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Abstract:

We examine evidence for prehistoric diet in the Fiji Islands through the analysis 

of stable isotope ratios (δ13C and δ15N) for forty samples of human and animal bones 

from various archaeological sites, time periods, and local environments.  The oldest 

individuals in this study, dating to about 2700 BP and living on the small island of Waya, 

consumed a predominantly marine-based diet.  Subsequent populations on this island 

showed greater consumption of marine resources, with less reliance on terrestrial ones, 

throughout the cultural sequence.  In contrast, populations of humans and pigs living 

inland on Viti Levu, the largest island, relied on terrestrial resources since at least 1500 

BP.  Thus, our results suggest that human and pig diets throughout Fijian prehistory 

relied variably on marine or terrestrial resources, and this distinction is largely a product 

of geography.  This finding and our analyses provide a model for understanding ancient 

diets in Remote Oceania.
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1. Introduction

Archaeological investigations spanning Remote Oceania (Figure 1) have recorded 

the preference for coastal habitation during the first wave of human colonization.  The 

proximity to coastal resources, as well as the abundance of marine food remains in 

Lapita-era sites (Burley 1999; Kirch and Yen 1982; Nagaoka 1988; Szabo 2000) argue 

for a largely maritime adaptation and subsistence focus.  A ‘strandlooper model’ as 

proposed by Groube (1971), suggests that the diets of the earliest populations in Remote 

Oceania consisted largely of marine protein, including fish, mollusks, and sea turtles, as 

well as marine plants, such as seaweed.  In contrast to the hunter-gatherer subsistence 

system of Oceanic strandloopers, linguistic reconstructions of terminology regarding 

cultivated plant foods and domesticated animals have been cited as indirect evidence that 

Lapita colonists were agriculturalists carrying with them taro, yam, breadfruit, bananas, 

and sugarcane, and domesticates such as dog, pig, and chicken (Kirch and Green 2001).  

Although the archaeological evidence for cultivation during the Lapita era is sparse 

(Horrocks and Nunn 2007), the presence of agriculture-based subsistence systems during 

later periods has been suggested by artifacts likely used to process cultivated plants (e.g., 

Green 1979), charcoal deposits and erosion in the interior of islands (the by-product of 

burning episodes related to land clearance), and palynological analyses that record both 

the transition from tropical forests to grasslands and the presence of introduced cultigens 

(Athens and Ward 2001; Hope 1999; Hope, et al. 2004; Latham, et al. 1983; Nunn 2004; 

Pickett, et al. 2004; Spriggs 1985). Archaeological evidence from Fiji (Nunn 2004), 

Tikopia (Kirch and Yen 1982), and Aneityum (Spriggs 1986) suggest that these changes 

occurred within the last 2000 years in Remote Oceania, resulting in the dominance of 
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cultigen-based, terrestrial diets well before Europeans arrived in the Pacific 

However, important questions remain: can we accurately determine the 

chronology of changes in the contributions of marine and terrestrial resources to ancient 

diets, and did dietary change vary across the different environments inhabited by 

populations in Remote Oceania?  To answer these questions directly and provide a model 

for future research, we examine evidence for human diet in prehistoric Fiji through the 

analysis of stable isotope ratios in human and animal bones.  Our samples, which span 

the time interval from 2700 to 300 BP and occur in both coastal and inland environments, 

allow us to document changes in human diets from the late Lapita period to the early 

historic period. By examining diet in this manner, we can evaluate existing models of 

agricultural development for the Western Pacific, with implications for the timing of 

agricultural expansion in other Pacific Islands.

2. Materials and Methods

The tissues of animals reflect the isotopic composition of their diets.  Of particular 

interest here is the ability to distinguish between prehistoric diets based on terrestrial or 

marine resources using stable carbon and nitrogen isotopes preserved in archaeological 

bones.  Successful analyses of archaeological bone samples from the Marianas (Ambrose, 

et al. 1997), late prehistoric Fiji (Valentin, et al. 2006), and elsewhere in the Indo-Pacific 

(Leach, et al. 1996; Leach, et al. 2000; Leach, et al. 2003) have demonstrated that stable 

isotope analyses can differentiate between diets that were composed of largely terrestrial 

resources and diets that were predominantly marine.

Terrestrial plants known to have been consumed by Pacific Islanders are primarily 
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C3 plants, with δ13C values1 ranging between about -32 and -20 o/oo (Boutton 1991).  

There were C4 grasses, too, which typically have δ13C values that range between about -

17 and -9 o/oo, in at least some parts of the Pacific (Leach et al. 2003).  Sugar cane, with a 

δ13C value of about -11 o/oo, is the most likely C4 plant to have been used prehistorically 

(Ambrose et al. 1997).  Although marine plants also rely on the C3 photosynthetic 

pathway, the use of bicarbonate as the carbon source and/or slower diffusion of CO2 in 

water results in enriched δ13C values, ranging from -15 to -3 o/oo (Boutton 1991).  This 

difference in plant δ13C values is reflected in the flesh of consumers; in the Marianas, 

terrestrial animals averaged -24.4 o/oo and marine animals averaged -14.5 o/oo (Ambrose et 

al. 1997).  For the most part, then, terrestrial and marine plant resources of the Pacific 

Islands are easily distinguished isotopically on the basis of δ13C values (cf. Leach et al. 

2003).

Stable nitrogen isotope ratios are also valuable dietary indicators, with marine 

resources tending to be enriched by about 4 o/oo above terrestrial ones (Ambrose et al. 

1997; Schoeninger and DeNiro 1984).  Importantly, δ15N values also show a roughly 3 

o/oo trophic level effect as one moves stepwise up the food chain within simple, local 

ecosystems (Ambrose 1991; Schoeninger and DeNiro 1984); herbivores are enriched 

relative to plants; carnivores are enriched relative to herbivores; secondary carnivores are 

enriched relative to primary ones; nursing infants are enriched relative to their mothers 

(Fogel et al. 1989; Schurr 1998).  Thus, δ15N values can inform on an organism’s position 

within its local foodweb.

Isotopic analysis can reveal the relative input of marine and terrestrial resources in 

the diet of an individual and, in archaeological studies, can be used to assess the diet of 
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ancient populations.  Regarding the prehistory of the Pacific Islands, the application of 

this method has the potential to identify the relative importance of marine and terrestrial 

foods, and to trace the chronology of how these resources may have grown or diminished 

in importance.

2.1. Sample Contexts

Our analyses utilized human and animal remains from archaeological contexts in 

western Fiji.  Twenty-one samples of human bone were derived from midden and burial 

contexts in the Yasawa Islands, and another six were from similar contexts within 

fortifications in the Sigatoka Valley of Viti Levu, the largest island in Fiji (Figure 2).  

Nine samples of pig, sea turtle, and fish bone from associated archaeological deposits in 

the Yasawas and the Sigatoka Valley were included for comparative analyses, as were 

four modern fish samples that represent inshore and pelagic taxa (surgeonfish, parrotfish, 

bluefin trevally, and grouper) (Table 1).

The Yasawa samples were recovered from two sites on Waya Island.  Site Y2-25 

(locally known as Olo) is a beach flat habitation where excavation into the paleobeach 

deposits revealed stone and ceramic artifacts, lithic tools, ornaments, midden, and a 

human burial, all indicative of a late Lapita (c. 2700 BP) occupation (Cochrane 2004; 

Hunt, et al. 1999).  Site Y2-39 (known as Qaranicagi) is a cave at approximately 100 m 

above sea level and within a half hour walk of Olo.  Qaranicagi contains deep cultural 

deposits that also include abundant ceramics, lithics, human remains, and midden and has 

been used since approximately 2700 BP up to the 20th century (Cochrane 2002; Cochrane 

2004; Hunt, et al. 1999).
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The Sigatoka Valley samples come from five fortified sites that are distant from 

the coast (Figure 2).  The earliest known archaeological site in the valley, Tatuba Cave, is 

located approximately 40 km inland.  This cave contains stratified deposits dating to 2000 

BP, and an intrusive human burial dated to ca. 400 BP (Field 2004).  The sites of Bukusia 

and Korovatuma are two large fortified hilltops that lay relatively near each other, and are 

approximately 18 km inland.  These sites contain earthen mounds, rubble walls, and 

several human burials that were dated to ca. 200 BP.  Nokonoko is a complex fortified 

hilltop approximately 12 km inland, and which had a large conical burial mound at its 

peak.  Human and pig remains from the base of the mound dated to ca. 1500 BP.  Lastly, 

the site of Batiri was located on an alluvial terrace near the mouth of the Sigatoka River, 

and had been encircled by a wooden palisade and ditch during the historic period.  This 

site contained a rich midden of marine shell and terrestrial fauna (Field 2004).

2.2 Skeletal Samples

The physical condition of the archaeological samples varied greatly, as might be 

expected given the range of contexts represented.  Cultural practices and the post-

depositional environment combined to make large, easily identified, well-preserved bone 

a relative rarity in our assemblages.  In general, well-preserved bones tended to be from 

midden contexts and were highly fragmented, and thus difficult to identify 

taxonomically.  Bones from formal burials and construction fill taken from cemeteries 

tended to be larger and more easily identified, but were often more poorly preserved.  

Consequently, procedures were undertaken to ensure both the taxonomic identification 

and the chemical integrity of the bone samples.
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Bone microstructure was examined for fifteen bone fragments that were identified as 

medium-sized mammal and possibly human, on the basis of macroscopic features (Table 

1).  Differences in the predominance of tissue types, structural organization and the size 

distributions of histological features in transverse bone sections can be used to distinguish 

among the three main terrestrial mammals found in Polynesian archaeological sites:  

dogs, pigs and humans (Greenlee and Dunnell 2008).  With this approach, thirteen bone 

samples were confirmed to be human and two were identified as pig.

Our microscopic examination of those fifteen bone specimens revealed significant 

post-depositional microstructural changes believed to be associated with microbiological 

activity (Bell 1990; Garland 1987; Hackett 1981).  To access the protein in bone, micro-

organisms (fungi and bacteria) produce acids which dissolve the bone mineral.  The 

dissolved mineral subsequently recrystallizes around the microscopic “destructive foci,” 

which appear in the bone as rounded “blobs” with hyperminalized borders and interiors 

of variable density (Figure 3).

The degree of microscopic alteration can be expressed using the Histological 

Index (HI) of Hedges et al. (1995), which ranks histological preservation on a scale from 

0 (no original microstructure observed) to 5 (microstructure comparable to fresh bone).  

As shown in Table 2, the HI scores for the fifteen microscopically-examined samples are 

generally low and in several cases are at a rank consistent with significant diagenesis.  HI 

scores like those documented here are often associated with low collagen concentrations 

and mineral alteration (Hedges, et al. 1995; Smith, et al. 2007).  Such changes can alter 

the chemical composition of the bone and influence subsequent conclusions about 

prehistoric diet based on bone chemistry.
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2.3 Methods

There is an established and well-publicized suite of criteria by which to evaluate 

the integrity of the “collagen”2 extracted from archaeological bone (Ambrose 1990; 

DeNiro 1985; DeNiro and Weiner 1988).  When those criteria are met, the stable carbon 

and nitrogen isotope values of the collagen extract are believed to be accurate reflections 

of the isotopic composition of the original pre-mortem collagen; when those criteria are 

not met, the isotopic integrity of the sample may have been compromised.  Criteria, 

independent of the “reasonableness” of the measurements themselves, have yet to be 

similarly established and accepted for judging the isotopic integrity of bone mineral.  

Accordingly, in the face of obvious post-mortem alteration (dissolution and 

recrystallization) of the bone mineral, we elected to restrict our analyses to the collagen 

fraction.  Significant amounts of “collagen” may remain even when bones have 

experienced substantial physical and/or histological alteration (Hedges et al. 1995; 

Parsche and Nerlich 1997).  

Two samples of bone were removed from each specimen and treated 

independently.  Each replicate sample was cleaned mechanically with a wire brush and 

rinsed with distilled water.  Samples were immersed in distilled water and an ultrasonic 

cleaner was used, with several changes of water, to remove dirt particles and bone dust 

that had accumulated in pore spaces.  “Collagen” was extracted from each replicate 

according to a modified Longin protocol (Greenlee 2002).  Each sample was placed in 

0.25 M HCl at room temperature to dissolve the mineral phase, with multiple acid 

changes over several days, until pH remained low and a translucent pseudomorph (or 



10

fragments thereof) was produced.  When demineralization was complete, the samples 

were rinsed with distilled water to neutrality and gelatinized in 0.01 M HCl at 60°C for 

18 hours.  The gelatin solutions were filtered through glass fiber filters and dried.

Carbon and nitrogen concentrations, δ13C and δ15N were measured for each 

replicate sample of extracted “collagen” at the Center for Environmental Science and 

Technology (CEST) at the University of Notre Dame on a Finnigan Delta Plus mass 

spectrometer with a Carlo-Erba elemental analyzer equipped with sealed inlet system and 

a Conflo II interface.  The reported analytical precision of the instrument is 0.1o/oo for 

both δ13C and δ15N.  The measurement error3 associated with these samples is greater 

than the reported instrument precision, as would be expected when several potential 

sources of error are involved (e.g., intrabone variation in composition, variation in sample

preparation, standard and sample heterogeneity, drift in machine electronics).  Error 

estimation was aided here by analyzing replicate samples from each specimen and by 

reanalyzing over 40% of the replicate “collagen” extracts.

3. Results

“Collagen” quality, as indicated by extract yield, carbon and nitrogen concentrations, 

and elemental carbon:nitrogen (C/N) ratio, is exceedingly variable among the specimens 

(Table 2; Figure 4).  We had anticipated, based on our macro- and microscopic 

examinations, that some of the specimens might not meet the established criteria for good 

“collagen” integrity.  This is indeed the case.  Of the 40 specimens analyzed here, the 

collagen extracts from only 26 specimens are judged to be reliable indicators of isotopic 

diet; collagen extracts from 14 specimens do not meet the established criteria and those 
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individuals have been excluded from further consideration.

The δ13C and δ15N values for all of the samples are listed in Table 2 and those that 

meet the extract quality criteria are shown in Figure 5.  The standard errors associated 

with the isotopic analyses are, quite frankly, larger than we would prefer.4  Knowing how 

much error is associated with our measurements, however, allows us to avoid attaching 

explanatory value to analytically insignificant differences between samples.  

Unfortunately, replicate extractions are not routinely undertaken, nor are they typically 

reported in the literature, if indeed they are measured.

3.1 Isotope Groups

Figure 5 shows three distinct populations in these data: terrestrial samples from 

the Sigatoka Valley, terrestrial samples from Waya Island and the fish.  Of the five 

specimens from the Sigatoka Valley, three are human and two are pig; the δ13C and δ15N 

values for the two taxa overlap, indicating they consumed the same range of resources.  

As a set, the Sigatoka Valley δ13C values range from -20.12 to -19.03 o/oo, indicating a 

reliance on terrestrial resources.  One human, an infant (aged 12-18 mos.), has a δ15N 

value that is roughly 3 o/oo higher than the mean of the other two individuals, consistent 

with the level of enrichment associated with breastfeeding (Fogel, et al. 1989; Katzenberg 

and Pfeiffer 1995; Schurr 1998).

The Waya Island specimens have a greater range of δ13C values, from -16.89 to -

13.50 o/oo, than do the Sigatoka Valley samples.  Their δ15N values range from 8.64 to 

11.05 o/oo.  Again, the isotopic composition of the single pig specimen is 

indistinguishable from that of the humans, although it is at the lower end of both δ13C and 
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δ15N ranges.  Marine resources were clearly a more significant component of the diets for 

the Waya Islanders.  There is a positive, albeit statistically insignificant (r2 = 0.224; p = 

0.074), correlation between δ15N and δ13C for this group, suggesting consumption of 

varying proportions of marine versus terrestrial resources (cf. Ambrose, et al. 1997; 

Minagawa and Akazawa 1992; Valentin, et al. 2006).

The third group distinguishable in Figure 5 are the fish, both prehistoric (recovered 

from archaeological deposits on Waya Island) and modern.  They exhibit considerable 

variation, as might be expected given the different ecological niches they occupy.  

Among the modern samples, the herbivorous, reef-dwelling parrot fish and surgeon fish 

occupy a lower trophic level than the carnivorous and pelagic bluefin trevally. The 

grouper is also carnivorous, but subsists off of other herbivorous reef species.  The 

grouper’s δ13C value is significantly depleted relative to the other fishes.

4. Discussion

We do not attempt to calculate the proportions of different food resources based 

on these data.  Controlled feeding experiments (Ambrose and Norr 1993; Tieszen and 

Fagre 1993) have shown that the isotopic composition of bioapatite is the best predictor 

of the average isotopic diet; analysis of the bioapatite fraction was not warranted here, 

given the poor condition of these samples.  Bone collagen has a more variable 

relationship with whole isotopic diet; it appears to reflect primarily the protein 

component of the diet, but its δ13C value is influenced in patterned ways by the isotopic 

composition of other dietary components and the protein content of the diet.  Additional 

data are necessary to control those other dietary factors.  Indeed, we do not yet have a 
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good understanding of the range of available resources, nor do we have a sufficient 

sample of resources to provide an isotopic background with which to compare our results.  

Still, we offer some observations about these data.

The results of the isotope analyses indicate that the diets of the Sigatoka Valley 

and Waya Island human populations were distinctly different. Analysis of additional 

human and animal samples from particular temporal periods in each area has the potential 

to provide greater detail about change in diets over time.  Because our sample is small, it 

is difficult to make broad statements about dietary change in Fijian prehistory, but we are 

able to generate a number of conclusions based on the variation in isotope ratios in this 

analysis.

4.1 Temporal Trends on Waya Island

The Waya Island samples derive from two sites Y2-25 and Y2-39, with each site-

specific assemblage associated with a different time period.  The Y2-25 samples were 

recovered from early occupation deposits in the upper levels and immediately above a 

paleobeach stratum capped by thick colluvial sediments.  The colluvial sediments contain 

artifacts and human remains likely re-deposited from their primary depositional 

environment, so none of these are included in this analysis.

Two radiometric dates on charcoal from the base of an excavation unit and one 

AMS date on human skeletal material recovered from a nearby trash pit provide a date 

range for the earliest occupation of site Y2-25.  The radiometric dates are derived from 

dispersed charcoal in layer sediment and pit feature fill from the deepest cultural layer.  

The samples (Beta-86839, 86840) date to 2839-2490 and 2953-2370 cal. BP at 2σ, 
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respectively (Table 3).  The third date derives from bone from a human burial also in the 

deepest cultural layer and cut into the sterile paleobeach deposits below (Pietrusewsky, et 

al. 1997).  This burial was returned to the local community and re-interred prior to the 

isotope analyses reported here.  The burial sample (CAMS-24946) returned a date range 

of 2753-2368 cal. BP at 2σ (Table 3).  Using the combine dates function in OxCal 4.0, 

the combined 2σ age range for the three dated samples is 2758-2503 cal. BP.  This date 

range is a good age estimate for the human remains from site Y2-25 analyzed here as all 

the remains derive from a similar cultural context and depositional unit (Cochrane 2004).

The bone samples from site Y2-39 derive from a later temporal period.  Y2-39 is 

a cave site near site Y2-25 and occupied from a similarly early date up to the recent past.  

Human remains analyzed here were recovered from similar midden contexts at similar 

depths encountered in two adjacent test units.  Dated bone from a feature in a third test 

unit in the cave was also analyzed (Lab no. F19, see Table 1), but not included in the 

final results due to poor “collagen” integrity.  Charcoal (Beta-53197) recovered in 

excavation from test unit 1, approximately 60 cmbs, returned a date of 550-150 cal. BP at 

2σ (Table 3) with a most likely date range of 550-250 cal. BP.  Charcoal (Beta-174986) 

at approximately 68 cmbs in the feature with bone from the third test unit dates to 760-

660 cal. BP at 2σ (Table 3).  Although these date ranges do not overlap they derive from 

similar depths and contexts at this small cave site (see Cochrane 2004).  Thus, 760 cal. 

BP and 250 cal. BP likely provide good estimates for the earliest and latest dates of the 

Y2-39 bone samples reported here.

Figure 6 distinguishes three different groups among the Waya Island mammalian 

samples, two from Y2-25 and one from Y2-39 .  One group from Y2-25 consists of six 
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samples (Fiji 1, 2, 4, 5, 6 and 38; open circles in Figure 6) that were recovered from 

depths ranging from 196 – 130 cm below surface and that apparently showed no evidence 

of cutmarks or other alterations presumed to be an indicator of cannibalism (Rieth 1998).  

These individuals display a statistically significant linear relationship between δ13C and 

δ15N (R2 = 0.717; p = 0.033) that is consistent with proportional mixing of terrestrial and 

marine resources.

The samples of the second group from Y2-25 (F 12, 13, 20, 28, 29 and 34; closed 

triangles in Figure 6) were all from a single layer (110-120 cm below surface) of a single 

unit at the site and they are suspected to be cannibalized individuals (Rieth 1998).  As a 

set, these individuals do not show a significant relationship between δ13C and δ15N (r2 = 

0.031; p = 0.738).  One sample (F 13) sits nicely along the regression line describing the 

former group from Y2-25, and thus may well be part of that population.  The remaining 

five samples (F 12, 20, 28, 29 and 34) are clustered, indeed so tightly clustered that we 

suspect they are fragments from a single individual.  Their average (± 1 SE) δ13C and 

δ15N values are -15.33 ± 0.53 o/oo and 9.05 ± 0.61 o/oo, respectively.  As a set, they have 

δ13C and δ15N ranges of 0.46 o/oo and 0.43 o/oo, respectively, entirely consistent with the 

results of DeNiro and Schoeninger’s (1983) analysis of intra-individual isotopic 

variation.  If cannibalized individuals were typically from “other” populations, it is not 

unreasonable that they would have distinctly different diets, as this one apparently did

(cf. Cochrane et al. 2004; Pietrusewsky et al. 2007).

A third group of individuals, consisting of one pig and two human bones (F 25, 26 

and 39; open and closed squares in Figure 6), is from Y2-39, or Qaranicagi.  These 

samples, dated from 760-250 BP, display a strong, albeit statistically insignificant 
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relationship between δ13C and δ15N (r2 = 0.985; p = 0.077).  Sample size is clearly an 

issue here.  The standard error bars for one of the human individuals from this group (F 

26) overlaps only slightly with one from the first, presumably noncannibalized, group 

from Y2-25.  Standard errors for both of the Y2-39 human individuals, however, overlap 

with the presumed cannibalized individual from Y2-25, suggesting a similar diet, even 

though they are much younger in age than that individual.

The collagen δ13C and δ15N values for the oldest, presumably noncannibalized, 

group from Y2-25 show a strong dietary emphasis on marine resources.  Indeed, it would 

appear that their use of marine resources exceeded that of other Pacific locales where 

comparable data are available, particularly individuals from Rota, Guam and Saipan in 

the Marianas (Ambrose et al. 1997).  The δ13C and δ15N values for all but one of the 

second group from Y2-25, the presumed cannibalized individuals, are closely clustered 

and indicate they consumed resources at a lower trophic level and with relatively little 

variation in marine:terrestrial input.  The δ15N values for the more recent Y2-39 

individuals are still consistent with a largely marine-based diet, but they apparently 

consumed those resources at a lower trophic level and the δ13C values are consistent with 

a slightly greater use of terrestrial plants than that reflected by the older group from Y2-

25.  These individuals are isotopically similar to the late prehistoric/historic period 

samples from Cikobia, Fiji (Valentin et al. 2006).

4.2 Temporal Trends in the Sigatoka Valley

Only five samples from the Sigatoka Valley contained sufficient levels of well-

preserved collagen for isotopic analysis.  These samples were obtained from a variety of 
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depositional contexts within fortifications.

The earliest samples are from Nokonoko, which is a large complex of house 

mounds and terraces located atop a 260 meter high peak in the lower portion of the 

valley.  Human remains were collected during the excavation of Test Unit 1, which was 

located at the peak of a 2 meter high burial mound.  Two human burials were 

encountered beneath 90 cm of fill deposit.  An infant burial (sample F 08) consisted of a 

rib cage, spinal column, and several long bones intact and in anatomical position.  A 

second burial (sample F 07) was positioned next to the infant, and had the remains of a 

small hearth or burn-pit at its back, and also the humerus of a pig (sample F 11) lying at 

its head.  A sample of wood charcoal (AA50283) was retrieved from the burn-pit and 

submitted for AMS dating returning the result of 1300-1174 cal BP at 2σ (Table 3).  

Occupations in other parts of the site indicate earlier occupations ca. 1500 cal BP, and 

expansion of the site from 680-280 cal BP.

Bukusia is a fortification that incorporates a limestone outcrop and cave system.  

This site is located approximately 18 km inland, but is distant from the valley bottom.  

Excavations at the site focused on the occupation terraces, and a large rubble wall that 

constituted a line of inner defense.  Test Unit 2 bisected this wall, and fragmented human 

bone was encountered in the rubble.  Sample F 09 was collected from a depth of 90-100 

cm.  It was not part of any known burial, and could represent disarticulated remains that 

were excavated from an unknown gravesite.  A sample of charcoal (WK-11135) from the 

same level of the wall resulted in a date of 427 – 4 BP at 2σ.  As the site of Bukusia is 

known to have been burned by government troops in 1875, the most likely age range for 

the construction of the wall is either 150 – 250 cal BP.  However, the human remains that 
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were mixed in with the wall rubble may date to an earlier period.

The sample of pig bone from Batiri also dates to the late prehistoric period.  

Excavations at this site encountered a hearth deposit at a depth of 30 cm, which was filled 

with ash, marine shell, and pig bone (sample F 10).  Wood charcoal from the hearth 

(AA50282) returned a similar date to that of Bukusia, 429-4 BP at 2σ.  As this site is also 

known from historic documents, the hearth deposit and the pig remains within it likely 

date to 150 – 250 cal BP.

Based on their isotopic ratios, Sigatoka Valley humans and pigs both relied on 

terrestrial resources.  As was indicated above, the elevated δ15N value for the infant’s 

remains (sample F 08) likely reflects a diet enriched by breastfeeding.  However, the 

difference in the δ15N values between the two individuals from Nokonoko and Bukusia is 

more difficult to explain.  The Nokonoko sample is approximately 900 years older, and it 

has a slightly higher δ15N values, consistent with a higher position in the local foodweb 

than the Bukusia sample.  Although the Nokonoko δ15N value does overlap slightly with 

the Bukusia sample at 1 standard error, it is closer in value to what has been indicated for 

the pigs, which also differ in age by 900 years.  This may indicate that the earlier 

Sigatoka Valley diets perhaps incorporated a wider range of terrestrial meats than later 

diets.  But in general, the diets of the Sigatoka Valley are very similar, and show little 

discernable change over time.

4.3. Dietary change in Pacific prehistory

The results of our analyses indicate that the earliest diets on Waya Island ca. 2700 

BP were marine dominated.  Over the next 2000 years there was a trend towards the 
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incorporation of terrestrial plant foods in the diet, but this may have been a gradual 

change; more bone samples distributed across a larger chronological range are necessary 

to be sure.  By 760 BP, the ‘islander diet’ of Waya had become more similar to the 

‘interior’ diet of the Sigatoka Valley, but it still was not totally terrestrial in scope.  These 

results indicate that from the earliest periods of Fijian prehistory to the late prehistoric

period, ‘islander’ diets likely remained distinct from those living in the interiors of the 

large Fijian islands.

The earliest samples from the Sigatoka Valley date to ca. 1500 BP, and the results 

of these analyses indicate that reliance on terrestrial foods occurred at the outset in this 

region.  The ‘interior diet’ likely consisted of terrestrial products, both wild and 

cultivated, as the sites studied are distant from the coast, and marine remains were largely 

absent.  The diet of pigs from the Sigatoka Valley remains relatively stable across a 900 

year period, and human diets are most like pig diets during the earliest periods.  These 

results suggest that when humans colonized the distant interiors of the larger Pacific 

Islands, their diets likely changed to an emphasis on terrestrial foods. Populations that 

remained along the coasts probably made this change slowly, if at all.

Our results also imply that regional variability in diet developed after Lapita 

colonization.  We hypothesize that coastal Lapita populations with largely marine-based 

diets changed slowly to include more terrestrial foods, as seen with the Waya Island 

samples.  This process, however, might have occurred more quickly in coastal areas that 

had larger amounts of arable land such as rich alluvial deposits or hillsides with 

colluvium.  Populations that were on smaller islands, with less arable land, may have had

a lower availability of terrestrial resources (especially cultivated crops) and therefore 
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would have incorporated non-marine foods more slowly over time.  Populations on the 

larger islands, however, may have had a larger terrestrial resource base to draw from, and 

diets could have incorporated terrestrial and agricultural products at a faster rate.  The 

timing of this change on larger islands was probably ca. 2500-2000 BP, when populations 

began to expand and settle the interior parts of larger islands in western Remote Oceania 

(Field 2004; Nunn 2004; Sand 1996).

5. Conclusion

This study analyzes human diet in prehistoric Fiji through the analysis of stable 

isotope ratios in forty human and animal bones.  Microstructural bone preservation was 

evaluated for fifteen of the bone fragments.  The integrity of “collagen” extracted from 

all samples was assessed following established criteria. We report the results of stable 

isotopic analyses (δ13C and δ15N) for those samples that met the sample quality criteria.  

Three groups are identified in the samples: the Waya Island population, the Sigatoka 

Valley population, and the fish.  Waya Islanders (both humans and pigs) had diets that 

were predominantly marine, while diets in the Sigatoka Valley were terrestrial-based.  

The analysis of the temporal aspects of the humans and the pigs suggest that there was 

some dietary change among Waya Islanders, with a possibly increasing terrestrial 

contributions to the marine-based subsistence system over time.

We provide a series of hypotheses to account for ancient diets in Remote Oceania.  

We suggest that the earliest diets were predominantly marine based, and that dietary 

change was influenced by environmental and geographical constraints (cf. Morrison and 

Cochrane 2008). To wit, diets of populations from smaller islands with limited terrestrial 
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resources changed more slowly than those of larger islands, and they maintained a largely 

marine-based diet throughout prehistory.  The larger islands allowed a more rapid change 

to a purely terrestrial diet in some populations, with an emphasis on cultivated foods in 

the later periods of prehistory.  We expect models from human behavioral ecology (e.g., 

Kennett and Winterhalder 2006) will help refine these dietary hypotheses for specific 

times and places in Remote Oceania.
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Notes

1 Stable isotope ratios are expressed as delta (δ) values in parts per thousand (o/oo) relative 

to the isotopic composition of a standard (PDB, a marine carbonate [belemnite] from the 

PeeDee Formation of South Carolina, for carbon; and AIR, atmospheric N2, for nitrogen) 

and are calculated thusly:
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δ13C = ([(13C/12Csample ÷ 13C/12Cstandard) – 1] × 1000) and δ15N = ([(15N/14Nsample ÷ 

15N/14Nstandard) – 1] × 1000).  Most biological δ13C values are depleted relative to the PDB 

standard and, hence, are negative; most biological δ15N values are enriched relative to the 

AIR standard and, hence, are positive.

2 The collagen in archaeological bones has likely experienced profound changes since the 

organism’s death and thus the material extracted by archaeologists, although mostly 

derived from collagen, is unlikely to be collagen in a strict sense; to reflect its different 

chemistry, we refer to this extraction product as “collagen” or collagen extract.

3  Measurement error is estimated by the standard error of the mean (SE), calculated as 

follows:  

SE = √σx
2 + ((σA

2 + σB
2) ÷ n)

where σA and σB are standard deviations of replicates A and B, respectively; σx is the 

standard deviation of the mean of replicates A and B; n is the number of measurements 

made.

4 In an earlier study of stable carbon isotopes in “collagen” extracted from 251 

archaeological human bone specimens from temperate eastern North America, the 

average standard error (± 1 standard deviation) associated with replicate δ13C analyses for 

each specimen was 0.09 ± 0.07 o/oo (Greenlee 2002).  Greater error associated with the 

isotopic analyses of our Fijian samples may reflect the generally poorer collagen 

preservation in bone under tropical conditions, but also sampling error that may result 

from using smaller samples and the lower precision associated with flow-through 
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chromatographic purification of gases (as opposed to sealed-tube cryogenic distillation 

used in the earlier study).  The latter factor is implicated by the observation that 

homogenized standards and extracted “collagen” samples from the earlier study that were 

measured repeatedly over the duration of this study exhibited greater isotopic variation 

than in that earlier study.
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Figure captions

Figure 1.  Map of the Pacific showing the boundary between Near and Remote Oceania, 

and major archipelagoes and islands mentioned in the text.

Figure 2.  Map of the western Fiji Islands showing the location of sites mentioned in the 

text.

Figure 3.   Backscattered electron images of modern and archaeological human bone.  a) 

modern human femur, showing typical microstructure of long bone shaft.  b) 

archaeological human bone fragment, from sample F 12, showing significant diagenetic 

alteration of microstructure.

Figure 4.  Mean nitrogen (♦) and carbon (□) concentrations versus mean collagen extract 

yield for replicate samples from all bone specimens.  The medium gray shaded block 

indicates the established acceptable range for %C (15.3 – 47%) and the light gray shaded 

block indicates the range for %N (5.5 – 17.3%), with the darkest gray representing a 

small range of overlap between the two.  Note there are several samples that fall outside 

the acceptable ranges, particularly among the samples with the lowest extract yields, and 

thus they do not meet established criteria for use as dietary indicators.

Figure 5.  Mean stable carbon and nitrogen isotope values (δ13C and δ15N) for bone 
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collagen from all specimens that meet extract quality criteria.  Error bars indicate ± 1 

standard error.  Following the estimate of Ambrose et al. (1997), the δ13C values for the 

four modern marine fish samples have been increased by 0.5 o/oo to adjust for historic era 

13C depletion. 

Figure 6.  δ13C and δ15N values (± 1 SE) of the Waya Island samples.  Different subsets 

of the population are indicated as follows: □, Y2-39 (Qaranicagi) human; ■, Y2-39 pig; 

○, Y2-25 (Olo), human, unaltered; ▲, Y2-25, human, cutmarks identified..
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Table 1.  List of archaeological and modern skeletal specimens.  Italicized taxa were 
identified, or their identifications were confirmed, via bone microstructure.

Lab # Provenience Taxon Element

Waya Island Samples:

F 01 Y2-25, Unit 3, Layer I, Level 16, 160-170 cmbs Human unid. shaft

F 02 Y2-25, Unit 3, Layer I, Level 16, 160-170 cmbs Human femur

F 03 Y2-25, Unit 3, Layer I, Level 15, 150-160 cmbs Human talus

F 04 Y2-25, Unit 3, Layer I, Level 15, subfeature 3, 196 cmbs Human tibia

F 05 Y2-25, Unit 5, Layer II, Level 9, 130-140 cmbs Human fibula

F 06 Y2-25, Unit 5, Layer II, Level 10, subfeature 2, 140 cmbs Human tibia

F 12 Y2-25,  Unit 4, Layer I, Level 12, 110-120 cmbs Human unid. shaft

F 13 Y2-25, Unit 4, Layer 1, Level 12, 110-120 cmbs Human unid. shaft

F 14 Y2-39, Unit 2, Layer III, Level 8, 80-90 cmbs Human ulna

F 16 Y2-25, Unit 3, Layer I, Level 15, 150-160 cmbs Sea Turtle

F 17 Y2-39, Unit 1, Layer IV, Level 7, 60-70 cmbs Human phalanx

F 18 Y2-39, Unit 2, Layer II, Level 8, 89.5 cmbs Human unid.shaft

F 19 Y2-39, Unit 3, subfeature. 10, 68-72 cmbs Human radius

F 20 Y2-25, Unit 4, Layer 1, Level 12, 110-120 cmbs Human unid. shaft

F 21 Y2-25, Unit 3, Layer I, Level 16, 160-170 cmbs Human unid. shaft

F 25 Y2-39, Unit 2, Layer II, Level 7, 70-80 cmbs Human unid. shaft

F 26 Y2-39, Unit 1, Layer IV, Level 8, 70-80 cmbs Human unid. shaft

F 27 Y2-39, Unit 2, Layer II, Level 6, subfeature 4, 60 cmbs Lethrinidae premaxilla

F 28 Y2-25, Unit 4, Layer 1,  Level 12, 110-120 cmbs Human unid. shaft

F 29 Y2-25, Unite 4, Layer 1, Level 12, 110-120 cmbs Human unid. shaft

F 34 Y2-25, Unit 4, Layer 1, Level 12, 110-120 cmbs Human unid. shaft

F 35 Y2-39, Unit 1, Layer IV, Level 6, 50-60 cmbs Fish

F 36 Y2-25, Unit 5, Layer II, Level 9, 130-140 cmbs Fish

F 37 Y2-39, Unit 3, Layer II, Level 18, 170-180 cmbs Pig unid. shaft

F 38 Y2-25, Unit 5, Layer II, Level 10, 140-150 cmbs. Human unid. shaft

F 39 Y2-39, Unit 2, Layer II, Level 6, subfeature 4, 61 cmbs Pig unid. shaft

Field et al tables
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F 40 Y2-39, Unit 3, Layer III, Level 16, 150-160 cmbs Human unid. shaft (burnt)

Sigatoka Valley Samples:

F 07 Nokonoko, Unit 1, Burial 1, 195-104 cmbs Human tibia

F 08 Nokonoko, Unit 1, Infant Burial, 84-95 cmbs Human ulna

F 09 Bukusia, Unit 2, Fill, 90-100 cmbs Human scapula

F 10 Batiri, Unit 1, 30-55 cmbs Pig vertebrae

F 11 Nokonoko, Unit 1, 95-104 cmbs Pig humerus

F 15 Tatuba Cave, Unit 1, Burial, 80-90 cmbs Human cf. parietal

F 22 Nokonoko, Unit 1, Fill, 0-20 cmbs Human unid. shaft

F 23 Kokovatuma, Unit 2, 40-50 cmbs Human unid. shaft

F 24 Nokonoko, Unit 1, Fill, 33-44 cmbs Pig lumbar vertebrae

Modern Fish Samples, Collected Summer 1991:

F 30 Mangaia, Cook Islands, near shore Caranx melampygus
(Bluefin Trevally) 

vertebrae

F 31 Mangaia, Cook Islands, near shore Epinephelus fasciatus
(Grouper)

vertebrae

F 32 Mangaia, Cook Islands, near shore Naso unicornis
(Surgeon Fish)

vertebrae

F 33 Mangaia, Cook Islands, near shore Scarus frontalis
(Parrot Fish)

vertebrae
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Table 2.  Results of analyses (extract yield, nitrogen and carbon concentration, elemental C:N 
ratios) to establish “collagen” quality and measurements of δ13C and δ15N for each of the 
samples.  Values reflect the mean of two independent replicate analyses (except for sample F 
12, for which the second replicate was lost during extraction).

Lab # HI1 Yield2 se3 %C4 se %N4 se C/N5 se δ13C6 se δ15N6 se

Waya Island Samples with Acceptable Extract Quality:

F 01 6.00 0.27 34.13 1.52 12.27 0.87 3.24 0.15 -16.89 0.09 9.82 0.17

F 02 3.08 0.00 28.32 1.70 9.91 1.24 3.35 0.42 -16.47 0.45 9.98 0.50

F 04 1.27 0.55 29.08 0.66 9.89 0.47 3.43 0.15 -15.95 0.28 10.82 0.53

F 05 7.37 0.49 36.15 1.78 12.90 1.17 3.27 0.25 -14.00 0.69 10.80 1.07

F 06 3.79 2.69 32.07 2.02 11.39 1.17 3.28 0.15 -15.01 0.09 10.52 0.21

F 12 0 4.82 33.77 12.48 3.16 -15.12 9.10

F 13 0 6.23 0.77 33.33 0.71 12.17 0.70 3.20 0.28 -15.46 0.09 10.46 0.24

F 20 0 5.57 0.21 28.48 2.64 10.00 1.67 3.33 0.34 -15.18 0.50 9.25 0.62

F 25 3 5.77 0.42 17.91 1.67 6.50 1.05 3.22 0.28 -16.22 0.62 8.75 0.65

F 26 1 8.14 3.24 26.89 2.91 9.46 1.73 3.32 0.02 -15.34 0.77 9.39 0.78

F 27 7.43 1.48 25.52 1.70 9.14 1.15 3.26 0.38 -4.83 0.57 7.43 0.91

F 28 1 4.40 0.80 25.95 2.00 9.18 1.18 3.30 0.10 -15.58 0.13 9.09 0.64

F 29 0 3.80 1.19 26.91 2.21 9.51 1.22 3.30 0.29 -15.46 0.58 8.82 0.80

F 34 1 2.97 0.05 30.72 1.94 10.90 1.02 3.28 0.30 -15.32 0.25 8.97 0.07

F 35 8.39 1.66 31.84 1.87 11.42 1.22 3.26 0.25 -1.46 0.49 7.05 0.44

F 38 1 4.42 0.78 29.90 1.46 10.67 0.76 3.27 0.30 -13.50 0.71 11.05 0.38

F 39 0 6.63 3.99 19.19 0.75 6.66 0.61 3.37 0.30 -16.52 0.08 8.64 0.61

Sigatoka Valley Samples with Acceptable Extract Quality:

F 07 7.25 0.05 34.80 0.76 12.34 0.70 3.29 0.27 -19.41 0.24 8.73 0.74

F 08 9.81 0.84 36.74 1.60 12.84 1.03 3.34 0.21 -19.28 0.48 10.98 0.30

F 09 6.53 0.14 31.49 1.60 10.81 0.73 3.40 0.33 -19.42 0.66 7.34 0.75

F 10 5.76 0.08 34.06 0.90 11.97 0.56 3.32 0.20 -19.03 0.50 8.37 0.60

F 11 12.71 1.22 38.53 0.79 13.56 0.46 3.31 0.05 -20.12 0.26 8.20 0.17

Modern Fish Samples:
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F 30 30.54 0.08 39.44 0.86 14.32 0.34 3.21 0.29 -6.45 0.25 8.12 0.35

F 31 15.90 0.45 28.25 1.38 9.93 1.24 3.34 0.54 -12.56 0.66 9.87 0.42

F 32 21.42 1.15 23.40 0.44 8.24 1.00 3.34 0.61 -6.85 0.50 5.33 0.40

F 33 23.55 7.25 31.87 1.91 11.47 1.28 3.25 0.31 -7.08 0.50 5.11 0.35

Waya Island Samples with Unacceptable Extract Quality:

F 03 1.50 0.22 5.82 2.08 1.87 1.09 3.50 0.76 -18.42 1.09 7.93 1.79

F 14 2.58 0.33 5.14 1.88 1.41 0.42 6.37 0.86 -21.09 1.54 9.33 0.93

F 16 6.37 0.31 1.21 0.88 -24.10 1.28

F 17 4.53 0.56 4.24 2.28 2.80 0.08 3.29 0.01 -20.78 1.98 6.48 0.57

F 18 3.05 0.35 1.27 1.26 -23.18 0.98

F 19 2.41 0.07 9.41 1.71 3.17 1.03 3.47 0.25 -18.80 0.68 7.30 0.42

F 21 1 1.70 0.58 3.42 1.42 1.08 0.70 4.45 0.76 -19.08 1.64 4.17 2.32

F 36 0.55 0.02 7.19 1.56 2.67 0.96 3.15 0.49 -14.18 1.28 7.00 1.47

F 37 3 3.29 1.20 1.31 1.50 0.98 0.25 1.61 1.63 -22.02 1.68 -1.98 2.15

F 40 5 5.24 6.18 1.06 0.85 1.18 0.85 -20.58 1.21 -0.65

Sigatoka Valley Samples with Unacceptable Extract Quality:

F 15 2.53 0.13 19.68 3.88 5.81 2.26 4.24 0.89 -20.29 1.04 8.86 0.68

F 22 1 2.00 0.06 12.24 1.38 3.48 0.73 4.11 0.46 -18.63 0.62 7.14 0.84

F 23 2 2.60 0.36 15.03 4.92 4.78 3.16 6.42 1.38 -19.86 1.02 5.63 2.22

F 24 2.68 0.02 6.35 1.38 1.84 0.71 4.06 0.46 -19.97 0.48 4.11 0.59

1 HI: Histological Index (after Hedges et al. 1995). 
2 Extract Yield: (mg extract ÷ mg bone) × 100.  Yields < 2% are generally taken as an indication of 

poor “collagen” preservation (Ambrose 1990).
3 se:  standard error of the mean.
4  %C (carbon) and %N (nitrogen) range from 15.3-47% and 5.5-17.3%, respectively, in well-

preserved “collagen” (Ambrose 1990). 
5  The C/N, or elemental carbon:nitrogen, ratio has a range of 2.9-3.6 in well-preserved “collagen” 

(DeNiro 1985).
6  δ13C and δ15N values in units o/oo relative to the PeeDee Belemnite and atmospheric N2 standards, 

respectively.  
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Table 3.  Radiocarbon determinations and calibrations for the Yasawa Islands and Sigatoka Valley 
Samples.

Lab No. Location Material 14C Age BP
13C/12C 
Ratio

13C 
Adjusted 
Age BP

Calibrated Age 
Range BP

(2 σ probabilities)1

Beta-
86839

Y2-25, TU3, L.II 
base

wood 
charcoal

2590 +/- 50 -28.2
2540 +/-

50

2839-2829 (0.5%)
2792-2675 (60.6%)
2643-2490 (34.3%)

Beta-
86840

Y2-25, TU3, L. II, 
pit feature 1

wood 
charcoal

2630 +/- 90 -28.7
2570 +/-

90
2953-2458 (94.7%)
2387-2370 (0.7%)

CAMS-
24946

Y2-25, L.II, burial 
pit

human 
bone

2530 +/50 - -
2753-2457 (93.7%)
2407-2403 (0.3%)
2388-2368 (1.4%)

Beta-
53197

Y2-39, TU1, L. II, 
lvl. 6

wood 
charcoal

370 +/- 70 -27.4 330 +/- 70
550-250 (93.5%)
200-150 (1.9%)

Beta-
174986

Y2-39, TU3, L.III, 
earth-oven feature

wood 
charcoal

800 +/- 40 -26.4 780 +/- 40 760-660 (95.4%)

AA50283
Nokonoko, TU1, 95-
105 cmbs

Wood 
charcoal

1311 +/- 39 -25 - 1300-1174 (95.4%)

WK-11135
Bukusia, TU2, 80-90 
cmbs

Wood 
charcoal

202 +/- 59 -29.6 -

427-392 (3.5%)
386-381 (.4%)
320-56 (76.2%)
46-4 (15.3%)

AA50282
Batiri, Feature 1, 30-
35 cmbs

Wood 
charcoal

233 +/- 38 -25.3 -

429-376 (7.8%)
324-262 (39.4%)
220-141 (36.7%)
25-4 (11.5%)

1Calibrations performed with OxCal 4.0 (Bronk Ramsey 1995, 2001) using the atmospheric 
data from Reimer et al. (2004).
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