the first hypothesis, 'the stable isotope evidence of diet will corroborate the 

dental evidence of diet', it must be remembered that the stable isotopes of carbon, nitrogen 

and sulphur are preferentially routed to bone and tooth collagen from the protein component 

of the diet, unless the diet consists of extremely low protein foods (Ambrose, 1993; Tieszen 

and Fagre, 1993). The 15 values of carbon, nitrogen and sulphur observed in all the skeletal 

samples in this study indicate that there are variable protein resources at these sites. Many 

of the potential terrestrial food sources available in the Pacific islands are much lower in 

protein than resources from marine environments (Dignan, 1994) and therefore, depending 

on the proportion of foods consumed from each ecosystem, there is a distinct possibility 

that high protein marine foods may be overrepresented in the dietary reconstructions of each 

population. 

On the other hand, dental wear and dental pathologies have diverse aetiologies, many 

of which are linked to different types of food (Lukacs, 1989). As discussed, more abrasive 

diets will cause an increase in tooth wear, although the wear of teeth will also increase with 

age regardless of diet (Molnar, 1971a; Powell, 1985; Walker et al., 1991). Foods that are con

sidered cariogenic are high in fermentable carbohydrates such as simple sugars and/or sticky 

in nature (Hillson, 2008a, 1979). Both starch and protein have been implicated in calculus 

formation (Lieverse, 1999; ten Cate, 1989). The development of periodontal disease is as-
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sociated with plaque build-up, which can be caused by soft foods containing carbohydrates 

and/or poor dental hygiene, in addition to a suspected association with calculus deposits 

(Clarke et al., 1986; Clarke and Hirsch, 1991; Delgado-Darias et al., 2006; Hildebolt and 

Molnar, 1991). Periodontal disease can also expose the roots of the teeth, leaving these sur

faces vulnerable to caries formation (Hildebolt and Molnar, 1991). Periapical cavities can 

result from many types of oral infection, including caries and severe tooth wear (Dias and 

Tayles, 1997; Dias et al., 2007). The exfoliation of a tooth before death (AMTL) can directly 

or indirectly occur in response to all of these pathologies (Hills on, 1996). Thus, in this study, 

tooth wear, caries and calculus are probably more representative of diet than AMTL and pe

riapical cavities, although the prevalence of these can shed light on the severity of certain 

oral pathologies (i.e. caries) (Littleton and Frohlich, 1993; Lukacs, 1989). 

As reviewed in Chapter 4, the practice of chewing betel nut (Areca catechu) is known to 

be cariostatic and calculus promoting and is associated with the development and rapid pro

gression of periodontal disease (Hanson and Butler, 1997; Howden, 1984; Mehta et al., 1955; 

Schamschula et al., 1978). A number of studies have observed the characteristic red/brown 

tooth staining, suggestive of betel chewing, in Micronesian skeletal samples (Douglas et al., 

1997; Fitzpatrick et al., 2003; Hanson and Butler, 1997; McGovern-Wilson and Quinn, 1996; 

Nelson and Fitzpatrick, 2006; Pietrusewsky et al., 1997). There is limited evidence for the 

consumption of betel nut in prehistory in skeletal samples and the archaeological record 

from other areas of the Western Pacific (Kirch et al., 1989)(most likely a result of the limited 

number of skeletal samples) and a single example of betel nut (macrofossil evidence) that 

predates Lapita in the Sepik Ramu, Papua New Guinea (Swadling et al., 1988). However, 

this practice is widespread in both Papua New Guinea and the Solomon Islands today, al

though not in Vanuatu (Barrau, 1958; Krieger, 1943; Oomen and Malcolm, 1958). The word 

for Areca palm has been reconstructed from the Proto-Oceanic language thought to have 

been spoken by the Lapita-associated populations, and is it very likely betel nut was a part 

of the transported landscape of plants and animals brought with the Lapita populations into 

the Pacific (Kirch, 2000; Kirch et al., 1989). Therefore it is possible that any of the indi

viduals analysed in the current study may have chewed betel nut, although the historical and 

ethnographic evidence only supports the use of betel nut west of Vanuatu (i.e. Papua New 

Guinea and Solomon Islands). Taking into account the effects of betel nut chewing, both 

stable isotope and dental analysis can provide possible insights into different aspects of the 

potential diet of prehistoric Pacific Islanders (Lillie and Richards, 2000; Lubell et al., 1994; 

Valentin et al., 2006). 
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6.2.1 Teouma 

Hypothesis 1: The dental evidence of diet will corroborate the stable isotope analysis of 

diet. 

The stable isotope analysis of 513C, 615N and 534S suggests the population from Teouma was 

consuming a mixture of marine and terrestrial foods. The protein portion of the diet was most 

likely from indigenous terrestrial animals, reef/inshore and possibly pelagic environments 

(Figure 6.1). There is evidence from other Lapita-associated sites that reef and inshore envi

ronments were favoured over deeper ocean fishing, and stable isotope results from Teouma 

support this type of exploitation (Bedford, 2006b; Kirch, 1997, 2000). It is likely that ter

restrial protein sources were also consumed, possibly from domesticated species (i.e. pigs 

and chickens), but more likely from indigenous animals such as birds and the now-extinct 

species of fauna and megafauna found in Lapita-associated middens in Vanuatu (Bedford 

et al., 2009; Mead et al., 2002). There was also a possible influence of C4 plants and/or ma

rine foods such as seaweed, sea turtle and dugong. Both seaweed and these types of marine 

animals are widely consumed throughout the Pacific islands (Abbott, 1978, 1991; Oomen 

and Malcolm, 1958; Pollock, 1992), and completion of the faunal analysis from Teouma 

should assist in the interpretation of the influence of marine animals on the diet. 

The tooth wear at Teouma was moderate/heavy, suggesting that the diet was relatively 

abrasive, and all the dental pathologies were observed in moderate or high frequencies. These 

abrasive foods could include shellfish or other inshore organisms that could easily pick up 

sand or grit, whole small animals, or cooking techniques that involved placing food directly 

into hot ashes, all of which have been observed in modern Melanesian communities (Oomen 

and Malcolm, 1958). The high rate of caries (predominantly either massive or located on the 

cervical/root surface) implies some type of cariogenic factor was affecting the oral health of 

the individuals at Teouma. There was a high proportion of individuals affected by calculus, 

possibly suggesting a diet high in starch and/or protein-rich foods. The high rates of AMTL 

and periapical cavities were most likely sequelae of periodontal disease, caries and tooth 

wear. 

Although the chemical analysis and most of the dental pathologies from the Dental 

Pathology Profiles (DPP) suggest that subsistence at Teouma included both marine foods 

and foods obtained from hunting and gathering, the high caries rate does not support this 

proposition. Explanations for this anomaly between the two dietary indicators include: 1) 

there was some type of cariogenic food in the diet, possibly some type of endemic or domes-
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tic fruits (e.g . .ficus) or sugar cane or 2) extreme periodontal disease was the main cause of 

the initiation of caries formation, as without the exposure of the root surfaces of the teeth, 

the prevalence of caries would be low. However, the relatively old age of the individuals 

at Teouma could be partially responsible for the heavy wear pattern and the overall poor 

oral health. This caveat has been noted by other researchers and, as previously mentioned, 

sampling bias is an inherent problem in any bioarchaeological study (Littleton and Frohlich, 

1993; Waldron, 1994). In future research, inferential statistics could be used to control for 

the effect of age and sex on dental pathology assessments; however this was outside the 

scope of the current study. The subsistence pattern suggested by the DPP of the Teouma 

skeletal sample does not corroborate the stable isotope evidence for diet, mainly because the 

Teouma population does not fit within any specific subsistence pattern defined by the DPP, 

and therefore the hypothesis is not supported (Littleton and Frohlich, 1993; Lukacs, 1989; 

Oxenham et al., 2002). 

Hypothesis 2: There will be sexual differences in the type of protein foods consumed by 

males and females, with males consuming more protein from higher trophic levels. 

The sexual differences in protein consumption at Teouma observed from the stable isotope 

analysis are somewhat supported by the oral health indicators (Table 6.1). Differences in the 

815N values and the correlations between 813C and 815N indicated that there were possible 

sexual differences in diet, specifically that males were eating more protein-rich foods from 

higher trophic levels than females. The consumption of protein from higher trophic levels by 

the male individuals corresponded with the higher proportion of male individuals affected 

by calculus. The males were also more affected by carious lesions compared to the females 

on an individual level, but not a tooth level. The sexes at Teouma were similarly affected by 

other pathologies, except that females had more evidence of AMTL. 

The stable isotope data indicated that, in addition to the males consuming more protein 

from a higher trophic level from terrestrial ecosystems, they were also consuming more C4 

plant foods or some type of low trophic level marine food with values similar to C4 plants. 

If these foods were cariogenic (e.g. sugar cane), they could be responsible for the observed 

male caries rates. However, the higher caries rates in the female teeth may indicate that the 

observed differences in males and females are more a result of sampling bias than actual 

differences between the sexes. 

At Teouma, the males were consuming foods from a higher trophic level compared to 

the females, supporting the hypothesis. This may be a result of preferential food allocation 
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Table 6.1: Comparison of diet and LEH between male and female individuals from Teouma. 

Teouma Males Females 
Childhood diet Lower protein* Higher protein* 
Adult diet Higher protein Lower protein* 
LEH Lower Higher 
EarlyLEH Higher Lower 
LateLEH Lower Higher 
Third molar LEH Lower Higher 

*Consuming protein from higher or lower trophic levels than males 

to the male individuals at the site. In modern-day Pacific Island cultures, protein-rich ani

mal foods are highly valued, and special animal foods, such as marine mammal and shark, 

are consumed by the higher-status individuals in the community, who are typically males. 

Lapita societies were thought to be ranked in structure, and therefore some members may 

have had higher status than others (Kirch, 2000). Additionally, the patterns may represent 

differential roles of food acquisition between the sexes, with the males hunting and fishing 

while the women primarily gathered foods and foraged in the inshore environment. These 

same gendered patterns of food acquisition have been observed in modern-day Pacific island 

communities from Papua New Guinea through to Polynesia (Oomen and Malcolm, 1958; 

Pollock, 1992). 

Hypothesis 3: Subadults will be consuming less protein from higher trophic level than 

adults. 

As a result of the lack of sub adults older than the perinatal age range, the subadult diet could 

only be ascertained from the stable isotope analysis of the tooth collagen. These data suggest 

that the diet of the subadult individuals aged 5-9 years consisted of protein sources that were 

of a higher trophic level than those of the adult diet as the tooth dentine was enriched in 15N 

compared to the adult bone collagen. This pattern could suggest culturally-moderated feed

ing patterns and/or the preferential treatment of these individuals with high protein foods. 

As will be discussed later, this could also be a result of children collecting and eating food 

of their own accord. On most modern Pacific islands, children can be observed constantly 

snacking on a variety of food items, and these 'snack foods' constitute a substantial amount 

of the calories consumed during the day (Marshall, 1985; Oomen and Malcolm, 1958). 

Six of the nine teeth from Teouma that were analysed for stable isotopes were from 

skulls or mandibles that had been placed in other graves as secondary burials, which sug

gests the special treatment of these individuals in death. The observed dietary differences 
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between adult and subadult diet could also represent the preferential treatment of these 'spe

cial' individuals during childhood. As will be discussed further in the conclusion of this 

chapter, this pattern of the allocation of high protein foods to children is not normal in most 

Pacific Island communities, although childhood feeding practices vary between islands and 

even between communities living on one island (Marshall, 1985). The available evidence 

does not support the hypothesis, and it can be suggested the opposite may be true: that the 

childhood diet at Teouma consisted of foods from a higher trophic level than that of the 

adults. 

Hypothesis 4: Individuals consuming protein from lower trophic levels will have a 

higher prevalence of non-specific indicators of stress than individuals who were con

suming protein from higher trophic levels. 

The adult individuals from Teouma had a low prevalence of LEH and males were more 

affected by the defects than females. More individuals were affected by earlier-forming 

LEH than late-forming or third molar LEH. The low prevalence of LEH may be a result of 

sampling bias as many individuals were represented by only a few teeth. The stable isotope 

evidence indicated that the adult females from Teouma consumed protein foods from lower 

trophic levels than the males. However, during childhood this may not have been the case. 

The stable isotope results from the tooth collagen suggest that, during childhood, both sexes 

were consuming foods from a higher trophic level than the adults, and that females may 

even have been consuming foods from a higher trophic level than the males. However the 

small sample size of female teeth (n=2) analysed for stable isotopes makes any comparisons 

between the sexes rather tentative. 

Regardless, the pattern of LEH in the development of the teeth (e.g. early, late and third 

molar) suggests that females were more stressed than males after infancy, especially between 

the ages of 3-13 years. This may indicate that the stress was not related to inadequate diet 

as LEH would possibly be more prevalent in the males if this were the case. Conversely, 

this pattern may suggest that females were more likely to survive the stress compared to the 

males who may have perished before LEH formation, as has been proposed in other areas 

of the world when similar patterns of growth disruption were observed between the sexes 

(Ortner, 1998; Stini, 1985). However, more individuals were assessed for LEH than were 

analysed for childhood diet and therefore the childhood diet may not be representative of all 

the individuals observed with LEH. 

If the adult female diet is taken as a proxy for childhood diet, the higher prevalence 
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of LEH does support the hypothesis that differences in diet between the sexes would have 

resulted in higher levels of stress in childhood and adolescence. However, the tooth stable 

isotope data do not support the hypothesis, but a larger sample size is needed to confirm the 

observed results, namely that females were consuming food from a higher trophic level than 

males during childhood. 

These abovementioned observations all assume the population from Teouma was formed 

of individuals who had all spent their childhood in the same community. Trace element and 

stable isotope analysis of tooth enamel suggested that a few of the individuals from Teouma 

may have been immigrants to the area after childhood (Bentley et al., 2007) . Future research 

will focus on assessing the stable isotope and dental evidence of diet of these individuals to 

determine whether there were any observable differences between these individuals and 'lo

cal' individuals. 

I I 
Dental 

Oral Health Stable Isotope 
Wear Results 

Abrasive 
Cariogenic 

Mixed marine and 
foods Poor oral terrestrial foods 

health Reef/inshore protein 

Pe lagic species? 

Possible endemic 
species 

Females Males 
Less 

cariogenic More 
Childhood 

Less starch/ 
cariogenic 

Females Males 
More starch/ Diet 

protein? Higher 
protein? Lower protein Higher protein 

Protein than adults 

Figure 6.1: Interpretations of diet from the analyses of the Teouma skeletal sample. 

6.2.2 Uripiv, Vao and Watom 

The potential sampling biases associated with the Uripiv, Vao and Watom cemetery samples 

could result in potentially misleading interpretations. It is difficult to make generalisations 

concerning the stable isotope results, oral health and patterns of LEH in samples that are 
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smaller than five individuals. Only one of these samples include children that are older than 

infancy (Vao) and the number of female and male individuals is too small for meaningful 

interpretations to be made about sexual differences in diet. For this reason, only the first and 

third hypotheses are addressed on a population-specific basis for these three samples. 

6.2.3 Uripiv 

Hypothesis 1: The dental evidence of diet will corroborate the stable isotope analysis of 

diet 

Although the Uripiv 8 values were from infants, they are most likely representative of the 

maternal 8 values at the site as all but one of these infants were too young to have been 

breastfed for any length of time (Figure 6.2). It is recognised there could be some variation 

between the foetal/perinatal values (Kinaston et al., 2009), but the general interpretations 

from these should still be representative of the female diet at the site. The 8 values suggest 

that the possible diet of the mothers from Uripiv was a mixture of low trophic level terrestrial 

foods and reef/inshore resources. The 18-month old infant had evidence of the trophic effect, 

most likely a result of a breastfeeding signal (Fogel et al., 1989; Fuller et al., 2006; Prowse 

et al., 2008). 

The 813C and 815N values of the three post-Lapita individuals (one bone sample and 

two teeth samples) from Uripiv suggested a more terrestrial-based diet compared to the ear

lier population on the island for both adult and childhood diets. However, the 834S value 

of the one post-Lapita individual suggests a more marine diet. As discussed, this may indi

cate different proportions of low trophic level marine and C3-based terrestrial plant foods, 

although it may also reflect the small sample size or the sea spray effect. The temporal 

differences in diet at Uripiv suggest an increasing reliance on horticultural products as the 

population became more established. Additionally, the over-exploitation of the surrounding 

reef, as evidenced in the archaeological record by the reduction in shellfish species size over 

time (Bedford pers. comm.), would also result in the need for other resources to supplement 

the diet, specifically horticultural products such as yam, taro and banana. 

Only one of the infants from Uripiv was older than one month, and this individual was 

the only Lapita-associated individual with observable dentition. This 18-month-old infant 

had a small amount of mild tooth wear suggesting the consumption of some solid foods 

but no other dental pathologies were observed. It is very difficult to make any comparisons 

between the infant tooth wear and pathology and the maternal diets for the Lapita-associated 
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individuals at Uripiv. 

The post-Lapita adults from Uripiv had mild/moderate tooth wear and all had evidence 

of calculus. Two thirds were affected by caries (only massive and cervical/root) and half by 

periodontal disease and one-third had lost a tooth antemortem. The diet of the post-Lapita 

individuals from Uripiv most likely consisted of both soft and gritty food, resulting in the 

wear patterns, while the presence of root/cervical and massive caries imply the diet was 

cariogenic. Similar to the oral health at Teouma, the periodontal disease of the Uripiv adults 

had exposed the tooth roots leaving them vulnerable to caries formation. 

As mentioned in Chapter 4, the small sample size from Uripiv makes interpretations 

of subsistence from the DPP difficult. However, for the post-Lapita individuals from Uripiv, 

the limited amount of both dental and stable isotope data support the hypothesis that these 

two methods of dietary analysis do corroborate each other. The low wear and high rates of 

caries and calculus may have been caused by the starchy vegetable foods, although calculus 

could also have developed in response to the marine portion of the diet. These data also 

corroborate the microfossil evidence of taro (possibly Cyrtosperma merkusii), banana (M us a 

sp.) and domesticated animals, such as chicken and rat, in Lapita-associated layers at the site 

(Bedford, 2003; Horrocks et al., 2009), suggesting these horticultural products were well

established by post-Lapita inhabitation of the island. 

Hypothesis 3: Subadults will be consuming less protein from higher trophic levels than 

adults. 

As discussed, the one Lapita-associated subadult was most likely breastfeeding and it is 

therefore impossible to differentiate the trophic level of the other protein sources in the diet. 

Childhood diet was assessed from the dentine collagen of two post-Lapita individuals. No 

differences were observed in protein trophic levels, although the childhood diet may have 

included more C3 plants, most likely starchy cultivated plants, than the post-Lapita adults. 

Therefore the hypothesis that subadults were consuming less protein from a higher trophic 

levels compared to the adults is not supported by the stable isotope evidence. 
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Figure 6.2: Interpretations of diet from the analyses of the Uripiv skeletal sample. 

6.2.4 Vao 

Hypothesis 1: The dental evidence of diet will corroborate the stable isotope analysis of 

diet. 

The stable isotope results from the two Lapita-associated adults from Vao indicated their 

diet consisted of low trophic level marine and terrestrial foods, including reef, coastal and 

C3-based terrestrial plants and possibly seaweed/C4 plants (Figure 6.3). The diet of the post

Lapita individuals from Vao was similar to the Lapita-associated individuals during child

hood, but not later in life. The diets of the post-Lapita adults from Vao were less enriched 

in 13C compared to the earlier population, possibly suggesting a transition to more terrestrial 

C3-based food resources. 

The Lapita-associated individuals from Vao were only mildly affected by tooth wear 

indicating soft foods were primarily consumed. All of the individuals had evidence of cal

culus, two thirds had periodontal disease and one of the three individuals had evidence of 

caries (root/cervical or massive) or a periapical cavity. None of the other pathologies were 

observed in the Vao sample. Other than calculus, the oral health at Vao was relatively good, 

but this may be a result of the small sample size. The post-Lapita subadult and adult from 

Vao had mild tooth wear and calculus. However, only the post-Lapita adult had caries, and 
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no other dental pathologies were observed. 

Although a DPP is difficult to interpret because of the very small sample sizes of 

both the Lapita-associated and post-Lapita individuals, the dental evidence only partially 

corroborates the stable isotope analysis. The diet consisted of a high proportion of C3 plants, 

most likely cultivars such as taro, yam and banana, and some inshore low-trophic level foods 

such as shellfish and reef fish, supporting the abovementioned hypothesis. As mentioned 

in Chapter 2, there is microfossil evidence of banana in Lapita-associated contexts at Vao 

(Horrocks and Bedford, 2005). The post-Lapita population most likely had a heavier reliance 

on horticultural crops than their predecessors and therefore higher rates of caries. Depending 

on the diet of the domestic animals at the site, these findings may support the suggestion 

that these individuals were consuming domesticated pigs, rats and chickens, which have 

been found in the archaeological record (but no MNI counts for these have been published) 

(Bedford, 2003). 
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Figure 6.3: Interpretations of diet from the analyses of the Vao skeletal sample. 
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Hypothesis 3: Subadults will be consuming less protein from higher trophic levels than 

adults. 

The stable isotope evidence does not support the hypothesis that subadults were consuming 

less protein from higher trophic levels. The childhood diet of the Lapita-associated and post

Lapita individuals was very similar and indicated the diet during this life-stage consisted 
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of protein from higher trophic levels than that of the adults of both temporal periods. The 

post-Lapita childhood diet also likely included more marine protein than the post-Lapita 

adult diet. This is similar to the pattern observed at Teouma and may be representative 

of culturally-moderated feeding practices, preferential food allocation or the gathering and 

consumption of these foods by the children themselves. The potential meaning of this pattern 

of subadult 15N enrichment will be commented on later in the chapter. 

6.2.5 Watom 

Hypothesis 1: The dental evidence of diet will corroborate the stable isotope analysis of 

diet. 

The 513C, 515N and P4S values of Lapita-associated adults from Watom suggested that the 

diet of these people consisted of a mixture of marine and terrestrial resources, most likely 

from reef/coastal ecosystems and possibly pelagic species (Figure 6.4). The diets of the 

females may have consisted of a higher proportion of protein-rich foods, as evidenced from 

the enriched 515N values of these individuals compared to the males. However, the small 

sample size means that it is hard to infer any sexual differences in diet. 

The tooth wear of the Lapita-associated individuals from Watom was classified as 

mild/moderate and three of the four observed individuals were affected by caries (located 

on the occlusal or pit and fissure areas of the crown) and calculus. All of the individuals 

had evidence of periodontal disease and two of the three individuals with observable alve

olar bone had at least one periapical lesion. No AMTL was observed. The mild/moderate 

tooth wear may suggest the diet was relatively soft, but some abrasive particles present in the 

diet are suggested by the moderate tooth wear on the molar teeth. The absence of massive 

caries and the small size of the caries on the molar crown surfaces may indicate the diet at 

Watom was not conducive to the rapid progression of the caries. Additionally, the lack of 

root/cervical caries suggests the formation of caries was not associated with the periodontal 

disease observed in these individuals. 

The tooth wear/oral health evidence partially supports the hypothesis that the tooth 

wear/oral health evidence of diet corroborates the stable isotope analysis. Similar to the 

samples from Uripiv and Vao, developing a DPP for Watom is difficult because of the small 

size of the sample. However, the pattern of tooth wear, low caries rates (by tooth) and 

high calculus prevalence support oral health patterns from both the marine and gardening 

subsistence regimes, when specific pathologies are analysed separately. The evidence of 
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horticultural and marine foods supports the limited amount of micro fossil and macro-remains 

of plants and faunal analysis from the site suggesting some cultivated plant species (e.g. 

banana, coconut and canarium nut) were consumed in addition to a number of reef species 

(Lentfer and Green, 2004; Smith, 2000; Specht, 1968). 

Hypothesis 3: Subadults will be consuming less protein from higher trophic levels than 

adults. 

The one example of childhood diet from Watom from a dentine tooth sample did not support 

the hypothesis this individual was consuming food from a lower trophic level compared to the 

adults. Conversely, the childhood diet consisted of protein foods from a higher trophic level 

compared to the adult diet. Similar to the patterns observed in the Teouma and Vao samples, 

this may be a result of preferential food treatment, culturally-moderated food allocation or 

the result of childhood food gathering and consumption patterns. 

Lapita-associated adults 

I I -
Oral Healt h 

Dental Wear Somewhat cariostatic 

Soft with some abrasive foods Protein/starch foods? 

High PD 

I 

Stable Isotope Results 

Terrestrial and marine foods 

C3-based terrestrial plants, reef foods and possibly pelagic 

l 
species 

Childhood Diet 

H1gher protein compared to 
adult diet 

Figure 6.4: Interpretations of diet from the analyses of the Watom skeletal sample. 

6.2.6 Taumako 

Hypothesis 1: The dental evidence of diet will corroborate the stable isotope analysis of 

diet. 

The stable isotope evidence of diet from Taumako suggests that the individuals on this island 

were consuming a high proportion of marine protein in addition to resources from C3 based 
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terrestrial protein. The marine protein was most likely from reef/inshore environments, in 

addition to some pelagic species. Terrestrial protein sources could have included a variety of 

nut species, starchy food staples and domestic animals (Figure 6.5). C4 plants, such as sugar 

cane and seaweeds, cannot be disregarded as possible food sources as they would have been 

overshadowed by the high-protein marine foods in the diet when interpreting the isotope 

results. 

The tooth wear of the adults from Taumako was mostly mild, although moderate and 

heavy tooth wear increased with age, especially in the molar dentition. As with the Teouma 

sample, the DPP of Taumako does not fit into a specific subsistence pattern as described 

by Littleton and Frohlich (1993) and Oxenham et al. (2002). However the DPP could be 

used to describe a diet dependent on both marine foods and intensive gardening of starchy 

foods crops. The low tooth wear, low caries prevalence, and high rates of calculus and 

periodontal disease in both the adults and subadults may suggest the diet of both these groups 

was soft, high in protein-rich/starchy foods, and low in simple carbohydrates. However, the 

consumption of betel nut at this site may have acted to lower the prevalence of caries and raise 

the prevalence of calculus and periodontal disease in this sample. Therefore the hypothesis is 

not entirely supported, although some aspects of the oral health do support the stable isotope 

results. 

Hypothesis 2: There will be sexual differences in the type of protein foods consumed by 

males and females, with males consuming more protein from higher trophic levels. 

There were no sexual differences in the stable isotope values, suggesting both males and fe

males consumed similar types of protein resources (Table 6.2). However, a higher proportion 

of males was affected by cervical/root caries and vertical periodontal disease (pockets) than 

the females. These two pathologies could be interrelated, as periodontal disease will expose 

the root surface of the tooth. Establishing whether this difference in dental pathology was a 

result of dietary variation is difficult, as it may suggest that men were eating more cariogenic 

foods, or may imply men had more severe periodontal disease. The higher prevalence of 

vertical periodontal disease and (potentially) associated root caries may have been a result of 

more frequent consumption of betel nut by males at Taumako. Therefore, the hypothesis that 

males were consuming more protein from a higher trophic level than females at Taumako is 

not supported. 
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Table 6.2: Comparison of diet and LEH between male and female individuals from Taumako. 

Taumako Males Females 
Childhood diet Similar Similar 
Adult diet Similar Similar 
LEH Higher Lower 
EarlyLEH Lower Higher 
LateLEH Similar Similar 
Third molar LEH Lower Higher 

Hypothesis 3: Subadults will be consuming less protein from higher trophic levels com

pared to adults. 

The P5N values of the subadults under 3 years were enriched compared to the adult females, 

suggesting that the total cessation of breastmilk at Teouma occurred after 3 years. However, 

the 813C and 815N values of the subadults aged 4-16 were depleted compared to the adult 

values, indicating these younger individuals were consuming more terrestrial-based foods 

from a lower trophic level. The 834S values of the 4-16 year old subadults did not support 

this inference, as the adults were depleted in 34S compared to these individuals. This may 

be a result of the 'sea spray' effect, or the possibility these individuals were consuming a 

high proportion of low trophic level marine foods, such a C3 seaweed, and foods from the in

shore environment. Adult tooth collagen 815N values were similar to the adult bone collagen 

values, although tooth collagen was depleted in 13C compared to adult bone collagen, sug

gesting the individuals that survived to adulthood were consuming slightly less marine foods 

or C4 plants in childhood. The bone collagen of the subadults aged 4-16 was less enriched 

in 15N compared to the tooth collagen values of the adults, suggesting that the 'survivors' 

consumed more protein from a higher trophic level than the non-survivors. There were only 

very small differences between the three teeth analysed from the subadults (non-survivors) 

and the adults (survivors), suggesting differences between the adult/subadult diets were not 

present during tooth formation for these three individuals. 

The dental evidence supports the suggestion that the diet of the deceased subadults 

was different from that of the adults. Low wear would be expected in subadult individuals, 

but the higher prevalence of caries and lower prevalence of calculus of the subadults may 

indicate their diet was lower in protein and/or starch and higher in simple carbohydrates. 

However, comparing calculus deposits between subadults and adults is rather misleading as 

calculus takes time to mineralise and even the presence of calculus on subadult teeth could 

be considered to be indicative of a diet high in protein and/or starch. 

Regardless, the prevalence of caries on the permanent dentition of these older subadults 

could suggest that these individuals were consuming more C3 plants, most likely some type 
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of domesticate, than the adults. Also, it is possible that the frequent consumption of foods 

by these young individuals could have increased their risk of caries formation. As will be 

discussed further, the frequency of meals increases the risk of caries development and snack

ing throughout the day is common practice for children in modem Pacific Island societies 

(Oomen and Malcolm, 1958; Pollock, 1992). Most of the caries observed in the deciduous 

dentition occurred on the smooth surface of the anterior and molar teeth. These caries may 

actually be circular caries, but as they were not obviously associated with any type of hy

poplastic defect, they were considered to be smooth surface caries in this study. The stable 

isotope and dental evidence does support that the diet of the subadult 'non-survivors' was 

from a lower trophic level than that of the adults. However, the childhood diet of the 'sur

vivors' (the adults) was not different from the adult diet. This may indicate some type of 

cultural process was responsible for dietary patterns and the possibilities will be discussed 

later in this chapter. 

Hypothesis 4: Individuals consuming protein from lower trophic levels will have a 

higher prevalence of non-specific indicators of stress than individuals who were con

suming protein from higher trophic levels. 

Both the childhood diet of the adults and the adult diets suggest that there were no differences 

between the sexes during both these life stages. However, when analysed by sex, the patterns 

of LEH indicate that there were differences in the stress that males and females were exposed 

to (Table 6.2). The males and females were similarly affected by late-forming LEH and the 

late formation of LEH overlaps with the period of childhood diet assessed by analysis of 

tooth dentine. Thus, the similarity between the sexes in diet and the formation of LEH could 

indicate that these two factors are interrelated. It is possible dietary differences between 

infancy and adolescence may have resulted in the higher prevalence of these lesions in the 

females. For example, if males and females ate different supplementary foods and the diet 

changed after the age of 9 years to foods that were nutritionally inadequate for the females, 

this could have caused the observed differences in early and late LEH. 

The fact that the childhood diet and the adult diets were similar between the sexes does 

not support the hypothesis that there were sexual differences in diet. Therefore, these pat

terns in LEH may also represent the female individuals being more resilient to environmental 

stress (regardless of the type) resulting in the formation of the LEH, whereas the male indi

viduals may have perished before the formation of LEH. Females have been observed to be 

better buffered against environmental stress than males during infancy (Stinson, 1985). An-
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other interpretation would be that females actually underwent more stress during this time as 

a result of culturally-moderated processes such as preferential treatment of males. The stable 

isotope analysis only records the types of food consumed, not the amount, and it is possible 

males were fed more, but the same types, of foods as the females. 

Hypothesis 5: Regardless of variation in diet, a higher proportion of the adults (sur

vivors) in a sample will be affected by LEH compared to the deceased subadults (non

survivors) due to the effect of the Osteological Paradox. 

A high proportion of the adults from Taumako had evidence of LEH, and more adults were 

affected by LEH on later-forming teeth than early-forming teeth (Table 6.3). A much smaller 

proportion of adult individuals were affected by LEH on the third molars than the other types 

of LEH. A higher proportion of subadults were affected by LEH on the permanent dentition, 

and, similar to the adults, more late-forming teeth were affected compared to the early

forming teeth. A smaller proportion of subadults were affected by LEH on the deciduous 

dentition, although many of these individuals were also affected by circular caries. The 

pattern of LEH and circular caries at Taumako suggests some type of prenatal/early postnatal 

stress was occurring at Taumako. Additionally, although stress was occurring during infancy 

(early-forming LEH), there was more stress in childhood (late-forming LEH). However, this 

pattern may indicate that many individuals did not survive the stress during infancy (early 

tooth formation) and that by the time of childhood stress, only strong individuals survived. 

With regard to the late-forming teeth, the higher observed frequencies may be a result 

of the subadult diet containing lower trophic level protein sources compared to the childhood 

diet of the 'survivors', causing nutritional stress. More subadults were also affected by LEH 

on early-forming teeth. It would be expected that the subadults would represent the frailest 

individuals in a population, and therefore be less likely to survive periods of environmental 

stress, resulting in a smaller proportion of individuals affected by LEH (Wood et al., 1992). 

This pattern was observed when deciduous dentition of the subadults was compared to the 

adults. The prevalence of LEH was much lower in these teeth, suggesting the very young 

subadults did not survive prenatal or early postnatal stress. The presence of circular caries on 

the deciduous teeth also supports the suggestion that some type of prenatal/early postnatal 

stress was affecting these individuals, possibly influencing their premature death. 

It is possible that the subadult individuals with permanent dentition were actually un

dergoing more environmental stress than the subadults who survived, as is evidenced by the 

dietary interpretations, and therefore were more likely to form LEH. The other individuals 
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Table 6.3: Comparison of LEH of permanent teeth and diet between survivors (adults) and 
non-survivors (subadults) from Taumako. 

Taumako Survivor Non-survivor 
Childhood diet Higher protein Lower protein* 
LEH Lower Higher 
EarlyLEH Lower Higher 
LateLEH Lower Higher 

*Consuming protein from lower trophic levels than adults 

may have been buffered in some manner (e.g. cultural or physiological) and therefore not 

have experienced the same stress, resulting in fewer adult individuals with LEH. The LEH of 

the subadult deciduous and permanent dentition may indicate that the stress these individuals 

underwent could have predisposed them to an early death (Cook and Buikstra, 1979; Good

man, 1989; Goodman and Armelagos, 1989). Therefore the hypothesis that the subadults 

from Taumako have less evidence of LEH than the surviving adults is not supported . 
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Figure 6.5: Interpretations of diet from the analyses of the Taumako skeletal sample. 
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6.2. 7 N ebira 

Hypothesis 1: The dental evidence of diet will corroborate the stable isotope analysis of 

diet. 

Both the tooth and bone o values from Nebira suggested the diet of this population was 

primarily terrestrial. The o13C values suggested that a large proportion of C4 plants, or 

animals that consumed C4 plants, were food sources at the site (Figure 6.6). The C3 based 

foods consisted of wild or domestic C3 plants and animals that consumed these plants. The 

males from Nebira were enriched in 13C compared to the females, suggesting that the males 

were either consuming more of the C4 plants (such as sugar cane) or of the animals that 

consume these plants. The adult bone collagen values were enriched in 13C but depleted in 

The o15N compared to the adult tooth collagen values, implying that the childhood diet of 

the survivors consisted of a higher proportion of C3 terrestrial foods that were of a slightly 

higher trophic level than that of the adults. 

The adult individuals from Nebira experienced mostly mild, and to a lesser extent, 

moderate tooth wear. Almost half of the Nebira adults experienced caries (mostly cervi

cal/root or massive), and females were more affected by this pathology than the males. Cal

culus and periodontal disease was present in the dentition of almost all the adult individuals 

and about one third of the adults had evidence of periapical lesions and AMTL. More males 

than females were affected by calculus, horizontal periodontal disease and periapical lesions 

at Nebira. The higher rates of AMTL were most likely a result of periodontal disease and, 

in a few circumstances, caries or periapical cavities. As a result, males were more affected 

by AMTL. The consumption of betel nut could have influenced the patterns of oral health 

observed at Nebira. 

Similar to Teouma and Taumako, Nebira does not fit into a specific subsistence cate

gory. The observed DPP could be used to support the contention that the individuals from 

Nebira practised a mixed economy based on both hunting and gathering and intensive gar

dening. The tooth wear and oral pathologies at Nebira suggest a softer diet but with some 

abrasive particles that was generally cariostatic until the vulnerable tooth roots were exposed. 

The presence of calculus suggests this diet may have been high in starch and/or protein foods. 

Periodontal disease most likely resulted in the exposure of the tooth roots and either caries 

or periodontal disease were probably responsible for the observed AMTL. Therefore the hy

pothesis that the dental evidence of diet corroborate the stable isotope evidence of diet at 

Nebira is only partially supported. 
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Table 6.4: Comparison of diet and LEH between male and female individuals from Nebira. 

Nebira Males Females 
Childhood diet Similar Similar 
Adult diet MoreC4 MoreC3 
LEH Lower Higher 
EarlyLEH Lower Higher 
LateLEH Similar Similar 
Third molar LEH Lower Higher 

Hypothesis 2: There will be sexual differences in the type of protein foods consumed by 

males and females, with males consuming more protein from higher trophic levels. 

There were no observed differences in the trophic level of foods between the males and 

the females. However, males were observed to be eating either more C4 plants, or animals 

that subsisted on these resources, than the females (Table 6.4). This could possibly be a 

result of males consuming more low trophic level protein from hunting, specifically wallaby 

meat. The higher prevalence of calculus in males (from the protein) and fewer caries (from 

meat and/or less carbohydrate) may support this suggestion. The higher rates of caries in 

the female individuals could be a result of the consumption of more cariogenic foods, the 

effect of continuous snacking throughout the day or be physiological (e.g. pregnancy and 

hormones), as has been suggested for other populations outside of the Pacific Islands (Lukacs 

and Largaespada, 2006; Lukacs, 2008). The hypothesis that the males were consuming more 

protein from a higher trophic level is not supported, but they may have have been consuming 

a different type of protein (i.e. wallaby meat) 

Hypothesis 3: Subadults will be consuming less protein from higher trophic levels than 

adults. 

The stable isotope results relating to childhood diet of the surviving adults from Nebira 

suggest that, during this early life stage, these individuals were consuming more protein, 

from higher trophic levels from C3-based terrestrial systems, than the adult diet. On the other 

hand, the three subadults from Nebira (all adolescents) were consuming foods from a similar 

trophic level, but from more C3-based systems and possible aquatic foods, than the adults. 

There was also evidence the diet of the Nebira subadults was more cariogenic than the diet 

of the adults at the site, although the sample size of subadults is very small. Therefore, the 

dietary evidence does not support the hypothesis that the subadults were consuming foods 

from a lower trophic level than the adults. 
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Hypothesis 4: Individuals consuming protein from lower trophic levels will have a 

higher prevalence of non-specific indicators of stress than individuals who were con

suming protein from higher trophic levels. 

As mentioned, there were no differences between the trophic level male or female protein, 

although adult males may have been consuming resources from more C4 -based systems. A 

similar proportion of males and females were affected by late-forming LEH, but females 

were more affected by early-forming and third molar LEH, leading to suggestions similar 

to those outlined for the Taumak:o population. To avoid repetition, these will only be sum

marised. These differences in LEH between the sexes are either related to differences in diet 

(although this suggestion is not supported by the other dietary evidence at different ages), 

differences in the amount of stress experienced by each sex or differences in the response by 

each sex to the same type of stress. 

Hypothesis 5: Regardless of variation in diet, a higher proportion of the adults (sur

vivors) in a sample will be affected by LEH compared to the deceased subadults (non

survivors) due to the effect of the Osteological Paradox. 

Although similar proportions of adult and subadult individuals from Nebira had evidence 

of LEH, subadults were more affected by LEH on early-forming teeth and less affected on 

later-forming teeth than the adults (Table 6.5). The lower proportion of subadult individuals 

affected by LEH on the later-forming teeth may result from the consumption of protein 

from lower trophic levels by these individuals compared to the childhood diets of individuals 

who survived. The higher proportion of subadult individuals affected by early-forming LEH 

compared to adults is similar to the pattern observed at Taumak:o. This could be a result of the 

differences in stress experienced by each group, some type of buffering acting to reduce the 

stress of the survivors, or may just be a result of the small sample size (n=5) of the subadults. 

Therefore, the hypothesis that subadults are less affected by LEH compared to the adults at 

Nebira is not supported by the current evidence. 
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Table 6.5: Comparison of LEH of permanent teeth and diet between survivors (adults) and 
non-survivors (subadults) from Nebira. 

Nebira Survivor Non-survivor 
Childhood Diet Higher protein Lower protein* 
LEH Similar Similar 
Early LEH Lower Higher 
LateLEH Higher Lower 
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Figure 6.6: Interpretations of diet from the analyses of the Nebira skeletal sample. 

6.2.8 Inter-population Comparisons 

Hypothesis 6: The initial colonising population of Teouma will have a diet reliant on in

digenous plants and animals representing a broad-spectrum subsistence pattern. As a 

result of the timing of Lapita settlement on Uripiv, Vao and Watom, these communities 

will have a heavier reliance on established horticultural foods and domesticated ani

mals, and their diet will reflect this. The most recent populations (Nebira and Taumako) 

will be heavily reliant on cultivated plants and domestic animals to support larger pop

ulations. 

The stable isotope and dental evidence supports the hypothesis that the Teouma population 

was likely practising broad-spectrum hunting/gathering with a large proportion of the diet 
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being obtained from foraging the reef/inshore environment. As previously discussed, the 

pattern of early Lapita resource exploitation follows the model proposed by Kennett et al. 

(2006), of terrestrial foraging, utilisation of the marine environment (mostly reef/inshore but 

also possibly pelagic systems) and some low-level food production. The broad-spectrum na

ture of resource exploitation from the dietary analysis supports the limited amount of dietary 

information available from the archaeological evidence. Specifically, as reviewed in Chapter 

2, these included a wide variety of animals from both marine and terrestrial environments, 

including a number of now-extinct species (Hawkins pers. comm.). Although the evidence 

for low-level food production is not entirely confirmed in this study, the cultivation of plants 

such as taro, yam and banana and the raising of domestic species from the repertoire of plants 

and animals included in the 'transported landscape' of Lapita foodstuffs (Kirch, 1997) can

not be ruled out. The high caries rates in the Teouma sample would indicate some type of 

cariogenic food, possibly cultivated starchy vegetables, was consumed. However, the stable 

isotope evidence suggests the importance of these foods to the total diet was not as great as 

in later populations in northern Vanuatu (i.e Uripiv and Vao). 

The stable isotope and tooth wear/oral health evidence for diet at both Uripiv and 

Vao supports the hypothesis that these populations had a heavier reliance on horticultural 

plants (e.g. yam, taro and banana), and/or domestic animals (e.g. pig and chicken) that 

consumed horticultural products, than the chronologically earlier individuals from Teouma. 

Additionally, on both islands the data suggest that the post-Lapita settlements were more 

reliant on horticultural plant foods than the preceding Lapita-associated populations on each 

island. However, both the Lapita-associated and post-Lapita individuals from Vao had larger 

proportions of (most likely) horticultural foods and domesticated animals than the Lapita

associated and post-Lapita individuals from Uripiv. Interestingly, the population that resides 

on Vao in modem times does not consume large amounts of marine foods and has extensive 

gardens on both Vao itself and mainland Malekula (Buckley pers comm.). Vao is closer to 

the mainland than Uripiv (Bedford, 2003) and, in addition to possible cultural traditions, this 

may be one reason why the Vao samples appear to be consuming more horticultural foods 

than those of Uripiv. 

Additionally, although the Lapita-associated settlement on Vao is dated earlier than 

Uripiv, the Lapita-associated Vao burials are identified as being interred chronologically later 

than the Lapita-associated Uripiv burials (Bedford et al. in prep). Therefore the Uripiv buri

als are representative of the earliest occupation on the island, but the Vao burials represent 

a population that had already been established for about a generation. The Uripiv and Vao 

post-Lapita individuals were most likely related to these initial settlers and are represen-
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tative of populations that were well established on each respective island. The indication 

from the dietary evidence that the Uripiv people were consuming more reef/inshore foods 

(although with some agricultural foods) than those of Vao may be a result of the settlement 

history and associated burials, supporting the 'blitzkrieg-like scenario' proposed by Bedford 

(2006b ), of resource exploitation on these islands. As the inshore environments were eventu

ally over-exploited, a heavier reliance on terrestrial agricultural foods was necessary, and can 

be observed in the post-Lapita populations. This may indicate that most of the energy and 

time spent on food procurement occurred in the gardens and nearby marine environments 

with less time to dedicate to fishing, especially in the open ocean. The dietary evidence sup

ports the archaeological evidence of the heavy exploitation of reef/inshore species and the 

presence of domesticated plants from the time of initial occupation on the islands (Bedford, 

2006b). 

The dietary evidence also indicated the Watom individuals were consuming terrestrial 

C3-based foods, most likely horticultural plants or domestic animals that subsisted on them. 

However, the Watom individuals were also consuming more reef and/or pelagic foods than 

the individuals from Uripiv and Vao (both Lapita-associated and post-Lapita). As previously 

discussed, the Watom individuals are thought to represent an already established population 

on the island and therefore the presence of horticultural resources in their diet is not surpris

ing (Lentfer and Green, 2004; Specht, 2007). The practice of chewing betel nut may have 

occurred on Watom possibly leading to confusion in the interpretation of dietary evidence of 

diet, as one individual (Burial 10) had evidence of betel staining on her teeth. The dietary 

evidence supports the limited amount of archaeological evidence from the site, mainly that 

reef fish and inshore species were predominantly exploited, some terrestrial animals (e.g. 

birds, bandicoot and pigs) were consumed and horticulture was established at the time the 

cemetery was in use (Green et al., 1989; Lentfer and Green, 2004; Smith, 2000). 

The dietary evidence from the stable isotope analysis and tooth wear/oral health assess

ments do not support the hypothesis that the population from Taumako was heavily reliant 

on horticultural food crops. As discussed, the stable isotope analysis and the dental evidence 

were conflicting. From the stable isotope analysis, the diet at Taumako would have included 

a high proportion of marine foods, especially from reef and deeper water species of fish. The 

Taumako population was likely consuming a larger amount of marine foods than the Watom 

and Vao populations, and a proportion similar (although from more reef or pelagic species) 

to the people from Uripiv. As discussed, there was a limited amount of faunal, and no floral, 

evidence of diet at Taumako. The most useful information on the potential diet of the Tau

mako inhabitants was from ethnohistorical accounts of the sailors on Spanish galleons in the 
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late 1600s. Mainly nuts (e.g. canarium), and agricultural plant foods (yam, banana, sugar 

cane, breadfruit and coconuts), pigs and chickens were recorded in these accounts (Leach 

and Davidson, 2008; Yen, 1973). More recent information on dietary items on Taumako in

dicate breadfruit and yam were the most important cultigens, but sago, giant taro and banana 

were also utilised on the island (Davenport, 1968; Yen, 1976). 

As previously discussed, the high proportion of marine foods suggested by the chem

ical evidence may be a result of the over-representation of high-protein foods in these types 

of analyses. The dental evidence supports the claims of starchy staples as important food 

sources at Taumako. The possible consumption of betel nut, also recorded in the ethnohis

torical accounts (Davenport, 1968), may also have confounded some of the dental evidence 

of horticultural plant foods in the diet. The possibility that historical and more recent ethno

graphic accounts did not mention marine diet due to its 'obviousness', or because it fell 

outside the scope of their accounts, can only be speculated on (Leach and Davidson, 2008). 

Importantly, none of the reports comment on the absence of marine foods in the diet, un

less a species was the 'totem' animal of a clan and was therefore not consumed (Leach and 

Davidson, 2008) 

The dental and dietary analysis of the Nebira sample supports the hypothesis that this 

population relied on horticultural resources, but wild plants and animals from hunting and 

gathering were also likely to be very important in the diet. As discussed, there was a limited 

amount of faunal and no floral evidence from Nebira to assist in understanding potential 

dietary items at the site (Bulmer, 1978, 1979). However, if the dietary evidence is compared 

with historic and modern accounts of the subsistence of the inhabitants of the area today, 

similar patterns between the populations can be observed. The cultivation of yams, banana, 

sugar cane and taro are integral parts of the subsistence economy in the area and important 

protein sources come from hunting wild animals, especially animals that live in the savannah 

grasslands that are typical of the lowland region (Allen, 1977a,b; Barrau, 1958; Bulmer, 

1978, 1979). 

These savannah grassland environments in which Nebira is situated are home to both 

C3 and C4 plants and it is likely the animals that live in these environments, including wal

labies, consume both types of plants. If wallabies were hunted in a manner similar to that 

observed in more recent times (Allen, 1977a,b; Bulmer, 1978, 1979), this would be a plau

sible explanation for the C4 plant influence in the diet indicated by the chemical analyses. 

Additionally, C4 plants such as sugar cane could have been consumed at N ebira (Leach et al., 

2003). However, the influence of C4 plants in the diet may be a result of the more visible 
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protein component in the diet (wallabies consuming C4 plants) influencing the observed di

etary patterns. Wild plant foods were also noted as important supplementary resources and 

therefore cannot be disregarded as potential dietary items on Pacific islands, especially those 

with high biodiversity such as Papua New Guinea (Bulmer, 1978; Yen, 1985). As is the case 

for Taumako and Watom, the consumption of betel nut at Nebira is a distinct possibility, 

and could account for the lack of horticultural foods in the Nebira diet as observed from the 

dental evidence of diet. 

In summary, the hypothesis that there was a transition from more broad-spectrum sub

sistence based on marine exploitation and hunting/gathering, to subsistence focused on hor

ticulture and domestic animals, was supported in Vanuatu. However, although the reliance 

on horticultural goods was supported in the later population from Nebira, the dietary results 

from Taumako do not support the hypothesis in full. 

Hypothesis 7: There will be more variation in diet over time between the sexes and 

between adults and children as a result of the development of cultural food restrictions 

similar to those found in the ethnographic present in the Pacific Islands. 

The only samples large enough to interpret age or sex -related differences in diet were Teouma, 

Taumako and Nebira (Figure 6.7). Only the chronologically oldest population, Teouma, 

showed evidence of sex-related differences in the adult diet, but not the childhood diet, as 

observed from chemical analysis of the adult teeth. No differences were observed between 

the sexes in either the childhood or adult diet for the Taumako or Nebira populations. It has 

been suggested that the early Lapita populations were ranked in some manner, but not highly 

stratified (Kirch, 2000). The differences in protein consumption patterns between the sexes, 

the males consuming more protein from higher trophic levels, may be a reflection of this 

ranking. 

It was suggested that sexual differences in diet would be observed in the later popula

tions of Taumako and Nebira, but this was not the case. The Taumako sample showed very 

little difference in diet between the sexes, although it is possible the men were consuming 

more cariogenic foods. There was also little evidence of sexual differences in diet at the 

Nebira site, although men may have been consuming more animals that consumed C4 plants 

(e.g. wallabies), or C4 plants themselves (e.g. sugar cane). This pattern does not totally 

negate the possibility of sexual differences in diet, as it is possible preferential food treat

ment could have involved low-protein starchy staple foods, as these are regarded as 'true' 

foods in many Pacific islands and constitute the 'meal'. Foods other than starchy staple veg-
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etables are regarded as accompanying foods or snacks, regardless of the amount consumed 

(Barrau, 1973; Pollock, 1992, 1986). However, the consumption of foods outside mealtimes 

is an important source of calories and nutrients, especially for children (Kirch, 2002; Oomen 

and Malcolm, 1958; Pollock, 1986). 

With regard to Papua New Guinea, but still pertaining to the overall Pacific Island ideal 

of food, Jenkins (1998a, p.126-127) states that "the politics of food distribution includes a 

plethora of customs concerning the appropriate consumers of particular foods". This can 

relate to the preferential allocation of certain foods to specific members of a community, such 

as the delegation of the choice cuts of pig, the rear end of the chicken and relatively scarce 

marine foods (e.g. turtle and shark) to high status males (Leach, 2003). These practices 

can also relate to certain food taboos that vary widely across the Pacific. Food taboos affect 

many members of a society, such as male initiates for men's houses, people of certain clans, 

pregnant, lactating and menstruating women, or children (Davenport, 1968; Marshall, 1985; 

Oomen and Malcolm, 1958; Pollock, 1992, 1986). Certain foods may also be identified 

as 'male' or 'female' or by other qualities (e.g. hot, cold, or slimy) that necessitate their 

avoidance by certain sub-groups within a population, and these qualities may be the reason 

for the abovementioned food taboos (Jenkins, 1998a). Some foods, such as turtle and pig, are 

ascribed high value, depending on the island (Leach, 2003). For example, the consumption 

of pig is limited to ritual purposes (e.g. bride price) throughout most of the Pacific islands 

and the distribution of the pigs for social purposes ensures that the actual amount of pork 

eaten by one person is insubstantial (Oomen and Malcolm, 1958; Parkinson, 1999). Other 

foods may be prepared in specific ways to increase their 'value', such as the preparation of 

certain foods into puddings or the fermentation of breadfruit (Leach, 2003; Pollock, 1986). 

As mentioned, social processes also dictate the type and timing of supplementary foods to 

infants (Marshall, 1985). However, although there is social enforcement of food taboos, the 

decision to follow the socially prescribed diet is ultimately personal. Thus, personal choice 

may override specific food taboos in a community (Jenkins, 1998a; Jenkins et al., 1984). 

Differences were observed between the childhood diet of surviving adults (assessed 

from tooth dentine) and the adults themselves in Teouma, Vao, Watom and Nebira popu

lations (Figure 6.7). The same trend was observed in all these populations, namely that at 

this age the children were consuming protein from a higher trophic level than the protein 

consumed by the adults. The Taumako sample and post-Lapita individual from Uripiv do 

not exhibit this trend. The sample of corresponding bone and tooth samples for the Lapita

associated (n=1) and post-Lapita (n=2) samples from Vao and Watom (n=l) are small and 

therefore it is difficult to ascertain whether this trend is accurate without analysing more 
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individuals. 

However, as previously discussed, the variation in childhood diet at Teouma and Nebira 

may be a result of culturally-moderated feeding practices, preferential treatment of certain 

individuals or childhood procurement and consumption patterns. The fact that the samples 

from Teouma and Taumako represent the chronologically oldest and youngest cemeteries 

suggests the feeding practices were not a result of cultural development over time and may 

actually be population-specific phenomena. The pattern in prehistory is opposite to many of 

the modem day accounts of protein deficiency in Pacific Island children (Heywood, 1983; 

Heywood and Jenkins, 1992; Oomen and Malcolm, 1958). The consumption of protein-rich 

foods such as fresh water crustacea and marine reef foods by children foraging for their own 

foods during the day may be the cause of this variation (Oomen and Malcolm, 1958). 

Although no differences in the trophic level of protein between the deceased subadults 

and adults was identified in the Nebira sample, the dietary difference between these two 

groups in the Taumako sample may indicate that the lower protein consumption of subadults 

could have influenced their premature death. It is possible that these individuals were con

suming low protein foods as a result of food taboos in the community. Similar trends of 

low-protein consumption by individuals older than breastfeeding age have been observed in 

skeletal samples from other areas of the world. These studies have suggested that this was 

a result of children and juveniles consuming less protein-rich foods than the adults and that 

this may have affected subadult mortality patterns found in the samples (Prow se et al., 2004; 

Turner et al., 2007). 

In summary, the hypothesis is not supported by the dietary evidence, as there was only 

evidence of sexual differences in diet in the earliest populations, not the later. Age-related 

differences in the childhood and adult diets of the survivors (adults) occurred at most of the 

sites without any obvious trend in temporal patterns. Only at Taumako was the diet of the 

non-survivors (subadults) different from the survivors and this may have been a result of 

culturally-moderated processes of food allocation. 
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Hypothesis 8: Over time, with the transition to a subsistence based more on culti

vated plants and animals, there will be a decline in health as evidenced from an in

creased prevalence of non-specific indicators of stress because of the increased reliance 

on starchy food staples. 

As is noted in the above population-specific discussions, two types of interpretations can be 

made concerning the prevalence of LEH. The high prevalence of LEH can most certainly be 

interpreted as being related to high levels of stress affecting individuals during infancy and 

childhood, but low levels of LEH may not always be representative of low stress during this 

early life stage. This is because the capacity of an individual to respond to environmental 

stress is intrinsically linked to the frailty of that person (Wood et al., 1992). A frail individual 

may die immediately or soon after encountering a specific stressor, and thus no LEH would 

be recorded in their dentition (Domett, 2001). A medium-frail individual may have been able 

to survive multiple periods of stress and these may subsequently be reflected as LEH; how

ever the effects of these environmental stressors may reduce the functional capacity of these 

individuals and lead to premature death, or an increased mortality risk as an adult (Goodman, 

1989, 1991b; Goodman and Armelagos, 1988, 1989). Strong individuals may be resilient to 

any type of environmental stress and not form any type of LEH; or they may survive the 

stress, resulting in a moderate/high prevalence of LEH in the adult sample (Domett, 2001). 

Temporal transitions in health are difficult to interpret between all six populations be

cause some of the samples were very small. The adults from all three of the smallest samples 

(Uripiv, Vao and Watom) had evidence of late-forming LEH, with those from the Watom and 

post-Lapita Vao and Uripiv samples also having evidence of early-forming LEH. The Lapita

associated adults from Vao also had evidence of LEH on the third molar. This pattern could 

suggest that the most likely time for stress to occur was in early childhood. Alternatively, 

it may indicate that stress was also high in infancy and early adolescence, but that most in

dividuals did not survive this stress. With regard to the Uripiv and Vao communities which 

post-date the Lapita settlements on these islands, this may suggest that, over time, stress 

occurred at an earlier age, or that these post-Lapita individuals survived the earlier stress. 

In the context of the dietary interpretations, the prevalence of early-forming LEH in the 

post-Lapita samples may indicate a shift in supplementary foods from higher-protein foods 

such as fish in early Lapita-associated populations to lower protein supplementary foods such 

as yam, taro or bananas, a diet customary throughout Pacific Islands today (Marshall, 1985; 

Oomen and Malcolm, 1958). The heavier reliance on horticultural foods at Watom and post

Lapita Uripiv and Vao over time supports the interpretation that both adults and children 
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were consuming similar C3 plant foods (although at Watom and Uripiv children aged 5-9 

may have been consuming foods from higher trophic levels than adults). However, a larger 

sample size of both infants, children and adults is necessary to confirm this suggestion. 

The possible decline in health over time in the larger populations (Teouma, Nebira 

and Taumako) is more plausible. In all three of these populations the largest proportion of 

individuals affected by LEH had evidence of LEH on late-forming teeth. In the Teouma 

population a similar proportion of individuals was affected by both early-forming and third 

molar LEH but in both Taumako and Nebira, a higher proportion of individuals were affected 

by early-forming LEH than third molar LEH. The individuals from Teouma were least af

fected by all the types of LEH, followed by Taumako, and Nebira had the largest proportion 

of individuals affected by early, late and third molar LEH. These patterns suggest that, re

gardless of the temporal period and subsistence base, the greatest period of stress occurred in 

early childhood. As previously discussed, other studies have also observed a high proportion 

of LEH occurring during this age range, and some have suggested this is a result of wean

ing (Cook and Buikstra, 1979; Corruccini et al., 1985; Wright, 1990, 1997). However, the 

timing and pattern of ameloblast secretion during this life stage have also been identified as 

causative factors for the formation ofLEH (Katzenberg et al., 1996). Therefore it is difficult 

to make inferences regarding weaning, especially since the timing of supplementary food 

and total cessation of breastmilk is highly variable throughout modern Pacific islands, mak

ing comparisons with modern populations difficult (Marshall, 1985; Oomen and Malcolm, 

1958). 

Regardless of the timing of LEH formation, the smaller proportion of LEH observed 

in the earliest population of Teouma may suggest either that this population experienced less 

overall stress in infancy, childhood and early adolescence than the populations from Nebira 

and Taumako and therefore did not develop much LEH, or that a large proportion of the 

population did not survive the stress. However, among the two later populations at Taumako 

and Nebira, the difference in the proportions of individuals affected by LEH was not large 

and may indicate that the environmental stress experienced in childhood was high in both 

communities. 

As previously reviewed in Chapter 5, studies in other areas of the world have sug

gested a decline in health with the adoption of cereal-based agriculture (Cohen, 1989; Good

man, 1991b; Larsen, 1995). Nutrient deficiencies associated with the specific foods and 

the higher pathogen load related to the increased sedentism necessary for agricultural sub

sistence patterns are both thought to be responsible for this decline in population health 
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(King and Ulijaszek, 1999; Larsen, 1995, 1997). The pattern of childhood stress found in 

this study may suggest that broad-spectrum foraging and hunting/gathering was less stressful 

than the subsistence of later populations that may have had a heavier reliance on horticulture. 

However, interpreting whether this pattern was related to subsistence is difficult because the 

interpretation of stress from LEH present in the Teouma sample may be confounded by the 

relatively small sample size of teeth. Futhermore, as the Lapita-associated populations that 

colonised the Pacific are thought to have brought with them not only horticultural knowledge 

but many domesticated cultivars as well, analysing the health of the burials associated with 

this population may provide one of the best possible opportunities to observe the 'transition' 

to horticulture in the Pacific. 

As has been discussed, the subsistence practices in the Pacific islands are not directly 

comparable to agricultural subsistence patterns observed elsewhere in the world. Pacific 

island subsistence is horticultural rather than agricultural. Although the main staple crops 

are starchy vegetables, accompanying plants (including banana, coconut, Malay apple and 

a number of nut trees) provide essential nutrients and are substantial contributors to overall 

calories consumed each day. As discussed in Chapter 2, the diversity and consumption 

of cultivated plants and domestic animals, and the availability of indigenous foods, varies 

between islands depending on cultural factors and the biodiversity of the island itself. 

The dietary evidence only partially supports the suggestion that the individuals in

cluded in the Taumako skeletal samples were consuming a large proportion of starchy veg

etables, although the true proportion of these foods is likely overshadowed by the marine 

foods in the stable isotope evidence and masked by the consumption of betel nut in the den

tal evidence. Most marine organisms are a good source of zinc, iron and protein, although 

deeper water fish are not as high in iron and zinc as shellfish (Dignan, 1994). Nuts, a variety 

of which are grown either on Taumako or in the Southeast Solomons region and imported to 

the island are also a good source of protein and micronutrients (Dignan, 1994; Yen, 1973, 

1974). The inhabitants of Taumako probably had a variety of food sources with the base 

of the diet likely being a starchy staple (e.g. breadfruit and yam). However, regardless of 

the variety of foods available, the current inhabitants of Taumako are known to experience 

periods of food stress during the months of January to May as a result of the difference in 

timing between the yam and breadfruit harvests. As discussed in Chapter 2 using an example 

of a modem population from the Nembi Plate, Papua New Guinea (Crittenden and Baines, 

1986), seasonal periods of resource stress can affect the morbidity and mortality patterns of 

infants and small children. In addition to the possible culturally-induced nutritional stresses 

for children as a result of food taboos, these seasonal variations in food availability and re-
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suiting health effects could have been factors responsible for the high prevalence of LEH in 

the Taumako sample. 

In the Nebira sample it is possible that a heavier reliance on starchy staple crops, as 

indicated by the dietary evidence, influenced the high levels of LEH observed. The diet 

of the Nebira population may have been low in protein and iron, depending on the amount 

of animal foods, green leafy vegetables and nuts consumed at this time in prehistory. The 

amounts of other essential nutrients would be dependent on the types of cultivated plants, 

as some starchy staples, such as taro, have more zinc than others (e.g. yams, breadfruit and 

sago) (Dignan, 1994). Protein malnutrition is especially prevalent in modem-day Papua New 

Guinea and other types of specific nutrient deficiencies (especially iron and zinc) have been 

observed in both highland and lowland communities. In Papua New Guinea and other areas 

of Melanesia, inadequate nutrition as a result of nutrient deficiencies have been implicated 

as a major source of environmental stress in childhood with a consequent negative impact 

on growth and development (Heywood, 1983; Heywood and Jenkins, 1992; Heywood and 

Norgan, 1992; Oomen and Malcolm, 1958). Therefore it is possible the high prevalence 

of LEH at Nebira is related to the stress associated with childhood diet. The observation 

that non-surviving children and adolescents were consuming protein from a lower trophic 

level than surviving children further supports the suggestion that diet was a limiting factor at 

Nebira. 

As mentioned, infectious disease related to environmental factors other than nutrition, 

especially the population density associated with increased food production from horticul

tural practices, could also be the cause of childhood stress (King and Ulijaszek, 1999). Buck

ley (2001, 2006) has suggested the aetiology of LEH at the later-established populations of 

Taumako and Nebira may be associated with malaria and other infectious diseases in these 

areas. It is difficult to tease out whether the stress was a result of diet or the effect of living in 

denser communities that could be argued are likely to have higher rates of infectious disease 

than initial colonising populations. This contention is supported by the fact that the Teouma 

skeletal sample had a low prevalence of infectious disease because of the small population 

size at the time of initial settlement. Although malaria is a major cause of ill health in Vanu

atu today, it is uncertain whether or not it would have been a factor in the health of the earliest 

populations at Teouma, as it would have needed time to become established (Buckley et al., 

2008). 

Investigating mortality profiles at the sites could potentially assist in these interpreta

tions. Unfortunately, given the samples available in the present study this type of analysis 
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is impossible as the only subadults from Teouma were foetal and perinatal individuals and 

less than five subadults were included in the Nebira sample. At Teouma, the stable isotope 

values of these very young sub adult individuals suggest that there was some type of maternal 

stress occurring at the site (Kinaston et al., 2009). The presence of LEH on deciduous teeth 

of individuals from Lapita-associated Uripiv and post-Lapita Vao suggests mothers on these 

islands were also stressed, although these samples consisted of one subadult individual in 

each. Later in prehistory at the Taumako site, there was also a trend similar to Teouma in 

perinatal and foetal stable isotope values (higher 815N values compared to adult females), 

suggesting these individuals may have undergone environmental stress. The high prevalence 

of LEH and circular caries on the deciduous teeth of the subadults from Taumako also in

dicates the maternal stress on this island was high, possibly leading to the premature death 

of the infants and young children with evidence of these lesions. Similarly, Stodder (1997) 

and Hanson and Butler (1997) observed a high prevalence of LEH and circular caries in 

subadults from the Marianas Islands and suggested the high levels of stress were a result of 

early weaning and high pathogen loads due to the dense. populations on these islands. 

As the females from Teouma were the only females to show obvious differences from 

the males in the protein portion of the diet, it is difficult to interpret whether the possible 

maternal stress observed in this study was a result of diet or disease without a sample of com

parable size and demography from a different temporal period. However, with the exception 

of early LEH at Teouma, the female individuals from Teouma, Taumako and Nebira had a 

higher prevalence of early and third molar LEH than the males at each respective site (but 

similar rates of late LEH between the sexes) suggesting that the health experience between 

the sexes was different at these sites. The similar rates of late-forming LEH may be a result 

of the patterns observed in many other skeletal samples for the multiple reasons discussed 

above (Katzenberg et al., 1996). However the differences in the other type ofLEH (e.g. early 

and third molar) may have occurred because of dietary differences as a result of preferential 

food allocation (especially of protein foods) and possible food taboos, as has been suggested 

for other modem and prehistoric populations (Rosenberg, 1980; Storey, 1998). 

Therefore, the hypothesis that there was an increase in stress from the earliest to the 

most recent prehistoric populations is supported (Figure 6. 7). However, it is difficult to ascer

tain whether this increase in stress over time was a result of dietary change to a subsistence 

based heavily on horticultural foods with lower nutrient qualities, and potentially associated 

culturally-moderated food allocation, or a result of increased population density with higher 

pathogen loads. Importantly, food production is directly associated with population den

sity because to sustain large viable populations, proportionately large amounts of food must 
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be obtained through horticulture, hunting/gathering and/or marine exploitation. However, 

as observed, this may come at a cost to the most vulnerable members in a population- the 

females and young infants and children. 

6.3 Conclusions 

The following section will address the overall aims of the thesis and provide a summary of 

the interpretations for each aim. 

Research Aim 1: Were there intra-population age and sex variations in diet at the sites? 

The first aim of this thesis was focused on characterising the diet of the six populations to 

understand possible intra-population variations in diet. To do this, both stable isotope anal

ysis and dental evidence of diet were used. The stable isotope analysis primarily indentified 

differences in the protein portion of the diet, and the dental pathology profile (DPP) compiled 

for each population assisted in identifying subsistence practices. However, it was found that 

many of the populations did not fit into any of the subsistence profiles outlined by the DPP 

for populations in other areas of the world. This is likely because most of the populations 

were practising a mixture of marine exploitation and horticulture-a pattern that does not fit 

neatly into any one of the subsistence regimes outlined in the DPP compiled from Little

ton and Frohlich (1993) and Lukacs (1989) by Oxenham et al. (2002). The consumption 

of a cariostatic, periodontal disease-inducing agent (betel nut and slaked lime) most likely 

also influenced the DPP of some of the populations. This study suggests that the DPP for 

other societies is perhaps not applicable to the Pacific Islands. It may therefore be bene

ficial to develop a specific DPP for prehistoric Pacific Island populations developed from 

dental surveys of modem Pacific Island groups and ethnographic and historic evidence of 

betel nut consumption. It may also be beneficial to use stable isotope studies, such as were 

employed in the current analysis, to help with the development of a DPP to assist in dietary 

reconstructions of samples that may not be able to be chemically analysed. 

The stable isotope evidence was found to most likely overestimate the protein portion 

of the diet and it may be beneficial to use the inorganic portion of the bone or tooth enamel to 

identify the carbohydrate portion ofthe diet (Coyston et al., 1999; Harrison and Katzenberg, 

2003; Krigbaum, 2003, 2005). The stable isotope analysis identified sexual differences in 

diet only at the chronologically oldest site, Teouma, with a finding that males were consum-
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ing protein from a higher trophic level than females. This may be a manifestation of the 

'ranked' societies thought to exist at this time in Pacific Island prehistory. No differences 

were found between male and female protein consumption at the other sites, although three 

(Uripiv, Vao and Watom) of the samples were too small to interpret these possible differences 

fully. It may be that male and female dietary differences were a result of the cultural modifi

cation of the food itself, or the amount of food consumed by each sex, practices which would 

be 'invisible' in the bioarchaeological record. The preparation of certain foods to increase 

the 'value' of the main ingredient, such as making puddings out of starchy staple foods, is 

an example of this type of cultural modification of food (Leach, 2003, 2008). 

On the other hand, age-related differences in protein consumption were observed at 

a number of sites, both between the childhood diet of the adults (as analysed from tooth 

dentine) and, at Taumako, between the deceased subadults and the adults. In all the samples 

observed to have a difference in the childhood and adult diet of the survivors, the childhood 

diet consisted of protein from a higher trophic level than that of the adult diet. It has been 

proposed throughout this thesis that this pattern may be a result of childhood feeding patterns 

that are contrary to many of the ethnographic accounts of this practice in the Pacific islands. 

It may be that accounts of child feeding in the Pacific Islands were focused on the main 

'meals' eaten by the family with less weight given to the intermittent and random eating 

patterns of children. As discussed, the Pacific Island conception of food is based around 

starchy staples and these are the main component of all 'meals'. The participants in these 

studies may not have recorded other types of edibles, such as nuts, fruits and reef organisms 

because they did not consider them 'food', or because they did not know exactly what their 

child was consuming throughout the day, as children will forage for their own foods without 

parental assistance. 

However, it is also possible that the difference between tooth and bone collagen nitro

gen stable isotope values may be a result of extended stress in childhood. However, all the 

samples, except Uripiv and Taumako, have evidence of this pattern of 'survivor' protein be

ing higher in childhood and therefore it would seem unlikely it is a physiological response. 

On the other hand, one skeletal sample (Taumako) did not exhibit this variation between 

childhood and adult diet, but did have evidence of a difference between the diet of non

survivors (subadults) and adults, with the deceased subadults consuming less protein from a 

higher trophic level. The lower protein in these subadult diets may have had an influence on 

their premature death. The assessment of a prehistoric sample from an island with limited 

biodiversity, such as are common in Polynesia, with a larger proportion of infants and chil

dren than the current samples, may help to elucidate whether these adult and subadult trends 
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in diet were culturally induced. 

Research Aim 2: Was there evidence of stress in childhood? 

A non-specific indicator of stress, linear enamel hypoplasia (LEH) was used to determine 

whether environmental stress was occurring during infancy and childhood. The teeth were 

categorised by the estimated age of crown formation into 'early', 'late' and 'third molar' to 

better interpret the general age at which environmental stress occurred. This method was 

effective in identifying that all the populations experienced the most environmental stress 

(and survived) during early/mid childhood ('late'). That few individuals showed signs of 

LEH on the 'early' and 'third molar' teeth may be because there was little stress during their 

time of development or the stress itself was greater and the subadults perished before there 

was time to develop LEH on these teeth. Generally, females were more affected than males 

by LEH and it was suggested that diet may have been a limiting factor to the health of the 

females at the sites. However, there was little evidence of a difference between the sexes 

with regard to childhood diet at any of the sites and, because of the multifactorial aetiology 

of LEH, it is difficult to associate the prevalence of LEH with differences in childhood diet 

convincingly. Perhaps using early, late and third molar teeth has helped to identify more 

general periods of stress caused by dietary deficiencies while avoiding problems associated 

with methods for specific age estimation of LEH. The use of multiple indicators of non

specific stress, such as cribra orbitalia, childhood growth and adult stature may assist in 

identifying the patterns of stress within these populations if the demography, preservation 

and sample sizes allow for their assessment (Goodman et al., 1988). 

Research Aim 3: Were there difference in diet and health between the survivors and 

non-survivors? 

By comparing the adults and subadults, variations in diet and health indicated the possible 

differential treatment of survivors and non-survivors at two of the sites. The assessment of 

childhood diet of the adults (survivors) from tooth collagen was directly compared with diet 

of the subadults (non-survivors) from bone collagen to determine whether there were any 

differences in protein consumption between the two groups and whether this may have had 

any effect on the stress these individuals experienced during childhood. There were only two 

sites (Taumako and Nebira) with adequate sample sizes and demography to undertake these 

assessments. Dietary differences were observed between the survivors and non-survivors in 
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both samples; specifically it was found that more protein from a higher trophic level was 

consumed by the survivors than the non-survivors. However, contrary to the hypothesis that 

the non-survivors would have less evidence of LEH because they probably perished before 

its formation as a result of environmental stress, the non-survivors had a higher prevalence 

of the condition. It was suggested that the consumption of protein from higher trophic levels 

may have assisted in buffering the survivors from stress. While the samples were small, these 

results suggest that this is an avenue worth further exploration. The findings may actually 

negate some inferences of the Osteological Paradox (Wood et al., 1992). 

Research Aim 4: Were there diachronic variations in diet and health at the sites? 

The fourth aim of this thesis was to compare the diet and health patterns between the pop

ulations to understand possible temporal variations in diet and health. Firstly, the observed 

subsistence patterns were generally in line with the hypotheses, suggesting a trend of in

creasing horticultural reliance over time. The earliest sample, representative of a colonising 

population, is characterised by a heavy reliance on indigenous animals, reef/inshore species 

and possibly pelagic species. Over time there is a transition to more terrestrial resources, 

most likely domesticated plants and animals. The only variation from the expected hypoth

esis was the heavy reliance on marine foods by the Taumako population. This was possibly 

the result of the over-representation of high-protein foods by the stable isotope analysis as 

the DPP suggested some agricultural foods were likely part of the diet. Additionally, it was 

possible that the consumption of betel nut at some of the sites actually obscured the as

sessment of certain dietary items, specifically cariogenic foods. This may have resulted in 

the interpretation of less agricultural foods in the diet, especially with regard to the Watom, 

Nebira and Taumako skeletal samples. The full publication of the data from the archaeologi

cal excavations (including faunal analyses) at Teouma, Uripiv, Vao and Watom and the stable 

isotope analysis of faunal material from all the sites would greatly assist dietary interpreta

tions in the future. It must be reiterated that the use of a Pacific island frame of reference for 

dietary interpretations can affect inter-population comparisons because these baseline data 

may not be an entirely accurate representation of the potential dietary sources at each site 

during prehistory. 

The suggestion that there would be an increase in the prevalence of LEH over time 

as a result of subsistence change was suggested by the health results. Fewer LEH defects 

were observed in the earlier population of Teouma and the number of individuals affected 

by LEH was significantly higher in the later populations of Taumako and Nebira. However, 
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the pattern in LEH expression could also be associated with higher stress and mortality rates 

during the early colonisation of the Pacific. It could also be linked to increased sendentism 

and the associated prevalence of infectious disease, rather than nutritional inadequacy of the 

diet. 

In all of the populations with samples sizes large enough to assess sexual difference 

in diet and health, there appeared to be less variation in diet between the sexes over time, at 

least in regard to the protein portion of the diet. This finding was contrary to the proposed 

hypothesis. This may reflect changes in gender roles or may indicate that, at the later sites, 

sexual differences in diet were not associated with protein or were related to portion size 

rather than type. This may also be a result of the reduction in biodiversity of some of the 

smaller islands such as Taumako, Uripiv and Vao. 

Females generally had a higher prevalence of LEH than males, regardless of the tem

poral period. However, in the earliest populations the females were less affected by early

forming LEH, suggesting either more female infants died during this time, or fewer females 

were stressed. Later in prehistory females and males were similarly affected by late-forming 

LEH in childhood and both sexes were observed to have similar diets during this life-stage. 

This could be an indication that during the formation of 'early' teeth and third molars, the 

females had different diets from the males, or that they experienced different types of stress. 

Alternatively this could be a result of the increased reliance on a less diverse range of foods, 

which masked any social/cultural practices regarding food allocation in the samples. 

Final Conclusions 

This thesis has provided a comprehensive synthesis of diet in six prehistoric Pacific Island 

skeletal samples. It has assessed both the intra- and inter-population variation in diet and 

investigated the relationship between diet and stress during infancy and childhood. In order 

to address the aims of this thesis, a number of analyses were performed including: stable 

isotope analysis of both bone and teeth; the assessment of tooth wear and oral health as di

etary indicators; the investigation of LEH as a non-specific indicator of stress; and modern 

ethnographic and cultural information that may be relevant to understanding prehistoric pat

terns of diet and health. The results suggest an observable transition in subsistence patterns 

more reliant on horticulture and domestic animals over time, although, in most of the sam

ples investigated, marine foods of some sort remained important resources. The exception 

to this trend was found at Nebira, where it is likely that hunting was used extensively to 

secure protein resources. The discussion of the variation in dietary and health patterns be-
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tween subgroups identified, within each population, possible differential treatment of certain 

individuals which did not appear to be related to temporal changes in cultural or subsistence 

patterns. 

This thesis also pointed to areas which could provide fruitful future research oppor

tunities. The development of a DPP appropriate for use in the Pacific Islands is one such 

avenue which needs more attention. The analysis of tooth wear and oral health indicators 

of other Pacific Island skeletal samples with standardised methods, in addition to using oral 

health surveys of modem Pacific Islands populations, may assist in the development of a 

DPP relevant to Oceania. The research also suggests that future direction in Pacific Island 

palaeodietary research should include further analysis of intra- and inter-population varia

tions in diet and health to ascertain whether or not cultural patterns may be identified. As 

the samples analysed in this study span a large temporal period, it would be beneficial to 

analyse samples that were chronologically similar. Furthermore, as the current samples are 

also spatially diverse, the analysis of cemetery samples from other areas in the Pacific, such 

as Polynesia, could assist in the further understanding of the influence of factors such as 

biodiversity and disease (especially malaria) on the health and dietary patterns of prehistoric 

Pacific Islands populations. 
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Appendix A 

Appendices 

A.l Pacific Island Plant and Animal Baseline Data 

Table A.l: Modem Pacific island terrestrial plant stable isotope values used in this study (o15N, o13C and o34S). 

Common name Scientific name %C 813C (%o) %N 815N(%o) CIN ratio 834S(%o) Reference source 

sago flour Metroxylon sp. 40.9 -24.3 Yoshlnaga et al. (1991, 1996) 

sago flour Metroxylon sp. 39.9 -24.4 Yoshlnaga et al. (1991, 1996) 

taro Colocasia esculenta 41.9 -27.7 0.6 0.2 76.3 Yoshlnaga et al. (1991, 1996) 

yam Dioscorea alata 41.2 -27.8 0.8 1.7 63.2 Yoshinaga et al. (1991, 1996) 

elephant-foot yam Amorphophallus campanulatus 41.1 -26.8 -0.7 Yoshlnaga et al. (1991, 1996) 

sweet potato Ipomea batatas 40.9 -26.9 2.8 Yoshlnaga et al. (1991, 1996) 

banana (mean of 9 samples) Musasp. -26.7 1.1 Yoshinaga et al. ( 1991, 1996) 

banana Musasp. -22.6 Yoshlnaga et al. (1991, 1996) 

jointfir (leaf) Gnetum gnemon 43.3 -27.1 4.5 Yoshlnaga et al. (1991, 1996) 

cycad (sago palm) Cycas circinalis 40.6 -24.1 0.3 Yoshlnaga et al. (1991, 1996) 

lotus Ne/umbo nucifera 43.1 -24.9 4.2 Yoshlnaga et al. (1991, 1996) 

galip Canarium vitiense 43.2 -26.1 Yoshlnaga et al. (1991, 1996) 

coconut Cocos nucifera 42.4 -23.7 3.4 4.9 14.6 Yoshlnaga et al. (1991, 1996) 

coconut Cocos nucifera -22.4 8.3 43.2 Yoshlnaga et al. ( 1991, 1996) 

taro corm Colocasia esculenta -26.8 3.9 154.0 Yoshlnaga et al. (1991, 1996) 

taro corm Colocasia esculenta -25.5 1.9 59.9 Yoshlnaga et al. (1991, 1996) 

taro leaf Colocasia esculenta -24.7 10.9 14.4 Yoshlnaga et al. (1991, 1996) 

atoll taro corm Cyrtosperma chamissonis -29.4 7.4 9.1 Yoshlnaga et al. (1991, 1996) 

atoll taro leaf Cyrtosperma chamissonis -26.1 6.7 11.8 Yoshlnaga et al. (1991, 1996) 

banana Musa sp -23.2 6.0 61.5 Yoshlnaga et al. (1991, 1996) 

continued on next page 
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continued from previous page 
Common name Scientific name %C o13C (%o) %N ,Jl5N(%o) C/N ratio I o34S(%o) I Reference source 

Pacific arrowroot Tacca leontopetaloides -23.7 9.1 23.0 Yoshinaga et al. (1991, 1996) 

breadfruit Artocarpus altilis -28.2 8.1 40.2 Yoshinaga et al. (1991, 1996) 

sweet potato Ipomea batatas -26.8 8.5 55.0 Yoshinaga et al. (1991, 1996) 

Indian mulberry Morinda citrifolia -26.5 2.5 41.6 Yoshinaga et al. (1991, 1996) 

Malay apple Syzygium malaccense -28.3 7.4 48.3 Yoshinaga et al. (1991, 1996) 

ti Cordyline fruticosa -26.4 5.5 25.1 Yoshinaga et al. (1991, 1996) 

native pigweed• Portulaca lutea -12.4 8.4 11.5 Yoshinaga et al. (1991, 1996) 

banana (thick-skin, raw) Musa sp. 40.6 -24.8 0.2 Ambrose et al. (1997) 

banana (thick -skin, boiled) Musasp. 40.8 -24.8 0.4 Ambrose et al. (1997) 

banana (thin-skin, raw) Musasp. 40.6 -25.8 0.4 Ambrose et al. ( 1997) 

banana (long green, raw) Musa sp. 40.7 -25.7 0.7 Ambrose et al. ( 1997) 

turmeric (raw) Curcurma longa 48.8 -27.7 0.3 Ambrose et al. (1997) 

turmeric (boiled) Curcurma longa 51.3 -28.0 0.2 Ambrose et al. (1997) 

chill-pepper (short-red, raw) Capsicum frutescens 51.7 -31.3 2.0 1.5 Ambrose et al. ( 1997) 

chill-pepper (short-red, boiled) Capsicum frutescens 51.9 -27.9 1.9 1.7 Ambrose et al. (1997) 

chill-peeper (long-green, raw) Capsicum frutescens 50.7 -28.9 2.5 6.2 Ambrose et al. (1997) 

chill-pepper (long-green, boiled) Capsicum frutescens 48.3 -29.4 2.7 5.5 Ambrose et al. (1997) 

yam (red skin, raw) Dioscorea alata 42.7 -26.9 0.9 4.8 Ambrose et al. ( 1997) 

yam (red-skin, boiled) Dioscorea alata 42.9 -27.8 0.6 1.9 Ambrose et al. (1997) 

yam (yellow-skin, raw) Dioscorea esculenta 42.9 -27.2 0.7 2.7 Ambrose et al. ( 1997) 

yam (yellow-skin, boiled) Dioscorea esculenta 41.1 -26.8 0.5 4.5 Ambrose et al. (1997) 

yam (var. spinosa, raw) Dioscorea aculeata 42.1 -29.3 1.8 -0.1 Ambrose et al. (1997) 

yam (var. spinosa, boiled) Dioscorea aculeata 42.7 -27.2 1.5 0.2 Ambrose et al. (1997) 

yam (var. spinosa, leaves) Dioscorea aculeata 45.4 -30.7 1.2 -0.3 Ambrose et al. ( 1997) 

sweet potato (red-skin, raw) Ipomea batatas 41.7 -28.4 1.3 3.9 Ambrose et al. (1997) 

sweet potato (red-skin, boiled) Ipomea batatas 41.2 -28.4 0.2 Ambrose et al. (1997) 

sweet potato (yellow-skin, raw) Ipomea batatas 41.8 -25.5 0.2 Ambrose et al. ( 1997) 

sweet potato (yellow-skin, boiled) Ipomea batatas 41.9 -27.4 0.4 Ambrose et al. (1997) 

sour sop (a mulberry, raw) Annona squamosa 44.1 -29.2 1.0 7.8 Ambrose et al. (1997) 

breadfruit (raw) Artocarpus altilis 42.7 -28.1 0.6 4.0 Ambrose et al. (1997) 

breadfruit (boiled) Artocarpus altilis 42.8 -28.1 0.4 Ambrose et al. ( 1997) 

breadfruit (raw, fermented) Artocarpus altilis 43.8 -27.0 0.6 6.4 Ambrose et al. ( 1997) 

Hawaiian ti (aerial tuber, raw) Cordyline terminalis 41.9 -25.8 0.2 Ambrose et al. (1997) 

cycad (endosperm flour, leached) Cycas circinalis 44.0 -23.1 2.1 1.1 Ambrose et al. (1997) 

coconut (sap syrup) Cocos nucifera 39.8 -24.4 0.1 Ambrose et al. (1997) 

taro (raw) Colocasia esculenta 43.5 -31.1 0.3 Ambrose et al. ( 1997) 

giant swamp taro (raw) Cyrtosperma chamissonis 43.2 -26.9 0.2 Ambrose et al. (1997) 

atoll taro (corm) Cyrtosperma chamissonis 8.1 Beavan-Athfield et al. (2008) 

atoll taro leaf (leaf) Cyrtosperma chamissonis 0.7 Beavan-Athfield et al. (2008) 

banana Musa paradisiaca -23.2 3.0 14.9 Beavan-Athfield et al. (2008) 

continued on next page 
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continued from previous page 
Common name I Scientific name %C o13C (o/oo) %N o15N(%o) C/Nratio o34S(%o) I Reference source 

breadfruit Artocarpus altilis 13.6 Beavan-Athfield et al. (2008) 

coconut Cocos nucifera 1.4 Beavan-Athfield et al. (2008) 

taro corm Colocasia sp. -25.5 -1.1 12.8 Beavan-Athfield et al. (2008) 

taro leaf Colocasia sp. -24.7 7.9 15.5 Beavan-Athfield et al. (2008) 

Indian mulberry Morinda citrifolia 8.1 Beavan-Athfield et al. (2008) 

Malay apple Syzygium malaccense 14.7 Beavan-Athfield et al. (2008) 

Pacific arrowroot Tacca leontopetaloides -23.7 6.1 13.5 Beavan-Athfield et al. (2008) 

sweet potato Ipomea batatas -26.8 8.5 11.7 Beavan-Athfield et al. (2008) 

taro corm Colocasia esculenta 10.4 Beavan-Athfield et al. (2008) 

sugar cane standard• Saccharum officinarum -11.6 Beavan-Athfield et al. (2008) 

native pigweed• Portulaca lutea 11.6 Beavan-Athfield et al. (2008) 

tumeric Yellow Curcunna longa -28.2 3.7 12.0 Leach et al. (2003)* 

tumeric Red Curcunna longa -27.9 3.3 6.2 Leach et al. (2003)* 

elephant ear taro Alocasia macrorrhiza -25.4 1.8 17.1 Leach et al. (2003)* 

taro leaf Colocasia esculenta -27.7 6.0 13.5 Leach et al. (2003)* 

taro corm Colocasia esculenta -27.5 4.9 10.7 Leach et al. (2003)* 

taro corm Colocasia esculenta -27.2 0.3 11.1 Leach et al. (2003)* 

coconut Cocos nucifera -24.9 3.5 15.0 Leach et al. (2003)* 

sweet potato; red-skin, raw Ipomea batatas -27.2 3.8 3.1 Leach et al. (2003)* 

sweet potato; red-skin, raw Ipomea batatas -26.6 6.4 6.4 Leach et al. (2003)* 

sweet potat; red-skin, raw Ipomea batatas -26.5 1.2 4.7 Leach et al. (2003)* 

sweet potato; red-skin, raw Ipomea batatas -26.4 4.6 5.2 Leach et al. (2003)* 

yam Dioscorea sp. -27.6 3.6 16.5 Leach et al. (2003)* 

breadfruit Artocarpus altilis -25.0 5.6 12.3 Leach et al. (2003)* 

dried breadfruit (Nambu) Taumako Artocarpus altilis 12.0 Leach et al. (2003)* 

kava Piper methysticum -25.9 3.9 14.4 Leach et al. (2003)* 

pandanus Pandanus sp. -27.9 15.7 Leach et al. (2003)* 

sugar cane• Saccharum officinarwn -11.5 3.5 8.8 Leach et al. (2003)* 

sword grass• Imperata cylindrica -10.9 

*if more than one sample of the same species the results were averaged 
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Table A.2: Modern Pacific island marine plant stable isotope values used in this study (815N, 

813C and 834S). 

Common name Scientific name %C o',c %N 810N CIN ratio <5>•s Reference source 

red algae (raw) Gracilaria tsudae 30.6 -15.4 2.6 5.2 Ambrose et al. (1997) 

red algae (raw) Gracilaria tsudae 36.5 -15.8 3.8 4.8 Ambrose et al. (1997) 
red algae (raw) Gracilaria tsudae 30.6 -15.4 2.6 5.2 Ambrose et al. ( 1997) 

red algae (raw) Gracilaria tsudae 36.5 -15.8 3.8 4.8 Ambrose et al. (1997) 

sea grapes (average) Caulerpa racemosa -16.1 7.8 Casu et al. (2009) 

seagrass Thalassia sp. -7.6 Fry et al. (1983)* 
sea grass Halodule sp. -8.8 Fry et al. (1983)* 
seagrass Halophila sp. -7.9 Fry et al. (1983)* 
seagrass Enhalus sp. -7.2 Fry et al. (1983)* 
macroalgae ? -12.7 Fry et al. (1983)* 
sea grass Halophila sp. -10.0 Fry et al. (1983)* 
seagrass Enhalus sp. -8.3 Fry et al. (1983)* 
sea grass Thalassia sp. -8.6 Fry et al. (1983)* 
seagrass ? -8.6 Fry et al. (1983)* 
seagrass Halophila ova/is -8.5 Fry et al. (1983)* 
seagrass Thalassia hemprichii -8.5 Fry et al. (1983)* 
seagrass Cymodocea rotundata -9.2 Fry et al. (1983)* 
macroalgae Chlorodesmis fastigiata -21.0 Fry et al. (1983)* 
macroalgae Neomeris vanbossene -13.0 Fry et al. (1983)* 
macroalgae Halimeda opuntia -16.4 Fry et al. (1983)* 
macroalgae Sargassum sp .. -11.3 Fry et al. (1983)* 
macroalgae Acanthophora sp. icifera -10.8 Fry et al. (1983)* 
macroalgae Laurencia sp .. -14.3 Fry et al. (1983)* 
seagrass Halophila ova/is -9.2 Fry et al. (1983)* 
seagrass Thalassia hemprichii -6.9 Fry et al. (1983)* 
seagrass Cymodocea rotundata -8.9 Fry et al. (1983)* 
macroalgae Chlorodesmis fastigiata -25.8 Fry et al. (1983)* 
macroalgae Neomeris vanbossene -19.4 Fry et al. (1983)* 
macroalgae Halimeda opuntia -21.3 Fry et al. (1983)* 
macro algae Sargassum sp .. -14.1 Fry et al. (1983)* 
macroalgae Acanthophora icifera -14.0 Fry et al. (1983)* 
macroalgae Laurencia sp .. -15.4 Fry et al. (1983)* 

*if more than one sample of the same species the results were averaged 
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Table A.3: Modern Pacific island terrestrial and aquatic animal stable isotope values used in 
this study (o15N, o13C and o34S). 

Type Common name Scientific name %C Ql-'C %N o"N CIN ratio 8-"'S Tissue analysed 

mammal pig SusScrofa 45.7 -26.5 13.6 4.8 3.9 Flesh Yoshinaga et al. (1991) 

mammal wallaby A Dorcopsis veterum 48.3 -25.3 15.2 4.0 3.7 Flesh Yoshinaga et al. (1991) 

mammal wallaby B Thy/agate sp. 45.7 -22.8 14.3 4.3 3.7 Flesh Yoshinaga et al. (1991) 

mammal wallabyC Walabia agilis 46.5 -11.0 14.6 2.1 3.7 Flesh Yoshinaga et al. (1991) 

mammal Pacific rat Rattus exulans -21.0 9.6 14.3 Flesh Leach et al. (2003) 

mammal fruit bat Pteropus mariannus 51.4 -24.3 14.8 6.2 Skin Ambrose et al. (1997) 

mammal fruit bat Pteropus mariannus 55.2 -25.3 12.5 5.0 Flesh Ambrose et al. (1997) 

bird cassowary Casuarius casuarius 47.5 -23.4 15.3 1.7 3.6 Flesh Yoshinaga et al. (1991) 

bird pigeon ? 46.9 -23.9 14.6 3.6 3.8 Flesh Yoshinaga et al. (1991) 

bird duck Dendrocygna guttata 45.7 -24.9 14.2 4.3 3.8 Flesh Yoshinaga et al. (1991) 

bird brush turkey ? -23.1 5.1 Flesh Yoshinaga eta!. (1991) 

reptile crocodile Crocodylus porosus 47.2 -24.6 15.0 5.6 3.7 Flesh Yoshinaga et al. (1991) 

reptile monitor lizard Varanus sp. 46.9 -26.6 14.9 8.3 3.7 Flesh Yoshinaga et al. (1991) 

reptile water snake Acrochordus javanicus 46.2 -26.4 14.7 9.3 3.7 Flesh Yoshinaga et al. (1991) 

reptile tortoise Chelonia sp. 47.1 -25.3 14.5 8.9 3.8 Flesh Yoshinaga et al. (1991) 

insect tree ant Oecophylla virescens 46.8 -22.9 12.1 7.2 4.5 Whole body Yoshinaga et al. (1991) 

insect sago grub Rhynchophorus schach? 48.4 -25.2 10.0 -0.9 5.6 Whole body Yoshinaga eta!. (1991) 

Crustacea coconut crab Birgus latro 48.7 -24.1 14.7 5.9 Flesh Ambrose et al. (1997) 

crustacea land crab Cardisoma sp. 46.1 -23.8 11.8 8.0 Flesh Ambrose et al. (1997) 

freshwater fish catfish Tachysuridae 41.9 -26.4 13.4 10.5 3.7 Flesh Yoshinaga et al. (1991) 

freshwater fish catfish Neosilus ater? 44.5 -29.5 14.1 7.1 3.7 Flesh Yoshinaga et al. ( 1991) 

freshwater fish gudgeon Ophiocara aporos 46.2 -25.3 14.9 8.6 3.6 Flesh Yoshinaga eta!. (1991) 

freshwater fish gudgeon Eleotris fuscus? 44.3 -28.0 13.9 9.1 3.7 Flesh Yoshinaga et al. (1991) 

freshwater fish mangrove clam Geloina sp. 40.5 -24.4 9.5 5.4 5.0 Flesh Yoshinaga et al. (1991) 

freshwater fish corbicula Corbiculidae family 44.4 -34.6 7.9 4.2 6.6 Flesh Yoshinaga et al. (1991) 

freshwater fish prawn Macrobrachium sp. 46.8 -26.1 14.8 7.3 3.7 Flesh Yoshinaga et al. (1991) 

brackish water fish barramundi Lates calcarifer -25.5 10.1 Flesh Yoshinaga et al. ( 1991) 

brackish water fish J ardine 's barramudi Scleropages leichardti -26.5 14.1 10.5 Flesh Yoshinaga et al. (1991) 

brackish water fish Jardine's barramudi Scleropages leichardti -24.0 14.8 9.8 Flesh Yoshinaga et al. (1991) 

brackish water fish catfish Tachysuridae 45.0 -14.9 14.5 9.5 3.6 Flesh Yoshinaga et al. (1991) 
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Habitat 
inshore 
inshore 
reef 
seagrass 
seagrass 
seagrass 
seagrass 
seagrass 
sea grass 
offshore 
inshore 
inshore 
inshore 
inshore 
inshore 
inshore 
inshore 
inshore 
inshore 
inshore 

Table A.4: Modern Pacific island marine shellfish stable isotope values used in this study 
(c515N, c513C and c534S). 

Common name Scientific name %C ouc %N oDN CIN ratio o""s Tissue analysed Reference source 
clam Veneridae 33.1 7.3 -17.0 5.3 5.3 Flesh Yoshinaga et al. (1991) 
clam Veneridae 38.1 7.6 -16.4 4.7 5.9 Flesh Yoshinaga et al. (1991) 
giant clam Tridacna maxima 45.0 11.3 -15.6 4.3 Flesh Ambrose et al. (1997) 
bivalves 6 species -12.1 Flesh Fry et al. (1983) 
benthic gastropods 5 species -6.2 Flesh Fry et al. ( 1983) 
bivalves 1 species -16.0 Flesh Fry et al. ( 1983) 
benthic gastropods 2 species -10.2 Flesh Fry et al. (1983) 
bivalves 1 species -14.8 Flesh Fry et al. (1983) 
benthic gastropods 4 species -12.0 Flesh Fry et al. (1983) 
biva1ves 2 species -17.6 Flesh Fry et al. (1983) 
Pacific oyster Crassostrea gigas 18.6 Flesh Beavan-Athfield et al. (2008) 
burf clam Mactra discors 17.7 Flesh Beavan-Athfield et al. (2008) 
burf clam Mactra murchisoni 18.1 Flesh Beavan-Athfield et al. (2008) 
burf clam Bassina yatei 18.5 Flesh Beavan-Athfield et al. (2008) 
false limpet Benhamina obliquata 18.9 Flesh Beavan-Athfield et al. (2008) 
arc clam Anadara alltiquata -8.4 Flesh Beavan-Athfield et al. (2008) 
giant clam Tridacna maxima -12.5 Flesh Beavan-Athfield et al. (2008) 
giant clam Tridacna maxima -15.6 4.3 Flesh Beavan-Athfield et al. (2008) 
Phillipine mussel Spondylus nicobaricus -12.4 Flesh Beavan-Athfield et al. (2008) 
Pacific toothed oyster Isognomon isognomon -15.6 Flesh Beavan-Athfield et al. (2008) 

*if more than one sample of the same species the results were averaged 
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Table A.5: Modern Pacific island marine animal stable isotope values used in this study (815N, 813C and 834S). 

Habitat Common name Scientific name %C o13c %N ol5N C/N ratio a34s Tissue Reference source 

? shark ? 44.8 14.7 -15.6 11.8 3.6 Flesh Yoshinaga et al. (1991) 

? shark ? 45.6 14.7 -14.2 12.9 3.6 Flesh Yoshinaga et al. (1991) 

demersallmangroves threadfin salmon Polydactylus plebeius 45.7 14.2 -15.4 12.3 3.8 Flesh Yoshinaga et al. (1991) 

variable** sea turtle Chelonia mydas 47.1 13.8 -7.1 6.2 4.0 Flesh Yoshinaga et al. (1991) 

reef/benthopelagic blotcheye soldierfish Myripristis cf amaena -16.5 14.0 3.6 Bone Alien and Craig (2009) 

reef golden-lined sea perch Gnathodentex aurolineatus -14.0 12.8 3.6 Bone Alien and Craig (2009) 

reef blue-spotted groper Cephalopholis argus -12.8 13.7 3.1 Bone Alien and Craig (2009) 

reef honeycomb sea bass Epinephelus merra -12.8 13.2 3.1 Bone Alien and Craig (2009) 

reef red-spotted surgeonfish Acanthurus achilles -11.7 9.8 3.4 Bone Alien and Craig (2009) 

reef convict tang Acanthurus triostegus -10.3 8.6 3.1 Bone Alien and Craig (2009) 

reef black durgon Melichthys niger -12.5 11.0 3.2 Bone Alien and Craig (2009) 

reef chub cf. highfin Kyphosus cf cinerascens -16.5 11.1 3.1 Bone Alien and Craig (2009) 

reef damselfish Pomacentridae -17.1 11.1 3.0 Bone Alien and Craig (2009) 

reef parrotfish cf. Bullethead Chlorurus cf sordidus -11.2 10.4 3.2 Bone Alien and Craig (2009) 

reef parrotfish cf. minifin Scarus cf altipinnis -10.4 7.6 3.2 Bone Alien and Craig (2009) 

reef bluefin trevally Caranx melampygus 39.4 14.3 -6.5 8.1 3.2 Bone Field et al. (2009) 

reef grouper Epinephelus fasciatus 28.3 9.9 -12.6 9.9 3.3 Bone Field et al. (2009) 

reef/benthopelagic surgeon fish Naso unicornis 23.4 8.2 -6.9 5.3 3.3 Bone Field et al. (2009) 

reef parrot fish Scarus frontalis 31.9 11.5 -7.1 5.1 3.3 Bone Field et al. (2009) 

pelagic marlin Makaira sp. 47.8 15.4 -15.4 13.0 Flesh Ambrose et al. (1997) 

pelagic dolphin fish Coryphaena hippurus 49.7 12.5 -15.7 12.1 Flesh Ambrose et al. ( 1997) 

reef octopus Octopus sp. 43.4 10.6 -14.6 9.1 Flesh Ambrose et al. (1997) 

reef/benthopelagic sqirrelfish Sargocentron sp. 51.1 4.3 -13.9 10.1 Flesh Ambrose et al. (1997) 

reef surgeon fish Acanthurus sp. 53.0 13.6 -14.6 9.2 Flesh Ambrose et al. (1997) 

reef/pelagic needlefish Belonidae 50.5 16.7 -11.3 9.7 Flesh Ambrose et al. (1997) 

pelagic wahoo Acanthocybium solandri 47.7 15.5 -15.8 12.2 Flesh Ambrose et al. (1997) 

reef/sea grass spiny lobster Panulirus sp 48.1 14.1 -13.2 10.7 Flesh Ambrose et al. (1997) 

sea grass fish 3 species -8.4 Flesh Fry et al. (1983) 

seagrass shrimp 1 species -7.4 Flesh Fry et al. (1983) 

seagrass crabs 2 species -8.2 Flesh Fry et al. (1983) 

sea grass holothurians 3 species -6.6 Flesh Fry et al. (1983) 

seagrass fish 4 species -14.1 Flesh Fry et al. (1983) 

seagrass shrimp 2 species -9.7 Flesh Fry et al. (1983) 

seagrass crabs 3 species -12.1 Flesh Fry et al. ( 1983) 

seagrass holothurians Flesh Fry et al. (1983) 

seagrass fish 6 species -13.6 Flesh Fry et al. (1983) 

sea grass shrimp 3 species -12.7 Flesh Fry et al. ( 1983) 

continued on next page 
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continued from previous page 
Habitat Common name I Scientific name %C c)l3C %N 815N I C/N ratio 834S Tissue Reference source 

seagrass crabs 3 species -12.6 Flesh Fry et al. (1983) 

seagrass ho1othurians 1 species -6.4 Flesh Fry et al. (1983) 

? fish 40 species -16.1 Flesh Fry et al. (1983) 

benthope1agic shrimp 5 species -15.3 Flesh Fry et al. (1983) 

benthopelagic cabs 8 species -15.0 Flesh Fry et al. (1983) 

benthopelagic holothurians 2 species -14.3 Flesh Fry et al. (1983) 

reef red-spotted surgeonfish Acanthurus achilles 16.7 Flesh Beavan-Athfield et al. (2008) 

reeflbenthopelagic blotcheye soldierfish Myripristis cf amaena 17.9 Flesh Beavan-Athfield et al. (2008) 

reef parrotfish cf. minifin Scarus cf altipinnis 16.5 Flesh Beavan-Athfie1d et al. (2008) 

reef parrotfish cf. bnllethead Chlorurus cf sordidus 16.4 Flesh Beavan-Athfield et al. (2008) 

reef blue-spotted groper Cephalopholis argus 17.9 Flesh Beavan-Athfield et al. (2008) 

reef black durgon Melichthys niger 17.5 Flesh Beavan-Athfield et al. (2008) 

reef golden-lined sea perch Gnathodentex aurolineatus 17.2 Flesh Beavan-Athfield et al. (2008) 

reef honeycomb sea bass Epinephelus merra 17.7 Flesh Beavan-Athfield et al. (2008) 

reef convict tang Acanthurus triostegus 15.9 Flesh Beavan-Athfield et al. (2008) 

deep reef jack Caranx sp -10.9 8.8 Flesh Beavan-Athfie1d et al. (2008) 

reef yellowtail Lethrinus sp. -12.3 10.5 Flesh Beavan-Athfield et al. (2008) 

reef queenfish Scomberoides lysan -5.5 11.0 Flesh Beavan-Athfield et al. (2008) 

variable** green turtle Chelonia mydas -13.0 18.0 Flesh Beavan-Athfield et al. (2008) 

reef squirrel fish Myripristis berndti 18.6 Flesh Leach et al. (2003)* 

reef surgeon fish Acanthurus olivaceus 18.2 Flesh Leach et al. (2003)* 

pelagic flying fish Cypselurus simus 17.3 Flesh Leach et al. (2003)* 

reef surgeon fish Ctenochaetus striatus 18.3 Flesh Leach et al. (2003)* 

demersal red globe eye Priacanthus cruentatus 19.1 Flesh Leach et al. (2003)* 

reef blue spotted grouper Cephalopholis argus 18.6 Flesh Leach et al. (2003)* 

reef puffer fish Diodon hystrix 17.8 Flesh Leach et al. (2003)* 

reef surgeon fish Acanthurus achilles 17.4 Flesh Leach et al. (2003)* 

reef mackerel Decapterus pinnulatus 17.7 Flesh Leach et al. (2003)* 

reef emperor angelfish Pomacanthus imperator 18.2 Flesh Leach et al. (2003)* 

reef rabbitfish Siganus spinus 17.7 Flesh Leach et al. (2003)* 

reef parrotfish Calotomus sp. 16.4 Flesh Leach et al. (2003)* 

*if more than one sample of the same species the results were averaged 

**these turtles have variable diets depending on their life cycle: seagrass (adult) pelagic marine invettebrates Guvenile) 
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Table A.6: Prehistoric Pacific island marine animal stable isotope values used in this study 
(o15N, o13C and o34S). -

Habitat Common name Scientific name %C o"c %N o15N C/Nratio vs Reference source 

reef fish Lethrinidae -4.8 7.4 25.5 9.1 3.3 Field et al. (2009) 

? fish ? -1.5 7.1 31.8 11.4 3.3 Field et al. (2009) 

reef porcupinefish Diodon sp. -8.0 6.8 2.9 Jones and Quinn (2009) 

reef parrotfish Scaridae -18.8 5.3 3.4 Jones and Quinn (2009) 

reef barracuda Sphyraena barracuda -8.0 8.7 2.9 Jones and Quinn (2009) 

pelagic tuna Scombridae -7.2 8.7 3.5 Jones and Quinn (2009) 

reef/pelagic dogtooth tuna Gymnosarda unicolor -8.8 15.1 41.5 3.3 Richards et al. (2009) 

pelagic skipjack tuna Katsuwonus pelamis -13.8 12.2 40.3 13.5 3.5 Richards et al. (2009) 

pelagic skipjack tuna Katsuwonus pelamis -12.0 9.7 41.4 14.4 3.4 Richards et al. (2009) 

reef/pelagic needlefish Belonidae -11.7 13.9 35.4 12.4 3.3 Richards et al. (2009) 

reef/pelagic needlefish Belonidae -11.2 15.4 40.3 14.2 3.3 Richards et al. (2009) 

reef/pelagic needlefish Belonidae -11.8 13.4 31.0 11.2 3.2 Richards et al. (2009) 

reef snapper Lutjanus sp. -11.5 12.3 40.3 13.9 3.4 Richards et al. (2009) 

reef snapper Lutjanus sp. -11.5 16.0 41.4 14.4 3.4 Richards et al. (2009) 

reef snapper Lutjanus sp. -11.4 14.4 41.5 14.7 3.3 Richards et al. (2009) 

reef grouper Serranidae -11.7 17.3 38.7 13.2 3.4 Richards et al. (2009) 

reef grouper Serranidae -11.7 14.1 42.7 3.4 Richards et al. (2009) 

pelagic jackfish Carangidae -11.6 15.6 42.6 14.1 3.5 Richards et al. (2009) 

pelagic jackfish Carangidae -10.9 16.5 38.2 3.4 Richards et al. (2009) 

reef parrotfish Scarus sp -9.1 19.0 40.6 3.3 Richards et al. (2009) 

reef parrotfish Calotomus sp. -10.8 18.5 38.2 3.4 Richards et al. (2009) 

reef bigeye barracuda Sphyraena forsteri -11.8 16.0 41.1 13.5 3.6 Richards et al. (2009) 

reef bigeye barracuda Sphyraena forsteri -11.1 10.8 42.6 14.9 3.3 Richards et al. (2009) 

reef bigeye barracuda Sphyraena forsteri -10.9 16.2 43.4 15.1 3.3 Richards et al. (2009) 

reef porcupine tlsh Diodon hystrix -12.9 15.0 43.9 14.8 3.5 Richards et al. (2009) 

reef parrotfish Scaridae -10.9 8.1 28.6 10.2 3.3 Valentin et al. (20 1 0) 

pelagic blue marlin Makaira mazara 19.7 Leach et al. (2003)* 

pelagic porpoise Phocoena sp. -10.4 18.9 43.6 3.4 Richards et al. (2009) 

pelagic porpoise Phocoena sp. -9.7 17.9 42.8 3.3 Richards et al. (2009) 
pelagic porpoise Phocoena sp. -11.0 14.4 35.3 3.2 Richards et al. (2009) 
pelagic porpoise Phocoena sp. -10.2 19.0 41.2 3.4 Richards et al. (2009) 
pelagic Pilot whale Globicephala sp. -11.1 19.4 37.5 3.4 Richards et al. (2009) 

variable** green turtle Chelonia mydas -12.8 13.0 41.8 14.4 3.4 Richards et al. (2009) 

variablM* green or hawks bill turtle Chelonia mydas or Eretmochelys imbricata -17.9 Dye (1990) 

variable** green or hawks bill turtle Chelonia mydas or Eretmochelys imbricata -17.9 Dye (1990) 

variable** green or hawks bill turtle Chelonia mydas or Eretmochelys imbricata -17.9 Dye (1990) 

sea grass dugong Dugong dugon -1.9 7.2 9.5 Leach et al. (2003)* 

seagrass green or haw ksbill turtle Chelonia mydas or Eretmochelys imbricata -10.4 21.7 13.0 Leach et al. (2003)* 

? seabird (unid) unknown -12.2 18.4 46.7 15.1 3.6 Richards et al. (2009) 

*if more than one sample of the same species the results were averaged 
**these turtles have variable diets depending on their life cycle: seagrass (adult) pelagic marine invertebrates (juvenile) 
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Table A.7: Prehistoric Pacific island terrestrial animal stable isotope values used in this study (P5N, 613C and 634S). 

Type Common name Scientific name %C JBc %N 0I5N C!N ratio J34s Reference source 

indigenous snake ? -19.2 9.0 11.9 Beavan-Athfie1d et al. (2008) 

indigenous bat Dobsonia sp. -19.8 2.7 9.3 Beavan-Athfie1d et al. (2008) 

indigenous wallaby (tooth) Thylogale bnmii -22.5 4.3 Beavan-Athfield et al. (2008) 

indigenous possum Phalangerid sp. -20.7 1.3 6.5 Beavan-Athfield et al. (2008) 

indigenous possum Phalangerid sp. -23.4 2.7 Beavan-Athfie1d et al. (2008) 

indigenous fruit bat Pteropus sp. -18.8 6.9 3.4 Jones and Quinn (2009) 

indigenous flying fox Pteropus anetianus? -19.5 5.0 39.4 14.5 3.2 Valentin et al. (2010) 

indigenous flying fox Pteropus anetianus? -19.0 4.5 34.7 12.6 3.2 Valentin et al. (20 10) 

indigenous wallaby Macropterus agilis -9.5 5.6 Leach et al. (2003) 

domestic pig Sus Scrota -17.5 9.8 3.3 Alien and Craig (2009) 

domestic pig Sus Scrota -18.0 9.0 3.4 Alien and Craig (2009) 

domestic pig Sus Scrota -17.2 10.6 3.3 Alien and Craig (2009) 

domestic pig Sus Scrota -18.6 11.7 3.3 Alien and Craig (2009) 

domestic pig Sus Scrota -16.3 10.1 3.5 Alien and Craig (2009) 

domestic pig Sus Scrota -16.3 12.2 3.3 Alien and Craig (2009) 

domestic pig Sus Scrota -17.8 15.3 3.4 Alien and Craig (2009) 

domestic pig Sus Scrota -18.3 12.8 3.0 Alien and Craig (2009) 

domestic pig Sus Scrota -18.8 10.9 3.1 Alien and Craig (2009) 

domestic pig Sus Scrota -16.6 9.9 3.0 Alien and Craig (2009) 

domestic pig Sus Scrota -16.5 14.6 3.0 Alien and Craig (2009) 

domestic pig Sus Scrota -17.0 11.6 3.4 Alien and Craig (2009) 

domestic pig Sus Scrota -18.4 11.6 3.2 Alien and Craig (2009) 

domestic pig Sus Scrota -14.3 10.9 3.3 Alien and Craig (2009) 

domestic pig Sus Scrota -16.4 10.5 3.1 Alien and Craig (2009) 

domestic pig Sus Scrota -17.5 11.1 3.2 Alien and Craig (2009) 

domestic pig Sus Scrota -17.1 14.6 3.0 Alien and Craig (2009) 

domestic pig Sus Scrota -16.9 11.5 3.1 Alien and Craig (2009) 

domestic dog Canis tamiliaris -10.4 12.1 3.3 Alien and Craig (2009) 

domestic dog Canis tamiliaris -14.3 11.1 3.3 Alien and Craig (2009) 

domestic dog Canis tamiliaris -13.6 12.4 3.2 Alien and Craig (2009) 

domestic dog Canis tamiliaris -13.7 11.9 3.2 Alien and Craig (2009) 

domestic dog Canis tamiliaris -11.8 11.3 3.0 Alien and Craig (2009) 

domestic dog Canis tamiliaris -17.3 13.0 3.4 Alien and Craig (2009) 

domestic dog Canis tamiliaris -14.3 14.9 2.9 Alien and Craig (2009) 

domestic dog Canis tamiliaris -12.6 11.1 3.5 Alien and Craig (2009) 

domestic dog Canis tamiliaris -14.4 12.5 3.3 Alien and Craig (2009) 

domestic dog Canis tamiliaris -17.4 11.0 3.2 Alien and Craig (2009) 

continued on next page 
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continued from previous page 
Type Common name I Scientific name %C o13c %N alsN I CIN ratio o34s I Reference source 

domestic dog Canis tamiliaris -14.7 14.6 2.9 Alien and Craig (2009) 

domestic pig Sus Scrota -16.5 8.6 19.2 6.7 3.4 Field et al. (2009) 

domestic pig Sus Scrota -19.0 8.4 34.1 12.0 3.3 Field et al. (2009) 

domestic pig Sus Scrota -20.1 8.2 38.5 13.6 3.3 Field et al. (2009) 

domestic dog Canis tamiliaris -17.6 10.5 3.1 Jones and Quinn (2009) 

domestic dog Canis tamiliaris -27.7 6.4 3.1 Jones and Quinn (2009) 

domestic Pacific rat Rattus exulans -19.7 9.0 3.1 Jones and Qninn (2009) 

domestic Pacific rat Rattus exulans -18.1 9.0 3.3 Jones and Quinn (2009) 

domestic spiny rat Rattus praetor -15.2 8.9 3.2 Jones and Quinn (2009) 

domestic pig Sus Scrota -20.5 7.6 3.0 Jones and Quinn (2009) 

domestic pig Sus Scrota -15.5 9.8 2.9 Jones and Qninn (2009) 

domestic pig Sus Scrota -20.5 7.7 3.6 Jones and Quinn (2009) 

domestic chicken Gallus gallus -16.1 8.9 3.0 Jones and Quinn (2009) 

domestic chicken Gallus gallus -15.2 10.6 3.0 Jones and Quinn (2009) 

domestic pig Sus Scrota -18.8 12.2 37.8 3.4 Richards et al. (2009) 

domestic pig Sus Scrota -10.7 11.9 36.8 3.3 Richards et al. (2009) 

domestic pig Sus Scrota -18.5 9.3 42.3 3.3 Richards et al. (2009) 

domestic pig Sus Scrota -10.3 14.4 42.4 3.2 Richards et al. (2009) 

domestic pig Sus Scrota -19.3 10.4 40.8 13.6 3.5 Richards et al. (2009) 

domestic pig Sus Scrota -18.8 11.8 41.9 14.6 3.3 Richards et al. (2009) 

domestic pig Sus Scrota -18.7 9.7 41.6 14.3 3.4 Richards et al. (2009) 

domestic pig Sus Scrota -18.1 10.9 40.0 3.3 Richards et al. (2009) 

domestic pig Sus Scrota -16.3 15.8 41.3 3.4 Richards et al. (2009) 

domestic pig Sus Scrota -18.9 11.2 39.8 3.3 Richards et al. (2009) 

domestic pig Sus Scrota -18.6 11.8 35.7 3.3 Richards et al. (2009) 

domestic pig Sus Scrota -10.1 18.3 40.5 13.8 3.4 Richards et al. (2009) 

domestic pig Sus Scrota -19.2 9.1 37.8 12.7 3.5 Richards et al. (2009) 

domestic pig Sus Scrota -18.4 12.9 40.5 13.3 3.5 Richards et al. (2009) 

domestic pig Sus Scrota -17.8 11.9 41.6 3.3 Richards et al. (2009) 

domestic pig Sus Scrota -19.3 11.9 42.6 3.4 Richards et al. (2009) 

domestic pig Sus Scrota -18.5 9.1 41.8 14.2 3.4 Richards et al. (2009) 

domestic pig Sus Scrota -17.6 13.7 43.1 3.4 Richards et al. (2009) 

domestic pig Sus Scrota -19.3 12.3 37.3 12.0 3.6 Richards et al. (2009) 

domestic pig Sus Scrota -12.5 15.0 41.4 3.4 Richards et al. (2009) 

domestic pig Sus Scrota -18.1 11.8 39.6 3.4 Richards et al. (2009) 

domestic pig Sus Scrota -18.9 14.7 44.5 3.3 Richards et al. (2009) 

domestic pig Sus Scrota -19.4 7.5 39.1 3.4 Richards et al. (2009) 

domestic pig Sus Scrota -19.4 10.9 40.9 13.6 3.5 Richards et al. (2009) 

domestic pig Sus Scrota -18.8 11.5 39.6 3.4 Richards et al. (2009) 

domestic pig (tooth) Sus Scrota -19.3 11.3 41.8 3.4 Richards et al. (2009) 

continued on next page 
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continued from previous page 
Type I Common name Scientific name %C o13C %N o15N C/Nratio a34s Reference source 

domestic pig (tooth) Sus Scrota -19.8 12.3 43.4 3.3 Richards et al. (2009) 

domestic dog Canis tamiliaris -18.4 14.8 43.3 3.5 Richards et al. (2009) 

domestic dog Canis tamiliaris -17.4 15.6 43.3 3.4 Richards et al. (2009) 

domestic dog Canis tamiliaris -16.1 15.8 39.6 3.4 Richards et al. (2009) 

domestic dog Canis tamiliaris -12.9 15.6 43.1 14.3 3.5 Richards et al. (2009) 

domestic dog Canis tamiliaris -13.7 13.3 40.6 14.0 3.4 Richards et al. (2009) 

domestic dog Canis tamiliaris -17.3 13.6 42.3 15.0 3.3 Richards et al. (2009) 

domestic dog Canis tamiliaris -15.9 15.5 40.3 13.9 3.4 Richards et al. (2009) 

domestic dog Canis tamiliaris -16.7 13.4 42.8 3.4 Richards et al. (2009) 

domestic dog Canis tamiliaris -15.6 14.3 40.2 14.5 3.2 Richards et al. (2009) 

domestic dog Canis tamiliaris -16.6 14.8 37.5 12.6 3.5 Richards et al. (2009) 

domestic Pacific rat Rattus exulans -17.2 16.4 43.7 15.0 3.4 Richards et al. (2009) 

domestic Pacific rat Rattus exulans -14.3 15.0 43.1 15.4 3.3 Richards et al. (2009) 

domestic Pacific rat Rattus exulans -19.1 9.4 43.0 15.4 3.3 Richards et al. (2009) 

domestic Pacific rat Rattus exulans -19.9 6.9 43.4 14.1 3.6 Richards et al. (2009) 

domestic Pacific rat Rattus exulans -17.5 16.5 42.9 14.3 3.5 Richards et al. (2009) 

domestic Pacific rat Rattus exulans -18.4 12.7 40.3 13.6 3.5 Richards et al. (2009) 

domestic Pacific rat Rattus exulans -16.4 11.2 42.6 15.0 3.3 Richards et al. (2009) 

domestic Pacific rat Rattus exulans -18.6 12.0 42.4 14.1 3.5 Richards et al. (2009) 

domestic Pacific rat Rattus exulans -19.6 10.5 42.5 13.7 3.6 Richards et al. (2009) 

domestic Pacific rat Rattus exulans -16.5 13.5 42.1 14.2 3.5 Richards et al. (2009) 

domestic Pacific rat Rattus exulans -16.7 10.1 43.3 14.7 3.4 Richards et al. (2009) 

domestic Pacific rat Rattus exulans -13.5 15.4 43.8 14.6 3.5 Richards et al. (2009) 

domestic dog Canis tamiliaris -15.3 7.3 37.9 14.3 3.1 Valentin et al. (2010) 

domestic pig (tooth) Sus Scrota -20.5 7.0 10.0 Beavan-Athfie1d et al. (2008) 

domestic pig (tooth) Sus Scrota -19.3 10.3 11.1 Beavan-Athfie1d et al. (2008) 

domestic chicken Gallus gallus -15.9 12.9 12.0 Beavan-Athfie1d et al. (2008) 

domestic* pig (tooth) Sus Scrota -17.7 5.4 Beavan-Athfie1d et al. (2008) 

domestic* pig (bone) Sus Scrota -16.5 6.9 -0.7 Beavan-Athfie1d et al. (2008) 

domestic dog Canis tamiliaris -17.6 11.3 8.5 Leach et al. (2003) 

domestic dog Canis tami!iaris -17.1 14.3 13.7 Leach et al. (2003) 

domestic pig Sus Scrota -20.1 9.8 29.8 10.7 3.3 Va1entin et al. (2010) 

domestic pig Sus Scrota -18.9 8.3 35.6 12.8 3.3 Va1entin et al. (20 1 0) 

domestic Pacific rat Rattus exulans -18.9 8.7 37.8 13.2 3.4 Va1entin et al. (2010) 

domestic Pacific rat Rattus exulans -19.4 10.4 33.4 12.2 3.2 Valentin et al. (2010) 

*Pigs are from inland areas (Papua New Guinea highlands), not coastal areas 

A.2 Human Stable Isotope Data 
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Table A.8: Human bone stable isotope values used in this study (815N, 813C and 834S), adults 
and subadults from Teouma. 

Site Burial Age* Sex %N 010N(%o) %C o13C (%o) C:Nratio %S o>'+S(%o) N:S ratio C:S ratio 
Teouma Tl Old Male 12.2 11.8 35.2 -15.0 3.4 0.3 8.8 87.9 295.8 
Teouma TlOA Old Male 14.5 13.3 43.2 -16.0 3.5 0.4 7.3 79.5 276.7 
Teouma TlOB Old Female 15.0 12.9 43.4 -15.1 3.4 0.2 11.8 155.9 527.7 
Teouma TlOC Old Male 15.0 12.3 43.1 -14.6 3.4 0.2 10.0 149.7 503.4 
Teouma TlOE Mid Male 14.1 12.7 42.7 -15.6 3.5 0.4 8.7 91.7 323.0 
Teouma Tll Unknown Male 10.5 11.0 31.3 -14.9 3.5 
Teouma Tl2 Old Female 10.3 11.3 27.0 -16.8 3.1 
Teouma Tl4a Old Male 7.9 12.8 20.5 -16.7 3.0 0.3 12.4 71.1 215.1 
Teouma Tl5 Young Female 14.7 12.5 43.2 -15.8 3.4 0.2 10.7 145.0 495.7 
Teouma Tl6 Old Female 14.0 10.6 41.7 -16.2 3.5 0.3 11.0 122.6 426.1 
Teouma Tl7 Old Female 
Teouma Tl8 Young Male 13.1 11.5 40.1 -15.2 3.6 0.2 11.7 128.1 457.4 
Teouma Tl9 Mid Male 14.7 12.0 41.9 -16.1 3.3 0.2 10.7 141.7 471.1 
Teouma T20 Young Male 13.1 16.1 39.8 -16.2 3.5 0.2 13.6 137.9 488.9 
Teouma T23 Young Male 3.6 13.1 9.2 -15.0 3.0 0.1 10.6 75.1 223.8 
Teouma T25 Young Male 12.1 14.3 35.4 -16.4 3.4 0.2 13.5 135.8 463.7 
Teouma T27 Mid Female 9.1 11.0 23.6 -18.6 3.0 0.2 11.2 93.4 282.6 
Teouma T29e Young Female 14.8 11.7 46.2 -16.9 3.6 
Teouma T29w Old Unknown 
Teouma T2a Old Male 17.3 12.9 50.5 -15.6 3.4 0.3 10.6 152.4 518.9 
Teouma T3 Mid Female 9.5 10.6 24.1 -14.1 3.0 
Teouma T30A Old Female 14.4 12.0 42.0 -15.4 3.4 0.3 11.5 130.0 443.2 
Teouma T30B Mid Female 17.0 12.9 49.8 -15.8 3.4 0.3 10.3 144.2 494.0 
Teouma T30C Mid Male 14.1 13.0 41.4 -14.8 3.4 0.3 9.2 122.2 417.7 
Teouma T31 Old Male 12.3 13.0 34.6 -17.4 3.3 0.3 11.3 103.2 338.6 
Teouma T32 Mid Female 12.2 11.0 33.5 -16.7 3.2 
Teouma T33 Unknown Unknown 12.7 12.1 35.0 -17.0 3.2 
Teouma T34 Old Unknown 12.1 13.0 33.5 -16.1 3.2 
Teouma T36 Old Female 14.1 11.5 40.6 -14.0 3.4 0.2 12.3 141.2 474.4 
Teouma T37 Unknown Male 12.4 12.5 33.7 -16.0 3.2 0.2 9.5 126.5 401.2 
Teouma T38 Unknown Female 12.8 11.6 33.5 -15.8 3.1 0.3 10.6 96.5 294.6 
Teouma T4 Mid Male 9.6 13.4 24.4 -17.0 3.0 
Teouma T40 Young Female 13.1 12.9 35.8 -15.4 3.2 0.1 10.0 299.4 954.7 
Teouma T44 Old Male 12.8 13.4 35.4 -18.2 3.2 0.3 10.3 98.4 317.6 
Teouma T47 Unknown Female 6.6 12.2 17.2 -15.0 3.0 
Teouma T48 Mid Female 13.0 11.4 34.1 -14.4 3.1 0.3 10.6 93.4 285.9 
Teouma T49 Unknown Male 6.2 12.2 15.6 -19.3 2.9 
Teouma T50 Unknown Male 12.4 13.0 34.7 -15.5 3.3 
Teouma T51 Unknown Male 8.4 13.0 23.5 -15.8 3.3 
Teouma T5a Mid Female 14.1 11.5 40.3 -14.9 3.3 0.3 9.6 116.8 389.5 
Teouma T6 Mid Male 16.2 13.1 46.5 -15.5 3.3 0.2 10.2 158.1 528.6 
Teouma T7 Young Male 12.2 12.1 34.1 -14.3 3.3 0.2 11.3 124.0 404.3 
Teouma T8 Old Male 12.7 11.8 36.5 -14.5 3.4 0.3 12.1 109.6 367.4 
Teouma T9 Unknown Female 6.6 12.1 16.4 -14.2 2.9 0.3 11.4 49.0 142.2 
Teouma B13 Perinate NIA 14.9 12.1 40.1 -16.2 3.1 
Teouma B21 Perinate NIA 14.4 12.5 42.5 -16.3 3.5 
Teouma B24 Perinate NIA 15.6 12.4 41.4 -17.4 3.1 
Teouma B30 Perinate NIA 15.3 12.8 41.3 -16.4 3.1 
Teouma B35 Perinate NIA 14.1 11.9 38.5 -16.8 3.2 
Teouma B42 Foetal NIA 11.8 12.9 32.9 -18.0 3.3 
Teouma B46 Perinate NIA 15.6 12.0 41.1 -17.5 3.1 

*Age of subadults in years post birth or defined as foetal (8-24 weeks in utero), perinatal (24 weeks in utero to 1 week post birth) or 
neonatal (1-4 weeks post birth) 
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Table A.9: Human tooth stable isotope values used in this study ( 813C and 815N), adults 
from Teouma. 

Site Burial Age* Sex %N o15N(%o) %C o13C (%o) C:N ratio 
Teouma TlOB Old Female 15.3 14.9 45.3 -15.4 3.4 
Teouma TlOC Old Male 14.8 15.0 42.6 -14.4 3.4 
Teouma T14a Old Male 16.1 13.8 46.7 -16.4 3.4 
Teouma T17 Old Female 17.0 15.5 48.7 -13.7 3.3 
Teouma T19 Mid Male 18.4 11.8 51.8 -17.2 3.3 
Teouma T29e Young Female 15.4 13.8 43.8 -16.8 3.3 
Teouma T29w Old Unknown 16.3 11.6 46.4 -16.5 3.3 
Teouma T30C Mid Male 15.5 12.2 44.3 -16.7 3.3 
Teouma T8 Old Male 16.1 15.2 45.8 -14.9 3.3 
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Table A.lO: Human bone stable isotope values used in this study (815N, 813C and 834S), 
adults and subadults from Uripiv, Vao and Watom. 

Site Burial Age* Sex %N o10N(%o) %C ouC(%o) C:Nratio %S o"4 S(%o) N:S ratio 
Uripiv (Lapita) U1 1.6 yrs NIA 15.1 12.0 42.2 -16.8 3.3 0.3 10.4 120.7 
Uripiv (Lapita) U5 Perinate NIA 14.4 9.9 38.9 -17.3 3.1 
Uripiv (Lapita) U6 Neonate NIA 14.7 9.3 41.0 -16.6 3.3 
Uripiv (Lapita) U7 Neonate NIA 14.4 11.4 38.7 -16.2 3.1 
Uripiv (Post-Lapita) U9 Unknown Unknown 8.5 8.8 21.5 -18.2 2.9 0.2 12.8 102.2 
Uripiv (Post-Lapita) U2 Old Female 4.1 2.7 9.7 -21.7 2.7 
Vao (Post-Lapita) Vl Unknown Male 1.8 8.7 5.1 -20.5 3.3 0.2 8.0 17.5 
Vao (Post-Lapita) V2A Young Female 4.6 8.7 12.2 -21.5 3.1 
Vao (Post-Lapita) V2B 6 years? NIA 
Vao (Lapita) V5 Young Male 4.6 8.3 11.7 -17.7 3.0 
Vao (Lapita) V6 Young Female? 5.1 9.0 13.1 -18.1 3.0 0.1 9.5 194.4 
Watom W5 Young Male 14.5 10.2 44.2 -18.2 3.6 
Watom WlO Young Female 13.8 11.7 40.5 -18.7 3.4 0.3 13.4 109.7 
Watom W8 Unknown Male 14.3 10.5 42.7 -18.4 3.5 0.3 11.2 125.9 
Watom W9 Old Female 14.4 13.5 42.1 -16.8 3.4 0.2 13.9 148.4 

*Age of subadults in years post birtb or defined as foetal (8-24 weeks in utero), perinatal (24 weeks in utero to 1 week post birtb) or 
neonatal (1-4 weeks post birth) 
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Table A.ll: Human tooth stable isotope values used in this study ( 813C and 815N), adults 
and subadults from Uripiv, Vao and Watom. 

Site Burial Age* Sex %N o10N(%o) %C ouc (o/oo) C:Nratio 
Uripiv (Post-Lapita) U9 Unknown Unknown 16.0 9.2 47.1 -18.8 3.4 
Uripiv (Post-Lapita) U2 Old Female 15.7 8.8 45.2 -19.4 3.4 
Vao (Post-Lapita) V2A Young Female 15.0 10.3 44.7 -18.4 3.5 
Vao (Post-Lapita) V2B 6 years? NIA 13.9 9.3 42.8 -18.9 3.6 
Vao (Lapita) V5 Young Male 10.9 9.1 36.7 -18.9 4.0 
Vao (Lapita) V6 Young Female? 13.8 10.2 41.4 -17.9 3.5 
Watom W8 Unknown Male 14.9 12.4 43.6 -18.4 3.4 

*Age of subadults in years post birth or defined as foetal (8-24 weeks in utero), perinatal (24 weeks in utero to 1 week post birth) or 
neonatal (1-4 weeks post birth) 
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Table A.l2: Human bone stable isotope values used in this study (815N, 813C and 834S), adults and subadults from Tau

mako. 

Site Burial Age* Sex %N Jl5N(%o) %C J 13C (%o) C:Nratio %S J 34S(%o) N:S ratio C:S ratio 

Taumako Nl Young Male 10.9 10.9 32.4 -16.7 3.5 0.3 14.4 87.3 303.5 

Taumako N2 Young Female 14.5 9.8 43.8 -17.6 3.5 0.4 10.9 94.6 333.1 

Taumako N3 Young Female 13.8 10.8 40.4 -16.8 3.4 0.2 14.7 129.5 444.2 

Taumako N4 Mid Unknown 14.7 11.8 43.0 -16.2 3.4 0.3 14.4 118.1 404.0 

Taumako N8 Mid Male 14.6 10.8 43.1 -16.8 3.5 

Taumako N11 Young Male 14.0 11.7 41.7 -16.9 3.5 0.2 16.2 132.3 460.0 

Taumako N13 Young Female 14.4 11.6 43.0 -16.8 3.5 0.3 13.8 113.0 393.0 

Taumako Nl4 Old Male 14.5 10.8 42.5 -16.2 3.4 0.3 14.5 121.6 416.1 

Taumako Nl5 Mid Female 12.8 12.4 38.7 -15.7 3.5 0.3 14.4 106.1 373.7 

Taumako Nl6 Mid Female 14.7 10.8 44.7 -16.8 3.6 0.2 15.3 148.0 525.4 

Taumako Nl7 Young Female 13.7 11.3 41.6 -17.1 3.5 

Taumako Nl8 Young Male 12.3 11.8 37.3 -15.7 3.5 0.3 14.3 103.8 367.4 

Taumako N24 Old Male 14.8 12.9 44.2 -16.3 3.5 0.3 14.6 111.8 389.1 

Taumako N25 Mid Female 11.8 10.4 40.6 -18.5 4.0 0.2 15.1 114.0 457.1 

Taumako N34 Young Male 14.7 11.2 43.0 -16.5 3.4 0.2 14.8 152.8 520.7 

Taumako N36 Young Male 12.6 12.7 43.1 -16.0 4.0 0.3 14.1 104.9 418.8 

Taumako N40 Young Female 18.2 10.7 56.8 -17.1 3.6 

Taumako N42.1 Young Male 14.7 12.7 42.5 -15.4 3.4 0.2 15.1 155.2 523.6 

Taumako N43 Young Male 14.1 11.3 40.9 -16.4 3.4 0.3 15.0 120.7 408.4 

Taumako N47 Young Male 14.7 12.0 42.8 -16.1 3.4 0.3 15.0 111.4 379.4 

Taumako N51 Young Female 15.4 10.6 46.0 -17.0 3.5 0.3 14.8 130.5 456.3 

Taumako N53 Mid Female 14.6 11.2 43.4 -16.1 3.5 0.3 13.8 126.3 437.8 

Taumako N54 Young Female 14.3 12.1 42.5 -15.9 3.5 0.3 13.9 109.9 381.7 

Taumako N57 Mid Female 14.9 11.1 43.7 -16.5 3.4 0.3 14.7 132.2 453.5 

Taumako N59 Mid Female 14.8 10.7 43.1 -16.3 3.4 0.3 14.7 132.9 452.4 

Taumako N62 Young Male 14.4 10.3 42.3 -16.6 3.4 0.2 13.6 135.3 462.9 

Taumako N63 Young Female 15.2 10.8 43.8 -16.7 3.4 0.2 14.6 159.8 537.5 

Taumako N67 Young Female 14.9 10.5 43.9 -17.2 3.4 0.2 14.9 140.1 481.4 

Taumako N68 Young Male 13.9 11.1 42.0 -17.1 3.5 0.3 14.0 114.0 403.1 

Taumako N70 Young Female 14.5 10.2 42.6 -16.8 3.4 0.3 14.7 132.2 455.2 

Taumako N71 Young Female 14.9 11.2 44.7 -16.6 3.5 0.3 14.2 133.7 468.9 

Taumako N72 Mid Female 14.7 12.6 43.5 -15.8 3.5 0.2 14.1 139.6 481.9 

Taumako N73 Young Male 16.5 13.6 48.1 -16.0 3.4 0.3 13.2 119.9 407.0 

Taumako N74 Mid Male 12.3 12.9 38.0 -16.6 3.6 0.3 14.1 87.5 315.7 

Taumako N76 Mid Male 15.0 12.1 44.1 -17.1 3.4 0.3 14.7 129.8 445.1 

Taumako N79 Mid Female 14.3 12.4 45.4 -15.7 3.7 0.2 15.4 140.1 518.5 

Taumako N84 Young Female 14.9 12.0 43.9 -16.1 3.4 0.3 14.7 129.6 443.7 
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Site Burial Age* Sex %N ,)15N(%o) %C o13C (%o) C:N ratio %S ,)34S(%o) N:S ratio C:S ratio 

Taumako N85 Young Male 14.5 11.8 42.6 -16.1 3.4 0.3 12.8 100.5 344.9 

Taumako N87 Old Male 13.5 12.5 40.0 -16.2 3.5 0.3 14.2 116.8 404.6 

Taumako N88 Mid Female 14.2 12.0 41.7 -15.9 3.4 0.2 13.6 138.5 472.6 

Taumako N90 Old Female 15.3 12.1 45.0 -16.6 3.4 0.3 13.4 112.0 384.2 

Taumako N91 Young Female 14.8 11.1 43.1 -16.3 3.4 0.3 15.2 131.6 448.1 

Taumako N103 Mid Female 13.3 11.5 39.1 -16.5 3.4 

Taumako N104 Old Male 12.1 10.5 35.9 -16.7 3.5 

Taumako N108 Young Male 13.7 11.2 40.1 -16.2 3.4 

Taumako N113 Mid Male 12.9 11.9 37.3 -16.8 3.4 0.3 14.3 118.0 398.5 

Taumako N115 Young Female 14.3 10.8 40.5 -16.5 3.3 0.2 15.0 158.2 522.1 

Taumako N117 Young Female 13.1 11.6 40.6 -16.8 3.6 0.2 15.8 129.9 468.9 

Taumako Nl21 Young Female 12.5 11.7 36.9 -16.3 3.4 

Taumako Nl26 Young Male 13.5 11.5 39.3 -16.8 3.4 0.3 14.2 104.9 356.0 

Taumako N137 Young Female 16.5 10.8 49.5 -16.5 3.5 0.3 15.1 130.5 455.9 

Taumako N139 Young Female 11.9 9.9 35.7 -16.3 3.5 

Taumako Nl40 Young Female 15.4 11.2 45.6 -15.9 3.5 0.3 13.3 110.9 384.2 

Taumako Nl41 Young Female 13.6 10.9 40.5 -15.8 3.5 0.3 13.7 120.4 418.4 

Taumako Nl45 Young Male 15.9 10.7 45.4 -16.4 3.3 0.3 14.5 141.6 471.2 

Taumako N147 Mid Male 14.2 12.3 42.5 -16.5 3.5 0.3 14.2 115.9 404.1 

Taumako N148 Young Male 15.9 11.4 46.4 -15.7 3.4 0.3 15.7 141.6 482.9 

Taumako Nl50 Young Female 12.8 10.5 37.7 -16.4 3.5 0.3 14.7 108.1 373.0 

Taumako Nl59 Mid Female 16.1 10.6 46.9 -16.7 3.4 0.3 14.7 132.1 448.4 

Taumako Nl60 Old Female 14.2 11.9 40.7 -15.9 3.4 0.2 14.4 138.6 463.7 

Taumako N161 Old Female 17.3 12.0 50.6 -16.7 3.4 0.2 15.0 171.7 586.6 

Taumako N163 Mid Female 14.5 11.6 42.5 -16.8 3.4 0.3 12.8 97.4 333.5 

Taumako N164 Mid Male 13.8 12.4 42.4 -16.7 3.6 0.3 14.1 116.6 418.4 

Taumako Nl66 Mid Male 14.6 10.1 42.5 -17.4 3.4 0.3 14.5 128.9 437.6 

Taumako N167 Young Male 13.7 11.0 39.7 -16.8 3.4 0.2 15.1 133.3 452.2 

Taumako N169 Young Male 14.9 11.9 42.2 -16.1 3.3 0.2 15.1 148.5 489.3 

Taumako Nl76 Old Male 13.1 13.1 38.7 -16.5 3.5 

Taumako N177 Young Male 13.0 10.9 37.3 -16.3 3.3 0.3 12.9 96.3 321.7 

Taumako N178 Young Female 14.7 13.7 43.8 -15.8 3.5 0.2 15.8 139.4 485.8 

Taumako N179 Young Male 14.0 10.5 40.3 -16.5 3.4 

Taumako N180 Old Female 13.2 11.5 38.5 -16.3 3.4 0.3 15.1 115.2 391.6 

Taumako Nl81 Young Male 13.0 11.6 37.4 -16.1 3.4 0.3 14.1 115.6 389.9 

Taumako Nl83 Mid Male 14.2 11.4 40.9 -15.4 3.4 0.3 13.5 111.8 377.2 

Taumako N185 Young Male 13.9 12.6 40.7 -16.0 3.4 0.3 14.6 94.6 323.4 

Taumako N187 Young Female 15.8 10.5 46.1 -16.7 3.4 0.3 15.0 117.9 401.1 

Taumako N188 Young Female 15.2 10.7 44.0 -16.6 3.4 0.4 12.8 97.6 330.0 

Taumako Nl89 Old Male 15.0 9.9 42.8 -17.3 3.3 0.3 13.9 116.5 388.5 
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Site Burial Age* Sex %N o15 N(%o) %C I o13C (o/oo) C:Nratio %S o34S(%o) N:S ratio C:S ratio 

Taumako Nl93 Mid Female 15.8 12.4 47.0 -14.4 3.5 0.2 15.7 158.3 550.2 

Taumako Nl95 Young Male 14.1 13.4 41.1 -16.4 3.4 

Taumako N196 Old Male 15.7 11.4 48.2 -17.4 3.6 

Taumako X109 Mid Female 18.6 11.1 52.9 -16.1 3.3 

Taumako X110 Old Female 16.5 11.4 46.6 -16.3 3.3 

Taumako X155 Mid Female 16.1 11.1 49.0 -16.9 3.5 

Taumako X194 Young Male 12.5 12.1 37.5 -16.2 3.5 

Taumako Xl98 Young Male 17.7 10.9 53.0 -17.1 3.5 

Taumako X21 Young Female 17.4 12.5 52.6 -16.4 3.5 

Taumako N5 13.5 years NIA 14.5 10.6 42.6 -16.4 3.4 0.3 14.7 116.2 398.9 

Taumako N10 10 years NIA 14.6 10.8 43.0 -16.2 3.4 0.2 15.6 145.5 499.0 

Taumako N19 16 years NIA 12.6 11.4 37.6 -16.8 3.5 0.3 14.9 95.6 332.7 

Taumako N26 Subadult NIA 15.0 12.8 44.3 -16.7 3.4 0.2 15.4 163.9 564.5 

Taumako N32 15 years NIA 14.9 9.6 43.0 -17.0 3.4 0.2 15.3 167.1 564.7 

Taumako N50 1.5 years NIA 14.3 11.6 42.0 -16.8 3.4 0.3 15.2 126.2 432.8 

Taumako N58 0.5 years NIA 13.7 13.5 41.1 -17.2 3.5 0.3 13.6 108.1 377.8 

Taumako N60 Perinate NIA 13.4 12.5 39.4 -16.8 3.4 0.2 14.0 139.2 477.5 

Taumako N66 1.25 years NIA 13.9 12.3 42.6 -17.5 3.6 0.3 13.8 111.5 399.6 

Taumako N80 1 years NIA 13.8 13.0 40.9 -15.6 3.5 0.3 13.3 123.0 427.0 

Taumako N89 Subadult NIA 14.6 10.7 42.5 -16.5 3.4 0.2 15.0 147.4 499.5 

Taumako N92 2 years NIA 15.4 10.9 44.6 -15.6 3.4 0.3 14.4 142.9 481.4 

Taumako N93 2.5 years NIA 15.3 10.5 44.7 -16.6 3.4 0.2 15.0 146.9 499.7 

Taumako N100a 2.5 years NIA 16.0 12.5 47.1 -16.5 3.4 0.3 15.7 142.0 486.6 

Taumako NlOOb 1 years NIA 14.5 12.7 43.7 -16.6 3.5 0.3 15.5 119.6 421.2 

Taumako N101 1.6 years NIA 15.2 13.5 43.5 -16.2 3.3 0.2 14.4 144.6 481.5 

Taumako N102 11 years NIA 12.6 10.3 36.8 -16.0 3.4 0.3 17.8 100.3 342.7 

Taumako Nl06 14 years NIA 13.6 11.1 39.9 -17.1 3.4 0.3 14.6 121.9 416.4 

Taumako N107 0.8 years NIA 15.1 17.4 43.5 -16.2 3.4 0.2 14.0 150.1 504.2 

Taumako N111 Subadult NIA 15.1 12.1 43.4 -16.0 3.4 0.3 14.6 134.9 452.6 

Taumako N114 Subadult NIA 14.2 11.2 40.5 -16.6 3.3 0.2 14.4 147.6 489.8 

Taumako N119 Subadult NIA 15.1 11.1 44.1 -16.6 3.4 0.2 14.6 171.1 583.5 

Taumako N120 6 years NIA 14.1 10.0 40.9 -17.1 3.4 0.2 14.0 194.2 659.7 

Taumako N122.1 0.5 years NIA 15.4 10.5 44.7 -17.1 3.4 0.2 14.5 193.3 656.2 

Taumako N123 0.3 years NIA 14.3 13.7 42.1 -17.2 3.4 0.3 13.9 113.8 390.2 

Taumako N124 1 years NIA 13.6 13.3 41.1 -16.5 3.5 0.3 14.1 101.1 356.6 

Taumako Nl25 Perinate NIA 13.2 12.6 40.5 -17.3 3.6 0.3 16.0 101.4 363.0 

Taumako N127 4.5 years NIA 14.9 11.9 43.3 -16.5 3.4 0.3 14.9 120.7 409.2 

Taumako N129 1 years NIA 15.6 12.5 46.1 -16.5 3.4 0.3 14.1 125.7 432.8 

Taumako N131 1.25 years NIA 14.5 11.4 44.3 -17.9 3.6 0.3 15.6 119.9 427.1 

Taumako Nl34.1 4 years NIA 14.6 12.5 42.3 -16.2 3.4 0.3 15.0 124.4 421.9 
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Site Burial I Age* Sex I %N o15N(%o) %C o13C (%o) C:Nratio %S o34 S(%o) N:S ratio C:S ratio 

Taumako N136 0.75 years NIA 15.2 11.0 44.3 -16.5 3.4 0.3 14.2 127.0 430.9 

Taumako N153.1 Subadu1t NIA 15.2 11.2 44.5 -17.0 3.4 0.3 14.6 124.2 423.5 

Taumako N153.2 Perinate NIA 16.7 12.6 49.5 -17.6 3.5 0.3 14.7 140.5 486.8 

Taumako N154 Perinate NIA 15.1 13.1 44.5 -16.1 3.4 0.3 14.6 122.7 422.5 

Taumako N158 3 years NIA 17.8 11.2 53.3 -16.2 3.5 0.2 15.2 167.0 582.5 

Taumako N162 1.5 years NIA 14.3 14.6 43.0 -14.8 3.5 0.3 16.0 128.3 448.8 

Taumako N165 14 years NIA 15.6 10.5 44.6 -16.9 3.3 0.3 14.9 142.8 475.5 

Taumako N173 Subadu1t NIA 15.5 11.9 45.7 -17.3 3.4 0.2 16.0 147.4 506.2 

Taumako N192 14 years NIA 14.9 11.3 42.1 -17.0 3.3 0.3 16.6 124.7 411.8 

*Age of subadu1ts in years post birth or defined as foetal (8-24 weeks in utero), perinatal (24 weeks in utero to 1 week post birtb) or 
neonata1 (1-4 weeks post birtb) 
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Table A.13: Human tooth stable isotope values used in this study (513C and 515N), adults and subadults from Taumako. 

Site Burial Age* Sex %N o15N(%o) %C o13C (%o) C:Nratio 

Taumako NI Young Male 15.6 10.4 44.2 -17.1 3.3 

Taumako N2 Young Female 15.9 11.0 48.1 -17.5 3.5 

Taumako N3 Young Female 15.6 11.4 48.5 -17.4 3.6 

Taumako N4 Mid Unknown 15.7 10.2 47.5 -17.8 3.5 

Taumako N8 Mid Male 15.4 11.5 43.6 -16.5 3.3 

Taumako Nll Young Male 16.1 11.4 46.8 -17.2 3.4 

Taumako Nl3 Young Female 15.9 12.4 45.9 -16.5 3.4 

Taumako Nl4 Old Male 16.3 11.5 46.2 -16.8 3.3 

Taumako Nl5 Mid Female 15.0 10.9 42.4 -16.7 3.3 

Taumako Nl6 Mid Female 14.9 10.9 42.4 -16.8 3.3 

Taumako Nl7 Young Female 15.2 13.0 42.7 -16.6 3.3 

Taumako Nl8 Young Male 15.6 11.3 44.2 -16.8 3.3 

Taumako N24 Old Male 17.1 13.0 48.3 -16.4 3.3 

Taumako N25 Mid Female 15.2 10.8 45.5 -17.4 3.5 

Taumako N34 Young Male 16.0 11.4 46.1 -15.9 3.4 

Taumako N36 Young Male 16.2 13.1 46.1 -16.7 3.3 

Taumako N40 Young Female 15.8 9.8 46.2 -17.3 3.4 

Taumako N42.1 Young Male 14.5 11.3 41.6 -16.4 3.4 

Taumako N43 Young Male 16.3 11.7 46.5 -16.2 3.3 

Taumako N47 Young Male 15.8 11.9 44.3 -16.1 3.3 

Taumako N51 Young Female 15.7 11.8 44.5 -15.9 3.3 

Taumako N53 Mid Female 15.5 11.3 43.6 -16.2 3.3 

Taumako N54 Young Female 15.7 11.3 44.2 -15.8 3.3 

Taumako N57 Mid Female 15.3 11.3 43.7 -16.6 3.3 

Taumako N59 Mid Female 14.8 11.8 41.8 -16.5 3.3 

Taumako N62 Young Male 17.0 11.1 48.5 -16.6 3.3 

Taumako N63 Young Female 14.0 10.7 43.2 -17.7 3.6 

Taumako N67 Young Female 17.7 11.0 51.0 -16.6 3.4 

Taumako N68 Young Male 15.1 11.1 44.6 -16.4 3.5 

Taumako N70 Young Female 16.7 10.6 48.4 -17.2 3.4 

Taumako N71 Young Female 15.6 11.0 47.9 -16.6 3.6 

Taumako N72 Mid Female 15.9 12.2 48.9 -16.4 3.6 

Taumako N73 Young Male 14.9 11.1 47.1 -16.6 3.7 

Taumako N74 Mid Male 16.0 12.6 51.2 -16.4 3.7 

Taumako N76 Mid Male 14.9 11.8 46.7 -16.3 3.7 

Taumako N79 Mid Female 13.4 11.4 41.5 -16.1 3.6 

Taumako N84 Young Female 14.3 11.3 45.5 -17.3 3.7 
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Site Burial Age* I Sex %N o15N(o/oo) I %C o13C (o/oo) I C:Nratio 

Taumako N85 Young Male 16.8 11.1 55.0 -17.7 3.8 

Taumako N87 Old Male 12.4 11.4 40.7 -17.9 3.8 

Taumako N88 Mid Female 11.5 11.4 34.7 -16.8 3.5 

Taumako N90 Old Female 13.7 12.4 40.9 -16.6 3.5 

Taumako N91 Young Female 17.3 11.8 51.2 -16.7 3.5 

Taumako Nl03 Mid Female 13.7 11.3 40.0 -16.5 3.4 

Taumako Nl04 Old Male 17.9 10.3 51.0 -16.9 3.3 

Taumako Nl08 Young Male 16.8 11.3 47.8 -16.1 3.3 

Taumako Nl13 Mid Male 15.5 11.6 40.9 -16.4 3.1 

Taumako Nll5 Young Female 16.2 10.8 42.2 -16.7 3.0 

Taumako Nl17 Young Female 16.0 12.0 46.4 -16.6 3.4 

Taumako Nl21 Young Female 16.4 12.2 43.0 -16.3 3.1 

Taumako Nl26 Young Male 15.2 10.8 43.1 -16.5 3.3 

Taumako Nl37 Young Female 16.6 10.9 46.7 -16.5 3.3 

Taumako Nl39 Young Female 14.9 11.5 42.3 -15.8 3.3 

Taumako Nl40 Young Female 14.9 11.0 42.2 -15.9 3.3 

Taumako Nl41 Young Female 15.0 11.5 44.7 -16.5 3.5 

Taumako Nl45 Young Male 15.2 11.0 43.1 -16.7 3.3 

Taumako Nl47 Mid Male 15.4 11.2 43.3 -16.3 3.3 

Taumako Nl48 Young Male 15.3 11.0 43.2 -15.9 3.3 

Taumako Nl50 Young Female 14.9 11.0 42.2 -16.6 3.3 

Taumako Nl59 Mid Female 14.1 11.2 40.1 -16.4 3.3 

Taumako Nl60 Old Female 15.6 10.7 44.4 -16.8 3.3 

Taumako Nl61 Old Female 16.2 10.6 46.3 -16.7 3.3 

Taumako Nl63 Mid Female 17.3 10.9 48.2 -17.3 3.3 

Taumako Nl64 Mid Male 15.7 11.8 44.7 -16.5 3.3 

Taumako Nl66 Mid Male 17.5 10.9 45.4 -17.1 3.0 

Taumako Nl67 Young Male 15.1 11.3 42.9 -16.9 3.3 

Taumako Nl69 Young Male 14.5 11.1 41.2 -17.3 3.3 

Taumako Nl76 Old Male 14.6 11.9 42.1 -16.9 3.4 

Taumako Nl77 Young Male 15.0 10.2 43.7 -17.6 3.4 

Taumako Nl78 Young Female 14.4 14.0 41.5 -16.0 3.4 

Taumako Nl79 Young Male 15.3 11.1 43.6 -16.8 3.3 

Taumako Nl80 Old Female 14.6 11.2 41.7 -16.5 3.4 

Taumako Nl81 Young Male 17.7 11.0 54.3 -17.9 3.6 

Taumako Nl83 Mid Male 18.2 11.8 51.4 -16.5 3.3 

Taumako Nl85 Young Male 16.7 13.3 49.4 -15.0 3.4 

Taumako Nl87 Young Female 15.3 11.2 46.3 -17.4 3.5 

Taumako Nl88 Young Female 15.6 10.5 44.7 -17.6 3.4 

Taumako Nl89 Old Male 17.3 10.8 48.5 -17.1 3.3 
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Site Burial Age* Sex %N I o15N(%o) %C 013C (o/oo) C:Nratio 

Taumako Nl93 Mid Female 15.1 11.6 42.6 -16.4 3.3 

Taumako N195 Young Male 14.1 13.5 48.0 -18.4 4.0 

Taumako Nl96 Old Male 15.6 12.5 45.9 -17.3 3.4 

Taumako Xl09 Mid Female 16.5 11.1 42.8 -16.3 3.0 

Taumako XllO Old Female 16.9 11.8 48.8 -16.5 3.4 

Taumako XI 55 Mid Female 16.7 10.8 46.8 -16.7 3.3 

Taumako Xl94 Young Male 15.1 . 11.3 43.6 -17.2 3.4 

Taumako Xl98 Young Male 15.9 11.7 46.1 -17.0 3.4 

Taumako X21 Young Female 14.8 10.7 46.0 -17.8 3.6 

Taumako Xl84 Mid Male 16.7 11.0 47.6 -17.1 3.3 

Taumako N83 Young Female 17.9 11.4 54.7 -16.6 3.6 

Taumako X20 Mid Female 15.2 11.5 43.4 -16.0 3.3 

Taumako Nl9 16 years NIA 16.3 11.9 50.0 -17.3 3.6 

Taumako N89 Subadult NIA 12.8 11.6 37.9 -16.3 3.5 

Taumako Nl06 14 years NIA 14.9 11.3 45.3 -17.1 3.5 

*Age of subadults in years post birth or defined as foetal (8-24 weeks in utero), perinatal (24 weeks in utero to I week post birth) or 
neonatal (1-4 weeks post birth) 

424 



Table A.14: Human bone stable isotope values used in this study (815N, 813C and 834S), 
adults and subadults from Nebira. 

Site Burial Age* Sex %N 010N(%o) %C o"C (%o) C:Nratio %S o''S(%o) N:S ratio C:S ratio 
Nebira Pl2 Young Female 10.7 9.5 27.9 -17.0 3.1 0.2 3.5 110.8 338.0 
Nebira Pl6 Mid Male 7.5 9.7 20.6 -16.8 3.2 0.1 1.0 143.7 458.6 
Nebira Pl9 Unknown Male 7.6 10.7 20.5 -19.9 3.2 
Nebira P2 Mid Male 8.3 8.8 21.7 -13.4 3.1 
Nebira P22 Young Female 7.2 8.8 19.8 -14.2 3.2 0.3 4.7 65.1 208.0 
Nebira P23 Mid Female 6.6 10.5 17.4 -16.1 3.1 0.1 4.3 125.2 387.1 
Nebira P24 Young Male 8.6 8.9 23.6 -13.0 3.2 0.1 3.4 163.2 525.4 
Nebira P25 Young Female 6.4 10.6 16.8 -26.7 3.1 
Nebira P27 Mid Female 8.2 9.1 21.7 -21.0 3.1 0.3 5.4 72.4 221.8 
Nebira P3 Young Female 10.8 9.6 29.2 -13.9 3.2 0.1 -1.3 246.0 777.2 
Nebira P30 Mid Male 6.2 9.9 16.5 -14.7 3.1 0.1 0.8 118.8 367.1 
Nebira P31 Young Female 6.9 8.5 18.1 -17.7 3.1 0.3 -0.5 54.1 165.3 
Nebira P32 Mid Male 7.4 8.9 19.3 -14.5 3.0 0.1 -0.3 187.6 571.4 
Nebira P33 Unknown Female 7.5 10.1 20.9 -18.3 3.2 
Nebira P34 Mid Male 6.1 9.6 16.8 -14.6 3.2 0.1 1.7 99.9 320.2 
Nebira P39 Unknown Male 5.1 8.8 14.1 -14.9 3.3 0.1 5.5 144.6 469.9 
Nebira P43 Mid Female 9.7 9.4 25.6 -17.3 3.1 
Nebira PlO Young Male 12.6 7.2 43.6 -10.9 4.0 0.5 6.6 56.9 229.8 
Nebira Pll Mid Male 14.3 10.0 42.5 -16.9 3.5 0.3 3.5 117.9 409.8 
Nebira Pl7 Young Female 14.2 8.5 40.9 -12.8 3.4 0.2 1.1 169.5 570.3 
Nebira P20 Mid Male 15.0 10.1 43.8 -17.6 3.4 0.3 4.7 126.7 432.4 
Nebira P28 Unknown Female 15.5 9.7 46.2 -17.7 3.5 0.2 5.8 150.2 520.6 
Nebira P38 Mid Female 12.1 10.2 37.1 -17.3 3.6 0.3 5.0 96.3 345.2 
Nebira P4 Mid Male 14.1 9.5 45.5 -14.2 3.8 0.3 2.3 114.2 430.1 
Nebira P40 Young Male 13.2 10.8 43.9 -17.4 3.9 0.2 2.8 137.2 531.2 
Nebira P44 Young Female 13.7 9.1 42.7 -15.3 3.6 0.4 4.8 75.9 275.4 
Nebira P6 Mid Male 12.3 9.1 38.4 -14.3 3.6 0.3 5.0 104.5 379.7 
Nebira PS Mid Male 14.9 9.5 43.7 -17.6 3.4 0.2 4.6 162.6 556.7 
Nebira P9 Mid Female 11.0 10.7 39.3 -15.0 4.1 
Nebira P1 15 years NIA 7.6 9.9 20.8 -21.5 3.2 0.3 4.8 64.4 206.9 
Nebira P35 13 years NIA 14.4 9.3 45.2 -14.8 3.7 0.2 4.9 165.4 607.1 
Nebira P37 16 years NIA 7.7 9.8 20.3 -20.3 3.1 
Nebira P41 16 years NIA 14.3 8.3 44.5 -13.1 3.6 0.3 7.7 121.3 440.3 
Nebira P42 10 years NIA 13.5 10.2 44.4 -17.5 3.8 0.4 5.8 85.4 328.9 

*Age of subadults in years post birth or defined as foetal (8-24 weeks in utero), perinatal (24 weeks in utero to 1 week post birth) or 
neonatal (1-4 weeks post birth) 
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Table A.15: Human tooth stable isotope values used in this study ( 813C and 815N), adults 
and subadults from Nebira. 

Site Burial Age* Sex %N o10N(%o) %C one (%o) C:Nratio 
Nebira P12 Young Female 14.5 10.5 41.5 -18.1 3.3 
Nebira P16 Mid Male 14.7 11.2 42.6 -18.4 3.4 
Nebira P19 Unknown Male 15.1 11.0 43.3 -17.6 3.3 
Nebira P22 Young Female 14.9 10.3 42.4 -16.2 3.3 
Nebira P23 Mid Female 
Nebira P24 Young Male 15.0 10.3 42.5 -17.9 3.3 
Nebira P27 Mid Female 15.1 10.1 42.9 -17.7 3.3 
Nebira P3 Young Female 13.8 9.8 41.1 -13.9 3.5 
Nebira P30 Mid Male 15.5 11.5 43.8 -16.8 3.3 
Nebira P31 Young Female 14.2 11.7 40.7 -17.9 3.4 
Nebira P32 Mid Male 15.2 11.1 42.9 -18.0 3.3 
Nebira P34 Mid Male 14.8 10.2 41.8 -15.1 3.3 
Nebira P43 Mid Female 15.3 10.4 43.2 -18.0 3.3 
Nebira PlO Young Male 15.4 10.8 44.0 -16.5 3.3 
Nebira Pll Mid Male 15.2 10.2 42.8 -17.9 3.3 
Nebira P17 Young Female 15.6 10.8 44.8 -17.2 3.4 
Nebira P20 Mid Male 14.8 10.8 43.2 -17.2 3.4 
Nebira P38 Mid Female 14.7 10.9 42.0 -17.4 3.3 
Nebira P40 Young Male 15.8 11.0 45.1 -17.1 3.3 
Nebira P44 Young Female 15.7 11.5 45.2 -17.1 3.4 
Nebira P6 Mid Male 16.4 10.6 47.4 -15.2 3.4 
Nebira PS Mid Male 16.2 9.6 44.8 -17.7 3.2 
Nebira P9 Mid Female 15.4 10.6 43.9 -17.8 3.3 
Nebira Pl 15 years NIA 14.9 11.1 44.2 -17.7 3.5 
Nebira P35 13 years NIA 15.0 10.0 42.5 -18.7 3.3 
Nebira P37 16 years NIA 15.1 10.4 43.8 -18.1 3.4 
Nebira P42 10 years NIA 15.7 11.0 44.4 -16.8 3.3 

*Age of subadults in years post birth or defined as foetal (8-24 weeks in utero), perinatal (24 weeks in utero to 1 week post birth) or 
neonatal (1-4 weeks post birth) 
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