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ABSTRACT 
 In Pacific archaeology, there is a question of how people adapted to island ecologies 

and how this changed over space and time. Environmental variation may have affected the 

diets and mobility patterns of prehistoric peoples and changed how they interacted with their 

environments, and these effects may be enhanced on smaller islands. Stable isotope analyses 

are used in bioarchaeology to study life histories of people in the past, and comparisons can 

be made with ecological samples to show the local environment. The aims of this thesis were 

to study the value of using stable isotopes on materials from a small island in Remote 

Oceania and to study how environmental variation affects our understanding of life histories.  

 To study these aims, human and faunal materials were analysed from Waya Island, a 

small island in Fiji. There were four humans analysed in this thesis from two different sites. 

Faunal material included three pigs, a bird, a turtle, and 30 fish bones representing 11 

families.  

 Strontium isotopes can show mobility during childhood when tooth enamel was 

developing by comparing with geochemical and environmental strontium values. Significant 

variation in these values can be caused by sea-spray and marine-based diets. Carbon and 

nitrogen isotopes show the proportion of marine, terrestrial, plant, and animal sources in the 

diet. Variations in these values can exist over space and time, and local baseline data is 

needed to show the island context.  

 The results showed a small range of strontium values that is not indicative of mobility 

between these individuals and is possibly linked to the geological homogeneity of the small 

island. Other studies had much larger ranges showing the heterogeneity in local 

environments, which may limit the identification of non-locals. The human dietary isotope 

values were mostly consistent with previously analysed Waya Islanders. The faunal data 

showed significant variation compared to other values across the Pacific. This has 

implications for our understanding of dietary habits and how people used their local 

environments. This study has shown the importance of using local data to create site-specific 

baselines to provide more detailed life histories in Remote Oceania.  

 

Keywords: stable isotopes, strontium, carbon, nitrogen, Remote Oceania, environmental 

variation, Fiji.  
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CHAPTER 1: INTRODUCTION 
One of the major questions in Fijian archaeology is what happened over time as 

people adapted to the ecology of an island group. In Fiji, there is considerable diversity in 

environments between islands. The life histories of people who lived on these smaller islands 

and how they changed over time may be different to those seen on larger islands, given the 

different environments and limited space to change the landscape. Stable isotopes are used in 

archaeological studies worldwide to study the life histories of individuals in relation to larger 

patterns of diet and mobility in past populations and reflect the local environment. Small 

islands can create a large problem for stable isotope analyses, as variation in the environment 

can be reflected in the isotope values of humans affecting the ability to reconstruct life 

histories. Analysis of this variation is limited in other Pacific studies.  

 

The main research questions of this thesis are to study the value of using stable 

isotopes in the Pacific to study the life histories of people on small islands and to show the 

importance of understanding the local environment to study this variation. Understanding this 

can allow us to better understand how people adapted to their environments to survive in 

Remote Oceania.  
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Figure 1. Map of Remote Oceania showing Fiji. The inset shows Waya Island in greater detail, 
with the two sites (Y2-25, Olo and Y2-39, Qaranicagi) indicated (Field et al., 2009; Pietrusewsky 
et al., 2007).  

 

To address these questions, I am studying the remains of four individuals excavated 

from two sites on Waya Island (Y2-25 and Y2-39). I am also analysing faunal remains from 

the Y2-25 site contemporaneous with the human remains to place the isotope values into the 

Waya Island context.  

 

Waya Island is a small island and is part of the Yasawa Island group in western Fiji 

(Figure 1). Fiji is part of Remote Oceania, one of the last places in the world to be settled by 

people. Settlement of this region began approximately 3000 BP by the Lapita cultural 

complex, identified through their distinctive dentate-stamped pottery and a transported 

landscape of domesticated plants and animals (Kirch, 1997). Initially, Lapita people lived on 

coastal sites and relied primarily on marine resources, but also used terrestrial resources like 

plants and animals (Cochrane & Neff, 2006; Smith & Cochrane, 2011). Over time more 

people lived on inland sites, so the reliance on agricultural resources and intensity of 

agriculture increased, and marine resources were used less (Kirch, 1997). These general 

patterns are seen throughout larger islands in the Pacific but may not be as evident on smaller 

islands such as Waya Island. The small sample size of only four people in this thesis means 
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that the results are not representative of what was happening at that time. However, they may 

be reflective of some of the variability expected in isotope values due to environmental 

variability.   

 

 Stable isotopes are used as indicators of diet and mobility in archaeological contexts. 

Strontium (Sr) isotopes show mobility and are measured from tooth enamel. Permanent teeth 

develop in childhood, and 87Sr/86Sr values of the enamel will reflect the location during this 

time (Larsen, 2015). By analysing multiple teeth that develop during times in childhood of 

one individual, it may be possible to detect mobility if the locations had different geologies 

meaning the 87Sr/86Sr values would be distinct (Hrnčíř & Laffoon, 2019). Carbon (C) and 

nitrogen (N) isotopes are used to show protein sources in the diet and are measured from 

bone collagen. δ13C values can show the proportion of marine and terrestrial dietary sources 

in the diet, while δ15N values can show the proportion of plant and animal sources (DeNiro, 

1987; Schoeninger & DeNiro, 1984). Comparing these results with the local ecology of Waya 

Island can show how people used the native resources for sustenance, and if this changed 

over time or between different islands.   

 

1.1 Isotope Variation in Small Islands   
Small islands represent a complex environment for isotope analyses, as they are 

subjected to more variation from environmental factors compared to larger islands. This 

variation can result in differences in isotope values across space, which may impact diet and 

mobility reconstructions. The diversity of island ecology in the Pacific means that the general 

trends describing changes over time to diets and mobility may not be reflected in smaller 

islands, and some of this variation may be able to be identified through stable isotope 

analyses.  

 

Mobility indicators in Sr isotopes can be obscured by sea-spray, which can hide the 

local geochemical values and show the value of seawater instead (Veizer, 1989). On small 

islands, sea-spray will likely affect every site, and distinctions between coastal and inland 

areas would not be seen. The similarity of geological sources between different islands means 

that mobility between these locations cannot be identified using Sr isotopes (Price et al., 

2002).  
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Environmental conditions can also affect dietary indicators, as the climate and sources 

of C and N isotopes in food sources affect isotope values. Only isotopically distinct foods can 

be identified through these analyses, so some sources would not be identified. The bone 

turnover means values represent an average of the dietary input over time (Richards & 

Hedges, 1999). This turnover can result in the homogeneity of the values, limiting the sources 

that can be identified.  

 

Local isotope values in baseline data may differ from those seen in other places 

throughout the Pacific due to this variation. To understand human diet and mobility, it is 

crucial to understand the local ecology and the potential ranges of isotope values within that 

environment. This variation is of particular concern in places like Fiji and Remote Oceania 

due to the diversity in island ecology, so comparing values to those from other islands may 

not represent the local island values. Analysing archaeological faunal remains can allow us to 

see some of this variation. However, there has only been a small range of studies in Fiji that 

have analysed animals alongside humans (Table 1). This analysis of faunal material has often 

been from a perspective of adding baseline data to understand human diets rather than 

addressing variation in this data itself and by extension, how it affects human values.  
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Table 1. Details of Fijian isotopic studies to date and comparative faunal data used.  

Reference Location Time Period of samples 
# Human 

samples 

# Terrestrial 

samples 
# Marine samples 

Isotopes 

analysed 

(Cheung et al., 

2018) 

Sigatoka Valley, Viti 

Levu 

Range of dates. 1435-1350 BP, 1330-

1265 BP and 450-350 BP (or later) 
53 

Modern plants and 

snails 
Modern marine shells  Sr 

(Field et al., 

2009) 

Y2-25, Waya Island 2758-2503 cal. BP 8   C, N  

Y2-39, Waya Island 760-250 cal. BP 2  
2 fish1 

1 Lethrinidae 
C, N  

Sigatoka Valley, Viti 

Levu 

1300-1174 cal. BP and 

Pre 150-250 cal. BP 
3 2 pigs  C, N  

Cook Islands Modern (1991)   

1 Carangidae 

1 Scaridae 

1 Serranidae 

1 Acanthuridae 

C, N, O  

(Jones & Quinn, 

2009) 
Lau Islands 

Range of dates.  

600-280 cal. BP and 

2710-10 cal. BP 

9 

2 dogs 

2 European rats 

1 Polynesian rat 

1 fruit bat 

2 chickens 

3 pigs 

1 Diodontidae 

1 Sphyraena 

1 tuna 

1 Scaridae 

C, N, O  

(Nunn et al., 

2007) 
Moturiki Island 2950-2600 cal. BP 1   C  
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Table 1. (continued).  

(Phaff et al., 

2016) 

Sigatoka Sand Dunes, 

Viti Levu 
1435-1300 cal. BP 22 

2 Polynesian rats 

1 dog 

1 chicken 

1 fruit bat 

2 sea turtles 

2 fish1 
C, N  

(Stantis et al., 

2016) 
Bourewa, Viti Levu 750-150 BP 25   C, N, Sr  

(Valentin et al., 

2006) 
Cikobia Island ~ 100 BP 8 1 dog  C. N 

1 = fish unidentified to a family level. 
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1.2 Aims 
There are some smaller aims to address the main research questions of this thesis.  

 

1. I will be studying the value of using isotopes to address questions of environmental 

variation in the Pacific and to show how this can be used to study the life histories of 

people in the past. This will also entail deciding what isotopes are most valuable to 

study to answer these questions. I will be looking at the value of studying isotopes 

when the relevant faunal material is used to place humans into the local context and 

the importance of understanding tropical environments. There is a focus on smaller 

islands as there may be different interactions between the environment and humans 

compared to larger islands that is unexplored.   

2. I will be studying the mobility of prehistoric people in Fiji by analysing Sr isotopes 

from their dental enamel. 87Sr/86Sr values reflect the bioavailable Sr of their 

environment when the tooth was forming in childhood and can be used to trace back 

to where the individual was at that time. This allows for the study of mobility 

throughout a person’s life, compared to identifying locals and non-locals at a site. The 

influence of the marine environment on Sr values may mean this might not be of 

value in the Pacific, and this will be investigated.  

3. I will be studying the diets of these people by analysing C and N isotopes in the bone 

collagen. The different dates of the individuals in this thesis mean that changes to 

dietary patterns over time may be able to be seen, but this will not be representative of 

the population due to the limited sample size. I will also be analysing C and N 

isotopes in archaeological faunal remains to place the human results into a Waya 

Island context. By understanding the local ecology and what foods were available, it 

may be possible to determine the reliance on the local environment for foods and the 

proportion of marine and terrestrial foods in the diet. My results will expand the data 

already published from humans and animals throughout the Pacific and can aid in 

future studies. It is also hoped that this thesis will encourage other studies to consider 

utilising more faunal data in their research.  

 

1.3 Thesis Outline  
This chapter has introduced the research questions this thesis is endeavouring to 

answer and the context of stable isotope analyses in Remote Oceania, focussing on Waya 
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Island in Fiji. The following chapter is a literature review of the Fijian environment, and the 

broad patterns of the diets and mobility of people who lived there in the past. I will also 

discuss alternative evidence such as material culture and genetics that can be used to show 

mobility. Chapter 3 presents a literature review of stable isotope analyses and a critical 

analysis of previous research in Remote Oceania. This chapter will describe how variation 

can affect isotope values and the importance of understanding the local environment to place 

results in a Pacific context. Chapter 4 presents the materials used in this thesis to analyse 

variation in the Waya Island environment. I then discuss the methods used to analyse isotope 

values in this human and faunal material in Chapter 5 and compare this with previous 

research to show the feasibility of isotope analyses in a Pacific context. Following this, 

Chapter 6 presents the results of these analyses to show the mobility and diets of these Waya 

Island individuals and how it compares with previous research. I also present the faunal data 

and the variation in faunal values across the Pacific. Chapter 7 is a discussion of these results. 

Here, I place the results from the previous chapter into the local Waya Island context and 

examine the importance of understanding the local environment when using isotopes to study 

the life histories of prehistoric people. I will use this information to show how there is 

variation in stable isotope values in the Pacific and how this can be related to environmental 

factors. This is used to answer the research questions and understand isotope variation in the 

Pacific and how it can affect our understanding of life histories here.  
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CHAPTER 2: FIJI ENVIRONMENT 
The aim of this chapter is to provide a broad understanding of the local environment 

on Waya Island by describing the native and transported fauna, the lives of people who lived 

there, and their interactions with the environment. The local environment needs to be 

discussed to assess how variation in these factors may affect isotope analyses. Understanding 

the lives of people who lived in Fiji and Remote Oceania, can provide insight into diet and 

mobility patterns that may then be seen in the life histories of the individuals in this study. In 

this chapter, I will discuss the bioarchaeological, material, and genetic evidence that shows 

these lifestyle patterns. It is important to discuss how these can change broadly over time 

before discussing the specific isotopic evidence to consider how the Fijian environment could 

create variation in these results.  
 

2.1 Geography and Geology of Fiji and Waya Island 
Waya Island is one of 330 islands that make up the geologically complex archipelago 

of Fiji (Anderson & Clark, 2009). It is the southernmost island in the Yasawa Island chain in 

western Fiji (Figure 1). Waya Island is a small, densely wooded, volcanic island with an area 

of only 22km2 and a dry climate (Hunt et al., 1999; Parke, 2014, p. 235). The Yasawa Islands 

formed 8-6 million years ago from volcanic bedrock through tectonic activity (Rodda, 1994). 

Waya Island is a volcanic island, mainly made of quartz, olivine, and hornblende minerals 

with a geological division in their proportions between the east and west (Hunt et al., 1999). 

  

There is significant spatial variation in the geological origins of the Pacific. Volcanic 

bedrock makes up 39% of Pacific islands, 17% are formed from limestone, and 36% are reef 

islands (Nunn et al., 2016). The underlying geology of an island is dependent on plate 

tectonics and the processes leading to its formation (Nunn et al., 2016). Fiji has volcanic and 

coral limestone islands (Rodda, 1994). Fiji is located on the Fiji plateau bordering the Indo-

Australian and Pacific plates, and so is very seismically active with heterogeneous geology 

(Eguchi, 1984). Western islands in the Pacific are usually volcanic, while coral reefs and 

other associated deposits are widespread throughout the Pacific forming limestone islands 

such as the Lau group (Nunn et al., 2016; Rodda, 1994). Limestone islands are usually 

formed through the emergence of coral reefs due to sea level changes in the Pacific Ocean 
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(Nunn et al., 2016; Rodda, 1994). The different geological sources in the Pacific has 

implications for mobility analysis using Sr isotopes.   

 

2.2 Animals 
 Studying the archaeological remains of fauna in the Pacific can show us what animals 

were available as potential food sources for the people who lived there. The proportion of 

these remains in such sites can be studied to observe how diets and habitat use changed over 

time. Unfortunately, in Fiji there is poor preservation of skeletal faunal material, limiting the 

amount of available information. Many remains are also fragmented, making it difficult to 

identify bones. There is a question of representation of the faunal remains that have been 

recovered. Many species are only represented by a few individuals for specific time periods, 

so conclusions reached from these remains need to consider how representative such faunal 

samples are of the species in question.   

 

2.2.1 Native Animals  
 It is important to know what species of animals and plants already lived in Fiji before 

the arrival of humans and what appeared later due to humans, as well as species that may 

have gone extinct due to humans. This can have implications for dietary interpretations as the 

availability of potential food sources changes over time. An extensive coral reef system 

throughout Fiji supports a variety of marine resources (Nunn, 1990). There are no native 

terrestrial mammals here except for bats, and there are many native species of birds and 

invertebrates (Anderson & Clark, 2009). 

 

 There is decreased biodiversity of fauna and flora species throughout Remote Oceania 

compared to Near Oceania (Green, 1991). For example, there are 520 landbird species in 

New Guinea (Near Oceania) but just 54 in Fiji (Green, 1991). This trend also existed in other 

species before the arrival of humans to the Pacific (Green, 1991). These biodiversity changes 

between Near and Remote Oceania are reflected in the diets of people who lived there, with 

people in Near Oceania tending to have varied diets that included many sources compared to 

the more constrained diets typically seen in Remote Oceania (Kinaston et al., 2015).  

 

 When humans arrived in the Pacific, there were further losses to biodiversity. This 

was due to three factors: hunting or predation of native animals; the introduction of animals 
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(e.g., rats) that caused predation and could introduce diseases; and the clearing of forests for 

horticulture (Martin & Steadman, 1999). The extinction of several species such as flightless 

birds across Remote Oceania occurred quickly alongside early human settlement, and 

remains of now-extinct bird species have been found associated with Lapita sites across the 

Pacific (Anderson, 2002). In Vanuatu, human colonisation directly led to the extinction of 

giant land tortoises, land crocodiles, and numerous bird species (Valentin et al., 2014). 

 

 Marine animals in Remote Oceania do not show these biodiversity changes. Marine 

resources were vital for prehistoric people in Fiji, and studying fish remains found in 

archaeological sites can show the lifestyle and hunting habits of these people (Clark & Szabó, 

2009). The number of fish species in the Pacific and the variety in their habitats meant that 

people employed different fishing methods depending on the targeted location and fish (Table 

2). Inshore reef fish were a predominant part of diets over time throughout the Pacific and 

were easily caught using nets, spears, and hooks (Nunn et al., 2007; Walter, 1989). The 

reliance on inshore reef fish has persisted over time, and in Northern Fiji ~100 BP most fish 

were caught through reef gleaning, a method of fishing at low tide (Valentin et al., 2006). The 

most commonly found fish families associated with Fijian archaeological sites are the 

Scaridae, Serranidae, and Lethrinidae families (Butler, 1994; Valentin et al., 2010). Pelagic 

(offshore) fish such as the Scombridae and Sphyraena (barracuda) families are not commonly 

found at archaeological sites in the Pacific, suggesting they were not important resources 

(Butler, 1994; Valentin et al., 2006). Ethnohistoric Fijian records also suggest that pelagic 

fish were not commonly eaten by Fijian people (Thaman, 1990). Pelagic fish require more 

effort to catch, and with plentiful fish closer to shore were not usually worth the extra effort 

(Thaman, 1990). Fishing for pelagic fish occasionally occurred, and a small number of 

trolling fishhooks that would have been used to catch these fish have been recovered at some 

sites throughout the Pacific (Kinaston et al., 2014b).  
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Table 2. Fish families commonly caught in the Pacific, their habitats, and diets. Adapted from 
Walter (1989), and including dietary information from Froese and Pauly (2022).  

Fish Families 
Common 

Name 

Habitat 
Diet 

Pelagic Reef-edge Reef-flat 

Acanthuridae Tangs  X X Herbivore 

Balistidae Triggerfish  X X Carnivore 

Belonidae Needlefish X X  Carnivore 

Carangidae Jacks X X  Carnivore 

Chaetodontidae Butterflyfish X X X Omnivore 

Diodontidae Porcupinefish  X X Omnivore 

Epinephelidae Groupers  X  Carnivore 

Holocentridae Squirrelfish  X X Carnivore 

Labridae Wrasses X X X Carnivore 

Lethrinidae Emperors X  X Carnivore 

Lutjanidae Snappers X  X Carnivore 

Mugilidae Mullets X X  Herbivore 

Mullidae Goatfish  X  Carnivore 

Scaridae Parrotfish  X X Herbivore 

Scombridae 
Mackerel, 

tuna 
X   Carnivore 

Serranidae Sea basses  X X Carnivore 

 

 Other marine animals in the Pacific that may have been consumed include turtles, 

shellfish, and mammals like porpoises.  

 Early Lapita sites in Remote Oceania consistently contain turtle remains, so it has 

been thought that turtles were an important part of the Lapita diet upon initial settlement, 

including in Fiji (Clark & Anderson, 2001). The variability in turtle species, diets, and 

feeding areas may result in inconsistencies in isotopic results (Godley et al., 1998). The few 

turtles that have been isotopically analysed had varying results, which have not confirmed 

consumption (Phaff et al., 2016; Valentin et al., 2010). Consumption of turtles was possibly 

limited to special occasions and were only eaten by those of high social statuses such as 

chiefs (Jones, 2009).  
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 Throughout Fiji, a diverse range of shellfish species gathered from various habitats 

have been found in archaeological sites (Cochrane, 2004a; Szabó, 2009). The variety of 

species may be due to different availabilities, preferences, and methods of collection (Nunn et 

al., 2007).  

 The presence of marine mammal bones such as porpoises in Lapita sites in Near 

Oceania are potential signs that Lapita people hunted these for food (Nunn et al., 2007). 

However, more archaeological evidence is needed to ascertain if marine mammals were 

common in Lapita diets in Remote Oceania.  

 

 Faunal remains have been found at the two archaeological sites on Waya Island. Half 

of the remains found during initial excavations at the Y2-25 site were fish bones from the 

Scaridae and Serranidae families, suggesting they were an important resource for people 

who lived there. There were small amounts of other faunal remains, including rats, turtles, 

and fruit bats, but no evidence of domesticates (Hunt et al., 1999). Some faunal material has 

been found at the Y2-39 site but is very fragmented, limiting species identification. 

Identifications of some bones showed a range of fish families (such as Serranidae, Scaridae, 

and Acanthuridae), small mammals like rats and fruit bats, and a Canis tooth (Pietrusewsky 

et al., 2007). The faunal materials that will be analysed in this thesis are discussed in Chapter 

4. 

 

2.2.2 Transported Landscape and Imported Animals  
 One of the distinctive hallmarks of the Lapita cultural complex is the transported 

landscape of domesticated animals. Introduced animals to Remote Oceania included pigs, 

dogs, rats, and chickens (Anderson, 2009). These animals supplemented marine resources in 

the diet. Pigs were particularly important in Pacific societies, usually eaten by those of a 

higher social status on special occasions (Giovas, 2006). Intensifications in the farming of 

these animals signalled changes to more sedentary lifestyles in Fiji (Kirch, 1997). The true 

extent of domesticated animals in Remote Oceania is unknown due to the scarcity of animal 

bones in the archaeological record. 

 

 Ancient DNA (aDNA) can be used to study the dispersal of commensal animals like 

pigs (e.g., Allen et al., 2001), chickens (e.g., Storey et al., 2010), and dogs (e.g., Greig et al., 

2018), as a proxy for human migrations and interactions in the absence of human data. 
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Chicken dispersal throughout the Pacific was contemporaneous with human dispersal, and 

transport began alongside the first humans (Storey et al., 2010). Chicken and rat remains have 

been found in some of the earliest settlements in Fiji (Worthy & Clark, 2009). Initially, only 

small numbers of larger animals like pigs were moved into Remote Oceania during early 

migrations, but this increased over time (Allen et al., 2001). The populations of domesticates 

in the Pacific islands fluctuated over time (Storey et al., 2010). The introduction of new 

genetic haplotypes suggests there were multiple introductions of chickens, rats, and dogs over 

time in the Pacific (Storey et al., 2010). 

 

 One of the main aims of this thesis is to study the effect of environmental variation in 

small islands. On smaller islands, the ability of the environment to support domesticates like 

pigs is reduced compared to larger islands, potentially causing competition for food between 

pigs and humans especially in times of stress (Giovas, 2006). These factors would have 

affected the diets of people who lived here. This relates to an important concept in 

biogeography, the species-area relationship as larger islands with more space can support 

more animals (Giovas, 2006). Gaps in the archaeological record of various Pacific islands 

suggest that at various times in history, some domesticates like dogs and pigs disappeared 

from smaller islands before later being reintroduced (Anderson, 2009; Giovas, 2006). Pigs 

were intentionally hunted and exterminated in some islands, and trades were made to larger 

islands with more space (Allen et al., 2001; Giovas, 2006). Determining the relationship 

between island size and pig extinctions is difficult in the Pacific, as other factors influencing 

agriculture and resource development, and social factors determined the success of these 

domesticates in the Pacific (Giovas, 2006). 

 

2.3 Plants  
 Plant resources and horticulture were important parts of life in the Pacific, and their 

use intensified over time (Kirch & Green, 2001). The rate of increases in food production 

varies between islands, and its role in the shaping and settling of smaller islands like Waya 

Island is largely unknown (Roos et al., 2016). Stable isotope analyses studying the 

contribution of plants to the diet are limited by the number of individuals available to analyse 

and by the nature of studying diet from bone collagen.   
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 The limited biodiversity in plant species in Remote Oceania, specifically on small 

islands, limited the native plants available as food sources for early settlers (Green, 1991; 

Lebot & Sam, 2019). Native plants suitable for consumption included fruits, nuts, seaweeds, 

and sugarcane (Kirch & Green, 2001; Lebot & Sam, 2019).  

 

 The introduced plants to Remote Oceania were mainly starchy crops that included 

taro, yams, sweet potato, breadfruit, and banana (Anderson, 2009; Horrocks & Nunn, 2007). 

Remnants of these plants can be identified in archaeological deposits (Horrocks & Nunn, 

2007). The earliest evidence of horticulture in Remote Oceania is from starch grains and 

plant matter from the Arachae family (includes taro, yams, and breadfruit) at a Vanuatu site 

dating to 2700 cal. BP (Horrocks & Bedford, 2005). In Fiji, pollen and starch grains from taro 

and yams at the Bourewa site are the earliest signs of horticulture, dated to ~2670-2360 cal. 

BP (Horrocks & Nunn, 2007). Early settlers on Waya Island likely grew taro (Cochrane, 

2004a).  

 

 The introduction of horticulture to Fiji occurred a few hundred years after Fiji was 

first settled, although earlier evidence may not have yet been found. The reliance on 

terrestrial plants for food increased over time, and in modern Fiji, starchy fruits and root 

vegetables now make up 70-80% of the diet (Jones, 2009). Although a part of the transported 

landscape by Lapita was the introduction of crops to these islands, it would have taken time 

for these crops to be established, and crops are susceptible to damage from environmental 

factors like natural disasters (Lebot & Sam, 2019). Evidence of diseases like scurvy caused 

by nutritional deficiencies have been noted in early Lapita sites (Buckley et al., 2014). This 

may have resulted from a lack of enough nutritious plants in the diet or the focus of these 

communities on marine resources like fish as they were easily accessible (Buckley et al., 

2014; Lebot & Sam, 2019). 

 

2.4 Environmental Changes 
 One of the main aims of this thesis is to understand the local environment and how it 

affects isotope values in humans. Environmental changes can force communities to change 

their diets and mobility patterns. As the remains in this thesis are from different time periods, 

it is important to understand how the environment in Fiji and on Waya Island has changed 

over time to understand how these changes may impact isotope values.  
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 Climate changes can create or destroy lands, thus affecting the availability of 

resources. Every 100 years in the Pacific, sea levels have decreased by 0.1 m, so over time 

the coastal sites where Lapita initially resided were no longer as easily accessible to marine 

and reef resources (Nunn, 2009). These changes encouraged relocation inland, where better-

quality soils allowed for the intensification of agriculture (Nunn, 2009).  

 

 Regular ENSO events (El Niño Southern Oscillation) result in air pressure, 

precipitation, and ocean temperature changes worldwide (Peel et al., 2002; Salinger et al., 

1995). Due to its location in the Pacific, Fiji and other Remote Oceania islands are subjected 

to more extreme environmental changes from these events, with flooding followed by 

droughts affecting horticultural yields throughout history and in modern times (Field, 2004; 

Salinger et al., 1995). Droughts and flooding can change sea levels which may change 

landscapes in low-lying areas (Nunn, 1998). These climate events can pressure marine 

ecosystems and reefs that supplied abundant resources in prehistoric times (Field, 2004; 

Nunn, 2000). This pressure on marine resources may have necessitated changes to diets to 

incorporate more terrestrial resources (Field, 2004). Some landscape changes caused by 

ENSO events can be positive, as swampy areas can be changed to alluvial plains better suited 

for agriculture (Hope et al., 2009). These climate changes likely contributed to the movement 

of groups inland and a greater reliance on terrestrial resources, with an intensification of 

agricultural products like taro and yam (Morrison & Cochrane, 2008; Nunn, 2009). There can 

also be acute environmental changes caused by tropical cyclones, which are common in the 

Pacific and can quickly change landscapes by stripping vegetation (Nunn, 1998). In some 

places like the Lau Islands in Fiji, despite climate changes dietary habits did not significantly 

change, so small islands may be less affected by these climate changes (Jones & Quinn, 

2009). 

 

 Anthropogenic influences from humans have also caused environmental changes. 

Major changes to Fijian landscapes occurred 500-1100 years after initial colonisation, with 

clearance and burning of forests (Hope et al., 2009). These acts of swidden cultivation 

involve burning vegetation to open the plant canopy and introduce recycled nutrients into the 

soil, encouraging plant growth (Kirch, 1997; Roos et al., 2016). On Viti Levu, this occurred 

in the post-Lapita period at 1600-1800 cal. BP, and again at ~1450 cal. BP (Roos et al., 
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2016). These climate changes affected the local environment and availability of food sources, 

so people had to adapt.  

 

2.5 Life Histories of People in Fiji  
 The Lapita cultural complex can be identified by distinctive pottery and the 

transported landscape of domesticated animals and crops from Southeast Asia into the Pacific 

(Kirch, 1997). They were seafaring people who relied on the oceans for transport and 

sustenance and were the first to settle Remote Oceania and Fiji (Kirch, 1997). Understanding 

when this colonisation occurred is important to understand the speed at which people adapted 

to the local environment and native resources. This can provide insight into the reasons for 

movement into the Pacific, with the possibility of resource-rich islands likely a key factor 

encouraging migration from Near Oceania (Sheppard et al., 2015). It can also show how 

much development (e.g., advances in agricultural intensifications) there was of landscapes 

and if it occurred within a short period of time or slowly over a longer period. Islands in 

Vanuatu, New Caledonia, and Fiji were first settled ~3000 BP ± 100 years (Rieth & 

Cochrane, 2018; Sheppard et al., 2015). Tonga was settled ~2850 BP, and Samoa ~2750 BP 

(Rieth & Cochrane, 2018; Sheppard et al., 2015). The settlement dates between various 

islands are too similar for distinct migration events to be isolated using radiocarbon dating, 

suggesting a high rate of mobility (Anderson & Clark, 1999).  

 

 The earliest radiocarbon date signalling human occupation on Fiji is a plant charcoal 

sample dated to 3070-2770 cal. BP at the Matanamuani site on Naigani Island (Cochrane, 

2017; Irwin et al., 2011). The Bourewa site on Viti Levu has also been argued as a potential 

founding settlement of Fiji, but material from this site dates to a later time of 2838-2787 cal. 

BP (Nunn & Petchey, 2013). The Yasawa Islands, including Waya Island, were not inhabited 

until around 2700 cal. BP, multiple generations after the initial colonisation events of Fiji 

(Cochrane et al., 2011; Pietrusewsky et al., 1997). The first evidence of human occupation on 

Waya Island comes from two samples at the Y2-25 site with a combined date of ~2650-2450 

BP (Table 6) (Hunt et al., 1999).  

 

 Coastal sites were the first locations settled by people upon arrival to Fiji due to the 

availability and ease of access to marine sources (Cochrane, 2017; Nunn, 2009). Intensities in 

El Niño events beginning 650 BP caused the Little Ice Age in the Pacific (Nunn, 1998, 2000). 
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During this time, sea levels lowered by 70-80 cm and temperatures decreased, putting 

pressure on marine ecosystems and reducing their productivity (Nunn, 2007, 2012). Sites 

once coastal were no longer as accessible to marine resources, forcing communities to leave 

those sites and move elsewhere to more inland, easily defensible sites (Nunn, 2000, 2012). 

Analysis of a mollusc assemblage from Nacula Island, a northern Yasawa Island, indicated 

changes in the proportion of shellfish species gathered over time (Morrison & Cochrane, 

2008). A greater proportion of larger shellfish species were gathered post-650 BP, which may 

have been due to changes in the exploitation of marine habitats, and this is associated with 

settlement changes occurring around the same time (Morrison & Cochrane, 2008).  

 

 With these climate changes, mobility over greater distances may have reduced as 

conditions were not suitable for ocean travel (Nunn, 2000). Mobility changes meant that 

populations could significantly increase, putting more pressure on already limited marine 

resources (Field, 2004). The first inland settlements in the Pacific appeared from 2500 cal. 

BP as people grew to rely on terrestrial resources, with greater numbers of inland settlements 

from 2000 cal. BP, although there were still interactions with coastal settlements (Smith & 

Cochrane, 2011). Tatuba Cave in the Sigatoka Valley of Viti Levu is over 50 km inland but 

deposits from 2000 cal. BP contained marine shells and fish bones, signifying either 

interactions with coastal populations or the movement of people to and from the coast (Field, 

2008). Smaller islands may have still been able to access marine resources depending on the 

effects of these environmental changes, as the smaller land size means there is less distinction 

between coastal and inland sites (Field, 2004). This has implications for dietary changes over 

time, as there would have been less pressure to incorporate terrestrial resources at these sites 

(Field, 2004).  

  

 Limited resources meant that groups became protective over their supplies, leading to 

conflict (Nunn, 2000). Signs of conflict in Fiji can be inferred from the appearance of 

fortified sites in the landscape (Field, 2004). In more recent Fijian history (beginning 850 cal. 

BP), there were fewer coastal settlements and more restricted diets, as well as widespread 

conflict (Field, 2004). On the Yasawa Islands (including Waya Island), defensive sites 

occupied between 600-500 cal. BP were located on fertile lands so food could be grown, and 

these had good views of the ocean while being obscured, suggesting there was inter-island 

conflict (Smith & Cochrane, 2011). Changes to diets and mobility patterns may be linked to 
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these sociocultural and environmental changes occurring during that time in Fiji and could be 

seen in isotope values. 

 

2.5.1 Mortuary Practices  
 Throughout the Pacific, there is variation in mortuary practices, the treatment of a 

body after death (Scott et al., 2010). While not directly relevant to the aims of this thesis, 

understanding mortuary practices in Fiji may show details about the lifestyles of people who 

lived on Waya Island in the past. Bone modifications can affect the quality and preservation 

of skeletal material, limiting the success of collagen extraction and may influence isotope 

values and the ability to reconstruct diet and mobility patterns. In bioarchaeology, mortuary 

practices are studied through the post-mortem treatment and modifications of a body, as well 

as the burial position, location, and grave goods (Carr, 1995). Other sources such as 

ethnographic evidence may be used. However, in the Pacific this information mainly comes 

from colonial European explorers and missionaries, so carries a bias that needs to be 

considered (Degusta, 1999; Pietrusewsky et al., 2007). Understanding the mortuary practices 

of a population requires a large sample size rather than isolated burials such as those on Waya 

Island. Studying such behaviours and changes over time is not possible unless multiple 

complete individuals are found.  

  

 Primary burials are not disturbed after inhumation (Spennemann & Franke, 1995). 

Secondary burials are common throughout the Pacific and are where a body has been moved 

and reburied at some point after death, sometimes with modifications such as missing skeletal 

elements or cutmarks associated with defleshing (Degusta, 1999; Spennemann & Franke, 

1995). A secondary burial may have unintentionally exposed bones to fire, such as placing 

bones on a recently extinguished earth-oven feature, as is the case in one of the individuals 

studied in this thesis (Pietrusewsky et al., 2007). Bones exposed to fire can be identified by 

colour changes to bones or cracking and flaking (Buikstra & Swegle, 1989). Examples of 

intentional burning through cremation in the Pacific during the Lapita period are rare (Scott et 

al., 2010).  

 

 Modifications to one of the individuals in this study may indicate cannibalistic 

behaviour. Cannibalism is a practice that has historically been associated with Fiji and other 

areas of the Pacific, but archaeological evidence is required to corroborate these ethnographic 
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accounts (Degusta, 1999; White, 1992). The controversial nature of cannibalism and 

difficulties in identification often prevents a clear conclusion being made (White, 1992). 

Cannibalism in Fiji was usually a ritualistic behaviour rather than a necessary practice to 

avoid starvation (Jones et al., 2015). Descriptions of osteological evidence for cannibalism in 

archaeological literature are rare, and claims are not always supported with skeletal data. The 

modification of human remains (such as butchering, cut marks, and cooking) needs to match 

those on associated faunal remains in the midden before cannibalism can be suggested as a 

cause (White, 1992). Peeling of bones, high rates of burning and cutmarks, fragmentary 

remains with an element distribution dissimilar to a complete skeleton, and no evidence of 

non-human causes of bone modification may also indicate cannibalistic behaviours in Fiji 

(Degusta, 2000). However, some modifications like cutmarks and burning can be attributed 

to other mortuary practices such as moving a body for a secondary burial (Degusta, 1999). 

These modifications, particularly bone burning, could affect isotope values. Mortuary 

practices that were not common in a site may indicate a different origin for that individual.  

 

2.5.2 Mobility 
 While Sr isotopes are analysed in this thesis to show the mobility of people on Waya 

Island and the effect of variation on these values, other lines of evidence can also show 

information about mobility that may be missed in isotope analyses. The terms mobility and 

migration tend to be used interchangeably in most Pacific studies (e.g., Shaw et al., 2010). 

However, there are important distinctions to be made between them regarding the types of 

movement. For clarity, in this thesis I am referring specifically to mobility when referring to 

the movements of an individual or small groups over a small distance that can occur in 

multiple directions for various lengths of time (Priglinger, 2019). Migration refers to the 

movement of groups, usually in one direction, and larger distances are typically covered, such 

as the migration of the Lapita cultural complex into Remote Oceania (Priglinger, 2019). I am 

discussing only the movement of the individuals in this study between Pacific islands and not 

the greater migrations that led to people settling in Remote Oceania.  

 

 A hallmark of the Lapita cultural complex is the high rates of mobility between 

islands, allowing this culture to exist over a large area (Kirch, 1997). This is visible in both 

the archaeological record and material culture. Similarities in ceramic decorations across a 

3000 km area over just hundreds of years and the use of local materials mean that the Lapita 
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people themselves were culturally homogeneous and highly mobile (Cochrane & Lipo, 

2010). Multiple migrations occurred around the Pacific, particularly between 2900-2700 cal. 

BP (Anderson & Clark, 1999). Shortly after colonisation, Lapita people became sedentary 

and distinct separate localised cultures developed between islands with ceramic styles 

becoming geographically grouped (Cochrane & Lipo, 2010; Valentin et al., 2016). This 

occurred over 200-300 years and marked the end of the Lapita period in history (Valentin et 

al., 2016). These changes may have been localised to specific areas of the Pacific, including 

Fiji and occurred at different points in time between islands (Field, 2004). 

 

 Although migrations were not as extensive following the Lapita period, populations 

were still somewhat mobile, with some Fijian, Samoan, and Tongan islands sharing an 

exchange network (Anderson & Clark, 2009). Sociocultural factors and access to resources 

were the main reasons for movements in the post-Lapita period. Moving between these 

islands was relatively easy as there were favourable winds and currents (Barnes & Hunt, 

2005). Fijians traded bird feathers and woods that were used for oil production and canoe 

manufacture and in return were offered fine mats, stone tools, whale teeth, and people for 

warfare (Barnes & Hunt, 2005). People also moved between these islands for marriages and 

jobs (Barnes & Hunt, 2005). Most of these people moving for marriages would have been 

women, as traditional Fijian societies are patrilocal where women move to live with their 

husband’s community (Jones, 2009). Understanding these social factors that contribute to 

mobility can be used alongside strontium analyses to potentially show why people may have 

moved.  

 

2.5.3 Material Culture and Ceramics  
 Ceramics are an important source of information in the archaeological record as they 

can provide evidence for factors such as mobility in the absence of direct evidence from 

skeletal remains. It can provide insight into the social and lifestyle patterns of people and can 

show evidence of mobility, such as short-term movements and interactions, between islands 

that isotopic analyses cannot. There have been detailed analyses of ceramics throughout 

Remote Oceania, including Waya Island (e.g., Cochrane, 2002).  

 

 The Lapita cultural complex was very mobile throughout Remote Oceania, and the 

dentate-stamped pottery found throughout the Pacific is key evidence of this (Kirch, 1997). 
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This pottery has been found over a 3000 km area dating to a period of just hundreds of years 

(Summerhayes, 2001). Ceramics were often made from local materials, showing cultural 

transmission of pottery methods and decoration techniques through the permanent relocations 

or temporary movements of people (Kirch & Green, 2001). 

 

 The materials used in ceramics can show interactions between other island groups and 

can represent the mobility of people. The proportions of ceramic sherds from the Yasawa 

Islands and the Mamanuca Islands located further south in Fiji changed over time, as studied 

by Cochrane and Neff (2006). When these islands were first settled ~2700 BP, ceramics were 

made of materials from different islands, showing interactions between groups of people who 

lived there (Cochrane et al., 2011; Cochrane & Neff, 2006). Immediately following the 

Lapita period (2900-2500 BP) there were decreased movements of people, and ceramics were 

made with a greater proportion of local sherds (Clark & Kennett, 2009; Cochrane & Neff, 

2006). Specific types of decorative sherds from other Western Fiji island groups (the 

Mamanuca and Malolo Islands) have occasionally been found in the rest of Fiji but are absent 

on the Yasawa Islands, suggesting that there may have been some isolation of the Yasawa 

Islands compared to the rest of Fiji, although this is mostly speculation (Cochrane et al., 

2011). By 1000 BP, most sherds in ceramic assemblages on Waya Island were made from 

local Yasawa Island materials (Cochrane & Neff, 2006). This decrease in exchange networks 

between islands coincides with environmental changes like the Little Ice Age that reduced 

mobility (Cochrane, 2017; Cochrane et al., 2011). 

 

2.5.4 Genetic Evidence  
 It is important to note that the “Lapita cultural complex” refers to the cultural identity 

of the people who travelled to Remote Oceania and is most evident through the distinctive 

ceramic styles. It does not necessarily include only those who share genetic relatedness 

(Matisoo-Smith, 2015). Genetic evidence and advances in DNA sequencing technologies 

have allowed for biological relationships between Lapita and their modern descendants to be 

discovered, allowing us to trace the mobility of Lapita throughout Oceania. Most genetic 

studies are concerned with the origin of Lapita people and their dispersal throughout the 

Pacific. This is discussed more broadly in reviews such as Matisoo-Smith (2015), with less of 

a focus on the genetics of post-Lapita prehistoric populations. The variety of haplotypes 

throughout Remote Oceania indicates multiple migrations into the Pacific from a diverse 
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population and subsequent interactions between some of these groups, rather than one wave 

of Lapita migration from Near Oceania (Matisoo-Smith, 2015). Unfortunately, aDNA 

analysis of the few Lapita-associated Fiji remains has not been successful to date (Cochrane, 

2017; Sheppard, 2011).  

 

2.6 Diet 
 One of the aims of this thesis is to understand the diets of people on Waya Island in 

Fiji and the importance of understanding the local environment when using isotopes to study 

life histories. While the only way to directly study the diets of past people and changes over 

time is through isotopic analyses, other sources of evidence such as ethnographic records and 

sociocultural factors can also inform us about past diets and how they changed over time.  

 

 The theory of the “Lapita diet” in the Pacific states that the diets of Lapita in Remote 

Oceania consisted mainly of marine resources, which changed over time as the reliance on 

domesticated terrestrial sources increased (Groube, 1971; Kirch, 1997). These broad patterns 

are largely based on evidence from larger islands in Remote Oceania, such as Efate in 

Vanuatu (e.g., Kinaston et al., 2014a) and Viti Levu in Fiji (Robb & Nunn, 2014). Upon 

initial settlement, diets consisted of native animals and marine foods (Kirch, 1997). People 

could rely on these resources as they were the most easily obtained, rather than using what 

they had brought to the islands as part of the transported landscape (Cochrane, 2018). 

Gradually, diets began to include more terrestrial foods with domesticated animals and plants 

as horticulture expanded (Kirch, 1997). Marine fishing has a higher energy expenditure than 

horticulture, so it is more beneficial to focus on horticulture if the land allows for that 

(Keegan & DeNiro, 1988). The movement of communities further inland also prompted these 

changes to diets (Robb & Nunn, 2014). The timing of changes to diets over time depended on 

the local environment of the island, the resources available, and the capacity of sites to 

support more intensive agriculture (Kirch, 1997). 

 

 Ethnographic sources from Europeans of food sources in the late prehistoric period 

(~100 BP) included a wide range of plant and animal resources (Valentin et al., 2006). The 

most common plants were starchy carbohydrates such as yam, taro, and other plants like 

sugarcane and bananas. Animals included marine and freshwater fish, shellfish, terrestrial 

animals like birds, rats, pigs, and chickens, and reptiles like lizards and snakes. As these food 
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items existed in Fiji prior to European contact, these foods are also likely to be what was 

available earlier, either through the transported landscape or native resources already present 

on these islands.  

 

 Social factors (status, sex, age, etc) can influence diets in the Pacific including Fiji 

(Jones & Quinn, 2009; Valentin et al., 2006). In two studies in the Pacific, dog teeth have 

been analysed and showed more varied diets than the associated humans at these sites 

(Kinaston et al., 2014a; Valentin et al., 2006). This may be due to scavenging by the dogs, 

eating whatever was available with less consideration for specific sources. There may be 

gendered differences in diets related to different food gathering habits. For example, women 

oversee cooking and typically snack as they do so, alongside children (Jones, 2009). To study 

the effect of social factors on diets, a large sample size is needed, and the available 

bioarchaeological material must be able to be identified for sex and age estimations.  

 

 The ability to change the landscape to better suit agriculture is limited on small 

islands compared to what was able to be done on larger islands. This means that one of the 

hallmarks of the Lapita cultural complex, the transported landscape, is not as prevalent here 

on Waya Island as on other, larger islands. Small islands have an abundance of natural 

marine resources, and there is limited space available for intensive agricultural yields and 

domesticated animals. The significant amounts of fish and shellfish remains at coastal sites 

on Waya Island show that early settlers relied heavily on marine resources, and although the 

use of terrestrial plants did increase over time people were still very dependent on marine 

resources (Cochrane, 2004a; Field et al., 2009). The dry climate of Waya Island also limits 

the agricultural potential (Hunt et al., 1999). Skeletal remains from two Waya Island sites 

(Y2-25 and Y2-39) showed similar diets with mainly marine foods, despite the different time 

periods (2785-2503 cal. BP and 760-250 cal. BP respectively) (Field et al., 2009). In contrast 

to Waya Island, people on an inland site on Viti Levu from 1300-1174 cal. BP had a 

primarily terrestrial diet (Field et al., 2009). The greater proportion of marine resources 

consumed on Waya Island suggests that the smaller island impacted the types of foods that 

could be consumed.  
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2.7 Conclusion 
 In this chapter, I have described the Fijian environment and how people have adapted 

to this ecology to live here throughout history. Smaller islands such as Waya Island are often 

overlooked in the literature, creating questions about how people lived in these places. The 

changes that are generally seen over time throughout the Pacific include moving to more 

inland sites and diets shifting from marine-based to terrestrial-based. The patterns of diet and 

mobility may be different on small islands compared to larger islands, as environmental 

factors would have a greater impact on the lives of the people who lived there. Stable 

isotopes may help to address these questions by providing direct evidence of diet and 

mobility. The ability to understand the local environment, its native resources, and how 

people could change the landscape is vital for understanding the life histories of past peoples.   
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CHAPTER 3: ISOTOPES IN THE 

PACIFIC 
 In this chapter, I will briefly describe the background chemistry of the isotopes that 

will be analysed in this thesis and how these isotopes are present in skeletal material and can 

be applied to archaeological contexts. I will then describe the issues that can arise in the 

interpretation of isotope values as a result of environmental variation. After introducing the 

background into these mobility and dietary isotopes, I will discuss the research that has been 

performed in the Pacific region, what this has shown, and what more can be done to answer 

questions about prehistoric life in the Pacific.  

 

3.1 What are Isotopes? 
 Isotopes are used in bioarchaeology to study the diets and mobility patterns of past 

peoples that would not otherwise be seen in the archaeological record (Katzenberg, 2008). 

Isotopes are forms of an element with different numbers of neutrons and have different 

chemical properties (Schoeller, 1999; Schoeninger & Moore, 1992). Lighter isotopes with 

fewer neutrons are more abundant in the environment than heavier isotopes, although this 

difference is small, so they are often presented together as a ratio (Schoeller, 1999). In 

archaeology, isotopes are measured as a ratio of a ratio (denoted by δ) by analysing the ratio 

of the isotopes in the sample and the standard (Schoeninger, 1985). In this equation, R is the 

ratio of the heavy isotope to the light isotope (Schoeller, 1999). 

 

𝛿𝛿 = �𝑅𝑅𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑅𝑅𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠�  ×
1000

𝑅𝑅𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
 

 

 Isotopes can be used to study the life histories of past people because of isotopic 

fractionation. Fractionation is the difference in isotope values between two sources, such as a 

food source and its consumer (Schwarcz & Schoeninger, 1991). This occurs due to different 

reaction rates between materials, and there is discrimination of the heavier isotope (Schwarcz 

& Schoeninger, 1991; van der Merwe, 1982). Fractionation between a food source and 

consumer is known as the “diet-tissue spacing”, and the magnitude of this shift depends on 

the diet and tissue being analysed (Schwarcz & Schoeninger, 1991).  
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3.2 Skeletal Materials used for Isotope Analyses 
 Typically, only bones and teeth are present in archaeological contexts and these 

materials can be isotopically analysed.  

 

 In bone, isotopes can be measured from organic collagen and inorganic carbonate. 

Bones constantly remodel, or turnover, throughout life to repair microfractures and ensure 

homeostasis of minerals in the body (Lee-Thorp, 2008). The rate of turnover varies between 

bones and people and slows with age (Fahy et al., 2017; Hedges et al., 2007). The outer 

cortical bone has a low remodelling rate of decades, while trabecular bone like the ribs or 

iliac crest will remodel over just a few years (Bentley, 2006). This turnover means that the 

isotopic composition of bones will reflect the average values of isotopic sources across time 

(Nehlich et al., 2012; Richards & Hedges, 1999).  

 

 Teeth are more reliable for isotopic analyses than bone, as the high mineral content of 

enamel means there is more resistance to degradation and diagenesis (Oelze et al., 2012). 

Isotopes can be measured from enamel and dentine. Permanent teeth develop during 

childhood, and as enamel does not turn over, the isotope values will reflect the local 

environment when those teeth were forming (Figure 2) (Grupe et al., 1997; Larsen, 2015). 

Dental development occurs at relatively similar rates between populations, allowing for 

comparison between groups (Hrnčíř & Laffoon, 2019).  
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Figure 2. Timeline of tooth development during childhood (AlQahtani et al., 2010).  

  

 Equifinality is a significant limitation to note when analysing isotopes. Isotope values 

in skeletal materials represent an average of isotopic contributions, and distinctions between 

these sources may not be able to be identified (Makarewicz & Sealy, 2015). This effect is 

also dependent on the skeletal material analysed. To control for this, multiple isotopes should 

be analysed, and comparative material like faunal data should be used. Dietary isotope values 

only reflect the protein contributions to the diet. As animal products contain significantly 

more protein than plants, the contribution of plants to diets of organisms in higher trophic 

levels and humans can be overshadowed (Lee-Thorp et al., 1989). Understanding the local 

environment is important so that as many isotopic sources are considered as possible.  

 

3.3 Diagenesis  
 Diagenesis is the change in isotopic composition in human remains that occurs after 

death and is related to environmental conditions like temperature and soil components (Lee-

Thorp et al., 1989; Nelson et al., 1986). It can make isotope analyses more difficult as the 

isotope signatures may have changed and are not reflective of an individual’s interaction with 
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their environment while they were alive. The dense mineral content of enamel in teeth makes 

them more resistant to diagenesis. Pores in dentine make isotopes susceptible to diagenesis 

unless protected by surrounding enamel (Bentley, 2006).  

 

 Organic tissues like collagen are particularly susceptible to diagenesis in burial 

environments as the porosity of bone affects isotope values (Lee-Thorp et al., 1989; 

Schoeninger & Moore, 1992). Collagen naturally degrades over time, and the speed of this 

depends on the environmental conditions at the burial location (Lee-Thorp et al., 1989; Pate, 

1997; van Klinken, 1999). A significant cause of diagenesis is humic contamination. Humic 

contaminants result from metabolism by microbes in soils, which can change δ13C and δ15N 

values (Pate, 1998; Szpak et al., 2017). There are a variety of indicators to test for the quality 

of collagen to ensure the isotope values have not been affected by diagenesis, and the results 

can be considered accurate.  

 

3.3.1 Indicators to Check for Bone Collagen Quality  
 The reliability of isotope values from bone collagen is dependent on the quality and 

preservation of the bone. There are indicators to check for the collagen quality and if there 

has been diagenesis by showing if there is enough collagen in the sample to get reliable 

results. The theoretical aspects of these indicators are discussed here, and their practical 

application is discussed in Chapter 5. 

 

 Collagen yield is the amount of collagen recovered from a sample. It is calculated 

using the equation below and given as a percentage. The range for acceptable yields is 

usually 1-20%, although this varies slightly between papers. If the yield is outside of this 

range, it suggests that there is contamination of the sample or not enough collagen is present 

in the sample potentially making it impossible for isotope values to be measured. In modern 

bone, the collagen yield is 22%, so the maximum value of this range represents the collagen 

loss expected after burial (van Klinken, 1999). Newer filtration methods for collagen 

extraction, such as ultrafiltration, mean that only a specific size of collagen is extracted 

(Brown et al., 1988). This may result in lower yields, but having a C/N ratio within the 

accepted range is still a sign of good collagen quality (Richards, 2020).  

 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑦𝑦𝑦𝑦𝐶𝐶𝐶𝐶𝑦𝑦 =
𝑓𝑓𝑦𝑦𝐶𝐶𝑦𝑦𝑓𝑓ℎ 𝑤𝑤𝐶𝐶𝑦𝑦𝐶𝐶ℎ𝑡𝑡
𝑓𝑓𝑡𝑡𝐶𝐶𝑠𝑠𝑡𝑡 𝑤𝑤𝐶𝐶𝑦𝑦𝐶𝐶ℎ𝑡𝑡

 𝑥𝑥 100 
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 Modern collagen is comprised of ~46% carbon and ~16% nitrogen giving a C/N ratio 

of 3.2 (Richards, 2020). Archaeological collagen undergoes alterations over time as it 

degrades, so a C/N value within the range of 2.9-3.6 is acceptable as an indicator of good 

collagen quality (DeNiro, 1985). Samples within this range show that the δ13C and δ15N 

values are within the range seen in modern species with the same diets (DeNiro, 1985). If 

samples are outside of this value, they may have been contaminated and are not reliable 

(Ambrose & Norr, 1992). A C/N value below 2.9 suggests there may not be enough collagen 

in the sample for accurate isotope readings (Ambrose & Norr, 1992). A C/N value greater 

than 3.6 suggests contamination from organic matter like lipids or plants (Ambrose & Norr, 

1992; DeNiro, 1985). 

 

 %C and %N values indicate the concentrations of these isotopes in bone collagen 

(Ambrose & Norr, 1992). These values usually depend on the preservation of the bone, as 

poorly preserved samples will have less collagen and lower %C and %N values (van Klinken, 

1999). In modern fauna, the %C value is between 15.3-47%, and %N between 5.5-17.3% 

(Ambrose, 1990). If these values in archaeological bone collagen are within this range, it 

shows the bone collagen is of good quality. A sample may have an acceptable C/N value 

even if the %C and %N values are outside of the acceptable range. This is usually due to 

contamination such as inorganic residues like salts, so the sample should not be included in 

further analyses (Ambrose, 1990). 

 

 In previous Pacific isotope studies, the indicators and ranges for these acceptable 

values are not always discussed, but it is typically mentioned that the above indicators were 

used to test for collagen quality, and unsuccessful samples were excluded from further 

analyses. In a recent paper studying Late Lapita and prehistoric remains in Tonga, Fenner et 

al. (2021) analysed stable isotopes in poorly preserved material and the effect of diagenesis 

on their results. They found that the differences in isotope values between samples that 

passed or failed diagenesis checks were small and unlikely to affect the interpretation of the 

results. The average δ13C value of samples that failed collagen quality indicators was 0.1‰ 

different from samples that succeeded, and δ15N values were 0.4‰ different (Fenner et al., 

2021). However, a sample that failed these checks means that the collagen is not of good 

quality and is likely contaminated. The results may not be indicative of the diet of the 
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individual and analysing them alongside successful samples could lead to inaccurate 

interpretations of the diets within a community or site. 

 

3.4 Studying Mobility through Strontium Isotopes in Tooth 

Enamel 
 In this thesis, one of the aims is to study mobility in early childhood within 

individuals buried on Waya Island, Fiji. This can be done by studying Sr isotopes from tooth 

enamel. Bone is not a suitable material to measure for Sr isotopes. Minerals containing Sr 

isotopes from soil and groundwater fill the pores and microcracks between hydroxyapatite 

crystals in bone after burial, so 87Sr/86Sr values reflecting the individual’s mobility are 

obscured and instead reflect the burial site (Bentley, 2006; Nelson et al., 1986). Throughout 

Remote Oceania, Sr isotopes have been used to provide direct evidence of migratory patterns 

of people and domesticated animals (Shaw et al., 2009). Studying the movements of specific 

individuals allows us to refine the larger migration events and may allow us to further 

understand the rate and speed of movements. 

 

 In this section, I will describe the background of Sr isotopes, how they exist in the 

environment, and how they are taken up into human skeletal material. I will then explain the 

data that can be used to find the local Sr values of a location and the variation and issues that 

arise from using this data. I will then discuss the methods that have been used to overcome 

these issues and the previous research on mobility in the Pacific. This will allow me to further 

explain why one of the aims of my thesis is to study mobility within individuals rather than 

identifying migrants in a population based on environmental data.   

 

3.4.1 Chemistry of Strontium Isotopes  
 There are four naturally occurring Sr isotopes in the environment: 84Sr, 86Sr, 88Sr, and 

the radiogenic 87Sr that forms from the decay of radioactive 87Rb (Capo et al., 1998). There 

are only small differences in mass between these isotopes, so fractionation does not occur 

(Price et al., 2002). The 87Sr and 86Sr isotopes have similar abundances in the environment, 

7.04% and 9.87%, respectively, and the ratio of these (87Sr/86Sr) is measured in archaeology 

to reconstruct mobility patterns (Capo et al., 1998; Price et al., 2002). If 87Sr/86Sr values for 

an individual are outside of the local range for that area, it implies that they were a migrant to 

that location (Bentley, 2006).  
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 Sr isotopes in bedrock will leach into the soil and groundwater sources, where it 

enters the food chain (Price et al., 2002). Sr isotopes can substitute for Ca2+ in 

hydroxyapatite, the inorganic component of bones and teeth (Grupe et al., 1997). The small 

mass differences between Sr isotopes mean that there are negligible changes to Sr values or 

fractionation between bedrock and throughout the food chain, so the 87Sr/86Sr values in an 

individual will directly reflect the dietary sources and theoretically the local geology (Larsen, 

2015; Price et al., 2002). 

 

 To reconstruct mobility, the local bioavailable Sr values need to be defined. 

“Bioavailable” strontium refers to the Sr isotopes available in an environment to be taken up 

by plants and animals (Bataille et al., 2020). The most reliable way to show this is to create 

an “isoscape” to show the range of values for an area. Isoscapes are spatial and temporal 

maps of the local bioavailable isotope distributions in an environment, incorporating many 

sources such as geochemical and plant data (Bentley et al., 2004). However, creating an 

isoscape may not be a viable option, especially for places like the Pacific. A significant 

amount of data from a range of sources is required. This may not be possible for some 

islands, particularly smaller islands like Waya Island, where limited information is available. 

Instead of creating an isoscape, baseline 87Sr/86Sr values from an appropriate environmental 

source may be used to define the local bioavailable range of 87Sr/86Sr values. Variations 

within this data from environmental variation can affect the interpretation of mobility 

patterns, as the baseline data may not be an accurate reflection of the bioavailable strontium 

for a location.  

 

3.4.2 Geochemical Data and the Bioavailability of Strontium  
 Geochemical data are often used to find baseline 87Sr/86Sr values for a location, as the 

geology is the source for Sr isotopes in an environment. If an individual’s 87Sr/86Sr values are 

different to the local geochemical 87Sr/86Sr value, it suggests that this person was a migrant to 

the area. In Remote Oceania, the numerous Pacific Islands were all formed by different 

processes and materials (Rodda, 1994). This, alongside the different ages of islands, means 

there is variation in 87Sr/86Sr values (Figure 3) (Bentley, 2006; Nunn et al., 2016). The range 

of 87Sr/86Sr values of oceanic island basalts is 0.703-0.704 (Faure & Powell, 1972). Coral 

limestone islands are rich in Sr isotopes, so have enriched 87Sr/86Sr values of ~0.7092 
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(Veizer, 1989). Island arc basalts and andesite islands have intermediate values between these 

groups (Shaw et al., 2009). The significant distinction in the 87Sr/86Sr values of volcanic and 

limestone islands means that individuals who have moved between islands of different 

geological compositions can be identified as non-locals. For example, the Yasawa Islands are 

volcanic and the Lau Islands are made of limestone, so it could be possible to identify 

mobility if an individual had moved between these islands (Rodda, 1994).  

 

 When using geochemical data to track mobility, there is a question of equifinality. If 

locations are geochemically similar the 87Sr/86Sr values would be the same, so it would not be 

possible to identify non-locals. Across the Pacific, there are similarities in 87Sr/86Sr values 

between islands (Figure 3). Larger islands are typically made of multiple materials that cause 

variation in 87Sr/86Sr values even within a small area, limiting the tracing of mobility (e.g., 

Cheung et al., 2018). If an individual moved multiple times during their childhood when their 

teeth were developing, their 87Sr/86Sr values would be an average of the local values of those 

places, so determining specific locations may not be possible.   

 

 
Figure 3. Geochemical 87Sr/86Sr values across the Pacific, from Shaw et al. (2009). The Fijian 
data, highlighted by the blue box, is from sites throughout Fiji including Viti Levu, Vanua Levu, 
the Lau Island group, Koro, and Kadavu Gill (1984).  
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 There is no available data on the geochemical 87Sr/86Sr values on the Yasawa Islands 

in Fiji, including Waya Island. This lack of geochemical data is common in small Pacific 

islands and introduces complications when trying to study mobility in these locations (e.g., 

Kramer et al., 2021). Broad ranges of 87Sr/86Sr values based on geology may not provide 

enough information to study mobility, as the actual bioavailable 87Sr/86Sr values can vary 

between islands. Additionally, the underlying geology of a site can be a source of variation in 
87Sr/86Sr values even if the geological composition is the same as another site. Different types 

of bedrock, ages of rocks, and weathering rates will introduce different amounts of 

bioavailable strontium into the environment (Bataille et al., 2020; Evans et al., 2009). 

 

 Sr values alone cannot be used for mobility without careful consideration of the 

potential sources of variation in the underlying geology. Sr isotopes contained in soils and 

rocks may not be available for uptake into the food chain, so 87Sr/86Sr values from 

geochemical data may not properly reflect the mobility of animals and humans (Price et al., 

2002). Bioavailable strontium is exposed to more variation than geochemical strontium 

through environmental elements like glacial melts, volcanic tephra, and sea-spray – a 

particular concern in the Pacific (Bataille et al., 2020; Snoeck et al., 2020). The location of 

the site is important to consider, as altitude and the effect of sea-spray can cause variation. 

Glacial melt can affect the transport of sediments and has been shown to significantly change 

the 87Sr/86Sr values of water and faunal samples in Sweden compared to the bedrock 87Sr/86Sr 

values (Blank et al., 2018). Runoff from glaciers and rivers can potentially mask the 

signatures of more low-lying lands, and archaeological humans from Neolithic Germany have 

shown distinct values between lowland and upland locations (Bentley et al., 2004; Evans et 

al., 2009). Modern elements like fertilisers can affect 87Sr/86Sr values in groundwater and 

soils (Bentley, 2006). This temporal variation is not a concern for this thesis, as all the 

material analysed is archaeological.  

 

3.4.3 Seawater 
 Using geochemical data to create a baseline for 87Sr/86Sr values may not be viable in 

the Pacific. Seawater, sea-spray, and rain derived from seawater can significantly affect 
87Sr/86Sr values by obscuring 87Sr/86Sr values in enamel and instead show the seawater value 

(~0.7092) (Veizer, 1989). It is important to define what constitutes a “coastal” site when 

studying mobility to attempt to understand the potential impact of seawater on 87Sr/86Sr 
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values and to consider features such as estuaries that can carry this effect to sites further 

inland (Snoeck et al., 2020). At inland sites such as in continental Europe, the influence of 

seawater on 87Sr/86Sr values is effectively non-existent, and a person moving between a 

coastal site and inland site can be identified in a population (e.g., James et al., 2022 in 

Portugal). However, in the Pacific, the coastal environments of the islands mean that 87Sr/86Sr 

values will likely be enriched compared to the geochemical values. The bedrock 87Sr/86Sr 

values of volcanic islands, which are significantly lower than the value of seawater may be 

obscured, and limestone islands show 87Sr/86Sr values similar to seawater, making tracing 

mobility difficult. Ocean-derived precipitation can also introduce seawater further inland and 

is dependent on the climate of the site (Whipkey et al., 2000). A key factor in investigating 

the seawater effect is the proximity of the study site to the coast. Unfortunately, many studies 

do not classify if their sites are coastal or inland, or where the boundary is. On small Pacific 

islands, a greater proportion of the island could be affected by sea-spray, and there may not 

be a clear distinction between coastal and inland sites. The proximity of the Y2-25 and Y2-39 

sites on Waya Island to the ocean means these can both be classed as coastal, and 87Sr/86Sr 

values will likely be affected by seawater.  

 

 Sea-spray introduces Sr isotopes to plants and soils, enriching bioavailable strontium 

(Alonzi et al., 2020). Sea-spray is a significant contributor to bioavailable strontium of soils 

in Hawaii (Whipkey et al., 2000). This effect may be directly from the ocean, or from ocean-

derived precipitation. The effect of ocean-derived precipitation on bioavailable strontium is 

difficult to quantify, and the Waya Island climate is typically dry (Hunt et al., 1999; Whipkey 

et al., 2000). Recent studies on the sea-spray effect on plant samples in Ireland have shown 

very different results. Only plant samples taken less than 50m from the coast in mainland 

Ireland had 87Sr/86Sr values similar to seawater (Snoeck et al., 2020). In another study on a 

small island off the coast of Ireland, the 87Sr/86Sr values in shallow-rooted plants and animals 

who graze on these plants were only significantly impacted by sea-spray if taken 50-200m 

from the coast, and sites within 50m of the coast may not be affected at all (Alonzi et al., 

2020). The sea-spray effect is not uniform, and its influence varies greatly depending on the 

climate and geography of the study location. The geography of sample sites meant that plants 

very near to the coast in the study by Alonzi et al. (2020) were not exposed to sea-spray at all, 

as the cliffs at the shore created a “dead zone”. Measuring multiple plant samples from 

different distances from the coast can show how far inland is exposed to sea-spray.  
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3.4.4 Diet and Drinking Water 
 A high proportion of marine food sources in the diet can influence strontium uptake 

(Bentley et al., 2007). This has been seen in the Pacific (Bentley et al., 2007; Shaw et al., 

2009). A marine-based diet results in enriched 87Sr/86Sr values due to the high concentration 

of Sr isotopes in the ocean, so values will be more similar to the seawater 87Sr/86Sr value 

(Bentley et al., 2007; Veizer, 1989). Terrestrial food sources like plants that are affected by 

sea-spray will also have enriched 87Sr/86Sr values, and this effect can be taken up through the 

food chain (Bentley et al., 2007; Whipkey et al., 2000). It is important to understand the diet 

when studying Sr isotopes and mobility, as an individual may appear to be non-local but 

could have had a different diet than others in the study (Bentley et al., 2007; Lahtinen et al., 

2021). Multi-isotope analysis of dietary isotopes alongside strontium can aid in understanding 

the potential impact of marine-based diets on 87Sr/86Sr values.   

 

 The concentration of Sr isotopes in drinking water can also affect human 87Sr/86Sr 

values (Bataille et al., 2020). This variation can be introduced into the environment as water 

sources like rivers may be affected by seawater and ocean-derived precipitation, potentially 

hiding the geochemical signatures (Frei & Frei, 2013). The 87Sr/86Sr values from the surface 

waters of rivers and streams reflect bioavailable strontium and have been used to create 

baselines in Scandinavia (Blank et al., 2018; Frei & Frei, 2013). Modern surface water 

samples are likely exposed to human influences like fertiliser runoff, so may not be a true 

reflection of the bioavailable 87Sr/86Sr values in an archaeological context (Frei & Frei, 

2011).  

 

3.4.5 Faunal and Plant Data 
 Without reliable geochemical data, faunal samples can be used as a proxy to show the 

baseline 87Sr/86Sr values for a location. There are several ways to do this, and for the best 

accuracy the samples should be archaeological and contemporaneous with the human 

material. These animals would then have been exposed to the same environmental and 

geological variables as the local humans. Modern samples can be affected by factors like 

fertilisers and imported dietary sources, which may impact 87Sr/86Sr values (Bentley, 2006; 

Bentley et al., 2004). However, when analysing archaeological faunal samples, there is no 

guarantee that these animals were local to the study site and so they may not reflect the local 

bioavailable 87Sr/86Sr values.  
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 Shells and enamel from the teeth of small animals can be used to estimate the 

bioavailable strontium values of an area, a method devised by Price et al. (2002). This 

method has been used in studies worldwide to create a strontium baseline for various 

locations (e.g., Bentley et al., 2004). Small animals and snails usually have a smaller home 

range and are typically short-lived, so they are more likely to reflect local 87Sr/86Sr values 

(Bentley, 2006; Grimstead et al., 2017). Care needs to be taken though, as the remains of 

small animals like rodents may have been deposited in the study location by predators, so 

their 87Sr/86Sr values might not reflect the local environment (Evans et al., 2009; Snoeck et 

al., 2020). Using shells from animals like snails may also be problematic, as the large amount 

of rainwater snails use to produce slime can reduce the strontium signal from soils (Evans et 

al., 2009). There needs to be enough samples to account for variation between individuals, 

and it may not be possible to find enough archaeological samples, especially on a small 

island. In Fiji, a lack of native terrestrial animals means there is not a suitable species 

available to create a strontium baseline using faunal data. To prevent temporal variation, 

faunal samples should be from the same time period as the human samples, but this may not 

be possible.   

 

 Domesticated animals such as pigs have been considered appropriate to define a 

strontium baseline as they usually have similar diets to humans (Bentley, 2006; Bentley & 

Knipper, 2005). There needs to be careful consideration when using pigs as a proxy for 

bioavailable strontium, as they may have also been moved and may not reflect local 87Sr/86Sr 

values. Pigs could instead be used as a proxy for the movement of people or to show trades 

and interactions between islands. This has been done in the Bismarck Archipelago in the 

Pacific (Shaw et al., 2010; Shaw et al., 2009). The 87Sr/86Sr values of some pigs from a late 

Lapita site on Watom Island in the Bismarck Archipelago were enriched compared to the 

human values in a study by Shaw et al. (2010). As dietary isotope values of these pigs were 

similar to humans suggesting comparable diets, these pigs must have had a different 

geological origin and had been moved to Watom Island later in life (Shaw et al., 2010).   

 

 Another method to define a strontium baseline using faunal data is to analyse the 

remains of multiple species. The species with the smallest range of 87Sr/86Sr values likely 

lived the most locally, so it can be used as a proxy strontium baseline (Bentley et al., 2004). 
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This has been done in New Zealand by Kinaston et al. (2013b) using dogs. The tight 

clustering of the dog 87Sr/86Sr values was considered reflective of a local origin.  

 

 In the absence of sufficient faunal data, plants can be used to create a map of 87Sr/86Sr 

values. In the Isle of Skye in Scotland, Evans et al. (2009) concluded that plants were the 

most accurate comparative material to use in place of geochemical data to create a strontium 

baseline. Issues remain with the proximity of plant samples to the ocean and the effects of 

seawater on Sr values, and the variability of values even at the same location. Plants receive 

Sr isotopes from soils, and as shallower soils are exposed to greater amounts of sea spray and 

ocean-derived precipitation than deeper soils, they will have enriched 87Sr/86Sr values relative 

to deeper samples (Evans et al., 2009; Evans et al., 2010). This was also seen on Uripiv 

Island in Vanuatu (Kinaston et al., 2014a). However, this relationship was not seen in plant 

samples from varying depths at the Sigatoka site in Viti Levu (Cheung et al., 2018). Sigatoka 

has a lot of heterogeneity in geological sources compared to the limestone Uripiv, so 87Sr/86Sr 

values were already more variable. The samples closest to the coast had the highest 87Sr/86Sr 

values, similar to seawater, and lower values were found further inland (Cheung et al., 2018). 

No plant data is available for Waya Island, so the effect of seawater and distance from the 

coast on bioavailable strontium is unknown but it is likely to influence values.  

 

3.4.6 ±2 Standard Deviations Method to Identify Non-locals 
 As seen above, finding the appropriate samples to create a strontium baseline is 

difficult. In the Pacific, it may not be possible to get sufficient samples to show the range of 
87Sr/86Sr values in a location, and the effect of sea-spray further limits this. In the absence of 

baseline data, a method devised by Price et al. (2002) can be used to identify migrants within 

a population, given a large enough sample size. The mean of the 87Sr/86Sr values is calculated 

from faunal samples or sometimes the human assemblage. Individuals with 87Sr/86Sr values 

within ±2 SD of the mean can be considered local. This gives a broad range of values that can 

be used to identify individuals with significantly different 87Sr/86Sr values compared to others 

in the assemblage. This method has been widely used in the Pacific, including in Fiji, where 

one individual from a Bourewa assemblage was identified as a non-local despite the lack of 

comparative faunal data (Stantis et al., 2016). It is not applicable for every site though, as it 

requires a large sample size of burials. The 87Sr/86Sr values may not represent the total range 

of bioavailable strontium at the site, so some locals may be missed.  
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3.4.7 Using Multiple Teeth to Study Intra-individual Mobility  
 Measuring 87Sr/86Sr values from multiple teeth of an individual that developed at 

different times allows for mobility throughout childhood to be reconstructed (Hrnčíř & 

Laffoon, 2019). Slight differences in 87Sr/86Sr values are expected as dietary variations can 

occur even if a person lived in the same location throughout their life due to changes to 

preferences or availability of food sources (Hrnčíř & Laffoon, 2019). Larger differences can 

be evidence of mobility.  

 

The size of the offset between 87Sr/86Sr values that is significant enough to show 

mobility varies due to different baseline 87Sr/86Sr values between locations. Many papers 

have used 0.001 as a conservative cut-off value to show mobility, but this is not always 

justified (Hrnčíř & Laffoon, 2019). The most comprehensive study of Sr isotopes to date in 

Fiji, by Cheung et al. (2018), used plant samples to create a strontium baseline for the 

Sigatoka site. Using this baseline to identify locals at the site showed a maximum offset value 

between individuals of 0.001014. This value is the smallest offset value between locals at a 

site in the Pacific. A conservative offset value of 0.001 to identify mobility is therefore not 

applicable in the Pacific, as the range of local 87Sr/86Sr values at a site can exceed this value 

without showing evidence of mobility. The greater range of local values in the Pacific may be 

due to the heterogeneity of geological sources and the impact of seawater on 87Sr/86Sr values. 

As this is the first study in the Pacific to use this approach of sampling multiple teeth from 

one individual to trace their mobility, there is not a pre-established offset value that can be 

used to indicate mobility.  

 

 87Sr/86Sr values were analysed in multiple teeth from Late Iron Age individuals in 

Switzerland by Knipper et al. (2018). The authors concluded that a difference in 87Sr/86Sr 

values greater than 0.00064 − 0.00073 between two teeth from an individual was evidence for 

childhood mobility, as this offset is greater than the range of bioavailable strontium. This 

offset value has also been corroborated through the analysis of other published data in a 

review by Hrnčíř and Laffoon (2019). However, this data comes from mainly European sites. 

These sites typically have more individuals available for analysis and more baseline data 

available from geochemical and faunal materials. It was also only investigated on teeth that 

formed before three years of age, partly due to diets likely changing after this time so 
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87Sr/86Sr values would also change, which is a difficult variable to control. In other locations 

worldwide, the shift in 87Sr/86Sr values considered large enough to show mobility is much 

smaller than this European value. In Southeast Arabia, the suggested offset value is a 

minimum of 0.00005 (Kutterer & Uerpmann, 2017). In Peru, the range of offset values from 

a late prehistoric site was 0.0001 – 0.00036 (Knudson et al., 2016). However, while the 

authors noted that this offset was present between teeth that developed at different times, they 

did not state if the reasons for the shift in values were due to mobility or dietary changes 

(Knudson et al., 2016). Offset values vary widely, and there is no set value to show mobility 

within an individual in the Pacific which makes it more difficult to determine if there was 

mobility.  

 

3.4.8 Other Isotopes to Study Mobility  
 87Sr/86Sr values can be useful to understand mobility in past populations, but there are 

issues with this form of analysis if used in isolation. In places such as Remote Oceania, there 

is limited geochemical data to estimate baseline values for islands, especially on smaller 

islands like Waya Island. Marine-based diets are common in Remote Oceania and can affect 
87Sr/86Sr values (Bentley et al., 2007). To compensate for this variation, other isotopes such 

as oxygen and sulfur can be analysed alongside strontium to reconstruct mobility patterns. 

This can reduce the ambiguity of strontium. This will not be done in this thesis due to 

insufficient time and suitable materials, and the lack of baseline data to compare these values 

to.  

 

 Oxygen isotopes in human skeletal material reflect the oxygen values of body water, 

which is dependent on the oxygen in the local drinking water supply (Larsen, 2015; 

Pederzani & Britton, 2019). These values can vary due to climate, latitude, and distance from 

the ocean (Pederzani & Britton, 2019).  

 

 Sulfur isotopes can be used to study both diet and mobility. They are present in 

geological sources reflect of the local environment, so differences may indicate migration 

(Nehlich et al., 2012). These values can be altered by seawater, so may not be of value in the 

Pacific (Nehlich et al., 2012). 
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3.4.9 Previous Mobility Research in the Pacific  
 Research into mobility patterns in Remote Oceania using Sr isotopes is very limited. 

A lack of comparative faunal material and geochemical data for individual islands makes it 

difficult to determine the local 87Sr/86Sr values to compare human values to. There has been 

no research to date on mobility in the Yasawa Islands using Sr isotopes. Although studies into 

material culture have shown evidence of short-term mobility and interactions between groups 

within the Yasawa Islands (e.g., Cochrane & Neff, 2006), having specific information in 

human material would provide greater insight into the movement of people directly. There 

have been two papers published to date that have studied mobility in Fiji on two different 

sites on Viti Levu.  

 

 At the Sigatoka site on Viti Levu, the 87Sr/86Sr values of 53 individuals (1435-350 BP 

or later) were analysed by Cheung et al. (2018). 87Sr/86Sr values from geological samples and 

modern plants were also analysed to show the range of bioavailable strontium here. The 

bioavailable strontium range for this site was 0.707568-0.708766, and individuals with 
87Sr/86Sr values within this range were considered local. Individuals with values above this 

range were also considered local, due to the coastal location of the site and the sea-spray 

effect that enriches 87Sr/86Sr values. Individuals with 87Sr/86Sr values below this range were 

considered non-local. This study gave a comprehensive range of 87Sr/86Sr values and shows 

the effect of seawater on 87Sr/86Sr values in the Pacific.   

 

 The mobility of 25 individuals (750-150 BP) from the coastal Bourewa site on Viti 

Levu was studied by Stantis et al. (2016). No geochemical or archaeological faunal data was 

available to use as a baseline, so the ±2 SD method from Price et al. (2002) was used to 

identify non-locals. The 87Sr/86Sr values for most of the individuals analysed in this study 

were said to be similar to the value of seawater, and the authors concluded that this was due 

to the coastal location, marine-based diet, and limestone bedrock. However, the average 
87Sr/86Sr value for this assemblage was 0.708653, which is distinguishable from the seawater 

value of 0.7092. One individual was identified as a non-local through the ±2 SD method. This 

individual also had a low δ13Cdentine value, suggesting a terrestrial-based diet in childhood 

which was different to others from this site. The authors concluded that this individual may 

have grown up on an inland site before moving to Bourewa, but it is not possible to identify 

this mobility using the available data 
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 Elsewhere in the Pacific, Sr isotopes in the tooth enamel of archaeological remains 

from Papua New Guinea and Tonga were measured in an unpublished PhD thesis by Jaric 

(2004). These results showed 87Sr/86Sr values similar to the local isotopic signature of the 

islands’ bedrock and the local water supply. Jaric (2004) claimed that using Sr isotopes to 

track human migration in the Pacific was problematic, as natural variation in soil 87Sr/86Sr 

values means that defining a bioavailable range was “necessarily regionally specific and 

somewhat arbitrary” (Jaric, 2004, p. 127). However, other research has shown there is enough 

geochemical variation across the wider Pacific, and this variation between islands will be 

reflected in bioavailable strontium baselines. Some of the Tongan burials were re-analysed by 

Stantis et al. (2015) and had very different 87Sr/86Sr values, suggesting that the protocol used 

by (Jaric, 2004) was incorrect. The re-analysed values of these individuals were similar to 

each other and did not show any non-locals.  

 

 The 87Sr/86Sr values of Lapita people at the Teouma site in Vanuatu were between the 

values for the underlying geology of the site and the seawater and limestone value (Bentley et 

al., 2007). Bentley et al. (2007) concluded that the 87Sr/86Sr values of these individuals were 

indicative of the local baseline as they were intermediate between the geochemical and 

seawater values. This is a large range and only shows that the 87Sr/86Sr values of the people 

were derived from a mixing of these sources and cannot be used to suggest locality.  

 

 One of the most significant issues with studying small islands in the Pacific like Waya 

Island is that there is very little, if any, available data to show the expected bioavailable 

values. This issue was also present in a recent study by Kramer et al. (2021) on a burial 

sample of 58 people (440-150 cal. BP) on a series of small islands in the eastern Solomon 

Islands. No data was available to create a strontium baseline, so the ±2 SD method was used 

to identify non-locals, identifying one. Potential 87Sr/86Sr values for these islands were 

estimated based on their geological makeup and the known 87Sr/86Sr values of other regions 

with similar geology, such as a region in China. This is problematic, as the 87Sr/86Sr values of 

underlying geology may not reflect bioavailable strontium and the additional variation it is 

exposed to, such as sea-spray (Price et al., 2002). Depending on the location being studied, it 

would be more accurate to estimate bioavailable strontium from other islands of similar 

geology in the Pacific.  
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3.4.10 Summary of Mobility  
 Stable isotope analyses for mobility require a good understanding of the geochemical 

and baseline 87Sr/86Sr values, which may not be possible for all locations. This is especially 

an issue in smaller islands like Waya Island, as geochemical data is often unavailable, and 

there are greater difficulties in defining a strontium baseline. All potential sources of 

variability in the geochemical, faunal, and plant data need to be incorporated and understood 

to create a strontium baseline.  

 

 87Sr/86Sr values can be strongly affected by seawater and a marine-based diet. There is 

proximity to the coast throughout nearly every island in Remote Oceania, particularly on 

smaller islands such as Waya Island, where there is no distinction between inland and coastal 

sites. Marine sources also made up a significant portion of the diets of people in the Pacific. 

These factors can further obscure 87Sr/86Sr values from reflecting local geology. The ±2 SD 

method can be used, but this requires a large sample size to represent the range of 

bioavailable strontium in a population to identify non-locals. Without a suitable strontium 

baseline, human mobility patterns cannot be reconstructed as non-locals would not be able to 

be identified. In the absence of significant amounts of human remains, analysing 87Sr/86Sr 

values from multiple teeth of an individual can show their movements during childhood and 

comparisons with geochemical data can suggest where they may have lived. Studying 
87Sr/86Sr values and adding more individuals to the literature already published may allow for 

more precise mobility patterns to be reconstructed in the future. Analysis of more individuals 

means there will be a greater understanding of the possible range of 87Sr/86Sr values across 

the Pacific.  

 

3.5 Stable Isotopes in Bone Collagen to Study Diet 
 Stable isotope analyses of carbon and nitrogen are used in archaeological contexts to 

reconstruct the diets of past peoples. This is being done in this thesis to study dietary changes 

in Waya Island over time and to show the importance of understanding the local ecology. In 

the following sections, I will present the background of C and N isotopes, their potential 

sources of environmental variation, and how this can impact their values in archaeological 

contexts. I will also discuss previous dietary isotope research in Remote Oceania.  
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3.6 Carbon Isotopes 
 There are three C isotopes that occur naturally in the environment: 12C, 13C, and 14C. 
14C is radioactive, so it is not used in archaeology (van der Merwe, 1982). The ratio of the 

two stable C isotopes, 12C and 13C, is measured as δ13C (van der Merwe, 1982). δ13C values 

are analysed in skeletal material to investigate the proportion of marine and terrestrial sources 

in the diet (DeNiro, 1987; Tieszen, 1991).  

 

 C isotopes are small and undergo fractionation, resulting in shifts in δ13C values 

between dietary sources and the consumer (O'Leary, 1988; Peterson & Fry, 1987). 

Herbivores use essential amino acids from plants to form tissues (Fogel & Tuross, 2003). 

Non-essential amino acids in herbivores are formed from carbon in the diet or from tissue 

turnover in the body, and fractionation occurs as the heavier 13C isotopes are discriminated 

against (Fogel & Tuross, 2003). This discrimination enriches δ13C values. In organisms with 

a high-protein diet, some non-essential acids will be used directly from the dietary sources 

into collagen, so less fractionation occurs (Richards, 2020). There is an approximate 

enrichment of +5‰ in δ13C values of bone collagen compared to the dietary δ13C values, but 

this can vary depending on the trophic level (Bocherens & Drucker, 2003). Low δ13C values 

suggest a diet of C3 plants, and enriched values suggest a greater proportion of marine or C4 

plants in the diet (DeNiro et al., 1985). 

 

3.6.1. Terrestrial Environments  
 The main source of C isotopes in terrestrial environments is CO2, which has a δ13C 

value of -8‰ (Schwarcz & Schoeninger, 1991). Different methods of photosynthesis results 

in varying discrimination of 13C isotopes between plants, introducing variation into the δ13C 

values of the plants and animals that consume them (Boutton et al., 1991; van der Merwe, 

1982). Environmental variation further affects δ13C values in plants as factors such as water 

access can influence rates of photosynthesis (Tieszen, 1991). 

 

 C3 photosynthesis is the most common method used by plants in temperate 

environments (Richards, 2020). These plants discriminate against the intake of the heavier 
13C isotopes as they require more energy to process than 12C isotopes (O'Leary, 1988). 

Further fractionation occurs through physiological processes in these plants, and the δ13C 

values of C3 plants are ~26‰ lower than the δ13C value of atmospheric CO2 (Peterson & Fry, 
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1987). The δ13C values in C3 plants ranges between -20‰ to -35‰ (van der Merwe, 1982). In 

the Pacific, most of the plants consumed by Lapita and other prehistoric peoples, like taro and 

yams, are C3 (Yoshinaga et al., 1991). 

 

 C4 photosynthesis occurs in plants growing in arid environments and important 

grasses like maize (van der Merwe, 1982). To reduce water loss in these environments, the 

stomata are open for less time, so there is less discrimination of 13C isotopes (Richards, 

2020). δ13C values of these plants are thus enriched compared to C3 plants (Peterson & Fry, 

1987). The δ13C values in C4 plants ranges from -9‰ to -16‰ (van der Merwe, 1982). There 

are not many C4 plants in the Pacific that people consumed, except for the domesticated sugar 

cane and some seaweeds (Ambrose et al., 1997).  

 

 As the values between C3 and C4 plants do not overlap, it is possible to identify the 

types of plants eaten (DeNiro, 1987; Katzenberg, 2008; Pate et al., 2001). However, this is 

only true for herbivore diets as the protein in animal foods overshadows the contribution of 

plants (Lee-Thorp et al., 1989).  

 

 CAM plants such as cacti can undergo C3 and C4 photosynthesis and typically grow in 

arid environments (DeNiro, 1987; Schwarcz & Schoeninger, 1991). The mean δ13C values of 

these plants depend on the photosynthesis methods, and are usually between the values seen 

in C3 and C4 plants (DeNiro, 1987; Richards, 2020). CAM plants are not usually food sources 

for people and are not widely present in the Pacific but can include plants such as pineapple 

(DeNiro, 1987; Yoshinaga et al., 1991).   

 

3.6.2 Marine Environments  
 The main carbon source in marine ecosystems is dissolved bicarbonates in the ocean, 

which have a δ13C value of ~0‰ (Schwarcz & Schoeninger, 1991). Other carbon sources 

include runoff from rivers (where δ13C values will reflect those of local terrestrial plants) and 

dissolved CO2 (which has the same δ13C value as atmospheric CO2) (Schoeninger & Moore, 

1992). Marine plants undergo C3 photosynthesis but the various carbon sources in the ocean 

results in different δ13C values, and they range between -7‰ to -31‰ (van der Merwe, 1982). 

Phytoplankton at the base of the food chain in oceans take up C isotopes from dissolved CO2, 

and there is less fractionation compared to terrestrial C3 plants, so δ13C values are enriched by 
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~7.5‰ (DeNiro, 1987; Richards & Hedges, 1999). This δ13C enrichment continues through 

the food chain, so marine animals have enriched δ13C values than terrestrial animals, and 

enriched δ13C values in a human are a sign of a marine-based diet (Lee-Thorp et al., 1989; 

Schoeninger & DeNiro, 1984).  

 

 It is important to define the food sources available in an environment to interpret δ13C 

values. When C4 plants may have been a part of the diet, δ13C values alone cannot distinguish 

between marine and terrestrial resources as there is an overlap in their δ13C values (Leach et 

al., 2003). In areas of the Pacific where there is the consumption of C4 plants, such as Hawaii 

and Papua New Guinea, the evidence of these plants in diets may be overshadowed by marine 

δ13C signals (Leach et al., 2003).  

 

3.6.3 Variation in Carbon Isotopes 
 Environmental variation can affect δ13C values. Plants form the basis of food webs, 

and δ13C values in consumers reflect these plants and any variation. δ13C values will be 

affected by factors that influence photosynthesis (Tieszen, 1991). Low temperatures and high 

altitudes affect the ability of plants to uptake CO2, which will decrease δ13C values (Tieszen, 

1991). Temperatures in the tropical Pacific are relatively stable, so this variation will not 

affect the results in this thesis. Water stress in arid climates means there is less discrimination 

of 13C isotopes, so those plants will have enriched δ13C values (Tieszen, 1991). Dense 

tropical rainforests have a canopy effect, and plants in the canopy will have enriched δ13C 

values compared to plants at the ground (van der Merwe & Medina, 1991). This occurs due to 

CO2 cycling, photosynthetic pathways in lower light, and other physiological factors (van der 

Merwe & Medina, 1991). 

 

 In marine environments, factors like salinity and temperature can affect the 

discrimination of C isotopes during photosynthesis resulting in variation of δ13C values 

(Richards, 2020). In marine reef environments, there is an enrichment of 13C isotopes in 

seagrasses and other corals, which is reflected throughout the food chain (Keegan & DeNiro, 

1988). At sites with significant freshwater input, marine organisms will have δ13C values 

more similar to values expected in terrestrial organisms (Lassauque et al., 2010). 
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 Alongside significant spatial variation in δ13C values, there is also temporal variation 

because of the Suess effect, and this is important to consider if studying material from 

different times. Since the 19th century, there has been a depletion of atmospheric 13C isotopes 

due to anthropogenic influences like the Industrial Revolution, pollution from fossil fuels, 

and nuclear weapon tests (DeNiro, 1987). Before the 19th century, the δ13C of atmospheric 

CO2 was -6.5‰ but it is now -8‰ (Graven et al., 2020; O'Leary, 1988). δ13C values of 

modern terrestrial samples need to be adjusted by +1.5‰ and marine samples by +0.86‰ if 

they are being compared to archaeological samples (Athfield et al., 2008). There needs to be 

less adjustment of the δ13C values of marine samples due to the slower turnover of dissolved 

carbonates in the ocean (Athfield et al., 2008). As all of the samples analysed in this thesis 

are archaeological, the Suess effect does not need to be considered but modern samples need 

to be corrected for this if used as comparisons.  

 

3.7 Nitrogen Isotopes 
 There are two stable N isotopes, 14N and 15N, with their ratio shown as δ15N 

(Schoeninger & Moore, 1992). Nitrogen sources in the environment include N2 in the 

atmosphere and nitrogen dissolved in the ocean (Schwarcz & Schoeninger, 1991). δ15N 

values can be used to show the trophic level of an organism and the proportion of plant and 

animal protein sources in the diet (Schoeller, 1999; Schoeninger & DeNiro, 1984). Low δ15N 

values reflect a herbivorous diet, while enriched values suggest a diet with more resources 

from higher trophic levels, like a carnivorous diet (DeNiro et al., 1985). Spatial variation and 

anthropogenic influences on the environment can impact δ15N values, which may affect 

dietary reconstructions.  

 

 N isotopes can be used to show the proportion of plants and animals in the diet as 

δ15N values show a trophic level effect. A “trophic level” in an ecosystem refers to the 

organisms at the same level that share the same nutritional needs and diets (Burns, 1989). 14N 

isotopes are lost during metabolism, and the slow turnover of body tissues like collagen 

enriches 15N isotopes (Hedges & Reynard, 2007; Schwarcz et al., 2010). This diet-tissue 

spacing enriches δ15N values between trophic levels, allowing for the type of diet in an 

organism to be identified. The precise offset of δ15N values between trophic levels can vary 

between locations and time but is usually between 3‰ and 5‰ (Hedges & Reynard, 2007). 

Assuming a normal trophic level effect, δ15N values in a human with a plant-based diet would 
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be ~6‰ enriched from the local plant δ15N values, and humans with an animal product-based 

diet would have δ15N values enriched by ~9‰ (Bogaard et al., 2007). 

 

 The N isotopes in bone collagen are sourced from non-essential amino acids from the 

diet and protein turnover, and fractionation is represented by the trophic level effect (Hare et 

al., 1991). In a high-protein diet, non-essential amino acids may be incorporated directly into 

bone collagen, so there is less fractionation and δ15N values will be more similar to the food 

source (Makarewicz & Sealy, 2015). 

 

 Breastfeeding infants are in a higher trophic level than their mothers, so have enriched 

δ15N values (Katzenberg & Waters-Rist, 2018). This enrichment of ~2.4‰ is evident in 

skeletal material from around three months of age and continues until weaning has occurred, 

and can be used to determine the age of weaning (Katzenberg & Waters-Rist, 2018; Tsutaya 

& Yoneda, 2013). Incremental analyses of δ15N values in tooth dentine collagen can show the 

changes in δ15N values during early childhood when the tooth was forming, so weaning can 

be studied even when the individual dies as an adult (Katzenberg & Waters-Rist, 2018). This 

analysis has been performed in various studies worldwide, including in the Pacific (e.g., 

Kinaston et al., 2009). 

 

3.7.1 Terrestrial Environments  
 The main nitrogen source in terrestrial environments is atmospheric N2 (DeNiro, 

1987). This N2 becomes bioavailable for organisms through fixation, a process where 

microorganisms in soils convert N2 into other compounds (like nitrates), allowing them to be 

taken up by plants (Chen et al., 2003). Some plants, such as legumes, have symbiotic 

relationships with these microorganisms, allowing them to directly fix atmospheric N2 

themselves (DeNiro, 1987). The δ15N values of these plants are similar to the δ15N value of 

atmospheric N2, ~0‰ (Schoeninger & Moore, 1992). Other plants cannot access N2 directly 

from the atmosphere, so they must access bioavailable nitrogen from decomposing organic 

matter in soils (DeNiro, 1987; Katzenberg & Waters-Rist, 2018). Variations in soils are 

reflected in the δ15N values of these plants (Richards, 2020) These changes are reflected 

throughout the food chain, so it is important to have baseline data.  
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3.7.2 Marine Environments  
 In marine environments, organisms access nitrogen through dissolved nitrate and 

ammonium ions synthesised from dissolved atmospheric N2 (DeNiro, 1987). This fixation 

mainly occurs through cyanobacteria, also known as blue-green algae (DeNiro, 1987). After 

this fixation, N isotopes enter the food chain. 

 

 The complexity of marine food webs means that marine organisms have enriched 

δ15N values compared to terrestrial animals (Dunne et al., 2004). Marine environments have 

more trophic levels, as consumers eat from multiple trophic levels below them to gain their 

required energy (Dunne et al., 2004). Organisms occupying the highest trophic levels in the 

ocean, such as seals, can have δ15N values as high as ~18-20‰ (Richards, 2020). People with 

a marine-based diet will show enriched δ15N values compared to those with terrestrial-based 

diets (Schwarcz et al., 2010).   

 

3.7.3 Variation in Nitrogen Isotopes 
 To determine the magnitude of the trophic level enrichment in a location, the potential 

food sources need to be analysed to establish a baseline. There should be an extensive 

sampling of faunal species from different trophic levels from the study site (Richards, 2020). 

The fauna should have lived at a contemporaneous time to the humans to reduce the variation 

of climate changes and anthropogenic influences on δ15N values. A wide range of species is 

important to get the most representative baseline, as there can be differences of ~3‰ in the 

mean δ15N values of different species occupying the same trophic level due to differences in 

food choices and seasonal variation of foods (Makarewicz & Sealy, 2015).  

 

 Modern plants can be analysed as archaeological plant samples will not return δ15N 

values (Bogaard et al., 2007). The differences in nitrogen fixation between plants cause 

variation in δ15N values (DeNiro, 1987). Depending on the root depth, there can also be 

differences in δ15N values, and deeper soils and deep-rooted plants can have enriched δ15N 

values compared to shallower plants (Kohzu et al., 2003). As organic matter decomposes, it is 

depleted in 15N isotopes, so the δ15N values of the underlying soils are enriched (Kohzu et al., 

2003). 

 



50 
 

 To compare δ15N values between different environments, there needs to be careful 

consideration of the causes of variation within each food web (Katzenberg & Waters-Rist, 

2018). Environment variation is particularly prominent in marine δ15N values, as the isotope 

composition of dissolved nitrate and ammonium in water sources is dependent on the local 

environment (DeNiro, 1987). There is considerable variation of δ15N values in the Pacific 

Ocean, affecting the δ15N values of marine plants (Schoeninger & DeNiro, 1984). In coral 

reef environments, common in Remote Oceania, there is a greater abundance of N2-fixing 

organisms like cyanobacteria which depletes δ15N values in reef fish compared to pelagic fish 

(Leach et al., 2003). Freshwater fish also have depleted δ15N and δ13C values compared to 

ocean fish (Hedges & Reynard, 2007; Schoeninger & DeNiro, 1984). This could have an 

impact on the interpretation of dietary sources.  

 

 The climate can significantly influence δ15N values. Arid climates are susceptible to 

nitrogen loss, so soils are enriched in 15N (Handley et al., 1999). The metabolic adaptations of 

plants and herbivores in arid environments affect the fractionation of N isotopes and so δ15N 

values in bone collagen (Schoeninger & DeNiro, 1984). This increases the δ15N values across 

an ecosystem, and the δ15N values of animals can be enriched by as much as 10‰ compared 

to temperate climates (Makarewicz & Sealy, 2015; Szpak, 2014). Water stress affects food 

metabolism in animals, so a high protein diet is needed to maintain body nitrogen levels, 

which changes δ15N values (Sealy et al., 1987). Organisms in cooler, wetter climates are 

better able to conserve and recycle nitrogen, so they do not have this δ15N enrichment 

(Ambrose & DeNiro, 1986).   

  

 Anthropogenic effects on the environment have altered δ15N values over time, and 

there can be differences in these values due to plant cultivation and animal husbandry that are 

not present in wild fauna (DeNiro & Epstein, 1981). Fertilisers can enrich δ15N values in 

plants by 2-6‰, and these changes can be propagated through the food chain (Bogaard et al., 

2007; Szpak, 2014). This makes it more challenging to identify the proportions of plants and 

animals in the diet, as the size of the trophic level enrichment changes. Using modern plants 

to establish a nitrogen baseline may be ineffective if chemical fertilisers were used or if the 

fertilisation method is unknown (Szpak, 2014). Modern chemical fertilisers would not have 

been used in prehistoric Fiji, but animal manure may have been used (Ramsay, 1999). 

Animal manure has high δ15N values as there is a preferential loss of 14N isotopes (Bogaard et 

al., 2007). Seabird guano has a high δ15N value of 38.1‰ and can significantly enrich δ15N 
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values of soils and plants in coastal sites (Szpak et al., 2012). The effect of fertilisers, 

including manure, on δ15N values can be hard to quantify, as it depends on the type of 

fertiliser, how much, and how often it was used (Szpak, 2014). Agricultural practices may 

affect δ15N values. The use of swidden agriculture and burning of forests in prehistoric Fiji 

and today can change the normal distribution and cycling of nutrients in soils for a short time, 

so N isotopes may be temporarily lost increasing δ15N values (Szpak, 2014).  

 

3.8 Carbon and Nitrogen Isotopes to Study Diet  
 C and N isotopes are usually measured together in bioarchaeology. δ13C values can 

show the proportion of marine and terrestrial protein food sources in the diet, and δ15N values 

can show the trophic level these foods came from, allowing for the potential identification of 

food sources (Figure 4). Dietary reconstructions in archaeological contexts require an 

understanding of the local ecology to determine what was available in the study location and 

how these food sources may have contributed to the isotopic composition in humans.  

 

 
Figure 4. δ13C and δ15N values from bone collagen of various organisms in temperate 
ecosystems, from Richards (2020).  

 

 There are limitations to these dietary isotope analyses. Detailed information about 

diets can often not be seen, so only broad conclusions of diet can be made. This has little 
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value in the Pacific, as showing that people ate terrestrial and marine resources does not tell 

us significant information about past lives (Kinaston & Buckley, 2013). This is due to 

equifinality. Isotope values in bone collagen represent an average of the isotopic 

contributions from the diet over time, so seasonal variations and short-term changes to diets 

cannot be determined (Makarewicz & Sealy, 2015). It is only possible to see isotopically 

distinct food sources, so while it can be determined if a person ate more terrestrial or marine 

foods the specific food sources may not be able to be seen. Additionally, only protein sources 

can be shown, and this may result in the overexpression of animal products in these 

reconstructions (Makarewicz & Sealy, 2015). The broader statements about diets can still 

provide information about the life histories of past peoples and communities and allow for 

comparing diets over space and time. More specific information through an understanding of 

the local environment can allow us to estimate the reliance on native resources compared to 

domesticated foods in the Pacific.  

 

 Mortuary practices and the treatment of remains after death may affect isotope values 

and introduce errors into dietary reconstructions. Heating can change δ13C and δ15N values in 

bone collagen, and the size of this shift depends on the temperature and how long the bone 

was exposed to the heat (DeNiro et al., 1985; Harbeck et al., 2011). The temperatures 

required for cooking food are usually not high enough to significantly shift isotope values and 

can be accounted for in error values, with a slight shift of no more than 1‰ (DeNiro et al., 

1985; Fernandes et al., 2014). The magnitude of the shift varies depending on the cooking 

method, which may not be known in archaeological contexts (Fernandes et al., 2014). The 

extreme temperatures required for cremation or to burn bone (over 200°C) could change δ13C 

values by as much as 5‰, and δ15N values by 4‰ (DeNiro et al., 1985; Harbeck et al., 2011). 

This could significantly affect dietary reconstructions and introduce large errors into the 

results. To control for this burning effect, the quality of the bone collagen needs to be 

considered. If the C/N ratio of burnt bone is outside the acceptable 2.9-3.6 range, it suggests 

that the bone was exposed to severe heat and the isotope values may have changed, so the 

sample should not be used (DeNiro et al., 1985). As some of the skeletal material being 

analysed in this thesis is burnt, this quality indication will be very important to avoid errors in 

dietary reconstructions that isotopic shifts from burning may cause.  

 

 Mixing models can be used in stable isotope analyses to estimation the proportion of 

food sources in a diet and control for varying amounts of protein between plant and animal 
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products (Fry, 2006; Phillips et al., 2014). This analysis is not being performed in this thesis 

because of the small sample size of humans and baseline data.  

 

3.8.1 Considering Inter-individual Variation in Baseline Data   
 To get a reliable measure of the range of isotope values that occur in that 

environment, a baseline of isotope values from local plant and animal samples needs to be 

created. Multiple individuals of a species should be analysed to reduce inter-individual 

variation. The variation between individuals within a species is approximately 1.9‰ ± 2.4 for 

δ13C values and 1.8‰ ± 1.2 for δ15N values (Schoeninger & DeNiro, 1984). This range is 

smaller than the differences between marine and terrestrial organisms and should not affect 

food source identification (Schoeninger & DeNiro, 1984). The advantage of studying 

multiple individuals from a species to construct a dietary baseline is that this variation can be 

controlled for, giving a more accurate range of values for that species which can be used to 

study human diets. Analysing a wide range of faunal data from multiple species allows for 

many potential food sources in an environment to be analysed. In a Pacific context, this may 

allow for the reliance on native resources compared to the transported landscape to be 

studied. The use of archaeological samples as comparative materials means that isotope 

variation over space and time can be avoided, as the isotope values of this material will be 

aligned with the prehistoric people being studied.  

 

3.8.2 Other Isotopes to Study Diet 
 Alongside carbon and nitrogen, other isotopes can be used to study diet, although this 

is not done in this thesis. Using multiple isotopes can reduce the impact of equifinality across 

the diet, so more food sources and their proportions in diets can be recognised. Barium 

isotopes can be used to show differences in marine and non-marine diets (Larsen, 2002). 

Sulfur isotopes (δ34S) in collagen reflect the methionine component of dietary protein 

contributions in the diet and can reinforce δ13C and δ15N results. In a Pacific context, sulfur 

isotopes are unreliable due to the impact of sea-spray, which could make it appear as if there 

were a high proportion of marine resources in the diet, which may be inaccurate (Richards et 

al., 2003). 
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3.9 Previous Dietary Research in the Pacific  
 Unlike mobility analyses, there have been numerous dietary isotope studies covering a 

wide spatial and temporal range across Remote Oceania. Although many humans have been 

analysed, there is often little or inadequate site-specific baseline data to place these results 

into their specific contexts. Variation between islands and how this can affect dietary 

reconstructions is not often discussed. The differences in how people lived on small islands 

compared to larger islands and how this may go against the general trend of shifts to 

terrestrial-based diets are still in question.  

 

3.9.1 Small Islands  
 One of the patterns discussed in Remote Oceania is the change in diets over time, 

from marine-based to terrestrial-based (Groube, 1971). Environmental variation affects the 

ecology of small islands and the changes to diets over time may differ. The effect of island 

size on dietary patterns over time largely depends on the local environment and the factors 

influencing local conditions and resources. There have been two studies on small Fijian 

islands that have not shown this change to diets over time.  

 

 On Waya Island, there is limited space for agriculture, so throughout history 

inhabitants have had to rely more on marine resources (Field et al., 2009). Those who lived at 

the Y2-25 site (2760-2500 BP) ate mainly marine foods with some terrestrial products. Their 

reliance on marine resources was greater than other Pacific communities who lived at the 

same time in the Marianas (Ambrose et al., 1997; Pate et al., 2001). There was an outlier at 

the Y2-25 site, and the remains showed modifications like cutmarks that are potentially signs 

of cannibalism. Due to these modifications and different isotope values compared to others 

from this site, the authors concluded that this individual was likely a non-local and so not 

reflective of the Waya Island environment. However, the 1‰ shift in the δ15N value of this 

individual compared to others at the site does not necessarily point to a shift in diet. Another 

individual at this site had similar bone modifications, but this was not considered to be due to 

cannibalism as they had similar dietary isotope values to others at the site, suggesting 

locality. People on the later Y2-39 site (760-250 BP) had similar diets with slightly more 

terrestrial plants and less marine foods compared to diets at Y2-25, and the marine foods at 

the Y2-39 site ate were from lower trophic levels. Baseline data for this study was from 

archaeological faunal samples from the Yasawa Islands and Viti Levu and some modern fish 
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samples from the Cook Islands. The faunal samples being analysed in this thesis can expand 

on this Waya Island baseline.   

 

 The Lau Islands in eastern Fiji were not significantly affected by the climate changes 

that were occurring elsewhere in the Pacific, so there were no external environmental 

pressures necessitating a change in diets, and people could continue relying on marine 

resources (Jones & Quinn, 2009). In this study, nine people were analysed, dating from the 

initial occupation of the islands to more recent history. Modern and archaeological faunal 

data was used to generate a baseline. The diets of these people were varied and included 

inshore bony fish, nearshore shellfish, other reef resources, and C3 plants. C4 plants like sea 

grapes or sugarcane appear to have been important in the diets of early Lau Islanders, 

although reliance on sugarcane is not supported by historical records (Kirch & Green, 2001). 

Over time, there were no significant changes to the proportion of marine or terrestrial foods 

in the diets. An issue with this study is that there were only nine individuals across a range of 

islands and over time, so they cannot be considered representative. This study is also an 

example of the pitfalls of studying isotope values in just bone collagen. δ13C values were also 

analysed in bone carbonate, which is better suited to show plant resources in the diet. Some 

individuals had depleted δ13C bone collagen values compared to the carbonate values, 

suggesting that their enriched δ13C values were due to the consumption of C4 plants rather 

than marine resources. This food item was most likely to be sea grapes. Marine resources like 

reef fish, shellfish, and reptiles were the main protein sources. Comparison of the δ13C values 

from bone collagen and carbonate can show the protein and non-protein components of the 

diet (Ambrose et al., 1997). These estimates suggest that plants in the diets of prehistoric 

people in the Lau Islands made up 65-71% of the whole diet, a similar proportion as modern 

diets (Jones & Quinn, 2009). This analysis is not applicable for every Pacific context, as bone 

carbonate usually does not survive well in tropical environments.  

 

 Unlike these two studies in Fiji, inhabitants on the very small island (<1km2) of 

Uripiv in Vanuatu did show a change in diets over time, which can be related to 

environmental factors. Skeletal remains from 28 individuals (~2800-~150 BP) were analysed 

by Kinaston et al. (2014a). The first settlers of this island ate mainly marine foods and later 

some marine foods from lower trophic levels and plant products. People who lived there 

more recently ate very similar diets to modern inhabitants, with starchy vegetables making up 

80% of the diet, supplemented by other foods like meat and fish. No site-specific material 
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was available to be used as a baseline, so archaeological faunal data from elsewhere in 

Vanuatu and some modern data were used. A single dog tooth was analysed from Uripiv, 

which showed a more varied diet than humans, suggesting that more food sources were 

available. With such a small island size, the heavy reliance on agricultural products in the diet 

is surprising. This site has very limited freshwater available for farming, so theoretically 

should not be able to support intensive agriculture. Many modern inhabitants of this island 

and their ancestors instead had to maintain their primary gardens on a neighbouring larger 

island, and it is not clear if this continued historically. Geological factors enhanced the 

reliance on agriculture on Uripiv, as major volcanic eruptions occurred 1800 BP on a nearby 

island. These eruptions deposited volcanic tephra over Uripiv, making the landscape more 

fertile, so horticulture could be intensified. Uripiv inhabitants were able to transition their 

diets to be more terrestrial-based, following the general Pacific trend as a result of these 

environmental changes and the utilisation of resources available elsewhere.  

 

 A PhD thesis by Craig (2009) studied the diets of prehistoric humans, dogs, and pigs 

on Aitutaki in the Cook Islands. The diets of these species changed over time to include 

fewer marine and more terrestrial resources. As baseline data, modern fish samples were 

analysed along with the pig and dog materials. Isotopes were measured from flesh, and to 

compare these results with the archaeological samples the values need to be converted to 

account for the differences in tissue types and times. This may introduce errors, and the 

values may not be reliable to compare with archaeological humans. However, an advantage 

of this study was that the fish remains were identified to a family level, so the proportions of 

herbivorous, omnivorous, and carnivorous fish in diets and if this changed over time could be 

investigated. It was determined that over time, less pelagic carnivorous fish like Serranidae 

were eaten, which was correlated with archaeological evidence of fewer fishhooks that would 

have been used to catch these fish (Allen & Craig, 2009). Before this, environmental impacts 

like increased storms could have affected the availability of marine resources, causing 

changes to diets. 

 

3.9.2 Large Islands 
 Excavations on larger islands in Remote Oceania have returned more individuals who 

can be studied. A greater sample size means that it is more suitable to consider the diets of 

these people as being representative of the community. Evidence from such studies typically 
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supports the hypothesis of a change from marine-based to terrestrial-based diets over time. 

This is likely a reflection of the local ecology and the resources an island can support.  

 

 Teouma is an archaeological site on Efate Island in Vanuatu with a large Lapita-

associated cemetery of 68 burials and is some of the earliest evidence of civilisation in 

Remote Oceania. As a result, Teouma individuals have been extensively analysed to study 

how the first people to settle in this part of the world lived (e.g., Bentley et al., 2007; 

Kinaston et al., 2014b; Valentin et al., 2010; Valentin et al., 2014). People at this site had 

marine-based diets with some terrestrial foods, with cultivated crops being less important 

resources as they were likely still being established (Kinaston et al., 2014b; Valentin et al., 

2010). They ate the most easily accessible food sources, with a small level of food production 

and domesticated animals (Valentin et al., 2010). Later, diets evolved to include more 

herbivorous animals and C3 plants, which may have been due to changes in social structures 

and a decline in native species leading to the rise of horticulture (Valentin et al., 2014). This 

evidence of dietary change in Teouma is a prime example of the change in diets in the 

Pacific.  

 

 Viti Levu is the largest island in the Fijian archipelago with an area of ~10,000km2, 

and numerous studies have analysed diets throughout history. Alongside Waya Island, Field 

et al. (2009) also analysed individuals from the Sigatoka Valley. These people lived at the 

sites of Nokonoko (1300-1174 cal. BP) and Bukusia (250-150 cal. BP, likely earlier). These 

people all had a clear reliance on terrestrial foods, in contrast to people from a similar time 

period on Waya Island. This reliance was also different to individuals who lived at the 

Sigatoka site earlier (1435-1300 BP), who had marine-based diets with a high contribution of 

C3 plants (Phaff et al., 2016). The local baseline for this study by Phaff et al. (2016) was 

defined by archaeological faunal material, but some of the isotope values of people suggested 

they were eating food sources not available at the site, like marine reef foods. Trade between 

neighbouring communities is likely the reason for those marine foods being present in the 

diets of these individuals so were able to collaborate with others to get the desired foods and 

were not limited to the foods available at their location.  

 

 However, not all studies on Viti Levu have shown the general Pacific trend in diets. 

Individuals studied by Stantis et al. (2016) showed a marine-based diet despite living on the 

large Viti Levu that could easily support intensive agriculture and dating to the late 
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prehistoric period (750-150 BP) when terrestrial-based diets were more common in the 

Pacific. This reliance on marine foods may have been due to the coastal location of the 

Bourewa site and a landscape poorly suited for the intensification of agriculture. The people 

studied in this paper lived during a time of transitional climate change in the Pacific, with 

falling sea levels forcing people to rely more on terrestrial resources. The authors could not 

study the reasons why these people maintained a marine-based diet over time, but it is 

possible that at this site, there were fewer environmental changes, so the availability of 

marine resources was not significantly affected. No archaeological faunal material from the 

Bourewa site was available to use as a baseline, so instead a tropical Pacific Island baseline 

was used, which encompasses faunal data from multiple sites throughout the Pacific. These 

samples may have been exposed to environmental variation not seen at Bourewa, so values 

may be slightly different than if they had lived on this site.   

 

3.9.3 Dietary Patterns across Social Factors  
 Sociocultural factors influence food choices in the Pacific. This can be related to age, 

sex, and social status. Using isotopes to compare the diets between demographics allows us to 

understand more about the life histories of these past populations. This requires identification 

of skeletal material, which may not be possible if bones are poorly preserved, and a large 

number of samples to show trends. It is not possible to investigate these factors with the 

remains available from Waya Island.  

 

 Age-related differences in diets between children and adults can be due to differences 

in social status or snacking by children. Children at the Bourewa site ate more terrestrial 

foods than adults (Stantis et al., 2016). In comparison, children on Uripiv ate more marine 

foods than adults (Kinaston et al., 2014a). This may be related to what foods were more 

readily accessible to children. A larger sample size is needed to study these trends, and few 

juvenile remains have been excavated in the Pacific.  

  

 Ethnographic research has suggested that males and females have different diets, 

usually related to social status and meal preparation methods (Jones, 2009). The higher social 

status of men in early Lapita communities at Teouma compared to women meant that men 

had more diverse diets with higher trophic level sources than women, and this was also 

related to food preparation habits (Kinaston et al., 2014b). There has not yet been sufficient 
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evidence from isotopic analyses to prove if there were significant gendered differences in 

diets elsewhere in the Pacific, partly due to small sample sizes. Differences in diets between 

specific individuals may be related to food choice and not a function of gender.  

 

 Social status is primarily determined in bioarchaeological sites by the burial location 

and mortuary practices applied to an individual. Individuals of a higher social status may 

have had access to different food sources, and this has been supported by isotopic evidence 

from various sites throughout the Pacific. At Sigatoka, those determined to be of a higher 

social status due to their remains being placed in cairns ate more marine foods than others at 

the site (Phaff et al., 2016). Conversely, on Cikobia Island in northern Fiji, people considered 

“high status” based on their burial location ate a smaller range of food sources compared to 

what was available on the island (Valentin et al., 2006). This was mainly starchy foods like 

yams and taro with little marine foods (Valentin et al., 2006). Attendees at feasts got “better” 

foods, like pork and sea turtles (Kinaston et al., 2013a). No particular food sources stand out 

in the Pacific as being reserved for only those with high social statuses. The differences in 

diets between higher social status individuals in varying sites and time periods are likely 

related to the foods that were readily available compared to foods that required more effort to 

gather or prepare, making them a more desirable food source. While differences in diets 

between individuals at a site may be related to social status, the mortuary practices and types 

of local food sources also need to be considered when studying social status.  

 

3.10 Summary of Diet  
 The C and N isotope values of humans and fauna are very dependent on the local 

environment, and these effects can vary over time and space. To control for this, a baseline of 

local faunal data should be created to account for this variation and to place the human values 

into their specific Pacific Island contexts. One of the most significant aspects of dietary 

isotopic research in the Pacific that is missing is the lack of site-specific baseline data for 

many islands. This would allow for the finetuning of dietary reconstructions, giving more 

detailed information about what people were eating. In the absence of site-specific baseline 

data, human values are typically compared to material from other islands or generic Pacific 

baselines that incorporate data from multiple islands. These baselines may not accurately 

represent the food sources available at other sites, particularly on smaller islands where there 

can be greater impacts of environmental factors and the importance of horticulture may be 
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reduced. It does need to be acknowledged, however, that for some sites, it may not be 

possible to find enough contemporary faunal material to analyse and compare to human data. 

In Remote Oceania, there is also a lack of native terrestrial animals that can be used for 

baseline data. Domesticates like pigs may have been transported, so may not be 

representative of the isotopic variation at a site. Native bat species may represent a terrestrial, 

C3 plant-based diet (Kinaston et al., 2014a), but this does not account for other trophic levels 

and diets.  

 

3.11 Conclusion of Isotopes Literature Review   
 This review of stable isotopes and previous analyses in the Pacific has shown that 

there can be problems in identifying mobility and dietary patterns in the Pacific, due to 

variations in the local environment. These variations can include sea-spray, marine-based 

diets, and spatial and temporal variation. The patterns typically seen in the Pacific may be 

different on small islands and affect the interpretation of life histories. These factors are being 

explored in this thesis by analysing human and faunal samples from Waya Island to 

investigate how the broader trends of diet and mobility in Remote Oceania relate to smaller 

islands and the effects of environmental variation on isotope values.  
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CHAPTER 4: MATERIALS 
In this chapter, I will describe the human and faunal materials that will be isotopically 

analysed in this thesis. I will also provide details about the two archaeological sites on Waya 

Island from which this material was recovered from. The human remains were already held at 

the University of Auckland. The faunal material used to place the human results into the 

Pacific environment was supplied from the University of Hawai’i under a research permit 

granted by the Fiji Museum.  

 

Permission for the excavation and study of this material was granted by the Fiji 

Museum and the local Waya Island community in the 1990s. The relevant Fiji government 

permissions for the excavations were also granted. Beyond the necessary permissions and 

approvals to handle these remains, additional measures were taken throughout this thesis to 

preserve this material. The skeletal remains described in this chapter were handled with care 

to prevent further damage. Performing isotope analyses on bones is a destructive process, so 

attempts will be made to reduce the material used.  

 

4.1 Y2-25 Site 
 The Y2-25 site is located on a coastal flat at the shores of Yalobi Bay, near Yalobi 

Village on southern Waya Island (Figure 1) (Cochrane, 2004b). It was first excavated by 

Hunt et al. (1999) in the 1990s through a collaboration with the University of Hawai’i and 

Fiji Museum. There have been two radiocarbon dates obtained from material at this site. A 

wood charcoal sample was dated to 2810-2350 BP and human bone to 2760-2430 (Table 6) 

(Hunt et al., 1999). Numerous ceramics have been found in this site, most in the plainware 

style. Less than 1% of the ceramic assemblage was in the hallmark dentate-stamped Lapita 

style (Hunt et al., 1999). Based on these dates and styles of ceramics, the first occupation of 

the Y2-25 site was in the very late Lapita or early post-Lapita period. A University of 

Hawai’i archaeological field school was held at this site in 2001, assisted by the Fiji Museum 

(Cochrane, 2004a). Test units were dug 170m inland, as this would have been at or near the 

shoreline when people first lived there. The faunal remains analysed in this thesis were 

excavated during this field school.   

 



62 
 

4.1.1 Y2-25 Burial  
 In 1994 at the Y2-25 site, a relatively complete skeleton, known as the Y2-25-1 

individual, was discovered during an archaeological excavation in rubbish pit spoils (Hunt et 

al., 1999). The burial was articulated, and so is a primary burial, with the individual buried 

flexed on their right side. It was an isolated burial, with no other human remains associated. 

Y2-25-1 was found in rubbish pit spoils next to controlled archaeological test pits, so the 

stratigraphy of the burial could be determined (Hunt et al., 1999). The burial was associated 

with ceramics displaying the distinctive dentate-stamped Lapita style. Dating of the human 

bone, wood charcoal, and sample of the pit fill by Cochrane (2004b) gave Y2-25-1 a 

combined 2σ age range of 2760-2470 BP, which is consistent with the first occupation of the 

site. This burial represents a late Lapita context and is being analysed to show the diet and 

mobility of an individual that lived on Waya Island when it was first occupied. A left 

metacarpal bone weighing 0.52571g was sampled for C and N isotope analyses. For 

strontium analysis, one incisor was selected.  

 

Bioarchaeological analysis of Y2-25-1 by Pietrusewsky et al. (1997) showed that this 

is a well-preserved male individual who was 40-50 years old, with marked tooth wear, 

premortem tooth loss, and degenerative osteoarthritis in the vertebral column. There was also 

some minimal osteoarthritis in the occipital condyles. The mandible is absent, and only five 

teeth remain in the maxilla. Pietrusewsky et al. (1997) also reported various structures that 

indicated this person was very active and performed strenuous activities using the neck and 

shoulder muscles. This activity resulted in the hypertrophy of these muscles and enlarged 

muscle attachment sites on bones of the skull, such as anomalous tubercules at the asterion 

and a moderately developed occipital torus. The skeletal records for this individual are 

presented in Appendix A.        

 

4.2 Y2-39 Site 
 The Qaranicagi rock shelter, the Y2-39 site, is a cave located over Yalobi Bay on 

Waya Island, approximately 100 m above sea level (Figure 1) (Cochrane, 2002). It is located 

just a few hundred metres away from the Y2-25 site. The cave is approximately 225m2, with 

the original cave floor 2.6m below the current floor (Cochrane, 2004b). This cave began 

being used from around 2750 BP, a similar time to when the Y2-25 site was first occupied 

(Cochrane, 2004b). The cave has been continuously used throughout history, with artefact-
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based chronology ending in the 19th century (Cochrane, 2004b; Hunt et al., 1999). The cave 

was used for cooking and camping, and more recent uses have been linked to seeking shelter 

from cyclones (Cochrane, 2004b). Faunal material and fragmentary human remains have 

been found in multiple levels of the cave.   

 

4.2.1 Y2-39 Juvenile Individual  
 Partial skeletal remains of a juvenile were excavated in 2001 during a University of 

Hawai’i archaeological field school and were first described by Cochrane et al. (2004). An 

osteological analysis of this individual was presented by Pietrusewsky et al. (2007). Most of 

the material was fragmented and fragile, and many skeletal elements, including the entire 

skull and pelvis, were absent. The skeletal records for this individual are presented in 

Appendix A. Based on diaphyseal lengths and fusion of the epiphyses, this individual was 

approximately 10-12 years old at the time of death. Due to the missing skeletal elements and 

the lack of accepted bioarchaeological standards for sex estimation of subadults, the sex of 

this individual cannot be estimated. The remains were found in an earth-oven feature near the 

back of the Qaranicagi cave. The feature was approximately 70cm deep, and the remains 

were found in the top 4cm of this feature, alongside fine grey ash (Cochrane et al., 2004). 14C 

dating of the earth-oven feature showed an age of 760-660 BP at 2σ (Beta-174986), so this 

individual is from the prehistoric period of Fiji (Cochrane, 2004b; Cochrane et al., 2004).   

 

 The epiphyses of many long bones were present but disarticulated, suggesting that 

some skeletal elements were moved after complete skeletonization. The bones had been 

exposed to heat, shown by the discolouration, cracking, and cortical flaking of some bones. 

Evidence of burning was also present in cracks of the bones. This heat damage was likely 

caused by the deposition of the individual on top of a recently extinguished fire.  

 

 Some external bone surfaces (including a rib, the humeri, and the femora) had 

evidence of intentional cut marks (Figure 5). A summary of these modifications is presented 

in Table 3. These cut marks may have been made to move the remains easily. Two scenarios 

have been proposed for the butchering of the remains and their deposition in the earth-oven 

feature, by Cochrane et al. (2004). The individual may have been butchered and buried, then 

moved to the earth-oven after it had been recently extinguished as the disarticulation of the 

bones suggest this was a secondary burial; or, the individual may have been directly 
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deposited on the earth-oven, although the disarticulation of the bones means this is unlikely. 

Cannibalism may explain the mortuary behaviours demonstrated in this burial, such as the 

intentional cut marks associated with butchering, heat damage to the bones, and the lack of an 

entire representation of the individual (Cochrane et al., 2004; White, 1992). Other modified 

skeletal remains in Fiji do not show similarities in the types of modifications and deposition 

in an earth-oven like this individual. If this juvenile was not placed in the earth-oven because 

of cannibalism, it is an example of a unique mortuary behaviour across the Pacific (Cochrane 

et al., 2004). 

 

 This individual was isotopically analysed by Field et al. (2009) for dietary 

reconstruction. However, it did not meet the collagen extraction quality criteria for that study, 

so no results were found. This individual is being reanalysed in this thesis as it is hoped that 

analysing the remains using a different method will produce results. Few prehistoric juvenile 

remains have been excavated in Remote Oceania, so this provides an opportunity to 

understand if diets were different in childhood compared to adulthood. The unique mortuary 

practices applied to these remains may also have influenced the isotope values.  

 

 
Figure 5. Arrow points to cut marks on proximal end shaft of the left humerus of the Y2-39 
juvenile.  
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Table 3. Description of modifications to the Y2-39 juvenile individual, adapted from 
Pietrusewsky et al. (2007, p. 61).  

Bone element Modification Interpretation/Evaluation 

12th rib fragment Charred/burned Exposure to heat/fire 

Right humerus, radius, ulna 
Longitudinal cracking of 

cortical shafts 
Exposure to heat/fire 

Proximal right fibula 

fragment 
Smoky brown discolouration Exposure to heat/fire 

4th rib fragment 6-8 incisions Cut marks 

6th cervical vertebra 
2 linear incisions on left 

neural arch 
Possible cut marks 

Right clavicle 
Incision on superior 

posterior lateral end 
Possible cut marks 

Proximal left humerus* 
Transverse incision on 

posterior surface 
Cut marks 

Left femur 
Multiple incisions in neck 

region 

Mortuary/butchery cut 

marks 

Right femur 
Faint incisions in neck 

region 
Possible cut marks 

Left tibia shaft fragment Perforation Percussion pit 

*There was an error in Pietrusewsky et al. (2007). The paper stated that the right humerus 

showed cut marks, but the right humerus did not have any signs of modifications besides 

evidence of burning, while the left humerus that showed cut marks (Figure 5).  

 

4.2.2 Other Y2-39 Human Skeletal Material 
 Additional human skeletal material was excavated during the 2001 University of 

Hawai’i archaeological field school and found in the midden alongside faunal remains 

(Cochrane et al., 2004). This material was very fragmented and not suggestive of an 

internment, with evidence of heat exposure and possible cut marks. This material is described 

in detail by Pietrusewsky et al. (2007). The samples that were analysed in this thesis for Sr, 

C, and N isotopes is shown in Table 4 and Table 5.  
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4.3 Human Materials used for Isotope Analyses 
 The MNI of the human material in this thesis is four. This encompasses the adult male 

from the Y2-25 site (Y2-25-1) and the juvenile from the Y2-39 site. There are two other 

adults from the Y2-39 site, one represented by bones and the other by teeth. These teeth and 

bones were found on different layers, suggesting they are from two different individuals. The 

human bones chosen for collagen extraction to study diet are shown in Table 4 and Figures 6, 

7, and 8. The teeth selected for strontium analysis are shown in Table 5 and Figures 9 and 10.  

 

 To understand what these people ate, human bones were studied to analyse the δ13C 

and δ15N values in collagen. Having material from different time periods means that changes 

to diets over time can be seen. The bones chosen for analysis had the best preservation, and 

their destruction would not affect diagnostic elements. Care was taken to reduce the amount 

of material used due to the destructive nature of isotope analyses. To increase the success of 

collagen extraction, the bones selected had intact cortical bone and minimal dirt encrustation. 

From Y2-25-1, a left metacarpal was chosen for analysis. Multiple bones were analysed from 

each of the Y2-39 individuals because of the poor condition of some bones to increase the 

chances of success. All of these bones were already fragmented. From the juvenile, a 

fragment from the right radius (~3-8cm, 0.59039g) and an epiphysis (possibly from the tibia, 

0.70387g) were picked. From the adult, an ulna fragment (~7cm 0.51515g) and another 

unidentified long bone fragment (0.88299g) were selected.  

 

 All of the samples analysed in this thesis were numbered according to the original 

numbering from the initial excavations, and each sample was also given a unique laboratory 

number. Some site details were missing, but all available details are included in these tables. 
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Figure 6. Left metacarpal from Y2-25-1, vivid ink on shaft from original excavation. Lab ID 
LBL001a.  

 

 
Figure 7. Right radius in three fragments from Y2-39 juvenile individual. One of these 
fragments was analysed. Bones appear bleached. Lab ID LBL002a. 
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Figure 8. Ulna fragment from Y2-39 adult individual, dark staining or possible burning. Lab ID 
LBL003a.   

 

Table 4. Human bones used for collagen analysis. 

Lab ID 

Site details 

(test unit, 

layer, level) 

Age Date 
Element and 

description  

Weight of 

bone 

sampled (g) 

LBL001a Y2-25-1 Adult 2760-2470 BP Left metacarpal 0.52571 

LBL002a 

Y2-39 

TU 3 2/8, 

subfeature 10 

Juvenile 760-660 BP 

Right radius 

Chalky and 

bleached, frail 

0.59039 

LBL002b 

Y2-39 

TU 3 2/8, 

subfeature 10 

Juvenile 760-660 BP 
Epiphysis, 

possibly tibia 
0.70387 

LBL003a 
Y2-39 

TU2 3/8 
Adult 

1270-920 – 760-

660 BP 

Ulna 

Dark staining or 

burnt 

0.51515 

LBL003b 
Y2-39 

TU2 3/8 
Adult 

1270-920 – 760-

660 BP 
Long bone 0.88299 
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 To study mobility through Sr isotope analysis, teeth were chosen based on their 

preservation and time of development (Table 5). All of these teeth were permanent. Choosing 

teeth that develop over different times will allow for multiple points of measurement of Sr 

isotope values over an individual’s childhood. Differences in these values may allow us to 

infer mobility.  

 

 Of the three teeth present from Y2-25-1, the premolar was fractured and unsuitable 

for analysis. The age at which enamel development occurs for specific teeth varies between 

individuals and populations. The maxillary second incisor crown enamel typically develops 

between ~12 months and 5.5 years and the maxillary canine develops between 7.5 months 

and 6.5 years (AlQahtani et al., 2010). The incisor was chosen for analysis as the enamel has 

a more constrained development time, so there will be a better sense of the individual’s 

mobility during a limited period in childhood. Both of these teeth were still in situ in the 

maxilla, but the incisor was able to be removed during the enamel preparation process 

(Figure 9).  

 

 The molars from the adult Y2-39 individual represent a range of development times 

encompassing most of childhood (Table 5) (AlQahtani et al., 2010). These teeth were all 

found in the same test unit, layer, and level, and the similar wear patterns suggest they are 

from the same individual (Figure 10).   
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Figure 9. Anterior view of incisor (arrow) and canine in situ of the maxilla of Y2-25-1. Only the 
incisor was sampled for strontium.  

 

 
Figure 10. Human teeth from adult Y2-39 individual analysed in this thesis for strontium. A = 
Left maxillary first premolar, mesial view, lab number LTC001a. B = Left maxillary first 
molar, mesial view, lab ID LTC002a. C = Left maxillary third molar, mesial view, lab ID 
LTC003a. 
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Table 5. Teeth sampled for strontium analysis.  

Sample 

and lab 

ID 

numbers 

Site details 

(test unit, 

layer, 

level) and 

date 

Tooth ID  

Time of 

enamel 

development 

(AlQahtani 

et al., 2010) 

Date 

Description 

and wear 

grade 

(Smith, 

1984) 

Weight 

of 

enamel 

sample 

(g) 

1080 

LTC001a 

Y2-39  

TU 2, 2/6  

Left 

maxillary 

P3 

3-4 years – 

6-7 years 

Earlier 

than 760-

660 BP 

Cracks on 

mesial and 

buccal 

surfaces 

Wear = 2, 

mild 

0.01071 

1078A 

LTC002a 

Y2-39  

TU 2, 2/6 

 

Left max. 

M1 

9-11 months 

– 4-5 years 

Earlier 

than 760-

660 BP 

Carabelli's 

cusp, vivid 

on occlusal 

surface, 1 

root broken 

Wear = 2, 

mild 

0.01174 

1078B 

LTC003a 

Y2-39 

TU 2, 2/6, 

subfeature 

4 

Left max. 

M3 

9-10 years – 

14-15 years 

Earlier 

than 760-

660 BP 

1 root broken 

Wear = 2, 

mild 

0.01148 

LTC004a Y2-25-1 
Left max. 

I2 

~12 months 

– 5.5 years 

2760-2470 

BP  

Fractured 

Wear = 4, 

moderate, 

0.0115 
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Table 6. Radiocarbon dates for Waya Island materials. 

Location Material Lab number 

Calibrated age 

range BP (2σ 

probabilities) 

Reference 

Y2-25 

II, 196cm, feature 1 
Wood charcoal Beta-86840 

2850-2350 

(93.6%) 

(Cochrane, 

2004b; Hunt 

et al., 1999) 

Y2-25 

IIa, 93-105cm 
Human bone CAMS-24946 

2760-2430 

(91.5%) 

(Hunt et al., 

1999) 

Y2-39 

TU3, Level III, 

earth-oven feature 

Wood charcoal Beta-174986 760-660 (95.4%) 
(Cochrane, 

2004b) 

 

4.4 Faunal Material 
 Faunal material was analysed in this thesis to create a dietary baseline (of δ13C and 

δ15N values) for Waya Island. This would allow for the diets of these people to be studied in 

the direct local context, and environmental variation may be controlled for. This material was 

excavated in 2001 during a University of Hawai’i field school from the Y2-25 site on Waya 

Island (Cochrane, 2004a). This material likely dates to 2780-2470 BP at 1σ (Beta-86840) 

(Cochrane, 2004a; Hunt et al., 1999). This matches the context of the human remains from 

this site. Including archaeological material is advantageous to my thesis and its aims because 

these faunal remains would have been subjected to the same environmental pressures as the 

humans, which may have led to isotopic variation.  

 

 The amount of faunal material that I was able to identify and use is significantly more 

than what other Fijian and Pacific isotope studies have looked at. However, most of this 

material was very fragmented and lacked diagnostic features needed to identify the species, 

so this material was not included in further analyses. Bones that were not suitable for isotope 

analyses, for example, if bones were badly burnt or too small, were also excluded. Only 

material that could be positively identified and was of relatively good quality for collagen 

extraction was used. A wide range of species was able to be analysed, to show variations in 

the local ecology of Fiji. The marine and terrestrial samples analysed in this thesis are shown 

in Table 7 and Table 8, respectively.  
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4.4.1 Marine Samples 
 Identification of the fish bones to a family level was made by comparing these 

samples to the University of Auckland tropical and New Zealand fish reference collections. 

Comparisons of bones were also made to those described by Bouffandeau et al. (2018). 

Morphological differences in skeletal elements between fish families allow for their 

identification (Figures 11 and 12). A barrier to studying fish remains is that bones can often 

only be identified to the family level (Clark & Szabó, 2009). This limits all studies using fish 

bones, and other Pacific papers have only identified fish to a family level, this was not a 

major concern. In this thesis, I focussed on the reef fish families that would have been the 

most economically important for sustenance for Lapita and post-Lapita people in Fiji, based 

on ethnographic and isotopic evidence described in Chapter 2. A wide range of families was 

chosen to reflect the range of fish that people on Waya Island may have eaten. The habitats 

and diets of these samples are presented in Table 2 in Chapter 2. 

 

 In total, 30 fish bone fragments representing 11 different families were identified. 

Only 17 fragments from the 11 families were chosen for further analysis. The bones chosen 

for further analysis had the best qualities of preservation and were likely to have the best 

chance of success for collagen extraction. I chose bones from different test units and layers to 

try to get multiple individuals from each family. However, this was not always possible. This 

creates an issue of limited inter-individual variability, where the individual may not have 

representative isotope values of the family. Comparison with previously published data 

should show if any of these results should be excluded if they are not within an acceptable 

range for that species. The large number of families identified from a range of niches should 

allow for greater interpretation of the variation in isotope values caused by environmental 

pressures that would have affected fish throughout the ecosystem, and humans.  

 

 One turtle bone was also analysed (Figure 13). This fragment is from the 

Chelonioidea superfamily, and the habitats and diets vary depending on the species which 

could not be determined from this sample. Turtles were potentially an important food source 

in the Pacific and were said to have been eaten by those of high social status, such as chiefs, 

at important occasions like feasts (Jones, 2009). To date, although multiple turtles have been 

isotopically analysed, their consumption in the Pacific has not been confirmed using this 
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method. It is hoped that analysing this turtle bone will give results that can show the 

importance of turtles in the diets of people in the Pacific.   

 

 

Figure 11. Vertebrae from two fish families showing morphological differences in size and 
structure used to identify families. A = Carangidae, lab ID LBL014a and LBL021a. B = 
Acanthuridae, two of the three vertebrae from lab LBL010a.  

 

 

Figure 12. Morphological differences in premaxilla from three fish families. A = Labridae, lab 
ID LBL013a. B = Serranidae, lab ID LBL008a. C = Carangidae, Lab ID LBL015a.  
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Figure 13. Turtle bone fragment, lab ID LBL004a.  

 
Table 7. Marine samples analysed in this thesis. All bones were excavated from the Y2-25 site in 
2001 and date between 2780-2470 BP (Cochrane, 2004a; Hunt et al., 1999). 

Sample ID 
Site Details (Test 

unit, Layer, Level) 
Family 

Element and 

description of bone 

Weight of bone 

sampled (g) 

9B 

LBL004a 
11, 1/- 

Turtle 

Chelonioidea 
 0.41461 

20H 

LBL008a 
10, 2/2 Serranidae Premaxilla 0.8874 

56A 

LBL009a 
10, 3/3 Diodontidae 2 Spines 0.45808 

20K 

LBL010a 
10, 2/2 Acanthuridae 

3 Vertebrae 

2 possible burnt 
0.50221 

20I 

LBL011a 
10, 2/2 Scaridae 

Hyomandibula 

Possibly burnt 
0.58185 
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Table 7. (continued).  

195A LBL012a 13, 2/5 Mullidae Quadrate 0.24349 

20F LBL013a 10, 2/2 Labridae Premaxilla 0.29785 

9AB LBL014a 11, 1/- Carangidae 
Vertebra 

Bleached  
0.30794 

20E LBL015a 10, 2/2 Carangidae Premaxilla 0.63694 

74 LBL016a 10, 3/5 Carangidae Vertebra 0.45429 

20J LBL017a 10, 2/2 Lethrinidae Quadrate 0.92494 

20G LBL018a 10, 2/2 Serranidae Vertebra 0.77342 

9AA LBL019a 11, 1/- Lutjanidae Hyomandibula 0.27079 

20L LBL020a 10, 2/2 Mullidae Vertebra 0.84929 

185 LBL021a 12, 2/8 Carangidae Vertebra 0.25993 

20D LBL022a 10, 2/2 Diodontidae Spine 0.13703 

20A LBL023a 10, 2/2 Scorpaenidae Hyomandibula 0.14059 

17.1 LBL024a 11, 1/2 Holocentridae Spine 0.9123 

 

4.4.2 Terrestrial Samples 
Terrestrial bone samples are also analysed for δ13C and δ15N to expand the Waya 

Island dietary baseline and account for environmental variation on land. There were three pig 

(Sus scrofa) bones (Figure 14) and one bird bone (Figure 15) sampled. The bird bone was 

hollow so easily identifiable as belonging to a bird, but further identification was not 

possible. There are no native land mammals on Waya Island, so the pig bones were easily 

identifiable. There were more pig bones available to potentially analyse, but it was more 

important to get a range of individuals rather than analysing multiple bones from the same 

individual. Pig bones were considered to be potentially from the same individual if they were 

found in the same archaeological layer. The quality of the pig bones was also relatively poor. 
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Most of the pig bones also showed cutmarks, likely made when meat was removed from the 

bones (Figure 16).  

 

 
Figure 14. Pig bone fragments. A = lab ID LBL005a. B = lab ID LBL007a. C = possible distal 
phalange, lab ID LBL006a.  

 

 

Figure 15. Bird long bone fragment, lab ID LBL0025a.  
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Figure 16. Example of cut marks on a pig bone fragment, shown with the arrow. This fragment 
was not analysed for collagen, as it came from the same individual as lab ID LBL005a (Figure 
14 Sample A).  

 
Table 8. Terrestrial samples analysed in this thesis. All bones were excavated from the Y2-25 
site in 2001 and date between 2780-2470 BP (Cochrane, 2004a; Hunt et al., 1999).  

Sample ID 
Site Details (Test 

unit, Layer, Level) 
Species 

Element (if identifiable) 

and bone description 

Weight of bone 

sampled (g) 

17D 

LBL005a 
11, 1/2 Pig  0.8874 

104 

LBL006a 
10, 3/8 Pig Phalange? 0.45808 

173 

LBL007a 
12, 2/7 Pig Slightly bleached 0.50221 

114A 

LBL025a 
11, 2/8 Bird 

Long bone 

Bleached  
0.98728 
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4.5 Comparative Analyses to Previous Pacific Isotope Data  
 The following papers will be used for comparative analyses to compare with my data, 

increasing the sample size and variability of values. This will allow for a better idea of the 

range of potential values in Fiji and Remote Oceania and variation within species. Only the 

dietary carbon and nitrogen results will be directly compared alongside other studies, as the 

nature of Sr isotopes means that results from different locations cannot be easily compared. A 

comparison of 87Sr/86Sr values will be made to understand the range of local values on an 

island and to show the effects of environmental factors such as seawater on these values.  

 

 The papers selected for inclusion in this thesis are those that have analysed C, N, and 

Sr isotopes to study diet and mobility in Fiji and elsewhere in Remote Oceania. Papers were 

selected based primarily on their location. As the material analysed in this thesis is from Fiji, 

papers with study sites in Fiji are included. Faunal data will also be compared to faunal 

samples from elsewhere in Remote Oceania to study variation in isotope values, and papers 

that feature archaeological samples are included. The time period was also important, and 

papers were included if they were associated with Lapita, post-Lapita, or prehistoric 

populations in Remote Oceania. The papers from elsewhere in the Pacific (i.e., not Fiji) 

studied material from similar contexts to the material discussed in this thesis or with faunal 

data. Some faunal material is modern and was used to define a local baseline for the 

archaeological humans. Comparisons of these values with the results from the samples 

analysed in this thesis will occur after these modern values have been adjusted to account for 

isotope changes over time, such as the Suess effect for δ13C values.  

 

 

 

 

 

 

 

 

 

 

 



80 
 

Table 9. Summary of isotope analyses papers in archaeological Remote Oceania used for 
comparative analyses in this thesis. Raw data from these studies are presented in Appendix B. 

Reference Location Dates (BP) n of samples 

(Bentley et al., 2007) Teouma, Vanuatu  3200-3000 Humans = 17 

(Brooke Mde et al., 

2010) 

Henderson Island, 

Pitcairn Islands 
Modern  Seabirds = 3 

(Cheung et al., 2018) Sigatoka, Viti Levu 
Range of dates. 1435-

1350, 1330-1265, and 

450-350  
Humans = 53 

(Craig, 2009) Cook Islands Modern Fish = 11 

(Field et al., 2009) 

Y2-25, Waya Island 2758-2503 Humans = 8 

Y2-39, Waya Island 760-250  
Humans = 2 

Fish = 3 

Sigatoka, Viti Levu 
1300-1174,  

Pre 150-250  
Humans = 3 

Pigs = 2 

Cook Islands Modern Fish = 4 

(Jones & Quinn, 

2009) 
Lau Islands 

Range of dates.  

600-280  

2710-10 

Humans = 9 

Chicken = 2 

Fish = 4 

Pigs = 3 

(Kinaston et al., 

2014a) 
Uripiv, Vanuatu 

2800-2000 and  

300-150  
Humans = 14 

(Kinaston et al., 

2015) 
Watom Island, PNG 2800-2350  Fish = 5 

(Phaff et al., 2016) Sigatoka, Viti Levu 1435-1300  

Humans = 23 

Chicken = 1 

Fish = 2 

Sea turtle = 2 

(Richards et al., 

2009) 

Hanamiai, French 

Polynesia 
925-100  Seabird = 1 

(Stantis et al., 2015) Tongatapu, Tonga 500-150  Humans = 30 

(Stantis et al., 2016) Bourewa, Viti Levu 750-150  Humans = 21 

 

 



81 
 

Table 9. (continued).  

(Valentin et al., 

2006) 
Cikobia Island ~100  Humans = 8 

 

4.6 Summary of Materials 

 To summarise, this thesis is analysing 87Sr/86Sr values as mobility indicators in the 

teeth of two humans. Dietary indicators are being studied through C and N isotopes in bone 

collagen from four humans, three pigs, a bird, a turtle, and 17 fragments from 11 families of 

fish. The amount of faunal material should give context to the Pacific environment and local 

ecology of Waya Island. Analysing the isotope values of these materials will allow for the 

reconstruction of the diet and mobility patterns of past people on Waya Island. The wide 

range of species being analysed will aid in understanding variation in isotope values caused 

by environmental factors that can be reflected in human values. Understanding the variation 

in isotope values can show if the changes over time to life histories on small islands like 

Waya Island are similar to other places in the Pacific. There is only a small sample size of 

humans in this study, so these individuals are not representative of what was happening when 

they lived. These people can, however, show some of the variation in the environment at that 

time. The different time periods in this thesis mean we can observe changes to diets over time 

through the proportions of marine/terrestrial and domesticated/native resources. This could 

show temporal variation in diets and the importance of agriculture, which may not be as 

important here due to space constraints compared to larger Pacific islands.  

 

 

 

 

 

 

 

 

 



82 
 

CHAPTER 5: METHODS 
 In this chapter, I will describe the methods used for collagen extraction and enamel 

preparation for stable isotope analyses. I will justify these methods by making comparisons 

with stable isotope literature and discuss why any changes to the methods were done. I will 

also discuss the measures taken to control for the quality of collagen, to get the most accurate 

isotope values from this material to answer my research questions. This laboratory work was 

done at the University of Auckland. 

 

5.1 Collagen Extraction using Modified MPI Method  
 The MPI method was used to extract collagen from the bone samples for δ13C and 

δ15N analysis. This method is described by Sealy et al. (2014) and was first used at the Max 

Planck Institute for Evolutionary Anthropology in Germany. This method is similar to the 

modified Longin method commonly used in Pacific stable isotope studies, so my results 

would be comparable to previous research.  

 

5.1.1 Modified Longin Method 
 There are multiple methods to extract collagen from bones for stable isotope analyses, 

and the method used largely depends on the quality and preservation of the bones. There are 

no significant differences in isotope values between these methods (Katzenberg & Waters-

Rist, 2018).   

 

 The first collagen extraction method was created by Longin (1971) for radiocarbon 

dating. Samples are demineralised in 8% HCl, breaking some of the chemical bonds between 

collagen, so it becomes soluble. The time the sample should be left in this solution is 

dependent on the quality and preservation of the bone, as the collagen will be lost if it is left 

in the acid for too long. After demineralisation is complete, the solution is gelatinised in pH 3 

solution at ~90°C while being stirred for “many hours”, and the remaining substance will be 

pure collagen.  This method has since been modified to remove contaminants more 

successfully and to get better collagen yields. Advances in technologies and our 

understanding of bone and collagen have also helped make this process more efficient. An 

ultrafiltration step was added by Brown et al. (1988) to remove contaminants of low 

molecular weights and extract larger collagen peptides from the bone. When this step is 
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added, some collagen peptides will be removed so the collagen yield can be lower, so a lower 

acceptable minimum is required (Katzenberg & Waters-Rist, 2018). In this modified Longin 

method by Brown et al. (1988), bone samples are demineralised in 0.25 molL-1 HCl 

overnight, then in 0.1 molL-1 HCl at 58°C for ~16 hours. The solution is then filtered, freeze-

dried, and weighed to calculate the collagen yield.  

 

5.1.2 Protocol Followed in this Thesis  
  

 The MPI method used in this thesis is a modification of the Longin method. It is 

currently the standard protocol followed in stable isotope analyses (Chanca et al., 2021; 

Talamo et al., 2021).  

 

 The MPI method requires 0.5-0.7g of bone for the greatest chance of success. In this 

thesis, the actual range of sample weights was 0.13703-0.98728g. The larger samples meant 

they would take slightly longer to demineralise. The weights of the smallest samples were 

slightly concerning; however, I was limited by the available material. It was hoped that 

although some samples were below the recommended weight, there would still be an 

acceptable collagen yield and so isotope values. The three samples with the lowest weights 

(<0.2g) were fish bones. Two of these samples were from families that were represented by 

another sample with a more acceptable weight, so the family would not be lost from the 

analysis if these samples failed. If successful, there would be multiple individuals from each 

family, which reduces inter-individual variability. The sample with the lowest weight of just 

0.13703g was the only sample from the Lutjanidae family, so although the sample was small 

and the preservation of the bone itself was not very good it was hoped that it could still 

produce some results from this economically important family.  

 

 Bone samples were first cleaned using sandpaper and a toothbrush to remove surface 

dirt. They were sonicated until the water was clear and left to dry for 48 hours. Each sample 

was weighed and put into a test tube. 10 mL of 1M HCl was added to each tube, and the 

initial reaction was observed (Figure 17). This acid is very concentrated so that the initial 

demineralisation would happen faster. The tubes were loosely covered with their lids and left 

for the samples to begin demineralising.  
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Figure 17. Sample LBL002a (human) after 10 mL of 1M HCl was added. The bubbles show a 
reaction is occurring as demineralisation of the bone sample begins. In some samples, a strong 
colour change in the solution could be seen.  

  

 After two days, the 1M HCl was replaced with 10 mL of refrigerated 0.5M HCl and 

placed in the fridge to slow the reaction and prevent eroding of the samples. The HCl was 

replaced with fresh HCl every two days until demineralisation was complete and a 

pseudomorph was present (Figure 18).  
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Figure 18. Sample LBL010a (Acanthuridae) pseudomorph. The bones were squishy and pale in 
colour, indicating that demineralisation is complete as a pseudomorph has been formed.  

 

 After each sample had demineralised, it was placed in 10 mL type 1 water until all 

samples had reached the same stage. The samples were then rinsed three times in type 1 

water to remove all traces of acid. For samples where the collagen was wispy or there was 

collagen in solution, they were centrifuged between each rinse to prevent collagen loss. 10 

mL of refrigerated 0.125M NaOH was added to each tube, and the initial reaction and colour 

changes were observed (Figure 19).  

 

 In the standard MPI method there are two filtration steps using Ezee filters and 

ultrafiltration. The equipment needed for the ultrafiltration step is not available at the 

University of Auckland, and with additional filtration steps more collagen is lost. The 

function of the filtration steps is to remove contamination from the samples, so to compensate 

for missing a filtration step a base step was added to the protocol. After each sample was 

demineralised, 10 mL of 0.125 M NaOH was added to remove any humic contaminants 

(Szpak et al., 2017). Ultrafiltration is not as effective at removing these humic contaminants. 

The most commonly used filter size only filters out particles with a molecular weight of less 

than 30 kDa, and most humic substances have a molecular weight greater than this (Szpak et 
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al., 2017). Adding a base step may impact the collagen yield and so δ13C values, but this 

generally only occurs on very poorly preserved bone (Katzenberg & Waters-Rist, 2018). The 

material analysed in this thesis was of adequate preservation to include this base step without 

being concerned about potential changes to isotope values.  

 

 
Figure 19. Sample LBL025a (bird) when 10 mL 0.125M NaOH added. The colour change of the 
solution and the fine bubbles on the bone show a reaction is occurring. Sediment can be seen at 
the bottom of the tube.  

 

The samples were left for one hour and then rinsed again three times in type 1 water, 

centrifuging between rinses if needed. After the final rinse, the pH was checked. The pH 

needed to be between 5-6, and if it was still too high, another rinse was performed. The 

samples were left in type 1 water and placed in the refrigerator for about three days. After this 

time, the pH was rechecked. If the pH was still too high, it showed that NaOH was still being 

leached, so two drops of pH 3 solution were added to decrease the pH. The samples were 

then rinsed once in type 1 water. To solubilise the collagen, 10 mL of pH 3 solution was 

added to each sample. In the original protocol, 13 mL of type 1 water and 3 drops of 0.5 M 

HCl is added to each sample before they go into the Vortemp so that the pH of the solution is 

3. To ensure that each sample was treated the same, 10 mL of pH 3 solution was added to 

each test tube before being placed in the Vortemp at 70°C for 48 hours. The tubes were 
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placed into the Vortemp. After solubilisation, the samples were filtered using Ezee filters to 

remove any excess sediment or mineralised material, and the liquid transferred into weighed 

glass vials. The vials were put into the freezer for at least 48 hours. After all the samples had 

reached this step, the vials were placed into the freeze dryer for 48 hours until only the 

collagen remained. 

  

 The vials were weighed again to determine the collagen yield. The samples that met 

the required collagen quality indicators (e.g., C/N ratio) were sent to Isotrace in Dunedin, 

New Zealand, for the δ13C and δ15N values to be measured.  

 

 C and N isotope values were measured simultaneously with CO2 and N2 gases in a 

mass spectrometer at Isotrace. The results were standardised with USGS-40 and USGS-41, 

and gelatine was used as a control (Isotrace, personal communication, April 20, 2022). The 

δ13C and δ15N values were standardised to the international reference standards, Vienna Pee 

Dee Belemnite (VPDB) and atmospheric nitrogen respectively. %C, %N, and C/N ratios 

were also analysed.  

 

 A significant change to the MPI method that had to be made during these analyses 

was the time it took to complete this process. While this laboratory work was being 

completed in November and December 2021, Auckland was in lockdown because of Covid-

19. Access to the lab was restricted to only three days a week. Samples were put in weaker 

acids or type 1 water between steps and placed in the fridge to ensure that they were not lost 

so that samples reached the same stage before continuing to the next step in the process. This 

extended the time it took for each sample to demineralise. The rate at which demineralisation 

occurs is proportional to the molarity of the acid, so this would have had no effect on the 

results (Collins & Galley, 1998). However, the loss of some samples as they fully 

demineralised in the acid may have been prevented if samples had been able to be checked 

more regularly.  

 

5.1.3 Collagen Quality Indicators   
 There are three methods to determine the quality of collagen from each sample. This 

includes the collagen yield, C/N ratio, and %C and %N values. The rationale for these 
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controls is discussed in Chapter 3, and here I will show how these standards were applied to 

the samples in this thesis.  

 

1. Collagen yield – 1-20% (van Klinken, 1999). 

2. C/N ratio – 2.9-3.6 (DeNiro et al., 1985). 

3. %C – 15-47% (Ambrose, 1990). 

4. %N – 5-17% (Ambrose, 1990) 

 

 The Y2-39 juvenile analysed in this thesis was previously analysed by Field et al. 

(2009). In this thesis and that paper, a modified Longin method was used to extract collagen 

from bone samples. Compared to the method used in this thesis, Field et al. (2009) 

demineralised the bone in HCl at a weaker concentration (0.25 M HCl compared to 0.5 M 

HCl) and gelatinised the sample at a lower temperature (60° compared to 70°) for less time 

(18 hours compared to 48 hours). These two methods resulted in samples with similar 

collagen yields, but the %C and %N values differed. The sample analysed by Field et al. 

(2009) failed the quality control for %C and %N so was not analysed further. The protocols 

were not significantly different, so should have had no impact on the final results 

(Katzenberg & Waters-Rist, 2018). The sample choice may have been why the sample 

succeeded in this thesis.  

 

5.2 Enamel Preparation for Strontium Analysis 
 To measure 87Sr/86Sr values in the human teeth, the enamel first needed to be 

prepared. After this preparation, the samples were sent to be analysed in a mass spectrometer 

to find the isotope values, which can then be used to interpret the mobility patterns during the 

childhood of these Waya Islanders.  

 

 As this is a destructive process, impressions of each tooth were first made using 

dental impression material. This was done to record the morphology, pathology, and 

microwear of the tooth samples.   

 

 The enamel surfaces of the teeth sampled in this project were first cleaned with type 1 

water and a toothbrush to remove surface dirt and left at room temperature to dry. The tooth 

surface was lightly abraded with a Dremel in a fume hood to remove surface contamination 
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and to access the clean enamel underneath. Enamel was taken from the tooth surface with the 

best enamel preservation and no pathologies. Using the Dremel enamel was sampled from the 

tooth perpendicular to the CEJ (cementoenamel junction), producing a powder. Enamel was 

sampled across the tooth surface from the cusp to the CEJ so that the 87Sr/86Sr values would 

represent the entire time the crown was developing. At least 0.005g of enamel powder was 

needed for each sample. The powder was then placed into a labelled tube and sent to Calgary 

University in Canada for further analysis.  

 

 The method used for strontium isotopic analysis follows the protocol described in 

Peschel et al. (2017) (Kerri Miller, personal communication, March 2022). The enamel 

samples were placed in a beaker with 1 mL of 5M HNO3 and 200 μL of ultrapure 30% H2O2 

and heated at 100°C overnight. The samples were then evaporated until dry at 85°C and 

redissolved in 500 µL 3M HNO3. EiChrom Sr-spec resin was used to run samples through 

micro-columns, allowing strontium to be isolated from other elements in the sample. Each 

column was precleaned with type 1 water and 80 µL of presoaked resin that had been 

reconditioned with 500 µL of 3M HNO3 before the sample was added. The strontium in the 

sample can bind to the resin, and the remaining material was flushed with 2 mL of 3M HNO3 

before elution with 500 µL of type 1 water. The samples were then dried through evaporation 

in an 85°C heating block. The isotope analysis was performed using a Thermo-Fisher Triton 

thermal-ionisation mass spectrometer. To prepare the samples, they were each dissolved in 2 

µL of a Ta2O3 activator solution and loaded onto single Re filaments. This was then dried by 

passing 1A of current through the filament before being loaded. The samples were first 

heated to 1440°C, and each sample analysed for 10 blocks, for a total of 150 measurements 

with an integration time of 8.389 seconds. Between each block, there was baseline 

measurement and matrix rotations of the amplifiers. To correct for instrumental mass bias, 

the 87Sr/86Sr was internally normalised to an 88Sr/86Sr value of 8.375209. 85Rb was also 

monitored to correct for the interference of 87Rb isotopes on 87Sr.   

 

5.3 Methods Summary 
  The protocols followed here to extract collagen from the bone samples vary slightly 

from previous Pacific papers because of the bone preservation and facilities available at the 

University of Auckland. Bone collagen was isolated for analysis of δ13C and δ15N values 

using a modified MPI method, the current standard method for stable isotope analyses. Some 
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limitations to this work and the method had to be made due to laboratory access during the 

Covid-19 lockdown. The enamel preparations for the Sr analysis did not have these same 

limitations. Enamel was removed from clean tooth surfaces with a Dremel to produce a 

powder that was analysed for strontium. The next chapter presents the results from these 

isotope analyses. 
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CHAPTER 6: RESULTS 
 The first part of this chapter presents the Sr isotope results from the human tooth 

samples to study mobility. The data from the Y2-39 adult is studied further to determine how 

childhood mobility can be studied from multiple teeth from an individual. The second part of 

this chapter presents the C and N isotope results from the human and faunal bone samples. 

The results of the collagen quality indicators are presented to discuss the success of these 

isotope analyses and how this relates to the value of using stable isotopes in the Pacific. 

These results are compared to human and faunal data from other sites in Fiji and the Pacific 

to observe changes over space and time. This information can then be used to study isotope 

variation in Waya Island and Remote Oceania.  

 

6.1 87Sr/86Sr Values for Mobility Analysis 
 In this thesis, 87Sr/86Sr values were analysed to study the mobility of prehistoric 

people on Waya Island and to identify differences in mobility over a person’s lifetime (Table 

10 and Figure 20). These results may then be used to show the value of using Sr isotopes to 

study mobility in Remote Oceania and the effects of environmental variation on these values.  

 

 Waya Island, like the rest of the Yasawa Island chain, is made of volcanic sediments 

(Rodda, 1994). There is no 87Sr/86Sr data from geochemical or bioavailable sources for Waya 

Island, so information has been used from elsewhere in Fiji with similar underlying geology 

as an estimate for the Waya Island values. Fiji is geologically complex, and 87Sr/86Sr values 

vary greatly across the archipelago (Rodda, 1994). There is a possibility that the local 
87Sr/86Sr values for Waya Island may be slightly different due to the bioavailability of Sr 

isotopes. The 87Sr/86Sr values of bedrock have been measured from multiple sites on Viti 

Levu, and the mean value is 0.703859 (Gill, 1984; Todd et al., 2012). As a proxy for Waya 

Island given the absence of this data, an estimate for the bioavailable strontium of 0.706537 

has been taken from Cheung et al. (2018), who analysed environmental samples from various 

sites on southwestern Viti Levu near the Sigatoka site. These samples showed a lot of 

variation, with a range of 0.005222. The proxy Waya Island baseline value is the mean of 

locations with similar volcanic rock geology as Waya Island. Sites with underlying limestone 

geology have not been included, as these values will be similar to the seawater value.  
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Table 10. 87Sr/86Sr values for human tooth samples and their error values from Waya Island. 
Approximate seawater, geochemical, and bioavailable values based on evidence from Viti Levu 
in Fiji are also presented. The machine error value is 0.00002.  

Site/Individual Tooth ID Sr value 

Y2-25-1 (2760-2470 BP) Left maxillary I2 0.708136 

Y2-39 adult (earlier than 760-660 BP)  

Left max P3 0.707538 

Left max M1 0.707754 

Left max M3 0.707560 

Seawater (Veizer, 1989)  0.7092 

Geochemical estimate (Gill, 1984; Todd et al., 2012)   0.703859 

Bioavailable estimate (Cheung et al., 2018)  0.706537 

 

 
Figure 20. 87Sr/86Sr values of human tooth samples from Waya Island.  

  

 All of the human 87Sr/86Sr values were between the geochemical estimate for Waya 

Island and seawater 87Sr/86Sr values, suggesting there was mixing of Sr isotopes from both 

sources, as expected (Figure 20 and Table 10). These values were higher than the 

bioavailable estimate from Cheung et al. (2018). With only this data available for Waya 

Island and no geochemical, plant, or faunal 87Sr/86Sr values, it is not possible to determine if 

any of these values show the local signatures of these sites. The small sample size of just two 

individuals also meant that statistical tests could not be performed to determine if there were 

significant differences in these results that could indicate mobility or a difference in the 

baseline values of the two sites.  
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 Differences in the geological makeup and so strontium bioavailability between Pacific 

Islands mean that the 87Sr/86Sr values of individuals cannot be directly compared to 

individuals from other islands to show differences in mobility. However, comparing these 

values can show the variation and range in 87Sr/86Sr values between locations (Figure 21). 

The Waya Island 87Sr/86Sr values are within the range of other sites in Remote Oceania with 

similar geology of volcanic bedrock, such as Sigatoka and Teouma. The geological 

complexity of a location means that areas with heterogeneous bedrock will have a greater 

range of bioavailable 87Sr/86Sr values and a larger range that is not indicative of mobility 

compared to places with homogeneous geology. This may also be related to the size of an 

island.  

 

 
Figure 21. Graph showing 87Sr/86Sr values from individuals in Remote Oceania. The error bars 
represent ± 1 SD from the mean. The line indicates the approximate value for seawater, 0.7092. 
Data is from the current study, Bourewa (n=17) (Stantis et al., 2016); Sigatoka (n=53) (Cheung 
et al., 2018), Teouma (n=17) (Bentley et al., 2007), Uripiv (n=15) (Kinaston et al., 2014a), and 
Tongatapu (n=30) (Stantis et al., 2015).  

 

6.1.1 Using Multiple Teeth from One Person to show Childhood Mobility 
 The 87Sr/86Sr values of the three teeth from the Y2-39 adult individual can be used to 

study changes to this person’s mobility throughout their childhood (Figure 22). The P3 and 

M3 87Sr/86Sr values of the Y2-39 individual are very similar, with a mean value of 0.707549. 
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The offset value of 0.000022 is within the machine error. The 87Sr/86Sr value of the earlier 

developing M1 tooth has an enriched 87Sr/86Sr value compared to the other two teeth. From 

the P3-M3 mean, the M1 value is enriched by 0.000205.  

 

 
Figure 22. 87Sr/86Sr values of teeth from Y2-39 adult. Markers represent the average age of 
crown development, and error bars show minimum and maximum ages of crown development 
(AlQahtani et al., 2010). As this is an average age, the actual time of crown development for this 
individual may have differed.  

 

6.2 δ13C and δ15N Values for Dietary Analysis  
 δ13C and δ15N values were analysed in human samples to show their diets, to study 

changes to diets over time, and if differences can be related to island size. Faunal samples 

have also been analysed to provide a local baseline of isotope values on Waya Island and 

show the importance of understanding the local environment to account for variations 

between islands. The δ13C and δ15N values of the material analysed in this thesis are 

presented in Table 11 and Figure 23.  
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Table 11. δ13C and δ15N values and collagen quality indicators of human and faunal material. Samples below the black line failed. Bold indicates the 
collagen quality control indicators that were not within the acceptable range, and asterisks indicate samples that failed during the demineralisation 
process, so no quality indicators are available. 

Sample ID Species 
Collagen 

yield, % 
δ13CVPDB, ‰ Carbon % w/w δ15NAIR, ‰ Nitrogen % w/w C/N molar ratio 

LBL001a Human Y2-25-1 3.64 -15.16 37.65 10.90 14.32 3.07 

LBL002b Human Y2-39 juvenile (10-12 years old) 2.21 -18.53 36.20 7.86 13.77 3.07 

LBL003b Human Y2-39 adult 3.16 -16.51 38.25 10.12 14.64 3.05 

LBL004a Turtle 7.20 -9.87 36.13 4.41 13.94 3.02 

LBL007a Pig 4.38 -16.44 34.36 9.34 13.04 3.07 

LBL009a Diodontidae 11.36 -11.76 47.01 8.20 17.88 3.07 

LBL010a Acanthuridae 9.87 -9.15 18.12 5.19 7.13 2.96 

LBL013a Labridae 6.53 -10.5 42.18 7.19 15.75 3.17 

LBL014a Carangidae 7.89 -11.34 23.53 9.34 9.31 2.95 

LBL015a Carangidae 6.17 -12.77 34.22 9.38 13.06 3.06 

LBL017a Lethrinidae 1.08 -9.73 38.25 10.28 14.14 3.16 

LBL019a Lutjanidae 15.54 -12.92 20.32 8.76 7.74 3.06 

LBL020a Mullidae 6.29 -12.89 14.45 7.41 5.58 3.02 

LBL022a Diodontidae 9.85 -11.81 16.50 8.07 6.32 3.04 

LBL023a Scorpaenidae 9.63 -10.22 40.55 10.08 15.13 3.13 

LBL025a Bird 1.29 -13.61 34.30 6.30 12.16 3.29 

        

LBL002a Human Y2-39 juvenile (10-12 years old) * 0.26      
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Table 12. (continued).  

LBL003a Human Y2-39 adult* 0.89      

LBL005a Pig*       

LBL006a Pig 0.40      

LBL008a Serranidae* 1.18      

LBL011a Scaridae 5.97 -11.09 63.43 5.33 23.75 3.12 

LBL012a Mullidae* 1.57      

LBL016a Carangidae*       

LBL018a Serranidae*       

LBL021a Carangidae 0.65      

LBL024a Holocentridae*       
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6.2.1 Sample Integrity 
 Comparisons of success rates between these results and published data cannot be 

easily made. Papers do not usually discuss the samples that failed or explain why this may 

have occurred, and only the successful data is published. Describing why samples failed can 

help with future studies by showing the quality of remains best studied for isotope analyses in 

the Pacific, increasing the success of these analyses in tropical environments.  

 

 Of the 27 bone samples analysed in this thesis, there were 11 that failed, giving a 

success rate of ~60%. Larger bone fragments and bones of better quality and preservation led 

to more success. Of the samples that failed, eight returned a collagen yield less than 1% or 

completely disintegrated during the collagen extraction process so no sample was present to 

analyse further. The laboratory access restrictions during the Covid-19 lockdown meant that 

the samples could not be checked daily. If samples had been able to be checked regularly, 

they may not have completely disintegrated in the acid and would successfully have produced 

collagen. The size and quality of some of these bone fragments were also poor, but the 

material available to be analysed was limited. Some bones, particularly the pig fragments, 

showed signs of modifications like burning that may have affected their preservation. The 

bones that appeared slightly burnt had collagen quality indicators within acceptable ranges, 

suggesting that the isotope values were not affected by heat.  

 

 Some samples produced collagen quality indicators that were outside of the 

acceptable range. Some of these were excluded from the following analyses, while others 

were still included for the reasons described below. All the other samples met the 

requirements for bone collagen quality (Figure 24). Figure 25 and Table 12 show the 

distribution of values when fish are grouped by diets.  

 The Scaridae sample (LBL011a) had %C and %N values outside the acceptable 

range, so it was excluded from further analyses. These values, alongside an acceptable C/N 

value (3.12), suggest that contamination was present in this sample, potentially from 

inorganic materials like salts (Ambrose, 1990).   

 There were two samples, LBL008a and LBL012a, that had acceptable yields but were 

excluded from further analyses because the collagen did not have the right appearance and 

had not completely demineralised.   
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 There were two samples that had a collagen quality indicator outside of the acceptable 

range but were still included in the following analyses. The first Diodontidae sample 

(LBL009a) had an acceptable C/N value, but the %C and %N values were just outside the 

range stated by Ambrose (1990). The other Diodontidae sample (LBL022a) had good 

collagen quality indicators. The δ13C and δ15N values of these two samples are very similar, 

so I am including both Diodontidae samples in the following analyses.  

 The Mullidae sample (LBL020a) had a %C value just outside of the acceptable range. 

No other Mullidae remains have been analysed in the Pacific, so this value could not be 

compared to another sample. I have included this sample in the following analyses, as the 

δ13C is consistent with the other carnivorous fish analysed, and the C/N value was also 

acceptable.  

 

 
Figure 23. Plot of δ13C and δ15N values of human and faunal material that met the collagen 
quality criteria.  
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Table 12. δ13C and δ15N values and standard deviations from the means of fish grouped by diets. 

 δ13CVPDB, ‰ δ13CVPDB SD δ15NAIR, ‰ δ15NAIR SD 

Omnivore Fish (n=2) -10.99 1.09 9.14 1.33 

Carnivore Fish (n=6) -11.69 1.38 8.73 1.21 

 

 
Figure 24. Plot of δ13C and δ15N values for human and faunal samples from Waya Island. Fish 
samples are grouped by diet type, with error bars showing ±1 SD from the mean.  

 

6.2.2 Faunal Isotope Variation  
 One of the leading research questions of this thesis is to study the importance of 

understanding the local environment to show the life histories of past people through isotope 

analyses, especially on small islands that are subjected to more environmental variation. To 

do this, the faunal material analysed in this thesis is compared to other material from the 

Pacific to determine the extent of isotope variation (Figures 25 and 26).  

 

 The turtle sample from Waya Island is distinctly different from other archaeological 

turtles that have been analysed elsewhere in Remote Oceania, increasing the range of isotope 

values for this animal. The δ15N value was much lower than expected when compared to 

other studies. The isotope values of the turtle sample suggest that it had a herbivorous diet 
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high in marine or C4 plants. The other turtles analysed from the Pacific had diets that involved 

more animal sources, likely fish.  

 

 The carnivorous and omnivorous fish analysed from Waya Island had similar isotope 

values. The herbivorous fish had a lower δ15N value due to its plant-based diet. These values 

fit within the range of values seen for other fish from Remote Oceania. Understanding the 

isotopic values between fish at different trophic levels can be used to fine-tune human dietary 

reconstructions and potentially identify what types of fish these people were eating. This 

could then allow for the identification of fishing practices and what habitats past people 

exploited for marine resources.  

 

 When the data from Waya Island is added to the current data of fish isotope values in 

Remote Oceania, the δ15N value is enriched by 0.4‰ of the original mean, and the δ13C value 

decreases by 1‰ (Figure 25). The standard deviations from the mean for δ15N values are very 

similar, and the standard deviation for the δ13C values has decreased by 0.8‰. Significant 

variation between fish isotope values can be seen when remains have been identified at a 

family level. This shows significant shifts in isotope values between fish samples from Waya 

Island and other locations around the Pacific. Fish remains can usually only be identified at a 

family level, and it is important to note that within families there can be fish with different 

diets (e.g., herbivores and carnivores) that may have contributed to this variation.  
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Figure 25. Graph showing δ13C and δ15N values for archaeological marine faunal data from 
Waya Island and other sites in the Pacific. The ‘X’ symbols refer to the Waya Island samples 
analysed in this thesis, and the colour shows the family or species. The error bars represent ±1 
SD from the mean of values. The other turtle values are from Viti Levu and Vanuatu (Kinaston 
et al., 2014b; Phaff et al., 2016). The fish samples are of Lethrinidae from Waya Island (Field et 
al., 2009), Diodontidae from the Lau Islands (Jones & Quinn, 2009), Lutjanidae from Papua New 
Guinea (Kinaston et al., 2015), and Acanthuridae from the Cook Islands (Craig, 2009). The 
Acanthuridae samples analysed by Craig (2009) were measured in the flesh of modern fish. To 
adjust those values to bone collagen, 3.7‰ was added to the δ13C values and 0.6‰ to the δ15N 
values. A further 0.86‰ was added to the δ13C values to adjust for the Suess effect as this 
material was modern. The ‘Remote Oceania fish’ refers to the range of isotope values seen from 
fish (both identified and non-identified) in Remote Oceania (Craig, 2009; Field et al., 2009; 
Jones & Quinn, 2009; Kinaston et al., 2014b; Phaff et al., 2016). Fish from the Cook Islands 
analysed by Field et al. (2009) were also modern, so δ13C values were increased by 0.86‰ to 
account for the Suess effect. These adjustments may have introduced errors.  

 

 The pig sample in this thesis is the first to be successfully analysed from Waya Island. 

It is consistent and within the range of isotope values of other pigs from Fiji (Figure 26). In 

other Pacific dietary baselines, terrestrial animals like pigs are not included because of 

variation in agricultural practices between islands that can change diets (Kinaston et al., 

2014a). Because of this, the pig sample from Waya Island has only been compared to other 

pig values from Fiji. The bird sample has been compared to Fijian chicken remains for the 

same reason and is also compared to seabird isotope values from other locations in the Pacific 

(Figure 26).  

 

4

5

6

7

8

9

10

11

12

13

14

-15 -13 -11 -9 -7 -5

δ1
5 N

 (‰
 A

IR
)

δ13C (‰ VPDB)

Turtle

Lethrinidae

Diodontidae

Lutjanidae

Acanthuridae

Remote Oceania Fish



102 
 

 The LBL025a sample was hollow, suggesting it was a bird bone, but as it was a long 

bone fragment with no diagnostic elements present, further identification was not possible. It 

was assumed this bone sample was a chicken, as chickens were an important part of the 

transported landscape and food source in the Pacific. However, the isotope values of this bird 

sample are very different to other chicken samples in the Pacific. Chickens previously found 

in Fiji have enriched δ13C values than those found further west like in Vanuatu, and the 

sample analysed in this thesis had an even greater enrichment of δ13C (Phaff et al., 2016; 

Storey et al., 2010). The difference in the bird isotope values in this thesis, along with the 

lower δ15N value, suggests that this bone did not belong to a chicken (Figure 26). It was 

hypothesised that this sample belonged to a seabird, given the coastal location of Y2-25. 

However, the enriched δ13C value and low δ15N value suggests a herbivorous diet of marine 

foods or C4 plants, a diet unlikely in seabirds.  

 

 
Figure 26. δ13C and δ15N values for bird and pig data from Fiji and South Pacific islands. The 
blue marker and black diamond marker (pig) represent samples from Waya Island that were 
analysed in this thesis. The chicken and pig values are from the Lau Islands and Viti Levu 
(Field et al., 2009; Jones & Quinn, 2009; Phaff et al., 2016); and seabirds from the Pitcairn 
Islands and French Polynesia (Brooke Mde et al., 2010; Richards et al., 2009). There were three 
samples from Brooke Mde et al. (2010), and the error bars show the standard deviation of these 
values. These samples from Brooke Mde et al. (2010) were modern, so 0.86‰ was added to the 
δ13C mean to account for the Suess effect.  
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6.2.3 Diets of People on Waya Island  
 A number of individuals from the Y2-25 and Y2-39 sites on Waya Island have been 

previously analysed by Field et al. (2009), allowing for comparisons with the individuals 

analysed in this thesis (Figure 27).  

 

 
Figure 27. Comparison of δ13C and δ15N values from three Waya Island individuals to other 
Waya Island individuals from Field et al. (2009).  

 

 Y2-25-1 had a marine-based diet, consistent with others from the Y2-25 site.  

 

 The Y2-39 adult isotope values increase the variability of diets at this site. It is more 

similar to the diets from the Y2-25 site than the Y2-39 site. The diet of the Y2-39 adult 

individual included a mixture of terrestrial and marine sources.  

 

 The juvenile from the Y2-39 site has significantly different isotope values compared 

to others at this site and Waya Island. They had a terrestrial-based diet of mainly C3 plants. In 

infants, there is an enrichment of δ15N values due to breastfeeding (Katzenberg & Waters-

Rist, 2018). As this juvenile was 10-12 years old, this is likely not a factor as the individual 

would have been weaned by their time of death.  
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 Comparison of the dietary values of these individuals compared to other people in Fiji 

shows the variation in diets between islands (Figure 28). The adult Waya Islanders analysed 

in this thesis have diets consistent with others from their sites and in wider Fiji. The Y2-39 

juvenile has a significantly different diet than others in Fiji however, and is more similar to 

late prehistoric individuals from the Sigatoka site on Viti Levu.  

 

 

Figure 28. Comparison of δ13C and δ15N values (mean ± 1SD) from the individuals analysed in 
this thesis and previous studies in Fiji. Y2-25-1 and the Y2-39 adult are grouped with other 
individuals from their respective sites (n=14) (Field et al., 2009), the Y2-39 juvenile is presented 
separately due to the significantly different values. Other values are from the Lau Islands (Jones 
& Quinn, 2009), Cikobia (n=8) (Valentin et al., 2006), the Bourewa site on Viti Levu (n=21) 
(Stantis et al., 2016), and the Sigatoka site on Viti Levu (Field et al., 2009; Phaff et al., 2016). 
Sigatoka individuals are grouped by time periods due to the distinct changes in diets that 
occurred at 1300 BP. These individuals date to 1435-1300 BP (n=23) (Phaff et al., 2016); 1300-
1174 BP (n=2) and 250-150 BP (n=1) (Field et al., 2009). 

 

6.3 Summary of Results  
 The results from the material analysed in this thesis have expanded the range of 

isotope values in Remote Oceania in human and faunal remains, which can aid in studying 

the life histories of these prehistoric peoples.  

 87Sr/86Sr values alone cannot be properly analysed without information on the local 

geochemical or bioavailable 87Sr/86Sr values of Waya Island. However, they have shown 
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differences between the two individuals, and further analysis of the Y2-39 adult shows a shift 

in 87Sr/86Sr values in teeth representing different times of development.  

 Analysis of the faunal material was used to create a Waya Island dietary baseline. A 

comparison of this data with other Pacific values suggests there is significant variation 

between locations. The human diets analysed here were similar to other individuals from the 

Waya Island sites, except for the Y2-39 juvenile which is significantly different from others 

from a similar time period. This information and the variation in these values compared to 

previous Pacific data can be used to answer the research questions proposed in this thesis and 

to draw conclusions about the local Waya Island environment by studying how the 

interactions with the local ecology by these people may have differed on this small island 

compared to larger islands.  
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CHAPTER 7: DISCUSSION 
 The research questions and aims of this thesis are to show the value of stable isotopes 

in the Pacific and the importance of understanding the local environment to study the life 

histories of people on small islands, using Waya Island in Fiji as an example.  

 

 In this chapter, I will discuss the results presented earlier in the context of Waya 

Island. I aim to show how stable isotopes can be used on a small Pacific island to show life 

histories, but that their use is only valuable if the appropriate baseline data is also analysed 

alongside human data. This chapter will conclude by reaffirming the importance of site-

specific baselines to reconstruct diet and mobility patterns and recommendations for future 

research involving stable isotopes in Remote Oceania.  

 

7.1 Human Mobility on Waya Island  

7.1.1 Mobility between Individuals and Sites on Waya Island   
The difference in 87Sr/86Sr values between the two Waya Island individuals is likely 

related to variations in bioavailable strontium between the two sites rather than differences in 

mobility. The 87Sr/86Sr values from these two Waya Island individuals have an offset value of 

0.000519 when the Y2-39 values are averaged (0.707617). Both Waya Island sites are close 

to the coast, so bioavailable strontium values are potentially subjected to variation from 

seawater (Whipkey et al., 2000). The 87Sr/86Sr value of Y2-25-1 is intermediate between the 

Y2-39 value and the seawater value, potentially because of a sea-spray effect. The Y2-25 site 

is certainly coastal as it is located directly on the shoreline, so bioavailable strontium will be 

affected by sea-spray. The Y2-39 site is slightly more inland, but the small size of Waya 

Island means that 87Sr/86Sr values may still be subjected to sea-spray. Ocean-derived 

precipitation can also carry this sea-spray inland, enriching bioavailable strontium (Whipkey 

et al., 2000). Understanding why there is variation in these Waya Island 87Sr/86Sr values can 

assist in answering questions about the mobility of these people.  

 

There may be a relationship between the range of local variation in bioavailable 

strontium and the size of the island. The range of 87Sr/86Sr values between the two Waya 

Island individuals falls within the range of locals from the Sigatoka site, suggesting that 

Waya Island has less variability in bioavailable strontium compared to the larger Viti Levu 
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(Cheung et al., 2018). However, the sample size from Waya Island is only two, while 53 

individuals were analysed by Cheung et al. (2018). Without more remains from Waya Island 

and an understanding of the local baseline, this theory of a smaller strontium range due to the 

island size may not be accurate, as these two individuals are not representative of the wider 

population. A relationship between island size and bioavailable strontium can be seen in 

Vanuatu. The range of 87Sr/86Sr values seen at the small Uripiv was half the range of 87Sr/86Sr 

values from the larger Teouma site despite similar sample sizes (Bentley et al., 2007; 

Kinaston et al., 2014a).  

 

The difference in 87Sr/86Sr values between the two individuals may be related to 

variations in their diet. Marine-based diets have been proposed as a cause of variation in 
87Sr/86Sr values due to enrichment from marine Sr isotopes (Bentley et al., 2007). Analysis of 

dietary isotopes showed that Y2-25-1 had a marine-based diet, which may have led to the 

enrichment in their 87Sr/86Sr value compared to the Y2-39 individual. While no bone collagen 

was present from the Y2-39 individual to perform dietary isotope analyses on, they likely had 

a diet that included both marine and terrestrial resources like other individuals from this site 

(Field et al., 2009). Quantifying the effect of marine-based diets on 87Sr/86Sr values of people 

in the Pacific is difficult, as marine resources are typically always included in diets, with 

varying proportions. More data is needed from people with terrestrial-based diets to compare 

with the current data.  

 

Another potential reason for the variation in 87Sr/86Sr values on Waya Island may be 

the geological heterogeneity between the two sites. However, based on the small size of 

Waya Island, the volcanic bedrock, and smaller strontium range compared to the larger Viti 

Levu it is unlikely there is significant variation to produce distinguishable 87Sr/86Sr values 

(Cheung et al., 2018; Rodda, 1994). The geological complexity in larger islands results in 

greater ranges of local 87Sr/86Sr values that can show locality, while smaller islands are less 

complex in the Pacific (Gill, 1984; Rodda, 1994). This is not always true. Tongatapu is a 

larger island than Waya Island but has a smaller strontium range. This island is limestone so 

there is less geological heterogeneity, resulting in a smaller bioavailable strontium range 

(Stantis et al., 2015). There is considerable variation globally in geological processes forming 

land masses that result in different Sr values. A small (13km2) volcanic island in the 

Caribbean, Saba Island, has a bioavailable Sr range of 0.7064-0.7092 (Laffoon et al., 2012). 

The authors concluded that this was due to the sea-spray effect, but this alone would not 
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account for such a large range in Sr values over a relatively small island. This range is 

significantly larger than the range of bioavailable Sr values from larger islands in the Pacific 

(e.g., Cheung et al., 2018).  

 

It is important to understand the local strontium baseline and to consider the sources 

of environmental variation such as seawater that may affect 87Sr/86Sr values at a site. It also 

limits the comparisons of 87Sr/86Sr values that can be made between study sites and means 

smaller movements between geologically similar locations cannot be identified.  

 

Seawater may affect the Waya Island 87Sr/86Sr values and needs to be considered 

when establishing mobility in the Pacific using Sr isotopes. Proximity to the coast and the 

sea-spray effect introduces Sr isotopes into plants and soils, enriching their values (Alonzi et 

al., 2020; Veizer, 1989). The geography of a site determines how far inland this effect is 

apparent. The enriched 87Sr/86Sr value of Y2-25-1 compared to the Y2-39 individual may be 

due to this sea-spray effect. To determine how far inland bioavailable 87Sr/86Sr values may be 

affected by seawater, a local baseline is needed. Without this, it is not possible to determine if 

the difference in the values of the Waya Islanders is due to the sea-spray effect at the Y2-25 

site.  

 

It was assumed that because of the proximity of most archaeological sites in the 

Pacific to the ocean, the sea-spray effect on 87Sr/86Sr values would be widespread. A gradient 

of 87Sr/86Sr values correlating with distance from the coast has been shown in other locations 

(e.g. James et al., 2022 in Portugal) and in plant samples in the Pacific but this is not reflected 

in human 87Sr/86Sr values in the Pacific (Cheung et al., 2018). A possible reason for this is the 

marine-based diets, which enriches 87Sr/86Sr values in humans and may overshadow the 

contribution of plants and this seawater gradient from being apparent (Bentley et al., 2007). 

There is no consensus in the literature about how far a site must be from the ocean before the 

sea-spray effect is nullified. Thus, it cannot be determined from this data if the reason for the 

enrichment of the 87Sr/86Sr value of Y2-25-1 compared to the Y2-39 adult is because of 

seawater.  

 

To be able to distinguish locals from non-locals on an island, a local strontium 

baseline is needed. Without this information, it is not possible to determine if the differences 

in 87Sr/86Sr values between the two Waya Island individuals is due to differences in mobility 
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or if the two sites are isotopically different. Having a bioavailable strontium range measured 

from local plant samples would allow us to understand the potential range of bioavailable 

strontium on Waya Island, and this could allow us to see if there are differences in the 

mobility of these people. It would also allow us to see if there is a difference between the two 

sites that can be attributed to the sea-spray effect. The range of bioavailable 87Sr/86Sr values 

may correlate with the size of the island, due to geological homogeneity that is typically seen 

on smaller islands resulting in a smaller range of 87Sr/86Sr values that can show locality (Frei 

& Frei, 2013).   

 

The 87Sr/86Sr value of Y2-25-1 is 0.7081, the same value as one of the two individuals 

identified by (Stantis et al., 2016) from the Bourewa site as potentially growing up at a 

different site than Bourewa. This information could be interpreted as the two individuals 

having the same childhood origin. However, this may not be the case due to the variability in 

local 87Sr/86Sr values between locations because of the reasons described above. Without 

sufficient baseline data there are difficulties in identifying mobility using only Sr isotopes in 

the Pacific.  

 

7.1.2 Mobility within an Individual 
 The shift in 87Sr/86Sr values between the M1 and P3 teeth of the Y2-39 individual was 

0.000216, and this difference is not indicative of mobility as it is within the range of Waya 

Island 87Sr/86Sr values. The 87Sr/86Sr values for the P3 and M3 teeth were very similar with a 

difference of only 0.000022, within the machine error The similarity between these two 

values and the later formation of these teeth during childhood suggests that this is the local 
87Sr/86Sr value for the Y2-39 site. The different M1 87Sr/86Sr value may have been caused by 

dietary changes or movement within Waya Island, such as from the Y2-25 site, or another 

geochemically similar location. More baseline data for Waya Island is needed to ascertain if 

this strontium shift is indicative of dietary variation or movement between sites on Waya 

Island.  

 

If this shift in 87Sr/86Sr values were indicative of movement from an isotopically 

similar site to Waya Island, the Y2-39 adult likely came from another volcanic island in 

Remote Oceania. There are a significant number of volcanic islands in Remote Oceania that 

this individual could have moved between (Rodda, 1994). To better fine-tune this conclusion, 
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analysing 87Sr/86Sr values from multiple teeth from individuals would show if there are 

similar shifts in 87Sr/86Sr values between teeth that develop during early childhood that may 

be indicate dietary variations. An understanding of the local Waya Island baseline would 

prove useful and analysing other isotopes like oxygen may be useful to show if there was 

mobility.  

 

7.2 Strontium Isotopes in the Pacific  
 The Waya Island 87Sr/86Sr values show variation between sites and within an 

individual, but the differences are not large enough to suggest mobility. The local strontium 

range is smaller than most of the other sites in Remote Oceania (except Tongatapu) (Figure 

21). This range may be related to the small size of Waya Island and homogeneity in geology. 

This complicates the reconstruction of mobility patterns in Remote Oceania. The effect of 

sea-spray and marine-based diets also limits this, as differences in 87Sr/86Sr values may be 

related to these changes rather than mobility. The wide range of local 87Sr/86Sr values in sites 

across the Pacific and the additional variation from sea-spray and marine diets means that 

local, site-specific baselines need to be carefully established to show if there are changes in 

mobility in a population.  

 

The geological variability seen in the Pacific and the effect of seawater mixing with 

bioavailable 87Sr/86Sr values means that geochemical 87Sr/86Sr values alone are insufficient to 

be used as baseline data to identify mobility. If the 87Sr/86Sr values between people have large 

differences, it may be possible to trace mobility to islands of a different geology. However, 

the ability of 87Sr/86Sr values to distinguish between volcanic and limestone islands is of little 

value in the Pacific, due to the geological complexity of islands and variation within a single 

site. Tracing mobility in other locations using Sr isotopes is dependent on the underlying 

geological homogeneity, and this can make identifying locals more difficult (Britton et al., 

2020; Scaffidi & Knudson, 2020). Limestone islands have less geological complexity 

resulting in the homogeneity of 87Sr/86Sr values, and values that are closer to the seawater 

value (Kinaston et al., 2014a; Stantis et al., 2015).  

 

 Strontium baselines should be created from plant data to show variation across a local 

environment that may occur because of sea-spray and heterogeneous geology. A variety of 

plants with different root depths and distances from the coast should be analysed to control 
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for the effect of sea-spray on soils (Evans et al., 2009; Evans et al., 2010). As marine 

resources in the diet can also impact 87Sr/86Sr values, analysing strontium alongside dietary 

isotopes can show if changes in values between individuals may instead be related to diets, 

rather than changes in mobility. Baselines can be used to identify locals and non-locals to a 

site. For example, non-locals were able to be identified in a large assemblage from the 

Sigatoka site as their 87Sr/86Sr values were distinctly different to the local bioavailable 

strontium range (Cheung et al., 2018). Site-specific baselines have been created for various 

sites worldwide using animal samples. This is not suitable in the Pacific, as the tropical 

climate affects bone preservation so finding enough samples that can successfully be 

analysed would be difficult. Additionally, it cannot be confirmed if using this data is 

indicative of the local 87Sr/86Sr values (Evans et al., 2009). There are also few species suitable 

for this analysis in the Pacific.   

 

Without local baseline data to compare 87Sr/86Sr values of prehistoric peoples to, there 

is little that can be done to further interpret this Waya Island data. Specific, direct 

comparisons between the mobility patterns of individuals on different sites cannot be made 

due to differences in geology and so bioavailable strontium between inlands. On small islands 

like Waya Island where there is a very small sample size of individuals currently available to 

analyse, creating a site-specific strontium baseline is not feasible. Utilising additional 

evidence from dietary isotopes can show if marine resources in the diet may have enriched 
87Sr/86Sr values, and other mobility isotopes like δ18O may assist in fine-tuning mobility 

patterns (Pederzani & Britton, 2019). These results can be added to the current knowledge of 

mobility and strontium variation in Remote Oceania. 

 

7.3 Human Diets on Waya Island  

7.3.1 Diets of three Waya Island Individuals  
Y2-25-1 had a marine-based diet. The enriched δ15N value and comparisons with the 

Waya Island baseline suggests that this individual likely ate significant amounts of 

carnivorous and omnivorous reef fish. Their diet was consistent with other Waya Island 

individuals from this site (Field et al., 2009).  

 

The Y2-39 adult had an enriched δ15N value and slightly more negative δ13C value 

than the previously analysed individuals from the Y2-39 site. The shift in these values is not 
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significant enough to suggest a change in diet between individuals, and the slight difference 

is likely more related to changes in food preferences and proportions. They ate a mixture of 

terrestrial and marine foods. The enriched δ15N value is more similar to some of the 

individuals from the older Y2-25 site, so they may have consumed slightly more marine 

resources than the other Y2-39 people (Field et al., 2009). 

 

The isotope values from the Y2-39 juvenile are significantly different from others on 

Waya Island. These values are more similar to the late Sigatoka burials (250-150 BP) 

analysed by (Field et al., 2009), with low δ13C and δ15N values suggesting a terrestrial-based 

diet of mainly C3 plants. This result is surprising, given the greater proportion of marine 

resources from similarly dated individuals at this site. Terrestrial-based diets do not appear to 

be common in Fiji until recent prehistory, after this individual was alive. It was expected that 

this individual would have had, like the other individuals at this site, a mixture of marine and 

terrestrial resources in their diet (Field et al., 2009). This hypothesis was due to the small size 

of Waya Island limiting the agricultural capability and easily accessible marine resources.  

The significant difference in the isotope values of this child compared to other adults 

at the site may be due to snacking and foraging on plants like fruits or crops. Ethnographic 

research by Jones (2009) in the Lau Islands of Fiji showed that children commonly ate 

shellfish as a snack. When not in school, they would forage freely around the island and eat 

whatever was most easily available. This has been seen historically on Uripiv Island in 

Vanuatu, with children who lived there between 2600-2000 BP showing different isotope 

values compared to adults, suggesting greater amounts of marine and mangrove foods, likely 

due to independent snacking (Kinaston et al., 2014a). This independent snacking and free-

range foraging may be the reason for the significantly different values for this child. δ13C 

values from the dentine of teeth shows childhood diets, and in Bourewa these values were 

typically lower than bone collagen δ13C values, suggesting they ate more terrestrial foods in 

childhood than adulthood (Stantis et al., 2016). The authors concluded that this may have 

been due to having less control of diets in childhood and ate less meats, and this may have 

been the case for the Y2-39 juvenile too.   

If the difference in isotope values is related to sacking, there may be different 

foraging habits because of the location of sites. The Lau Island villages and Uripiv are both 

coastal, so marine foods like shellfish were readily accessible. Both marine and terrestrial 

resources were likely accessible to the Y2-39 juvenile, as shown by the diets of other adults 

at this site. Snacking may have included plant products like fruits.  
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Another reason for the different isotope values of this individual can be related to the 

mortuary treatment of these remains. The differences in the mortuary treatment of these 

remains compared to other remains in Fiji and the variation in dietary isotope values are 

similar to one individual at the Y2-25 site. The bone modifications to this Y2-25 individual 

and the different isotope values were thought to be potential signs of cannibalism, and a sign 

this person was a non-local (Field et al., 2009). The different isotope values and unique 

mortuary treatment of this juvenile means that this individual may have also been a non-local. 

They may have come from a larger island that had the resources to have high rates of 

agriculture. Waya Island is a small densely wooded island, so it seems unlikely that it would 

have been able to support a high degree of agriculture needed to produce crops that this 

juvenile likely ate. Unfortunately, no teeth from this individual were present to analyse 
87Sr/86Sr values and study their mobility. Without this information it cannot be concluded if 

their non-local status was the reason for the bone modifications and terrestrial-based diet.  

 

The results from these Waya Island individuals are an example of the issues with 

studying dietary isotope values from bone collagen. It is possible that the adults from the Y2-

39 site consumed more terrestrial resources than their isotope values suggest. C and N 

isotopes in bone collagen are sourced from dietary protein (Richards, 2020). This 

contribution of plants may not be visible due to the overshadowing of plant products in bone 

collagen isotope values by the high protein levels in animal foods (Makarewicz & Sealy, 

2015). Bone carbonate is better suited to show the whole diet, but its preservation in the 

tropics is not guaranteed. Bone collagen values from the Lau Islands were similar to Y2-39, 

showing individuals who lived on these small islands had a mixture of marine and terrestrial 

resources (Jones & Quinn, 2009). However, when δ13C values were measured from bone 

carbonate it showed that there were significantly more plants in these diets that bone collagen 

could not show. More specific comparisons between the Y2-39 and Lau Island people cannot 

be made as the Lau Island individuals represent a wide range of time, but it does suggest that 

there were in fact more terrestrial resources in the adult Y2-39 diets than the collagen isotope 

values suggest.  

Another reason for the differences in diet could be due to the ages of these individuals 

at their time of death. Children have increased rates of bone turnover compared to adults 

(Ambroszkiewicz et al., 2018).  The isotope values of the Y2-39 juvenile reflect their diet 

over a shorter period of time, and potentially a constrained diet due to seasonal variations in 

foods or availability of sources compared to the adults from this site. As the isotope values in 
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bone collagen represent an average of dietary sources, this equifinality further limits dietary 

reconstructions (Richards & Hedges, 1999).  

 

7.3.2 Changes over Time to Diets in Waya Island 
 Diets between islands may differ because of the time period, availability of marine 

and terrestrial resources, and different food preferences and choices between individuals. The 

general trend proposed by Kirch (1997) of dietary changes over time is not always true when 

studying specific islands. These changes may not be as evident on smaller islands. On Waya 

Island, although there were changes in diets over time to include more terrestrial resources 

and fewer marine resources, this did not significantly change diets and how people used the 

native resources on Waya Island. 

 

The early Y2-25 site is coastal and located at the shoreline of Yalobi Bay, so marine 

resources like fish were readily available and this is echoed in the isotope values. Human 

remains excavated from this site have been associated with a high number of fish and 

shellfish remains, showing their importance as dietary sources for these people (Cochrane, 

2004a). This was also reflected in the faunal material available for analysis for this thesis, 

with only a limited number of terrestrial animal remains. Maintaining crops and domesticated 

animals would have been more difficult. The proximity to the ocean, the amount of marine 

food remains at the site, and the marine-based diets of the individuals analysed from this site 

shows that people relied on these readily available sources for sustenance. It is possible that 

crops were grown and consumed at the earlier Y2-25 site, however the nature of analysing 

isotope values through bone collagen means that the proportions of these plants in the diet 

cannot be seen, and if consumed they would have been of a low quantity.  

 

Diets of people at the later Y2-39 site suggest increases in agricultural production. 

Crops such as taro were likely the terrestrial resources eaten by the people who lived there in 

conjunction with marine resources, and these crops were probably grown by early settlers too 

(Cochrane, 2004a). The isotope values show a mixture of terrestrial and marine resources in 

the diet, with the adult individual analysed in this thesis extending the variability of the diets 

at this site (Field et al., 2009). The juvenile from this site had a significantly different isotope 

value and is an outlier for this site. 
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Although there are changes over time to the diets at these two Waya Island sites, they 

are not significantly different and marine resources are still important over time. Another 

group of small islands in Fiji, the Lau Islands, also lacked significant changes to diets over 

time (Jones & Quinn, 2009). This shift in diets was less pronounced compared to larger 

islands like Viti Levu and happened later in time. At the Sigatoka site on Viti Levu there was 

a significant change in diets of people here at around 1300 BP. Individuals before this had 

diets with a mixture of terrestrial and marine resources, and diets of people after this time had 

terrestrial-based diets with little marine foods (Field et al., 2009; Phaff et al., 2016). Some 

sites did not show these changes to diets over time. Individuals from the coastal Bourewa site 

on Viti Levu showed marine-based diets despite the late time period (Stantis et al., 2016). 

Marine resources were always available at this site, so there were no pressures to 

significantly change their diets (Stantis et al., 2016). Changes to diets over time are closely 

linked to the island ecology and availability of resources.  

 

The absence of pronounced dietary changes over time in small islands is likely due to 

the lack of space for intensive agriculture and the continual accessibility to marine resources. 

The size, land space, and limited resources mean there is a limited capacity for Waya Island 

to support intensive agriculture. Smaller islands likely had smaller populations so there would 

not be the same competition for resources compared to larger islands, although such conflict 

did occur in the Yasawa Islands including Waya Island (Smith & Cochrane, 2011). Less 

pressure on marine resources meant that despite environmental changes across Remote 

Oceania the effects of this on small islands was less noticeable and there was not a driving 

force to significantly change diets.  

 

7.4 Faunal Variation in Waya Island  
Analysing δ13C and δ15N values from bone collagen in isolation can only tell us broad 

information about the proportions of marine and terrestrial foods in diets. To place these 

results into a specific Waya Island context baseline data from faunal samples is needed to 

compare these values to. Understanding the faunal isotope values in Waya Island may allow 

for the identification of more specific food sources. 

 

The size of the island itself does not indicate the dietary patterns of people who lived 

there. The resources available at each specific site is more important and needs to be 
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considered when studying diets in the Pacific. To do this, archaeological faunal material from 

that site should be analysed if available to create a baseline of isotope values to compare the 

human results to. The results from this thesis comparing the isotope values of Waya Island 

fauna shows that there is significant variation in faunal values across Remote Oceania, and 

this is likely the case in other islands. This variation can be studied to show the variability of 

isotope values within an island, and this can be linked to the animals and plants that would 

have been available for people living there to exploit.   

 

7.4.1 Turtles  
The isotope values of the turtle sample have significantly expanded the range of 

isotope values for this animal. The likeliest explanation for this change is that this bone 

belonged to a different species of turtle with a different diet compared to the others that have 

been previously analysed by Kinaston et al. (2014b) and Phaff et al. (2016). Turtles are 

highly mobile and travel large distances throughout their lives, and this variation in location 

and so diets is reflected in their isotope values (Dye, 1990; Godley et al., 1998).  

 

However, the lack in consistency in isotope values across the Pacific suggests they are 

not a reliable species for isotope analysis. It was not possible to determine a species or family 

with the bone fragment available from Waya Island. Confirmation of the consumption of 

these animals, as has been suggested by ethnographic data, cannot be shown with the current 

data. The equifinality of dietary isotopes means that only an average of the values from food 

values can be seen in a human. Turtles may not have been consumed regularly enough to be 

seen in these isotope values. Ethnographic research may be able to show if a community ate 

turtles, and if they were viewed as a special food source reserved for high-status people or 

were a common food for everyone. Utilising as much evidence as possible allows us to 

understand more about the life histories of prehistoric peoples.  

 

7.4.2 Fish  
 The isotope values from the fish samples analysed in this thesis have expanded the 

range of fish values seen in Remote Oceania. The δ15N values have not significantly shifted, 

while the mean δ13C values have decreased by ~1‰. The Waya Island fish samples had, in 

general, lower δ13C values than other fish samples. This suggests they were eating more C3 

plants than the other fish. The variability in fish values across Remote Oceania is very broad 
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and can be related to the different diets between species, although most of these fish samples 

are unidentified. The tighter clustering of the Waya Island samples compared to the overall 

Pacific range further suggests that there is variation in isotope values between locations in the 

Pacific, which may have implications for dietary reconstructions. Most of the offset in 

isotope values between locations is within the overall range of total fish values in Remote 

Oceania, but the differences between samples from specific families is too large to be due to 

only inter-individual variation. 

 

Schoeninger and DeNiro (1984) stated that inter-individual variation in isotope values 

between individuals in a species is approximately 1.9‰ ± 2.4 for δ13C values and 1.8‰ ± 1.2 

for δ15N values. These values were based on animal bone samples from a variety of sites 

worldwide but none in the Pacific, which will have different environmental pressures leading 

to isotope variation. All of the fish samples from Waya Island that were able to be compared 

with other samples from the same families were significantly different and outside of this 

range for inter-individual variation, with the exception of the Diodontidae samples. These 

greater offsets mean that the difference in isotope values between these fish cannot be related 

to slightly different dietary choices. They are reflective of a greater shift in isotope variability 

which may be related to environmental factors and geographical variation. As fish are not 

confined to specific islands there can be spatial variation in their food sources that influences 

isotope values between individuals, making it important to study multiple individuals from a 

species (Harrison et al., 2017).  

 

This variation may have an impact on the dietary reconstructions of past people. 

When the fish families are subdivided into groups based on their primary diets, there is 

significant variation between herbivorous fish compared to carnivorous and omnivorous fish 

groups in Waya Island. Fish in higher trophic levels have more variable isotope values as 

they feed on a greater variety of sources, so using these families as baseline data may be an 

inaccurate representation of the range of values in a marine ecosystem (Mancinelli et al., 

2013). The analysis of fish species in Italy compared with the FishBase database (Froehle et 

al., 2012) showed that for the most accurate baseline that represents the trophic levels of fish, 

herbivorous fish are essential (Mancinelli et al., 2013). If a human were to eat only 

herbivorous fish, they would likely have lower δ15N values compared to people that ate fish 

from higher trophic levels. It is important to note however that fish bones can typically only 

be identified to a family level, and there may be species within a family with different diets, 
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such as herbivorous and carnivorous species (Clark & Szabó, 2009). Identifying these fish is 

still useful, as fish can be caught through different strategies and this can show how humans 

interacted with the marine environment (Clark & Szabó, 2009).  

 

7.4.3 Birds 
The bird sample could not be identified, and it was outside of the isotope range for 

both chickens and seabirds in the Pacific. There are numerous bird species native to Fiji that 

this bone could have belonged to (Anderson & Clark, 2009). More data is needed to 

determine what sort of bird this bone belonged to and if it was an important food source for 

people on Waya Island. 

 

7.4.4 Pigs  
The Waya Island pig sample is within the range of pig values seen in Fiji, and the 

slightly enriched δ13C value compared to the mean of this range suggests it had more marine 

resources in the diet compared to other pigs. Pigs in Remote Oceania typically ate similar 

foods to the people at the site and as the diets of people at the Y2-25 site where these pig 

remains were found were predominantly marine-based this resulted in the enriched δ13C 

value. In sites where the diets of people were more terrestrial-based, this is also reflected in 

the pig values (e.g., Field et al., 2009). 

 

Pigs are not usually included in Pacific dietary baselines because agricultural 

practices and so diets vary depending on the island, and anthropogenic changes to their diets 

are not reflective of the local ecology (e.g., Kinaston et al., 2014a). However, while there are 

some changes to pig diets over time on specific sites this is not true for all islands and the 

pattern is not consistent over islands. There does not appear to be a correlation between pig 

isotope values and diets that can be linked to changes to agricultural practices over time in 

Remote Oceania. Pig diets are similar to humans, so changes to pig isotope values would also 

be reflected in humans and can show the importance of agriculture and terrestrial resources in 

a community. 

 

7.4.5 Effect of Faunal Variation on Dietary Reconstructions  
The faunal isotope values from Waya Island compared to the wider Remote Oceania 

region show that there is significant variation between locations. There are multiple factors 
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that influence each other in the Pacific that can cause this variation in faunal isotope values 

across the Pacific, and it is difficult to ascertain the specific reasons for why this variation 

exists. This variation can tell us important information about the local ecology based on what 

these animals were eating, and the extent of variation in isotope values on a site compared to 

other sites. The variation in faunal values on Waya Island specifically may be due to its size, 

so it naturally has fewer resources available compared to larger islands limiting the diets of 

those who lived here in the past (Green, 1991). It has implications for the material used as 

baseline data to compare human values to and could impact human dietary reconstructions. 

Using baseline data that is not specific to the study site may not be suitable due to this 

variation in faunal values between locations. The general isotope values of fauna are similar 

between the Pacific, but site-specific data can be used as a comparison to show more detail 

and fine-tune dietary information. Variation over space could be controlled for using local 

baselines, as this could also affect human values as they are feeding on these resources. To 

understand the range of faunal variation at a site a baseline should include a variety of 

animals representing different habitats and trophic levels.  

 

The Waya Island baseline can be used as an example of how such baselines can fine-

tune dietary information and result in differences in dietary reconstructions between sites. 

Individuals from the Y2-25 site (both from this thesis and Field et al. (2009)) and from 

Bourewa (Stantis et al., 2016) had similar δ13C values but different δ15N values. While both 

populations had a reliance on marine foods, the trophic levels of these resources were 

different with those from Waya Island eating foods from higher levels. Comparison of these 

values with the known dietary fish values from Waya Island shows that the mean values of 

the Bourewa, carnivore, and omnivore samples have similar δ15N values while the Y2-25 

δ15N values are enriched. With the diet-tissue spacing, this shows that while carnivorous and 

omnivorous fish were likely a part of Bourewa diets they were not as important compared to 

the importance of these fish in the Y2-25 diets. This information would be missed if a local 

baseline was not used to compare human values to, and this allows us to show more detail 

about how people lived in the Pacific in the past.  

 

7.5 Site-Specific Dietary Baselines in the Pacific  
The results from this thesis have shown that there is significant variation in faunal 

isotope values on Waya Island despite it being a small island in comparison with the rest of 
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the Pacific. The changes in environments over space is likely one of the biggest causes of 

variation in isotope values in the Pacific. To understand how this effects faunal isotope values 

and so their use in dietary baselines it would be interesting to study a large faunal assemblage 

that includes remains from across the Pacific from similar time periods. Having a large 

sample size of faunal remains and their isotope values would allow for studying the effect of 

spatial variation, and if this can be related to island size. This variation means that site-

specific dietary baselines are needed to accurately reconstruct human diets.  

 

The faunal data presented in this thesis has expanded the amount of baseline data 

available for Waya Island. Previously, this baseline consisted of only three fish samples with 

only one identified to a family level (Field et al., 2009). This baseline data could be used for 

other islands in the Yasawa group of Fiji, as these islands are geologically and geographically 

similar so likely have similar levels of environmental variation affecting isotope values. The 

data and range of species in this baseline is greater than other studies on small islands in the 

Pacific. For a more representative baseline, significantly more faunal samples are needed to 

show variation within a species. This would provide a more definitive answer of the extent of 

variation here compared to other sites across the Pacific and knowing this would show the 

true value of having a site-specific baseline to compare human results to. 

 

The marine animals analysed in this thesis showed significant variation from other 

Pacific samples, so it is recommended that local marine data be used as a comparative 

baseline. Marine ecosystems are more complex than terrestrial ecosystems, so understanding 

variation in these resources that were important dietary components of people in the Pacific is 

vital.  If preservation permits, it is recommended that fish bones are identified to a family 

level, as this can show what types of fish people ate. For the most accurate baseline of a 

marine ecosystem herbivorous fish should be analysed to account for variation in isotope 

values of fish at higher trophic levels (Mancinelli et al., 2013). Pigs are not included in 

generic Pacific dietary baselines because of the assumed differences in isotope values that are 

related to agricultural practices, but this does not appear to result in significant differences in 

isotope values. The pig sample analysed in this thesis was comparable to other Fijian pigs, 

but there is variation in pig values across the wider Pacific so having local data would be 

advisable. 
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There is additional data missing from this baseline that would prove extremely 

beneficial in further showing the extent of isotope values on Waya Island and variation here 

compared to other sites throughout Remote Oceania. Plant samples from both C3 and C4 

plants would show information from these trophic levels which is currently missing. In the 

absence of C3 plants, fruit bats may be used as they are representative of a terrestrial C3 diet 

(Stantis et al., 2016). Bird bones such as chickens would also be useful, as these birds were 

likely food sources for people living here (Kirch, 1997). A site-specific baseline should be 

created from archaeological faunal samples, but these may not be available for analysis. In 

the absence of this data, using baseline data from a nearby site with a similar ecology would 

be the best proxy. Care still needs to be taken, and the potential for variation should be 

considered. There are advantages to using non-specific baselines. These baselines include 

more data representing multiple species of plants and animals, and usually multiple samples 

for each species. Inter-individual variation within a species can thus be accounted for.  

 

7.6 Conclusion  
Considering the results in this thesis has shown that while stable isotope analyses are 

a tool allowing us to understand life histories of people in the past, they are not suited to 

show the complexity of diets and mobility patterns without carefully considering 

environmental variation and baseline data. Site-specific baselines can account for this 

variation within an environment and can increase our understanding of life in the Pacific.  

 

The results from this thesis have shown that there is significant variation in isotope 

values on Waya Island compared to other locations in the Pacific which may affect the 

reconstruction of the life histories of those who lived there. The understanding of the extent 

and significance of this variation is limited with the available data. It does demonstrate 

however that Remote Oceania is not an environmentally homogeneous region, and even over 

a small distance there can be significant shifts in isotope values. Understanding this variation 

through site-specific baselines can fine-tune the results of isotope analyses and place the 

human results into the specific context of their local island. This would allow for more clarity 

into the mobility and dietary patterns of these people, so broad conclusions that are not useful 

in describing the lives of these people can be avoided.  
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The purpose of this thesis was to show the value of stable isotopes in the Pacific and 

the importance of understanding the local environment to study life histories on small islands, 

like Waya Island in Fiji. Despite sample size limitations and a lack of comparative data, this 

thesis was successful in providing preliminary answers to these research questions. Using 

site-specific baselines from faunal samples can provide a background for environmental 

variation for human values and place these results into their specific island contexts. Even 

within a small geographic setting there is significant variation in isotope values on Waya 

Island compared to the rest of the Pacific. This research contributes to the current knowledge 

of human diets and mobility patterns in Remote Oceania and expands the pool of faunal 

isotope values that are used to reconstruct diets. It is hoped that this thesis highlights the 

importance of knowing the local ecology to adjust human results and be able to make more 

detailed conclusions about their life histories in this part of the world, and that future studies 

will consider using this information.  
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APPENDIX 
A.1. Skeletal Records for Y2-25-1 
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A.2. Skeletal Records for Y2-39 Juvenile  
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B.1. Isotope Data and Site Information from Published Reports  
 

Only data that has been used as comparative samples is included here.  

 

Table 13. Raw isotope data from published reports in the Pacific used as comparative samples.  

Reference Site Dates Species δ13C δ15N δ13C 
(flesh) 

δ15N 
(flesh) 

87Sr/86Sr 

(Bentley et 
al., 2007) 

Teouma, 
Vanuatu 3200-3000 BP Human          0.70757 

                0.70775 
                0.70885 
                0.70716 
                0.7074 
                0.70763 
                0.70764 
                0.70717 
                0.70696 
                0.70773 
                0.70866 
                0.70754 
                0.70686 
                0.70893 
                0.70764 
                0.7073 
                0.70897 
                  

(Brooke Mde 
et al., 2010) 

Henderson 
Island (Pitcairn 
Islands) 

Modern  Seabird (petrel) -15.8421 15.821       
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Table 15. (continued).  

                  

(Cheung et 
al., 2018) 

Sigatoka, Viti 
Levu, Fiji  

1435-1350, 1330-
1265, and 450-350 BP 
or later 

Human          0.70831 

                0.70811 
                0.70835 
                0.70812 
                0.70787 
                0.70814 
                0.70816 
                0.70831 
                0.70818 
                0.70831 
                0.70834 
                0.70814 
                0.70808 
                0.70792 
                0.70845 
                0.70754 
                0.7076 
                0.70812 
                0.70835 
                0.70765 
                0.70657 
                0.70803 
                0.7081 
                0.70841 
                0.70785 
                0.70802 
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Table 15. (continued).  

                0.7079 
                0.70817 
                0.70522 
                0.70855 
                0.70597 
                0.70607 
                0.7076 
                0.70599 
                0.70664 
                0.70789 
                0.7082 
                0.70827 
                0.70826 
                0.70831 
                0.70802 
                0.70842 
                0.70826 
                0.70829 
                0.70679 
                0.7077 
                0.70807 
                0.70777 
                0.70825 
                0.70807 
                0.70826 
                0.70807 
                0.70763 
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Table 15. (continued).  

(Craig, 2009) Cook Islands Modern  Holocentridae -12.82 14.59 -16.52 13.99   
      Gnathodentex -10.33 13.42 -14.03 12.82   
      Serranidae -9.11 14.28 -12.81 13.68   
      Serranidae -9.07 13.75 -12.77 13.15   
      Acanthuridae -8.04 10.43 -11.74 9.83   
      Acanthuridae -6.55 9.16 -10.25 8.56   
      cf. Balistidae -8.82 11.6 -12.52 11   
      cf. Kyphosidae -12.8 11.71 -16.5 11.11   

      cf. 
Pomacentridae -13.43 11.68 -17.13 11.08   

      cf. Scaridae -7.45 10.95 -11.15 10.35   
      Scaridae -6.7 8.24 -10.4 7.64   
                  
(Field et al., 
2009) 

Y2-25, Waya 
Island, Fiji 2758–2503 cal. BP Human  -16.89 9.82       

        -16.47 9.98       
        -15.95 10.82       
        -14 10.8       
        -15.05 10.52       
        -15.46 10.46       
        -13.5 11.05       
        -15.1812 9.2512       
        -15.5812 9.0912       
        -15.4612 8.8212       
        -15.3212 8.9712       
        -15.1212 9.112       

  Y2-39, Waya 
Island, Fiji 760-250 cal. BP Human  -16.22 8.75       

        -15.34 9.39       



130 
 

Table 15. (continued).  

      Lethrinidae -4.83 7.43       
      Fish -1.46 7.08       
        -16.52 8.64       

  Sigatoka, Viti 
Levu, Fiji 

1300-1174 BP and pre 
150-250 BP Human  -19.41 8.73       

        -19.28 10.98       
         -19.42 7.34       
      Pig -20.12 8.2       
        -19.03 8.37       
  Cook Islands Modern Bluefin trevally -6.45 8.1       
      Grouper -12.56 9.8       
      Surgeon fish  -6.85 5.3       
      Parrot fish  -7.08 5.1       
                  
(Jones & 
Quinn, 2009) Lau Islands, Fiji 600-280 BP and 2710-

10 BP Human  -16.5 9.3       

        -13.9 10.4       
        -17 9.3       
        -16.7 9.7       
        -17.5 8       
        -16.2 9.8       
        -15.6 8.5       
        -18.7 9.1       
        -14.8 10.6       
      Chicken -16.1 8.9       
        -15.2 10.6       
                  
      Porcupinefish -8 6.8       
      Barracuda  -8 8.7       
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Table 15. (continued).  

      Tuna  -7.2 8.7       
      Parrotfish -18.8 5.3       
      Pig -20.5 7.6       
        -15.5 9.8       
        -20.5 7.7       
                  
(Kinaston et 
al., 2014a) Uripiv, Vanuatu ~2800-2600 BP Human         0.7087 

    ~2600-2500 BP           0.70835 
    ~2500-2000 BP           0.70875 
                0.70864 
                0.70843 
                0.70823 
                0.7078 
                0.70849 
                0.70845 
                0.70858 
                0.70873 
                0.70855 
    ~300-150 BP           0.7084 
                0.70855 
                  
(Kinaston et 
al., 2015) Watom, PNG 2800-2350 BP Scaridae  -5 7.2       

        -6.1 7.6       

      
Lethrinidae 
(Monotaxis 
grandoculis) 

-5.1 10.5       

        -3.7 9.3       
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Table 15. (continued).  

      Lutjanidae -7.3 13.3       
                  
(Phaff et al., 
2016) 

Sigatoka, Viti 
Levu, Fiji 1435-1300 BP Human  -15.11 9.31       

        -15.34 9.37       
        -15.56 9.65       
        -15.61 10.04       
        -15.67 10.56       
        -15.72 9.87       
        -15.84 9.15       
        -15.87 8.83       
        -15.94 9.48       
        -16.16 9.67       
        -16.38 9.57       
        -16.52 9.13       
        -16.96 8.35       
        -17.01 9.67       
        -17.88 8.51       
        -16.41 9.59       
        -16.78 9.13       
        -17.56 8.43       
        -17.71 9.08       
        -14.6 10.01       
        -16.21 9       
        -17.21 8.72       
        -16.22 7.93       
      Chicken -18.03 8.88       
                  
      Sea turtle -13.33 11.32       
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Table 15. (continued).  

        -14.34 11.21       
      Fish  -6.94 7.8       
        -7.98 5.82       
                  

(Richards et 
al., 2009) 

Hanamiai, 
French 
Polynesia  

925-100 BP Seabird -12.2 18.4       

                  
(Stantis et al., 
2015) 

To-At-1, 
Tongatapu ~500-150 BP Human         0.7087 

                0.7089 
                0.7088 
                0.7085 
                0.7088 
                0.7089 
                0.7088 
                0.7087 
                0.7089 
                0.709 
                0.709 
                0.7086 
                0.7088 
  To-At-2, 

Tongatapu             0.7091 

                0.7089 
                0.7086 
                0.7088 
                0.7088 
                0.7087 
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Table 15. (continued).  

                0.7089 
                0.7087 
                0.7089 
                0.7088 
                0.7089 
                0.709 
                0.7088 
                0.7089 
                0.7089 
                0.7088 
                0.7089 
                  
(Stantis et al., 
2016) 

Bourewa, Viti 
Levu, Fiji  750-150 BP Human -15.1 8.5     0.7089 

        -16.5 6.8       
        -15.2 8.8     0.709 
        -15.6 8     0.7084 
        -15.2 8.3     0.7087 
        -15.7 8       
        -13.6 9.7       
        -17.2 7     0.7083 
        -15.5 9.2       
        -15.4 8.9     0.7088 
        -14.9 8.7     0.7088 
        -14.7 8.7     0.7087 
        -15.9 8.4     0.7079 
        -14.3 9.8     0.7085 
        -13.9 9.7     0.7088 
        -15 8.6     0.7089 
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Table 15. (continued).  

        -15.6 7.8       
        -15.1 9     0.7087 
        -14.6 8.3     0.7089 
                0.7089 
                0.7088 
        -13.1 9.9       
        -13.9 9.1       
(Valentin et 
al., 2006) 

Cikobia Island, 
Fiji ~100 BP Human  -17.2 9.3       

        -17 9       
        -17.9 8.9       
        -17 10.2       
        -17.4 9.2       
        -16.4 9.9       
        -17.1 9.5       
        -17.1 9.4       
1Three bird samples were analysed but only the mean of the values was presented. The SD of δ13C values is 0.3, and the SD for δ15N is 0.8. 
2These five samples were found in the same archaeological layer and had similar modifications, so are presumed to be from one individual. 
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