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Abstract: Tikopia Island, a small and relatively isolated Polynesian Outlier in the Southeast Solo-
mon Islands, supports a remarkably dense human population with minimal external support. Ex-
amining long-term trends in human land use on Tikopia through archaeological datasets spanning 
nearly 3000 years presents an opportunity to investigate pathways to long-term sustainability in a 
tropical island setting. Here, we trace nutrient dynamics across Tikopia’s three pre-European con-
tact phases (Kiki, Sinapupu, Tuakamali) via stable carbon and nitrogen isotope analysis of commen-
sal Pacific rat (Rattus exulans) and domestic pig (Sus scrofa) bone and tooth dentine collagen. Our 
results show a decline in δ15N values from the Kiki (c. 800 BC-AD 100) to Sinapupu (c. AD 100–1200) 
phases, consistent with long-term commensal isotope trends observed on other Polynesian islands. 
However, increased δ15N coupled with lower δ13C values in the Tuakamali Phase (c. AD 1200–1800) 
point to a later nutrient rejuvenation, likely tied to dramatic transformations in agriculture and land 
use at the Sinapupu-Tuakamali transition. This study offers new, quantifiable evidence for deep-
time land and resource management decisions on Tikopia and subsequent impacts on island nutri-
ent status and long-term sustainability. 
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The growing pressures of climate change, population increase, and disruptions to 

food supply networks highlight the ever-increasing need to establish food systems that 
are not only highly productive, but also sustainable and resilient in the long term. How-
ever, our means to evaluate sustainability across long time scales are limited. Archaeolog-
ical collections preserve multiproxy ecological information, including faunal and botani-
cal remains, soils, and ancient biomolecules that span centuries or even millennia. As 
such, these datasets afford a unique opportunity to investigate land use, ecosystem trans-
formations, and impacts to agricultural systems across generations of human activity, e.g., 
[1–3]. Islands, especially those in Polynesia, have proven effective as ideal “model sys-
tems” for applying archaeological datasets to investigate human activities and environ-
mental transformations on a global scale, e.g., [4–7]. 
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Abstract: Tikopia Island, a small and relatively isolated Polynesian Outlier in the Southeast Solomon
Islands, supports a remarkably dense human population with minimal external support. Examining
long-term trends in human land use on Tikopia through archaeological datasets spanning nearly
3000 years presents an opportunity to investigate pathways to long-term sustainability in a tropical
island setting. Here, we trace nutrient dynamics across Tikopia’s three pre-European contact phases
(Kiki, Sinapupu, Tuakamali) via stable carbon and nitrogen isotope analysis of commensal Pacific
rat (Rattus exulans) and domestic pig (Sus scrofa) bone and tooth dentine collagen. Our results show
a decline in δ15N values from the Kiki (c. 800 BC-AD 100) to Sinapupu (c. AD 100–1200) phases,
consistent with long-term commensal isotope trends observed on other Polynesian islands. However,
increased δ15N coupled with lower δ13C values in the Tuakamali Phase (c. AD 1200–1800) point to a
later nutrient rejuvenation, likely tied to dramatic transformations in agriculture and land use at the
Sinapupu-Tuakamali transition. This study offers new, quantifiable evidence for deep-time land and
resource management decisions on Tikopia and subsequent impacts on island nutrient status and
long-term sustainability.

Keywords: stable isotopes; archaeology; commensals; nutrient flows; Polynesia; land use; ecomimicry

1. Introduction

The growing pressures of climate change, population increase, and disruptions to
food supply networks highlight the ever-increasing need to establish food systems that are
not only highly productive, but also sustainable and resilient in the long term. However,
our means to evaluate sustainability across long time scales are limited. Archaeological
collections preserve multiproxy ecological information, including faunal and botanical
remains, soils, and ancient biomolecules that span centuries or even millennia. As such,
these datasets afford a unique opportunity to investigate land use, ecosystem transforma-
tions, and impacts to agricultural systems across generations of human activity, e.g., [1–3].
Islands, especially those in Polynesia, have proven effective as ideal “model systems”
for applying archaeological datasets to investigate human activities and environmental
transformations on a global scale, e.g., [4–7].

‘Sustainability’ and ‘resilience’ are helpful concepts to galvanize research towards
addressing contemporary environmental challenges. However, the utility of these concepts
has been called into question due to their complex, multifaceted nature, often-nebulous
definitions, and imprecise applications, e.g., [8–12]. A recent metaanalysis sought to find
consensus in how these two terms were, respectively, defined and applied across a breadth
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of disciplinary literature [13]. Broadly, they concluded that the term sustainability was
applied to ‘bottom-line’ management of social, environmental, and economic systems
while resilience spoke to the long-term ability for a system to recover or to adapt in the face
of disruption or persistent stress. We agree with these general distinctions, but also find it
useful to generate situational definitions that can address specific facets of sustainability.
Here, we define an archaeological agro-ecosystem as sustainable in the long term if there
is no evidence for soil nutrient drawdown through time. By contrast, an agro-ecosystem
meets the conditions of resiliency if it is either sustainable in the long term or if there is
evidence for adaptation and recovery following earlier nutrient declines. Rather than a
holistic determination of long-term sustainability, this study therefore seeks to characterize
whether and how some facets of past agro-ecosystems were sustainable.

Previous work has established that stable isotope analysis of commensal animals can
shed new light on transformations to past social and natural systems, e.g., [14–18]. This is
in part due to commensal species’ unique position as animals that live in and around
human settlements but whose diets are not actively managed by people. Rather than a
strict biological definition of commensalism (an evolutionary species relationship wherein
one benefits and the other experiences no impact), archaeologists tend to refer back to
commensalism’s more literal translation of “sharing a table”. Commensals are therefore
animals that scavenge from human meal scraps (or in other ways take advantage of human-
modified environments) or, in the context of the “commensal pathway” to domestication,
animals that fall somewhere between ‘wild’ and ‘domestic’ categorization (see [19]). In the
Pacific, the term ‘commensal’ has been employed to describe the main animal species
transported by Pacific peoples to new island environments: the pig (Sus scrofa), dog (Canis
familiaris), chicken (Gallus gallus), and Pacific rat (Rattus exulans). However, in many cases,
it is likely that pigs, dogs, and chickens were domesticated or at least their diets were to
some extent managed by people [20–23].

In the present study, we employ commensal δ13C and especially δ15N values as a proxy
for one facet of long-term sustainability and resilience in past agro-ecosystems: nutrient
(predominantly nitrogen, N) availability. An important caveat is that δ15N values are not
a direct measure of overall nitrogen abundance. Higher δ15N values do not necessarily
correspond with higher overall nitrogen availability (and vice versa). However, changes
in commensal δ15N can help characterize the processes influencing nitrogen flows across
agro-ecosystems, and semi-quantitatively evaluate their degree of impact. While δ13C and
δ15N are primarily employed for dietary reconstruction, changes to ‘baseline’ C and N
stable isotope ratios in soils and primary producers are also carried up the food chain. Thus,
influences on baseline δ13C and δ15N, such as climate change and growing conditions,
e.g., [24–26], can also result in significant transformations to commensal δ13C and δ15N
without any true change to commensal diet. This has been demonstrated in the Pacific,
where human land use strategies and species extinction can be tied to significant changes
in Pacific rat δ13C and δ15N [18,27].

Tikopia is often held up as a model for long-term sustainability in an isolated, circum-
scribed island environment [28–31]. The people of Tikopia have been able to maintain a
remarkably dense population (c. 1200 people) for an island of its size (c. 4.6 km2) and
relatively long chronology of permanent human settlement (c. 3000 years), with limited
reliance on external resources. This sustainability is maintained through careful resource
management strategies as well as rigorous population control mechanisms, such as family
size limitations and emigration [32,33]. Of particular relevance is the system of intensive
arboriculture or tree-cropping, what ethnographer Raymond Firth called “orchard garden-
ing” [34]. This multistory arboricultural system mimicks the structure of the natural forests
it replaces, but substitutes forest plants with similar species that provide food and other
biocultural resources. Quintus et al. [35] have pointed to the importance of arboriculture or
agro-forestry in traditional Polynesian subsistence systems (and see [36,37]).

Previous analysis of Tikopia’s archaeofauna showed initially high δ15N values in
Pacific rat bone collagen, which sharply declined in later phases. This pattern fit within a
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trend of steadily declining rat δ15N values over time observed across multiple Polynesian
islands, likely as a product of human arrival and subsequent land use [18]. However,
rat δ13C and δ15N values for the final pre-contact (Tuakamali) phase were represented
by only a single specimen. Meaningful interpretation of Tikopia’s entire archaeological
sequence requires a larger sample from the Tuakamali Phase. Here, we employ stable
isotope analysis of archaeofaunal remains to measure and characterize the sustainability
of past agro-ecosystems. Stable carbon (δ13C) and nitrogen (δ15N) isotope data from
two human-transported ‘commensal’ species provide insights into nutrient flows across
anthropogenic food webs. We build on our previous work with additional rat specimens
from the Sinapupu and Tuakamali Phases, as well as new C and N stable isotope analysis
of pigs. In total, we report and compare stable carbon and nitrogen isotope ratios derived
from 119 archaeologically recovered commensal pig and rat specimens from Tikopia Island.
Our results provide new insight into long-term trends of human activity and environmental
transformation on Tikopia, and provide quantitative archaeological evidence for the long-
term resilience of Tikopian agro-ecosystems.

Tikopia Island as a Sustainability Case Study

Tikopia is a small Polynesian ‘Outlier’ (c. 4.6 km2), relatively isolated from the rest
of the Solomon Island chain to its northwest (Figure 1). So-called ‘Polynesian Outliers’
are islands situated outside the traditional geographic bounds of the ‘Polynesian Triangle’
(formed by vertices Aotearoa {New Zealand}, Rapa Nui {Easter Island}, and Hawai

 
 

 

 
Sustainability 2021, 13, x. https://doi.org/10.3390/xxxxx www.mdpi.com/journal/sustainability 

Article 

Stable Isotopic Evidence for Nutrient Rejuvenation and  
Long-Term Resilience on Tikopia Island (Southeast  
Solomon Islands) 
Jillian A. Swift 1,*, Patrick V. Kirch 2, Jana Ilgner 3, Samantha Brown 4, Mary Lucas 3, Sara Marzo 3  
and Patrick Roberts 3 

1 Anthropology Department, Bernice Pauahi Bishop Museum, Honolulu, HI 96817, USA 
2 Department of Anthropology, University of Hawaiʻi at Mānoa, Honolulu, HI 96822, USA; kirch@hawaii.edu 
3 Department of Archaeology, Max Planck Institute for the Science of Human History, 07745 Jena, Germany; 

ilgner@shh.mpg.de (J.I.); lucas@shh.mpg.de (M.L.); marzo@shh.mpg.de (S.M.); roberts@shh.mpg.de (P.R.) 
4 Institute for Archaeological Sciences, University of Tübingen, 72074 Tübingen, Germany;  

samantha.brown@uni-tuebingen.de 
* Correspondence: jillian.swift@bishopmuseum.org 

Abstract: Tikopia Island, a small and relatively isolated Polynesian Outlier in the Southeast Solo-
mon Islands, supports a remarkably dense human population with minimal external support. Ex-
amining long-term trends in human land use on Tikopia through archaeological datasets spanning 
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i) with
present-day populations that generally speak Polynesian languages and maintain cultural
practices with ties to both Polynesia and elsewhere in the Pacific. Travel to Tikopia is
challenging, and consequently the island has seen few anthropological studies outside
of the pioneering work of Raymond Firth [33,34]. The archaeological history of Tikopia
is known from a research expedition conducted by Patrick Kirch and Douglas Yen in
1977–78 [38]. The archaeofaunal collections from these excavations are curated at Bishop
Museum, where they remain a valuable resource for understanding the island’s archaeo-
logical history. Recent reanalysis of these collections has provided new insights into the
chronology of human activities and environmental transformation on Tikopia [39] and new
evidence for long-distance voyaging and trade [40].

Kirch and Yen [38] outlined a sequence of three pre-contact cultural phases for Tikopia:
the Kiki, Sinapupu, and Tuakamali Phases. While new radiocarbon dates have updated
their absolute chronology [39], the overall sequence and its defining characteristics have re-
mained consistent. Time period boundaries are largely demarcated by changes in material
culture: the earliest Kiki Phase (c. 800 BC to AD 100) is characterized by a diverse suite
of Tridacna shell adzes, Spondylus shell bracelets, and most distinctively the locally made
‘Kiki Ware’ ceramics. A small number of Kiki Ware sherds carry dentate-stamped designs
that indicate connections to the Lapita pottery tradition. Similar early Lapita ceramics are
found in the nearby Santa Cruz Islands and the southern end of Vanuatu [41,42], and initial
Tikopian settlement is hypothesized to originate from the Bismarck or Solomon Islands
to the west [38,40]. In the following Sinapupu Phase (c. AD 100–1200) local ceramic pro-
duction ends, and Kiki Ware is replaced by non-local incised Mangaasi-style ceramics [43],
likely imported from the Vanuatu archipelago to the south. In the final pre-contact Tuaka-
mali Phase (c. AD 1200–1800), ceramic manufacture and use ends completely. This phase
likely also marks the arrival of Polynesian peoples to Tikopia, which would be consistent
with broader patterns of Polynesian migration and expansion across the Pacific (Kirch
2017). Oral traditions and new obsidian and volcanic glass sourcing data speak to fraught
relationships between the Tikopia and invading Tongans during this time, perhaps as part
of broader Tongan maritime polity expansion efforts [40,44]. Kirch and Yen [38] establish
AD 1800 as an arbitrary date to mark the Historic Phase, as a transition between pre- and
post-European contact.
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In addition to these changes in material culture, Kirch and Yen [38] identified several
significant transformations to the island’s topography, environment, and patterns of human
land use over time. However, these changes are not sharply demarcated across archaeologi-
cal phases (Summary in Table 1). They estimate that during the Kiki Phase, the island’s land
area was only around 72% of its current size, while conversely the reef flats were around
70% larger [38:325]. This reflects geomorphic changes associated with a +1 m mid-Holocene
sea level stand. Land area apparently remained consistent across the Kiki and Sinapupu
phases; however, continued forest clearance and erosion gradually displaced sediment
from the volcanic hillsides into an increasingly aggraded shoreline. By contrast, significant
transformations occurred throughout the Tuakamali Phase. Shorelines expanded, which
created new landmass, reduced the size of reef flats, and generated new swampland envi-
ronments that had not existed previously. Very late in the Tuakamali Phase (sometime after
first European contact in AD 1606, according to their accounts), the formation of a sandy
tombolo (the Ravenga area) and its eventual enclosure transformed what was previously a
saltwater bay into a brackish lake known as Te Roto.
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Table 1. Key aspects of Tikopian environment and human land use roughly separated by archaeolog-
ical phase.

Kiki Phase
(c. 800 BC to AD 100)

Introduction of new cultivars and commensal pig, dog, rat;
extinctions/extirpations of avifaunal species; reliance on marine
resources and large-bodied prey; fire use for forest clearance and

agriculture; small-scale slash-and-burn agricultural activities

Sinapupu Phase
(c. AD 100 to 1200)

Settlement expansion; expanded forest clearance; shoreline
aggradation; colluvial deposition of nutrient-rich agricultural
soils into the lowlands; continuing slash-and-burn agriculture;

development of multistory arboriculture

Tuakamali Phase
(c. AD 1200 to 1800)

Cessation of fire use for forest clearance or agriculture; shoreline
expansion; reduction in the reef flats; closure of Ravenga tombolo
and creation of brackish lake Te Roto; continued intensification of

pig husbandry followed by a sudden, late extirpation of pig;
complete establishment of multistory arboricultural system

Kirch and Yen [38] found limited direct paleobotanical evidence for early cultivation,
however it is likely that even the earliest inhabitants of Tikopia were skilled horticulturalists
of traditional Pacific crops such as yams, taro, and breadfruit. Early forest clearance also
created new opportunities for agricultural expansion. Sediment redistribution from the
upper volcanic slopes generated new fans of nutrient-rich colluvial sediment; this was
perhaps a deliberate strategy to increase the availability of agriculturally viable soils in the
lowlands. Analysis of charcoal from these colluvial fans (particularly from excavations
in the Rakisu agricultural zone) also suggest that Tikopians continued to employ fire in
swidden agricultural activities for many centuries after initial clearance. The eventual
disappearance of charcoal from these deposits indicates an eventual cessation of fire use for
agriculture. Sediment deposition into the Rakisu zone also slowed, pointing to a gradual
transformation in agricultural activities across the late Sinapupu and Tuakamali Phases
into the multistory forest system present today [38].

Faunal assemblages offer tangible evidence for other aspects of food production and
procurement activities across these phases. Early Kiki faunal assemblages are characteristic
of assemblages from other early human occupation sites in the Pacific, and include abun-
dant and diverse avifaunal remains, many of which are only found in the Kiki Phase; large
quantities of turtle bone; larger-sized mollusks; and the human-introduced pig (Sus scrofa),
dog (Canis familiaris), and Pacific rat (Rattus exulans). In the Sinapupu Phase (c. 100 BC to
AD 1200), agricultural products alongside a mix of terrestrial and marine animal resources
constituted the majority of Tikopian diet. However, the formerly abundant quantities of
wild fauna diminished in favor of expanded terrestrial agricultural activities and intensified
husbandry of domestic pigs. Turtle remains disappeared from the faunal record entirely,
and the formerly abundant remains of birds, fish, and shellfish were supplemented by
increasing quantities of pig bone. The reduced abundance and diversity of avifaunal re-
mains in the Sinapupu Phase indicate extinctions, extirpations, and reductions in avifaunal
populations. Despite the long-term decline in available reef habitat, marine resources re-
mained an important contribution to Tikopian subsistence throughout its history. However,
pig husbandry also intensified throughout the Tuakamali Phase, with pig becoming a major
aspect of the terrestrial production system. At some point during the late Tuakamali Phase,
pigs were apparently extirpated; pig faunal remains disappear entirely from archaeological
deposits and ethnographically, pig populations were not maintained on Tikopia [38].

Most of the food production strategies in place by the Tuakamali Phase continue to be
practiced by the Tikopia [31,34]. Agricultural practices remain oriented around multistory
arboriculture and extend across the entire island, with nearly all available land either
under cultivation or fallow. Aquatic resources from the surrounding reef, brackish lake,
and (less frequently) open ocean are the dominant protein source. Although pigs were
extirpated in the late Tuakamali Phase, a small number of pigs and chickens have been
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reintroduced to Tikopia. In 2010, Mertz et al. estimated approximately 1000 chickens (an
average of 9.5 per household) and 13 pigs were likely to inhabit the island [31]. Outside
foods arrive infrequently and irregularly enough that they are not relied on, though
food shortages on Tikopia have necessitated outside food relief—along with other crucial
supplies—usually after severe cyclone events [45]. While contemporary reports offer fine-
grained understanding of current sustainability mechanisms on Tikopia, this study applies
commensal stable isotope analysis to understand their development and contributions to
Tikopia’s long-term sustainability and resiliency.

2. Materials and Methods
2.1. Sample Selection

This study combines novel rat and pig samples with previously published Pacific rat
stable isotope data [18] selected from the same Tikopia archaeological collections (Table 2).
These collections were excavated by Kirch and Yen in 1977–78 and are now housed at
the Bernice Pauahi Bishop Museum in Honolulu, HI. All samples were analyzed with
permission from the museum through a destructive analysis loan. Pacific rat bone elements
were selected by calculating the minimum number of individuals (MNI) within each site,
unit, and layer in order to reduce the risk of resampling from the same individual while
maximizing sample sizes. Femora were selected whenever possible for consistency. Femora
are relatively large and robust, and therefore tend to preserve in the archaeological record
more frequently and offer larger sample sizes. Elements were compared between levels
for potential matching pairs to further control for double sampling. Similar procedures
were followed for pig remains. However, deposition and preservation processes are
considerably different for pig remains compared to rats. Pig teeth were selected wherever
possible, as these were generally the most well preserved and readily identifiable elements.

Table 2. All new pig and rat bone elements selected for analysis and their archaeological contexts as recorded on collection
bag labels.

Sample No. Site Unit Depth Species Element Side

TKSUS-1 TK-36 C2 Layer I Sus scrofa Upper Incisor nd
TKSUS-2 TK-36 C4 Layer I Sus scrofa Upper Molar 2 nd
TKSUS-3 TK-36 C2 Layer III Sus scrofa Lower Incisor nd
TKSUS-4 TK-1 J7 Level 1 (0–20 cmbs) Sus scrofa Lower Premolar 3 nd
TKSUS-5 TK-1 J5 110–155 cmbs Sus scrofa Lower Molar 3 nd
TKSUS-6 TK-1 J8 125–160 cmbs Sus scrofa Lower Premolar 3 nd
TKSUS-7 TK-1 J9 140–160 cmbs Sus scrofa Lower Premolar 2 nd
TKSUS-8 TK-1 J10 140–200 cmbs Sus scrofa Upper Premolar 4 nd
TKSUS-9 TK-1 J5 Level 2 (20–40 cmbs) Sus scrofa Lower Incisor nd
TKSUS-10 TK-1 J7 55–75 cmbs Sus scrofa Lower Incisor nd
TKSUS-11 TK-1 J7 85–140 cmbs Sus scrofa Upper Incisor nd
TKSUS-12 TK-1 J5 Layer II (40–55 cmbs) Sus scrofa Deciduous Lower Premolar 4 nd
TKSUS-13 TK-1 J9 Layer I Sus scrofa Lower Premolar 2 nd

TKSUS-14 ** TK-1 J10 Layer I Sus scrofa Deciduous Upper Incisor nd
TKSUS-15 TK-36 B3 Layer I Sus scrofa Upper Incisor nd
TKSUS-16 TK-36 B3 Layer I Sus scrofa Upper Premolar 4 nd
TKSUS-17 TK-36 C1 Layer I Sus scrofa Lower Incisor nd
TKSUS-18 TK-36 B4 Layer I (Upper) Sus scrofa Deciduous Upper Molar 1 nd
TKSUS-19 TK-36 B4 Layer I (Upper) Sus scrofa Lower Incisor nd
TKSUS-20 TK-36 B2 Layer III Sus scrofa Deciduous Lower Premolar 2 nd

TKSUS-21 TK-20 J15 0–40 cm Sus scrofa Undetermined Molar
Fragments nd

TKSUS-22 TK-20 J13 35-Base Sus scrofa Upper Premolar 4 nd
TKSUS-23 TK-20 J14 25-Base Sus scrofa Lower Premolar 3 nd
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Table 2. Cont.

Sample No. Site Unit Depth Species Element Side

TKSUS-24 TK-20 J14 0–25 cm Sus scrofa Upper Incisor nd
TKSUS-25 TK-35 C3 Level 1/Layer I Sus scrofa Upper Premolar 4 nd
TKSUS-26 TK-35 C3 Level 1/Layer I Sus scrofa Upper Molar 1 nd
TKSUS-27 TK-35 C3 Level 1/Layer I Sus scrofa Upper Molar 1 nd

TKSUS-28a TK-35 B3 Level 1/Layer I Sus scrofa Upper Molar 1 nd
TKSUS-28b TK-35 B3 Level 1/Layer I Sus scrofa Upper Molar 2 nd
TKSUS-29 TK-35 C1 Level 1/Layer I Sus scrofa Upper Premolar 4 nd
TKSUS-30 TK-35 C2 Level 1/Layer I Sus scrofa Lower Molar 1 nd
TKSUS-31 TK-35 C3 Level 3 Sus scrofa Lower Incisor nd
TKSUS-32 TK-35 B3 Level 3 Sus scrofa Upper Molar 1 nd
TKSUS-33 TK-35 C2 Level 3 Sus scrofa Deciduous Upper Premolar 3 nd
TKSUS-34 TK-35 C1 Level 3 Sus scrofa Upper Premolar 3 nd
TKSUS-35 TK-35 C1 Level 3 Sus scrofa Lower Molar 1 nd
TKSUS-36 TK-35 C2 Level 3 Sus scrofa Lower Molar 3 nd
TKSUS-37 TK-35 C2 Level 3 Sus scrofa Lower Incisor nd
TKSUS-38 TK-35 C1 Level 4 Sus scrofa Lower Molar 2 nd
TKSUS-39 TK-35 C1 Level 4 Sus scrofa Lower Incisor nd
TKSUS-40 TK-36 A2 Layer I Sus scrofa Lower Incisor nd
TKSUS-41 TK-36 A4 Layer I (Lower) Sus scrofa Upper Incisor nd
TKSUS-42 TK-36 A4 Layer I (Lower) Sus scrofa Lower Incisor nd
TKSUS-43 TK-36 A4 Layer I (Upper) Sus scrofa Lower Incisor nd
TKSUS-44 Transect TP-47 Layer I Sus scrofa Upper Premolar 4 nd
TKSUS-45 Transect TP-47 Layer I Sus scrofa Deciduous Lower Premolar 4 nd
TKSUS-46 Transect TP-48 Layer I Sus scrofa Upper Molar 2 nd
TKSUS-47 Transect TP-49 Layer I Sus scrofa Lower Premolar 4 nd
TKSUS-48 Transect TP-50 Layer I Sus scrofa Upper Molar 2 nd
TKSUS-49 Transect TP-51 Layer I Sus scrofa Upper Molar 1 nd
TKSUS-50 Transect TP-51 Layer II Sus scrofa Deciduous Lower Canine nd
TKSUS-51 Transect TP-47 Layer III Sus scrofa Upper Molar 1 nd
TKSUS-52 Transect TP-46 Layer IV Sus scrofa Lower Molar 2 nd
TKSUS-53 TK-35 A1 Level 1/Layer I Sus scrofa Upper Molar 2 nd
TKSUS-54 TK-35 A2 Level 1/Layer I Sus scrofa Deciduous Upper Premolar 4 nd
TKSUS-55 TK-35 A2 Level 1/Layer I Sus scrofa Upper Molar 3 nd
TKSUS-56 TK-35 A2 Level 1/Layer I Sus scrofa Deciduous Upper Premolar 4 nd
TKSUS-57 TK-35 A2 Level 1/Layer I Sus scrofa Deciduous Lower Canine nd
TKSUS-58 TK-35 A3 Level 1/Layer I Sus scrofa Lower Molar 1 nd
TKSUS-59 TK-35 A3 Level 1/Layer I Sus scrofa Upper Molar 2 nd
TKSUS-60 TK-35 B1 Level 1/Layer I Sus scrofa Lower Molar 2 nd
TKSUS-61 TK-35 A2 Level 2 Sus scrofa Deciduous Lower Premolar 2 nd
TKSUS-62 TK-35 A3 Level 2 Sus scrofa Lower Incisor nd
TKSUS-63 TK-35 A3 Level 3 Sus scrofa Upper Incisor nd
TKSUS-64 TK-35 A3 Level 3 Sus scrofa Upper Incisor 1 nd
TKSUS-65 TK-35 B2 Level 1/Layer I Sus scrofa Deciduous Lower Premolar 4 nd
TKSUS-66 TK-35 B1 Level 3 Sus scrofa Lower Premolar 3 nd
TKSUS-67 TK-35 B1 Level 3 (120–150 cmbs) Sus scrofa Upper Incisor nd
TKSUS-68 TK-35 B2 Level 4 Sus scrofa Upper Premolar 4 nd
TKSUS-69 TK-35 B1 Level 3 (100–120 bs) Sus scrofa Lower Molar 1 nd
TKSUS-70 TK-35 B2 Level 3 (above stones) Sus scrofa Lower Premolar 3 nd
TKSUS-71 TK-35 B3 Level 5 Sus scrofa Upper Premolar 4 nd
TKSUS-72 TK-35 B3 Level 5 Sus scrofa Lower Premolar 2 nd
TKSUS-73 TK-35 C1 Level 4 Sus scrofa Deciduous Upper Premolar 3 nd

TKR-69 TK-35 C2 Layer I Rattus exulans Femur L
TKR-70 TK-35 C2 Layer I Rattus exulans Femur L
TKR-71 TK-35 A2 Level 2 Rattus exulans Femur L
TKR-72 TK-35 A2 Level 2 Rattus exulans Femur L
TKR-73 TK-35 A2 Level 3 Rattus exulans Femur L
TKR-74 TK-35 A2 Level 3 Rattus exulans Femur L
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Table 2. Cont.

Sample No. Site Unit Depth Species Element Side

TKR-75 TK-35 C1 Level 4 Rattus exulans Femur L
TKR-76 TK-35 C1 Level 4 Rattus exulans Femur L
TKR-77 TK-35 A3 Level 4 Rattus exulans Tibia R
TKR-78 TK-35 C3 Level 3 Rattus exulans Femur L
TKR-79 TK-35 A1 Level 3 Rattus exulans Femur L
TKR-80 TK-35 C2 Level 2 Rattus exulans Femur L

TKR-81 * TK-35 A3 Level 2 Rattus exulans Tibia R
TKR-82 TK-35 A1 Level 2 Rattus exulans Femur R

TKR-83 * TK-35 B3 Level 2 Rattus exulans Femur L
TKR-84 * TK-35 A2 Layer I Rattus exulans Femur L
TKR-85 TK-35 B3 Layer I Rattus exulans Tibia R
TKR-86 TK-35 C3 Layer I Rattus exulans Humerus R
TKR-87 TK-36 C4 Layer I Rattus exulans Femur L

TKR-88 * TK-20 T20 No depth recorded Rattus exulans Humerus R
TKR-89 TK-20 J13 0–35 cm Rattus exulans Femur R
TKR-90 TK-20 J14 25-base Rattus exulans Femur R

TKSUS-74 TK-36 A3 Layer III (lower) Sus scrofa Proximal phalanx R
TKSUS-75 TK-36 C3 Layer III Sus scrofa Metapodial nd
TKSUS-76 TK-36 C2 Layer III Sus scrofa Proximal phalanx R
TKSUS-77 TK-35 B3 Level 5 Sus scrofa Ischium fragment R
TKSUS-78 TK-36 B3 Layer III Sus scrofa Astragalus L
TKSUS-79 TK-35 C3 Level 4 Sus scrofa Calcaneum L
TKSUS-80 TK-35 C2 Level 5 Sus scrofa Astragalus L
TKSUS-81 TK-35 C2 Level 4 Sus scrofa Mandible fragment R
TKSUS-82 TK-35 C2 Level 3 Sus scrofa Ulna R

* Species identification confirmed via ZooMS. ** Sample later eliminated from analysis due to dubious contextual information. nd = side
not determined

The faunal specimens used in this analysis were initially identified as either Pacific
rat (Rattus exulans) or pig (Sus scrofa) by former Bishop Museum zoologist Alan Ziegler,
and confirmed by Swift using comparative skeletons of Pacific rat, brown rat (Rattus norvegi-
cus), black rat (Rattus rattus), and pig available through the Anthropology Department at
Bishop Museum and the Museum of Vertebrate Zoology at the University of California,
Berkeley. The large spiny rat (Rattus praetor) is the only other rodent known from pre-
contact Tikopian faunal assemblages. and it appears as early as the late Kiki Phase. Few R.
praetor elements were recovered from excavations and due to their rarity were not included
in our analysis, though this is an intriguing avenue for future research. The large size and
robustness of spiny rat bone elements generally render them distinguishable from Pacific
rat, however the visual taxonomic identification of four of the largest Pacific rat femora
was also confirmed through collagen peptide mass fingerprinting (ZooMS), conducted at
the Max Planck Institute for the Science of Human History in Jena, Germany.

2.2. Taxonomic Identification via Zooarchaeology by Mass Spectrometry (ZooMS)

Four of the largest rat femora identified as likely to be Pacific rat (Rattus exulans) were
also analyzed via collagen peptide mass fingerprinting to reconfirm species identifica-
tion. Analysis was carried out following previously published protocols [46,47]. Briefly,
the femora were submerged in 100 µL of 50 mM ammonium bicarbonate (AmBic) and
allowed to soak overnight. The AmBic was then replaced and the femora were incubated
at 65 ◦C for one hour. The supernatant was then removed from the femora which were
allowed to dry. Then, 50 µL of the supernatant was frozen at −20 ◦C and stored as a
backup. The remaining 50 µL was treated with 0.1 µg trypsin (Pierce™ Trypsin Protease,
Thermo Scientific) and incubated at 37 ◦C for 18 h. Following collagen extraction and
digestion, the samples were subjected to C18 clean-up with a matrix solution of α-cyano-
4-hydroxycinnamic of 10 mg/mL in 50% ACN/0.1% TFA and allowed to co-crystallize.
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All samples were spotted onto a ground steel plate in duplicate and analyzed using a
Bruker Autoflex Speed LRF MALDI ToF mass spectrometer. The resulting mass spectra
were peak picked with a signal to noise ratio of 3.5 using mMass (83) after baseline cor-
rection, smoothing, and deisotoping with the default parameters. The spectra were then
compared to a reference library of known peptide markers for identification [48–52].

2.3. Carbon and Nitrogen Stable Isotope Analysis of Bone and Tooth Dentine Collagen

Stable carbon and nitrogen isotope analysis have long been applied in archaeology
to reconstruct the diets of past humans and animals through analysis of (generally bone)
tissue [53,54]. Differences in carbon fractionation between C3, C4, and CAM photosynthetic
pathways result in distinct values for each plant group [55,56]. These differences are passed
along to consumers, such that animals have δ13C values which resemble the values of
plants consumed at the base of their food chain. In Pacific contexts, most food crops
are C3 plants (−35 to −21‰), including taro (Colocasia esculenta), yams (Dioscorea sp.),
sweet potato (Ipomoea batatas), and breadfruit (Artocarpus altilis). C4 plants (−15 to −11‰)
include sugarcane (Saccharum officinarum), seagrapes (Coccoloba uvifera) and many varieties
of tropical grasses. Marine primary producers take in carbon from a mixture of sources,
predominantly seawater bicarbonate, causing δ13C values of marine food sources to most
closely resemble those of C4 plants [57].

Stable nitrogen isotope ratios are primarily useful for evaluating trophic position
and marine versus terrestrial resource use. A stepwise δ15N increase of roughly 3–5‰
accompanies every step up the consumer chain [58–60]. Additionally, because marine
food webs tend to be longer and more complex than terrestrial systems, a given marine
consumer will generally exhibit higher δ15N values than their terrestrial counterparts.
Secondarily, δ15N values are also impacted by a range of nondietary factors including
physiological, climatic, and environmental variability, e.g., [24,61,62]. Rat δ15N values in
the Pacific have shown to be especially sensitive to baseline δ15N changes brought about
by modifications of soil and nitrogen sources, e.g., [25,63]. Notably, reductions in δ15N-rich
seabird guano inputs, brought about by avifaunal extinctions and extirpations, have been
linked to declines in rat δ15N values on multiple Polynesian islands [18].

The pig and rat samples utilized in this study were prepared and analyzed at the
Max Planck Institute for the Science of Human History (MPI-SHH) in Jena, Germany.
Samples were prepared following the modified Longin method described in Richards
and Hedges [64]. Samples were soaked in 0.5 M HCl until demineralized to collagen
‘pseudomorphs.’ Samples were rinsed then heated for 48 h at 70 ◦C in water acidified to
pH 3, then removed from heat and immediately filtered through EZee Filter separators.
Finally, samples were freeze dried and weighed into tin caps for analysis. When sample
size allowed, samples were analyzed in duplicate and results reflect their mean values.
Mass spectrometry analysis for all new samples was conducted at the MPI-SHH Stable
Isotope Laboratory via ConFlo IV Thermo® Scientific Isotope Mass Ratio Spectrometer
(IRMS) coupled with a Thermo Scientific FLASH 2000 HT Elemental Analyzer (Thermo,
Bremen, Germany).

Isotopic values are reported as the ratio of the heavier isotope to the lighter isotope
(13C/12C or 15N/14N) as δ values in parts per mille (‰) relative to international standards,
VPDB for δ13C and atmospheric N2 (AIR) for δ15N. Results were calibrated against in-
ternational standards of (IAEA-N-2 Ammonium Sulfate: δ15N = +20.3 ± 0.2‰, USGS40
L-Glutamic Acid: δ13C −26.389 ± 0.042 ‰, δ15N = −4.5 ± 0.1‰, IAEA-CH-6 Sucrose:
δ13C = −10.449 ± 0.03‰) and a laboratory standard (fish gelatine). Based on replicate
analyses of standards machine measurement error is c. ±0.1‰ for δ13C and ±0.1‰ for
δ15N. Overall measurement precision was studied through the measurement of repeat
extracts from a fish enamel standard (n = 20, ±0.1‰ for δ13C and ± 0.1‰ for δ15N).
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3. Results

ZooMS analysis confirmed that each of the four analysed femora bore collagen pep-
tides which matched published reference markers for Rattus exulans (Table 3). The high
quality of the spectra obtained means this identification can be made to the exclusion of all
other published Muridae.

Table 3. Collagen peptide markers from four Tikopia Rattus sp. specimens of especially large size. Full data available
through Zenodo [65].
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−10.449  ±  0.03‰) and a laboratory standard (fish gelatine). Based on replicate analyses of 
standards machine measurement error is c. ±0.1‰ for δ13C and  ±0.1‰ for δ15N. Overall 
measurement precision was studied through the measurement of repeat extracts from a 
fish enamel standard (n  =  20, ±0.1‰ for δ13C and  ± 0.1‰ for δ15N). 

3. Results 
ZooMS analysis confirmed that each of the four analysed femora bore collagen pep-

tides which matched published reference markers for Rattus exulans (Table 3). The high 
quality of the spectra obtained means this identification can be made to the exclusion of 
all other published Muridae. 

Table 3. Collagen peptide markers from four Tikopia Rattus sp. specimens of especially large size. Full data available 
through Zenodo [65]. 

Sample # ID 
COL1 1 ɑ

508–519 
COL1 2 ɑ

978–990 
COL1ɑ2 
978–990′ 

COL1 2 ɑ

484–498 
COL1 2 ɑ

502–519 
COL1 1 ɑ

220–237 
COL1 2 ɑ

793–816 
COL1 2 ɑ

454–483 
COL1 1 ɑ

586–618 
COL1ɑ1 
586–618′ 

COL1 2 ɑ

757–789 
COL1ɑ2 
757–789′ 

TK2-13 
Rattus ex-

ulans 1105.7 1187.7 
1203.7/12

93.8 1453.9 1593 1586.9 2143.3  2883.7 2899.7 2957.7  

TK2-15 
Rattus ex-

ulans 
1105.7 1187.7 

1203.7/12
93.8 

1453.9 1593 1586.9 2143.4  2883.7 2899.7  3004.7 

TK2-16 
Rattus ex-

ulans 
1105.6 1187.7 

1203.7/12
93.8 

1453.9 
1593/ 
1566.9 

1586.9 2143.3  2883.6 2899.6  3004.7 

TK2-20 
Rattus ex-

ulans 
1105.6 1187.7 

1203.7/12
93.8 

1453.9 
1593/ 
1566.9 

1586.9 2143.3 2696.5 2883.6 2899.6  3004.7 

Table S1 (in Supplementary Material) presents bone collagen δ13C and δ15N results 
with quality control indicators for all new and previously published specimens. Graphs 
and statistical analyses were produced with R version 4.0.3 [66] using the dplyr package 
for data manipulation [67] and ggplot2 package for data visualization [68]. Data normality 
was evaluated using a Shapiro–Wilk’s test, and found to exhibit normal (p > 0.05, δ15Npig, 
δ15Ncommensal) and non-normal (p < 0.05, δ13Cpig, δ13Crat, δ15Nrat dδ13Ccommensal) dis-
tributions. Given this variability, statistically significant differences in δ13C and δ15N val-
ues across archaeological phases were evaluated using a Kruskal–Wallis Test followed by 
a post hoc Pairwise Mann–Whitney–Wilcoxon Test when p < 0.05. Descriptive statistics 
and results of significance tests are reported in Table 4, Tables S2 and S3 (in Supplemen-
tary material). 
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of soil and nitrogen sources, e.g., [25,63]. Notably, reductions in δ15N-rich seabird guano 
inputs, brought about by avifaunal extinctions and extirpations, have been linked to de-
clines in rat δ15N values on multiple Polynesian islands [18]. 

The pig and rat samples utilized in this study were prepared and analyzed at the Max 
Planck Institute for the Science of Human History (MPI-SHH) in Jena, Germany. Samples 
were prepared following the modified Longin method described in Richards and Hedges 
[64]. Samples were soaked in 0.5 M HCl until demineralized to collagen ‘pseudomorphs.’ 
Samples were rinsed then heated for 48 h at 70 °C in water acidified to pH 3, then removed 
from heat and immediately filtered through EZee Filter separators. Finally, samples were 
freeze dried and weighed into tin caps for analysis. When sample size allowed, samples 
were analyzed in duplicate and results reflect their mean values. Mass spectrometry anal-
ysis for all new samples was conducted at the MPI-SHH Stable Isotope Laboratory via 
ConFlo IV Thermo® Scientific Isotope Mass Ratio Spectrometer (IRMS) coupled with a 
Thermo Scientific FLASH 2000 HT Elemental Analyzer (Thermo, Bremen, Germany). 

Isotopic values are reported as the ratio of the heavier isotope to the lighter isotope 
(13C/12C or 15N/14N) as δ values in parts per mille (‰) relative to international standards, 
VPDB for δ13C and atmospheric N2 (AIR) for δ15N. Results were calibrated against inter-
national standards of (IAEA-N-2 Ammonium Sulfate: δ15N = +20.3  ±  0.2‰, USGS40 L-
Glutamic Acid: δ13C −26.389  ±  0.042 ‰, δ15N = −4.5  ±  0.1‰, IAEA-CH-6 Sucrose: δ13C = 
−10.449  ±  0.03‰) and a laboratory standard (fish gelatine). Based on replicate analyses of 
standards machine measurement error is c. ±0.1‰ for δ13C and  ±0.1‰ for δ15N. Overall 
measurement precision was studied through the measurement of repeat extracts from a 
fish enamel standard (n  =  20, ±0.1‰ for δ13C and  ± 0.1‰ for δ15N). 

3. Results 
ZooMS analysis confirmed that each of the four analysed femora bore collagen pep-

tides which matched published reference markers for Rattus exulans (Table 3). The high 
quality of the spectra obtained means this identification can be made to the exclusion of 
all other published Muridae. 

Table 3. Collagen peptide markers from four Tikopia Rattus sp. specimens of especially large size. Full data available 
through Zenodo [65]. 

Sample # ID 
COL1 1 ɑ

508–519 
COL1 2 ɑ

978–990 
COL1ɑ2 
978–990′ 

COL1 2 ɑ

484–498 
COL1 2 ɑ

502–519 
COL1 1 ɑ

220–237 
COL1 2 ɑ

793–816 
COL1 2 ɑ

454–483 
COL1 1 ɑ

586–618 
COL1ɑ1 
586–618′ 

COL1 2 ɑ

757–789 
COL1ɑ2 
757–789′ 

TK2-13 
Rattus ex-

ulans 1105.7 1187.7 
1203.7/12

93.8 1453.9 1593 1586.9 2143.3  2883.7 2899.7 2957.7  

TK2-15 
Rattus ex-

ulans 
1105.7 1187.7 

1203.7/12
93.8 

1453.9 1593 1586.9 2143.4  2883.7 2899.7  3004.7 

TK2-16 
Rattus ex-

ulans 
1105.6 1187.7 

1203.7/12
93.8 

1453.9 
1593/ 
1566.9 

1586.9 2143.3  2883.6 2899.6  3004.7 

TK2-20 
Rattus ex-

ulans 
1105.6 1187.7 

1203.7/12
93.8 

1453.9 
1593/ 
1566.9 

1586.9 2143.3 2696.5 2883.6 2899.6  3004.7 

Table S1 (in Supplementary Material) presents bone collagen δ13C and δ15N results 
with quality control indicators for all new and previously published specimens. Graphs 
and statistical analyses were produced with R version 4.0.3 [66] using the dplyr package 
for data manipulation [67] and ggplot2 package for data visualization [68]. Data normality 
was evaluated using a Shapiro–Wilk’s test, and found to exhibit normal (p > 0.05, δ15Npig, 
δ15Ncommensal) and non-normal (p < 0.05, δ13Cpig, δ13Crat, δ15Nrat dδ13Ccommensal) dis-
tributions. Given this variability, statistically significant differences in δ13C and δ15N val-
ues across archaeological phases were evaluated using a Kruskal–Wallis Test followed by 
a post hoc Pairwise Mann–Whitney–Wilcoxon Test when p < 0.05. Descriptive statistics 
and results of significance tests are reported in Table 4, Tables S2 and S3 (in Supplemen-
tary material). 
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of soil and nitrogen sources, e.g., [25,63]. Notably, reductions in δ15N-rich seabird guano 
inputs, brought about by avifaunal extinctions and extirpations, have been linked to de-
clines in rat δ15N values on multiple Polynesian islands [18]. 

The pig and rat samples utilized in this study were prepared and analyzed at the Max 
Planck Institute for the Science of Human History (MPI-SHH) in Jena, Germany. Samples 
were prepared following the modified Longin method described in Richards and Hedges 
[64]. Samples were soaked in 0.5 M HCl until demineralized to collagen ‘pseudomorphs.’ 
Samples were rinsed then heated for 48 h at 70 °C in water acidified to pH 3, then removed 
from heat and immediately filtered through EZee Filter separators. Finally, samples were 
freeze dried and weighed into tin caps for analysis. When sample size allowed, samples 
were analyzed in duplicate and results reflect their mean values. Mass spectrometry anal-
ysis for all new samples was conducted at the MPI-SHH Stable Isotope Laboratory via 
ConFlo IV Thermo® Scientific Isotope Mass Ratio Spectrometer (IRMS) coupled with a 
Thermo Scientific FLASH 2000 HT Elemental Analyzer (Thermo, Bremen, Germany). 

Isotopic values are reported as the ratio of the heavier isotope to the lighter isotope 
(13C/12C or 15N/14N) as δ values in parts per mille (‰) relative to international standards, 
VPDB for δ13C and atmospheric N2 (AIR) for δ15N. Results were calibrated against inter-
national standards of (IAEA-N-2 Ammonium Sulfate: δ15N = +20.3  ±  0.2‰, USGS40 L-
Glutamic Acid: δ13C −26.389  ±  0.042 ‰, δ15N = −4.5  ±  0.1‰, IAEA-CH-6 Sucrose: δ13C = 
−10.449  ±  0.03‰) and a laboratory standard (fish gelatine). Based on replicate analyses of 
standards machine measurement error is c. ±0.1‰ for δ13C and  ±0.1‰ for δ15N. Overall 
measurement precision was studied through the measurement of repeat extracts from a 
fish enamel standard (n  =  20, ±0.1‰ for δ13C and  ± 0.1‰ for δ15N). 

3. Results 
ZooMS analysis confirmed that each of the four analysed femora bore collagen pep-

tides which matched published reference markers for Rattus exulans (Table 3). The high 
quality of the spectra obtained means this identification can be made to the exclusion of 
all other published Muridae. 

Table 3. Collagen peptide markers from four Tikopia Rattus sp. specimens of especially large size. Full data available 
through Zenodo [65]. 

Sample # ID 
COL1 1 ɑ

508–519 
COL1 2 ɑ

978–990 
COL1ɑ2 
978–990′ 

COL1 2 ɑ

484–498 
COL1 2 ɑ

502–519 
COL1 1 ɑ

220–237 
COL1 2 ɑ

793–816 
COL1 2 ɑ

454–483 
COL1 1 ɑ

586–618 
COL1ɑ1 
586–618′ 

COL1 2 ɑ

757–789 
COL1ɑ2 
757–789′ 

TK2-13 
Rattus ex-

ulans 1105.7 1187.7 
1203.7/12

93.8 1453.9 1593 1586.9 2143.3  2883.7 2899.7 2957.7  

TK2-15 
Rattus ex-

ulans 
1105.7 1187.7 

1203.7/12
93.8 

1453.9 1593 1586.9 2143.4  2883.7 2899.7  3004.7 

TK2-16 
Rattus ex-

ulans 
1105.6 1187.7 

1203.7/12
93.8 

1453.9 
1593/ 
1566.9 

1586.9 2143.3  2883.6 2899.6  3004.7 

TK2-20 
Rattus ex-

ulans 
1105.6 1187.7 

1203.7/12
93.8 

1453.9 
1593/ 
1566.9 

1586.9 2143.3 2696.5 2883.6 2899.6  3004.7 

Table S1 (in Supplementary Material) presents bone collagen δ13C and δ15N results 
with quality control indicators for all new and previously published specimens. Graphs 
and statistical analyses were produced with R version 4.0.3 [66] using the dplyr package 
for data manipulation [67] and ggplot2 package for data visualization [68]. Data normality 
was evaluated using a Shapiro–Wilk’s test, and found to exhibit normal (p > 0.05, δ15Npig, 
δ15Ncommensal) and non-normal (p < 0.05, δ13Cpig, δ13Crat, δ15Nrat dδ13Ccommensal) dis-
tributions. Given this variability, statistically significant differences in δ13C and δ15N val-
ues across archaeological phases were evaluated using a Kruskal–Wallis Test followed by 
a post hoc Pairwise Mann–Whitney–Wilcoxon Test when p < 0.05. Descriptive statistics 
and results of significance tests are reported in Table 4, Tables S2 and S3 (in Supplemen-
tary material). 
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of soil and nitrogen sources, e.g., [25,63]. Notably, reductions in δ15N-rich seabird guano 
inputs, brought about by avifaunal extinctions and extirpations, have been linked to de-
clines in rat δ15N values on multiple Polynesian islands [18]. 

The pig and rat samples utilized in this study were prepared and analyzed at the Max 
Planck Institute for the Science of Human History (MPI-SHH) in Jena, Germany. Samples 
were prepared following the modified Longin method described in Richards and Hedges 
[64]. Samples were soaked in 0.5 M HCl until demineralized to collagen ‘pseudomorphs.’ 
Samples were rinsed then heated for 48 h at 70 °C in water acidified to pH 3, then removed 
from heat and immediately filtered through EZee Filter separators. Finally, samples were 
freeze dried and weighed into tin caps for analysis. When sample size allowed, samples 
were analyzed in duplicate and results reflect their mean values. Mass spectrometry anal-
ysis for all new samples was conducted at the MPI-SHH Stable Isotope Laboratory via 
ConFlo IV Thermo® Scientific Isotope Mass Ratio Spectrometer (IRMS) coupled with a 
Thermo Scientific FLASH 2000 HT Elemental Analyzer (Thermo, Bremen, Germany). 

Isotopic values are reported as the ratio of the heavier isotope to the lighter isotope 
(13C/12C or 15N/14N) as δ values in parts per mille (‰) relative to international standards, 
VPDB for δ13C and atmospheric N2 (AIR) for δ15N. Results were calibrated against inter-
national standards of (IAEA-N-2 Ammonium Sulfate: δ15N = +20.3  ±  0.2‰, USGS40 L-
Glutamic Acid: δ13C −26.389  ±  0.042 ‰, δ15N = −4.5  ±  0.1‰, IAEA-CH-6 Sucrose: δ13C = 
−10.449  ±  0.03‰) and a laboratory standard (fish gelatine). Based on replicate analyses of 
standards machine measurement error is c. ±0.1‰ for δ13C and  ±0.1‰ for δ15N. Overall 
measurement precision was studied through the measurement of repeat extracts from a 
fish enamel standard (n  =  20, ±0.1‰ for δ13C and  ± 0.1‰ for δ15N). 

3. Results 
ZooMS analysis confirmed that each of the four analysed femora bore collagen pep-

tides which matched published reference markers for Rattus exulans (Table 3). The high 
quality of the spectra obtained means this identification can be made to the exclusion of 
all other published Muridae. 

Table 3. Collagen peptide markers from four Tikopia Rattus sp. specimens of especially large size. Full data available 
through Zenodo [65]. 

Sample # ID 
COL1 1 ɑ

508–519 
COL1 2 ɑ

978–990 
COL1ɑ2 
978–990′ 

COL1 2 ɑ

484–498 
COL1 2 ɑ

502–519 
COL1 1 ɑ

220–237 
COL1 2 ɑ

793–816 
COL1 2 ɑ

454–483 
COL1 1 ɑ

586–618 
COL1ɑ1 
586–618′ 

COL1 2 ɑ

757–789 
COL1ɑ2 
757–789′ 

TK2-13 
Rattus ex-

ulans 1105.7 1187.7 
1203.7/12

93.8 1453.9 1593 1586.9 2143.3  2883.7 2899.7 2957.7  

TK2-15 
Rattus ex-

ulans 
1105.7 1187.7 

1203.7/12
93.8 

1453.9 1593 1586.9 2143.4  2883.7 2899.7  3004.7 

TK2-16 
Rattus ex-

ulans 
1105.6 1187.7 

1203.7/12
93.8 

1453.9 
1593/ 
1566.9 

1586.9 2143.3  2883.6 2899.6  3004.7 

TK2-20 
Rattus ex-

ulans 
1105.6 1187.7 

1203.7/12
93.8 

1453.9 
1593/ 
1566.9 

1586.9 2143.3 2696.5 2883.6 2899.6  3004.7 

Table S1 (in Supplementary Material) presents bone collagen δ13C and δ15N results 
with quality control indicators for all new and previously published specimens. Graphs 
and statistical analyses were produced with R version 4.0.3 [66] using the dplyr package 
for data manipulation [67] and ggplot2 package for data visualization [68]. Data normality 
was evaluated using a Shapiro–Wilk’s test, and found to exhibit normal (p > 0.05, δ15Npig, 
δ15Ncommensal) and non-normal (p < 0.05, δ13Cpig, δ13Crat, δ15Nrat dδ13Ccommensal) dis-
tributions. Given this variability, statistically significant differences in δ13C and δ15N val-
ues across archaeological phases were evaluated using a Kruskal–Wallis Test followed by 
a post hoc Pairwise Mann–Whitney–Wilcoxon Test when p < 0.05. Descriptive statistics 
and results of significance tests are reported in Table 4, Tables S2 and S3 (in Supplemen-
tary material). 
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of soil and nitrogen sources, e.g., [25,63]. Notably, reductions in δ15N-rich seabird guano 
inputs, brought about by avifaunal extinctions and extirpations, have been linked to de-
clines in rat δ15N values on multiple Polynesian islands [18]. 

The pig and rat samples utilized in this study were prepared and analyzed at the Max 
Planck Institute for the Science of Human History (MPI-SHH) in Jena, Germany. Samples 
were prepared following the modified Longin method described in Richards and Hedges 
[64]. Samples were soaked in 0.5 M HCl until demineralized to collagen ‘pseudomorphs.’ 
Samples were rinsed then heated for 48 h at 70 °C in water acidified to pH 3, then removed 
from heat and immediately filtered through EZee Filter separators. Finally, samples were 
freeze dried and weighed into tin caps for analysis. When sample size allowed, samples 
were analyzed in duplicate and results reflect their mean values. Mass spectrometry anal-
ysis for all new samples was conducted at the MPI-SHH Stable Isotope Laboratory via 
ConFlo IV Thermo® Scientific Isotope Mass Ratio Spectrometer (IRMS) coupled with a 
Thermo Scientific FLASH 2000 HT Elemental Analyzer (Thermo, Bremen, Germany). 

Isotopic values are reported as the ratio of the heavier isotope to the lighter isotope 
(13C/12C or 15N/14N) as δ values in parts per mille (‰) relative to international standards, 
VPDB for δ13C and atmospheric N2 (AIR) for δ15N. Results were calibrated against inter-
national standards of (IAEA-N-2 Ammonium Sulfate: δ15N = +20.3  ±  0.2‰, USGS40 L-
Glutamic Acid: δ13C −26.389  ±  0.042 ‰, δ15N = −4.5  ±  0.1‰, IAEA-CH-6 Sucrose: δ13C = 
−10.449  ±  0.03‰) and a laboratory standard (fish gelatine). Based on replicate analyses of 
standards machine measurement error is c. ±0.1‰ for δ13C and  ±0.1‰ for δ15N. Overall 
measurement precision was studied through the measurement of repeat extracts from a 
fish enamel standard (n  =  20, ±0.1‰ for δ13C and  ± 0.1‰ for δ15N). 

3. Results 
ZooMS analysis confirmed that each of the four analysed femora bore collagen pep-

tides which matched published reference markers for Rattus exulans (Table 3). The high 
quality of the spectra obtained means this identification can be made to the exclusion of 
all other published Muridae. 

Table 3. Collagen peptide markers from four Tikopia Rattus sp. specimens of especially large size. Full data available 
through Zenodo [65]. 

Sample # ID 
COL1 1 ɑ

508–519 
COL1 2 ɑ

978–990 
COL1ɑ2 
978–990′ 

COL1 2 ɑ

484–498 
COL1 2 ɑ

502–519 
COL1 1 ɑ

220–237 
COL1 2 ɑ

793–816 
COL1 2 ɑ

454–483 
COL1 1 ɑ

586–618 
COL1ɑ1 
586–618′ 

COL1 2 ɑ

757–789 
COL1ɑ2 
757–789′ 

TK2-13 
Rattus ex-

ulans 1105.7 1187.7 
1203.7/12

93.8 1453.9 1593 1586.9 2143.3  2883.7 2899.7 2957.7  

TK2-15 
Rattus ex-

ulans 
1105.7 1187.7 

1203.7/12
93.8 

1453.9 1593 1586.9 2143.4  2883.7 2899.7  3004.7 

TK2-16 
Rattus ex-

ulans 
1105.6 1187.7 

1203.7/12
93.8 

1453.9 
1593/ 
1566.9 

1586.9 2143.3  2883.6 2899.6  3004.7 

TK2-20 
Rattus ex-

ulans 
1105.6 1187.7 

1203.7/12
93.8 

1453.9 
1593/ 
1566.9 

1586.9 2143.3 2696.5 2883.6 2899.6  3004.7 

Table S1 (in Supplementary Material) presents bone collagen δ13C and δ15N results 
with quality control indicators for all new and previously published specimens. Graphs 
and statistical analyses were produced with R version 4.0.3 [66] using the dplyr package 
for data manipulation [67] and ggplot2 package for data visualization [68]. Data normality 
was evaluated using a Shapiro–Wilk’s test, and found to exhibit normal (p > 0.05, δ15Npig, 
δ15Ncommensal) and non-normal (p < 0.05, δ13Cpig, δ13Crat, δ15Nrat dδ13Ccommensal) dis-
tributions. Given this variability, statistically significant differences in δ13C and δ15N val-
ues across archaeological phases were evaluated using a Kruskal–Wallis Test followed by 
a post hoc Pairwise Mann–Whitney–Wilcoxon Test when p < 0.05. Descriptive statistics 
and results of significance tests are reported in Table 4, Tables S2 and S3 (in Supplemen-
tary material). 
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of soil and nitrogen sources, e.g., [25,63]. Notably, reductions in δ15N-rich seabird guano 
inputs, brought about by avifaunal extinctions and extirpations, have been linked to de-
clines in rat δ15N values on multiple Polynesian islands [18]. 

The pig and rat samples utilized in this study were prepared and analyzed at the Max 
Planck Institute for the Science of Human History (MPI-SHH) in Jena, Germany. Samples 
were prepared following the modified Longin method described in Richards and Hedges 
[64]. Samples were soaked in 0.5 M HCl until demineralized to collagen ‘pseudomorphs.’ 
Samples were rinsed then heated for 48 h at 70 °C in water acidified to pH 3, then removed 
from heat and immediately filtered through EZee Filter separators. Finally, samples were 
freeze dried and weighed into tin caps for analysis. When sample size allowed, samples 
were analyzed in duplicate and results reflect their mean values. Mass spectrometry anal-
ysis for all new samples was conducted at the MPI-SHH Stable Isotope Laboratory via 
ConFlo IV Thermo® Scientific Isotope Mass Ratio Spectrometer (IRMS) coupled with a 
Thermo Scientific FLASH 2000 HT Elemental Analyzer (Thermo, Bremen, Germany). 

Isotopic values are reported as the ratio of the heavier isotope to the lighter isotope 
(13C/12C or 15N/14N) as δ values in parts per mille (‰) relative to international standards, 
VPDB for δ13C and atmospheric N2 (AIR) for δ15N. Results were calibrated against inter-
national standards of (IAEA-N-2 Ammonium Sulfate: δ15N = +20.3  ±  0.2‰, USGS40 L-
Glutamic Acid: δ13C −26.389  ±  0.042 ‰, δ15N = −4.5  ±  0.1‰, IAEA-CH-6 Sucrose: δ13C = 
−10.449  ±  0.03‰) and a laboratory standard (fish gelatine). Based on replicate analyses of 
standards machine measurement error is c. ±0.1‰ for δ13C and  ±0.1‰ for δ15N. Overall 
measurement precision was studied through the measurement of repeat extracts from a 
fish enamel standard (n  =  20, ±0.1‰ for δ13C and  ± 0.1‰ for δ15N). 

3. Results 
ZooMS analysis confirmed that each of the four analysed femora bore collagen pep-

tides which matched published reference markers for Rattus exulans (Table 3). The high 
quality of the spectra obtained means this identification can be made to the exclusion of 
all other published Muridae. 

Table 3. Collagen peptide markers from four Tikopia Rattus sp. specimens of especially large size. Full data available 
through Zenodo [65]. 

Sample # ID 
COL1 1 ɑ

508–519 
COL1 2 ɑ

978–990 
COL1ɑ2 
978–990′ 

COL1 2 ɑ

484–498 
COL1 2 ɑ

502–519 
COL1 1 ɑ

220–237 
COL1 2 ɑ

793–816 
COL1 2 ɑ

454–483 
COL1 1 ɑ

586–618 
COL1ɑ1 
586–618′ 

COL1 2 ɑ

757–789 
COL1ɑ2 
757–789′ 

TK2-13 
Rattus ex-

ulans 1105.7 1187.7 
1203.7/12

93.8 1453.9 1593 1586.9 2143.3  2883.7 2899.7 2957.7  

TK2-15 
Rattus ex-

ulans 
1105.7 1187.7 

1203.7/12
93.8 

1453.9 1593 1586.9 2143.4  2883.7 2899.7  3004.7 

TK2-16 
Rattus ex-

ulans 
1105.6 1187.7 

1203.7/12
93.8 

1453.9 
1593/ 
1566.9 

1586.9 2143.3  2883.6 2899.6  3004.7 

TK2-20 
Rattus ex-

ulans 
1105.6 1187.7 

1203.7/12
93.8 

1453.9 
1593/ 
1566.9 

1586.9 2143.3 2696.5 2883.6 2899.6  3004.7 

Table S1 (in Supplementary Material) presents bone collagen δ13C and δ15N results 
with quality control indicators for all new and previously published specimens. Graphs 
and statistical analyses were produced with R version 4.0.3 [66] using the dplyr package 
for data manipulation [67] and ggplot2 package for data visualization [68]. Data normality 
was evaluated using a Shapiro–Wilk’s test, and found to exhibit normal (p > 0.05, δ15Npig, 
δ15Ncommensal) and non-normal (p < 0.05, δ13Cpig, δ13Crat, δ15Nrat dδ13Ccommensal) dis-
tributions. Given this variability, statistically significant differences in δ13C and δ15N val-
ues across archaeological phases were evaluated using a Kruskal–Wallis Test followed by 
a post hoc Pairwise Mann–Whitney–Wilcoxon Test when p < 0.05. Descriptive statistics 
and results of significance tests are reported in Table 4, Tables S2 and S3 (in Supplemen-
tary material). 
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of soil and nitrogen sources, e.g., [25,63]. Notably, reductions in δ15N-rich seabird guano 
inputs, brought about by avifaunal extinctions and extirpations, have been linked to de-
clines in rat δ15N values on multiple Polynesian islands [18]. 

The pig and rat samples utilized in this study were prepared and analyzed at the Max 
Planck Institute for the Science of Human History (MPI-SHH) in Jena, Germany. Samples 
were prepared following the modified Longin method described in Richards and Hedges 
[64]. Samples were soaked in 0.5 M HCl until demineralized to collagen ‘pseudomorphs.’ 
Samples were rinsed then heated for 48 h at 70 °C in water acidified to pH 3, then removed 
from heat and immediately filtered through EZee Filter separators. Finally, samples were 
freeze dried and weighed into tin caps for analysis. When sample size allowed, samples 
were analyzed in duplicate and results reflect their mean values. Mass spectrometry anal-
ysis for all new samples was conducted at the MPI-SHH Stable Isotope Laboratory via 
ConFlo IV Thermo® Scientific Isotope Mass Ratio Spectrometer (IRMS) coupled with a 
Thermo Scientific FLASH 2000 HT Elemental Analyzer (Thermo, Bremen, Germany). 

Isotopic values are reported as the ratio of the heavier isotope to the lighter isotope 
(13C/12C or 15N/14N) as δ values in parts per mille (‰) relative to international standards, 
VPDB for δ13C and atmospheric N2 (AIR) for δ15N. Results were calibrated against inter-
national standards of (IAEA-N-2 Ammonium Sulfate: δ15N = +20.3  ±  0.2‰, USGS40 L-
Glutamic Acid: δ13C −26.389  ±  0.042 ‰, δ15N = −4.5  ±  0.1‰, IAEA-CH-6 Sucrose: δ13C = 
−10.449  ±  0.03‰) and a laboratory standard (fish gelatine). Based on replicate analyses of 
standards machine measurement error is c. ±0.1‰ for δ13C and  ±0.1‰ for δ15N. Overall 
measurement precision was studied through the measurement of repeat extracts from a 
fish enamel standard (n  =  20, ±0.1‰ for δ13C and  ± 0.1‰ for δ15N). 

3. Results 
ZooMS analysis confirmed that each of the four analysed femora bore collagen pep-

tides which matched published reference markers for Rattus exulans (Table 3). The high 
quality of the spectra obtained means this identification can be made to the exclusion of 
all other published Muridae. 

Table 3. Collagen peptide markers from four Tikopia Rattus sp. specimens of especially large size. Full data available 
through Zenodo [65]. 

Sample # ID 
COL1 1 ɑ
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COL1 2 ɑ
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COL1ɑ2 
978–990′ 

COL1 2 ɑ

484–498 
COL1 2 ɑ

502–519 
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793–816 
COL1 2 ɑ
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COL1 1 ɑ
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COL1ɑ1 
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COL1ɑ2 
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TK2-13 
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93.8 1453.9 1593 1586.9 2143.3  2883.7 2899.7 2957.7  

TK2-15 
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Table S1 (in Supplementary Material) presents bone collagen δ13C and δ15N results 
with quality control indicators for all new and previously published specimens. Graphs 
and statistical analyses were produced with R version 4.0.3 [66] using the dplyr package 
for data manipulation [67] and ggplot2 package for data visualization [68]. Data normality 
was evaluated using a Shapiro–Wilk’s test, and found to exhibit normal (p > 0.05, δ15Npig, 
δ15Ncommensal) and non-normal (p < 0.05, δ13Cpig, δ13Crat, δ15Nrat dδ13Ccommensal) dis-
tributions. Given this variability, statistically significant differences in δ13C and δ15N val-
ues across archaeological phases were evaluated using a Kruskal–Wallis Test followed by 
a post hoc Pairwise Mann–Whitney–Wilcoxon Test when p < 0.05. Descriptive statistics 
and results of significance tests are reported in Table 4, Tables S2 and S3 (in Supplemen-
tary material). 
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of soil and nitrogen sources, e.g., [25,63]. Notably, reductions in δ15N-rich seabird guano 
inputs, brought about by avifaunal extinctions and extirpations, have been linked to de-
clines in rat δ15N values on multiple Polynesian islands [18]. 

The pig and rat samples utilized in this study were prepared and analyzed at the Max 
Planck Institute for the Science of Human History (MPI-SHH) in Jena, Germany. Samples 
were prepared following the modified Longin method described in Richards and Hedges 
[64]. Samples were soaked in 0.5 M HCl until demineralized to collagen ‘pseudomorphs.’ 
Samples were rinsed then heated for 48 h at 70 °C in water acidified to pH 3, then removed 
from heat and immediately filtered through EZee Filter separators. Finally, samples were 
freeze dried and weighed into tin caps for analysis. When sample size allowed, samples 
were analyzed in duplicate and results reflect their mean values. Mass spectrometry anal-
ysis for all new samples was conducted at the MPI-SHH Stable Isotope Laboratory via 
ConFlo IV Thermo® Scientific Isotope Mass Ratio Spectrometer (IRMS) coupled with a 
Thermo Scientific FLASH 2000 HT Elemental Analyzer (Thermo, Bremen, Germany). 

Isotopic values are reported as the ratio of the heavier isotope to the lighter isotope 
(13C/12C or 15N/14N) as δ values in parts per mille (‰) relative to international standards, 
VPDB for δ13C and atmospheric N2 (AIR) for δ15N. Results were calibrated against inter-
national standards of (IAEA-N-2 Ammonium Sulfate: δ15N = +20.3  ±  0.2‰, USGS40 L-
Glutamic Acid: δ13C −26.389  ±  0.042 ‰, δ15N = −4.5  ±  0.1‰, IAEA-CH-6 Sucrose: δ13C = 
−10.449  ±  0.03‰) and a laboratory standard (fish gelatine). Based on replicate analyses of 
standards machine measurement error is c. ±0.1‰ for δ13C and  ±0.1‰ for δ15N. Overall 
measurement precision was studied through the measurement of repeat extracts from a 
fish enamel standard (n  =  20, ±0.1‰ for δ13C and  ± 0.1‰ for δ15N). 

3. Results 
ZooMS analysis confirmed that each of the four analysed femora bore collagen pep-

tides which matched published reference markers for Rattus exulans (Table 3). The high 
quality of the spectra obtained means this identification can be made to the exclusion of 
all other published Muridae. 

Table 3. Collagen peptide markers from four Tikopia Rattus sp. specimens of especially large size. Full data available 
through Zenodo [65]. 

Sample # ID 
COL1 1 ɑ
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978–990 
COL1ɑ2 
978–990′ 
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484–498 
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757–789′ 

TK2-13 
Rattus ex-
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1203.7/12

93.8 1453.9 1593 1586.9 2143.3  2883.7 2899.7 2957.7  

TK2-15 
Rattus ex-

ulans 
1105.7 1187.7 

1203.7/12
93.8 

1453.9 1593 1586.9 2143.4  2883.7 2899.7  3004.7 
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Table S1 (in Supplementary Material) presents bone collagen δ13C and δ15N results 
with quality control indicators for all new and previously published specimens. Graphs 
and statistical analyses were produced with R version 4.0.3 [66] using the dplyr package 
for data manipulation [67] and ggplot2 package for data visualization [68]. Data normality 
was evaluated using a Shapiro–Wilk’s test, and found to exhibit normal (p > 0.05, δ15Npig, 
δ15Ncommensal) and non-normal (p < 0.05, δ13Cpig, δ13Crat, δ15Nrat dδ13Ccommensal) dis-
tributions. Given this variability, statistically significant differences in δ13C and δ15N val-
ues across archaeological phases were evaluated using a Kruskal–Wallis Test followed by 
a post hoc Pairwise Mann–Whitney–Wilcoxon Test when p < 0.05. Descriptive statistics 
and results of significance tests are reported in Table 4, Tables S2 and S3 (in Supplemen-
tary material). 
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of soil and nitrogen sources, e.g., [25,63]. Notably, reductions in δ15N-rich seabird guano 
inputs, brought about by avifaunal extinctions and extirpations, have been linked to de-
clines in rat δ15N values on multiple Polynesian islands [18]. 

The pig and rat samples utilized in this study were prepared and analyzed at the Max 
Planck Institute for the Science of Human History (MPI-SHH) in Jena, Germany. Samples 
were prepared following the modified Longin method described in Richards and Hedges 
[64]. Samples were soaked in 0.5 M HCl until demineralized to collagen ‘pseudomorphs.’ 
Samples were rinsed then heated for 48 h at 70 °C in water acidified to pH 3, then removed 
from heat and immediately filtered through EZee Filter separators. Finally, samples were 
freeze dried and weighed into tin caps for analysis. When sample size allowed, samples 
were analyzed in duplicate and results reflect their mean values. Mass spectrometry anal-
ysis for all new samples was conducted at the MPI-SHH Stable Isotope Laboratory via 
ConFlo IV Thermo® Scientific Isotope Mass Ratio Spectrometer (IRMS) coupled with a 
Thermo Scientific FLASH 2000 HT Elemental Analyzer (Thermo, Bremen, Germany). 

Isotopic values are reported as the ratio of the heavier isotope to the lighter isotope 
(13C/12C or 15N/14N) as δ values in parts per mille (‰) relative to international standards, 
VPDB for δ13C and atmospheric N2 (AIR) for δ15N. Results were calibrated against inter-
national standards of (IAEA-N-2 Ammonium Sulfate: δ15N = +20.3  ±  0.2‰, USGS40 L-
Glutamic Acid: δ13C −26.389  ±  0.042 ‰, δ15N = −4.5  ±  0.1‰, IAEA-CH-6 Sucrose: δ13C = 
−10.449  ±  0.03‰) and a laboratory standard (fish gelatine). Based on replicate analyses of 
standards machine measurement error is c. ±0.1‰ for δ13C and  ±0.1‰ for δ15N. Overall 
measurement precision was studied through the measurement of repeat extracts from a 
fish enamel standard (n  =  20, ±0.1‰ for δ13C and  ± 0.1‰ for δ15N). 

3. Results 
ZooMS analysis confirmed that each of the four analysed femora bore collagen pep-

tides which matched published reference markers for Rattus exulans (Table 3). The high 
quality of the spectra obtained means this identification can be made to the exclusion of 
all other published Muridae. 

Table 3. Collagen peptide markers from four Tikopia Rattus sp. specimens of especially large size. Full data available 
through Zenodo [65]. 

Sample # ID 
COL1 1 ɑ

508–519 
COL1 2 ɑ

978–990 
COL1ɑ2 
978–990′ 

COL1 2 ɑ

484–498 
COL1 2 ɑ

502–519 
COL1 1 ɑ

220–237 
COL1 2 ɑ

793–816 
COL1 2 ɑ

454–483 
COL1 1 ɑ

586–618 
COL1ɑ1 
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COL1 2 ɑ

757–789 
COL1ɑ2 
757–789′ 

TK2-13 
Rattus ex-

ulans 1105.7 1187.7 
1203.7/12

93.8 1453.9 1593 1586.9 2143.3  2883.7 2899.7 2957.7  

TK2-15 
Rattus ex-
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1453.9 1593 1586.9 2143.4  2883.7 2899.7  3004.7 
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1586.9 2143.3  2883.6 2899.6  3004.7 
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Table S1 (in Supplementary Material) presents bone collagen δ13C and δ15N results 
with quality control indicators for all new and previously published specimens. Graphs 
and statistical analyses were produced with R version 4.0.3 [66] using the dplyr package 
for data manipulation [67] and ggplot2 package for data visualization [68]. Data normality 
was evaluated using a Shapiro–Wilk’s test, and found to exhibit normal (p > 0.05, δ15Npig, 
δ15Ncommensal) and non-normal (p < 0.05, δ13Cpig, δ13Crat, δ15Nrat dδ13Ccommensal) dis-
tributions. Given this variability, statistically significant differences in δ13C and δ15N val-
ues across archaeological phases were evaluated using a Kruskal–Wallis Test followed by 
a post hoc Pairwise Mann–Whitney–Wilcoxon Test when p < 0.05. Descriptive statistics 
and results of significance tests are reported in Table 4, Tables S2 and S3 (in Supplemen-
tary material). 
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of soil and nitrogen sources, e.g., [25,63]. Notably, reductions in δ15N-rich seabird guano 
inputs, brought about by avifaunal extinctions and extirpations, have been linked to de-
clines in rat δ15N values on multiple Polynesian islands [18]. 

The pig and rat samples utilized in this study were prepared and analyzed at the Max 
Planck Institute for the Science of Human History (MPI-SHH) in Jena, Germany. Samples 
were prepared following the modified Longin method described in Richards and Hedges 
[64]. Samples were soaked in 0.5 M HCl until demineralized to collagen ‘pseudomorphs.’ 
Samples were rinsed then heated for 48 h at 70 °C in water acidified to pH 3, then removed 
from heat and immediately filtered through EZee Filter separators. Finally, samples were 
freeze dried and weighed into tin caps for analysis. When sample size allowed, samples 
were analyzed in duplicate and results reflect their mean values. Mass spectrometry anal-
ysis for all new samples was conducted at the MPI-SHH Stable Isotope Laboratory via 
ConFlo IV Thermo® Scientific Isotope Mass Ratio Spectrometer (IRMS) coupled with a 
Thermo Scientific FLASH 2000 HT Elemental Analyzer (Thermo, Bremen, Germany). 

Isotopic values are reported as the ratio of the heavier isotope to the lighter isotope 
(13C/12C or 15N/14N) as δ values in parts per mille (‰) relative to international standards, 
VPDB for δ13C and atmospheric N2 (AIR) for δ15N. Results were calibrated against inter-
national standards of (IAEA-N-2 Ammonium Sulfate: δ15N = +20.3  ±  0.2‰, USGS40 L-
Glutamic Acid: δ13C −26.389  ±  0.042 ‰, δ15N = −4.5  ±  0.1‰, IAEA-CH-6 Sucrose: δ13C = 
−10.449  ±  0.03‰) and a laboratory standard (fish gelatine). Based on replicate analyses of 
standards machine measurement error is c. ±0.1‰ for δ13C and  ±0.1‰ for δ15N. Overall 
measurement precision was studied through the measurement of repeat extracts from a 
fish enamel standard (n  =  20, ±0.1‰ for δ13C and  ± 0.1‰ for δ15N). 

3. Results 
ZooMS analysis confirmed that each of the four analysed femora bore collagen pep-

tides which matched published reference markers for Rattus exulans (Table 3). The high 
quality of the spectra obtained means this identification can be made to the exclusion of 
all other published Muridae. 

Table 3. Collagen peptide markers from four Tikopia Rattus sp. specimens of especially large size. Full data available 
through Zenodo [65]. 

Sample # ID 
COL1 1 ɑ

508–519 
COL1 2 ɑ

978–990 
COL1ɑ2 
978–990′ 

COL1 2 ɑ

484–498 
COL1 2 ɑ
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220–237 
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793–816 
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454–483 
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Rattus ex-

ulans 1105.7 1187.7 
1203.7/12

93.8 1453.9 1593 1586.9 2143.3  2883.7 2899.7 2957.7  

TK2-15 
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93.8 
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TK2-20 
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Table S1 (in Supplementary Material) presents bone collagen δ13C and δ15N results 
with quality control indicators for all new and previously published specimens. Graphs 
and statistical analyses were produced with R version 4.0.3 [66] using the dplyr package 
for data manipulation [67] and ggplot2 package for data visualization [68]. Data normality 
was evaluated using a Shapiro–Wilk’s test, and found to exhibit normal (p > 0.05, δ15Npig, 
δ15Ncommensal) and non-normal (p < 0.05, δ13Cpig, δ13Crat, δ15Nrat dδ13Ccommensal) dis-
tributions. Given this variability, statistically significant differences in δ13C and δ15N val-
ues across archaeological phases were evaluated using a Kruskal–Wallis Test followed by 
a post hoc Pairwise Mann–Whitney–Wilcoxon Test when p < 0.05. Descriptive statistics 
and results of significance tests are reported in Table 4, Tables S2 and S3 (in Supplemen-
tary material). 
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TK2-15 Rattus
exulans 1105.7 1187.7 1203.7/

1293.8 1453.9 1593 1586.9 2143.4 2883.7 2899.7 3004.7

TK2-16 Rattus
exulans 1105.6 1187.7 1203.7/

1293.8 1453.9 1593/
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TK2-20 Rattus
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1293.8 1453.9 1593/
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Table S1 (in Supplementary Material) presents bone collagen δ13C and δ15N results
with quality control indicators for all new and previously published specimens. Graphs
and statistical analyses were produced with R version 4.0.3 [66] using the dplyr package
for data manipulation [67] and ggplot2 package for data visualization [68]. Data normality
was evaluated using a Shapiro–Wilk’s test, and found to exhibit normal (p > 0.05, δ15Npig,
δ15Ncommensal) and non-normal (p < 0.05, δ13Cpig, δ13Crat, δ15Nrat dδ13Ccommensal)
distributions. Given this variability, statistically significant differences in δ13C and δ15N
values across archaeological phases were evaluated using a Kruskal–Wallis Test followed
by a post hoc Pairwise Mann–Whitney–Wilcoxon Test when p < 0.05. Descriptive statistics
and results of significance tests are reported in Table 4, Tables S2 and S3 (in Supplemen-
tary material).

Table 4. Summary statistics for commensal bone collagen δ13C and δ15N by phase.

Phase n Mean
δ13C (‰)

SD δ13C
(‰)

Min δ13C
(‰)

Max δ13C
(‰)

Mean
δ15N (‰)

SD δ15N
(‰)

Min δ15N
(‰)

Max δ15N
(‰)

Rat (Rattus exulans)

Kiki 23 −17.4 1.9 −20.4 −14.1 13.2 1.3 11.3 16.1
Sinapupu 8 −19.7 0.7 −21.0 −18.6 9.4 1.2 7.6 10.9
Tuakamali 13 −19 1.7 −23.0 −17.0 11.4 1.8 8.7 15.0

Pig (Sus scrofa)

Kiki 6 −19.3 1 −20.7 −18.3 9.7 2.1 5.94 11.8
Sinapupu 24 −20.2 0.7 −21.6 −19.0 8.3 1.6 5 10.7
Tuakamali 43 −20 0.8 −21.7 −16.9 9.7 1.5 6.2 13.0

Commensals (pig + rat)

Kiki 29 −17.8 1.9 −20.7 −14.1 12.5 2.1 5.94 16.1
Sinapupu 32 −20.1 0.8 −21.6 −18.6 8.5 1.6 5 10.9
Tuakamali 56 −19.8 1.1 −23.0 −16.9 10.1 1.7 6.2 15.0

Pig and rat collagen stable isotope results both exhibit statistically significant differ-
ences across archaeological phases. When grouped together (i.e., δ13Ccommensal and
δ15Ncommensal), significant differences are even more apparent. δ13C values remain
mostly consistent for both pig and rat bone collagen across all three phases. Rat δ13C is
significantly higher in the Kiki Phase (−17.4 ± 1.9‰) compared to the Sinapupu Phase
(−19.7 ± 0.7‰). In the Tuakamali Phase (−19 ± 1.7‰), rat δ13C is slightly higher than
Sinapupu and still lower than the Kiki Phase, however neither of these differences are
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statistically significant. There are no statistically significant differences in pig δ13C across
any of the three phases. The likeliest cause of variation in rat δ13C is increased marine
dietary inputs in the early Kiki Phase, as δ15Nrat values are also higher during this time.
The greater abundance of avifauna in the early Kiki Phase, particularly of roosting seabirds
which would exhibit marine-like δ13C and δ15N values, could account for this difference.
Rats are known to consume seabird chicks and eggs, and rat access to seabirds has been
previously reported as a likely cause for high rat collagen δ15N values in early Pacific
archaeological sites [18,27].

Pig, and especially rat, δ15N values vary strongly throughout time periods. Both pig
and rat δ15N values are at their highest during the Kiki Phase (9.7± 2.1‰ and 13.2 ± 1.3‰,
respectively) and then dip to their lowest during the Sinapupu Phase (8.3 ± 1.6‰ and
9.4 ± 1.2‰, respectively). δ15N values for both species then increase again in the Tuakamali
Phase (9.7 ± 1.5‰ for pigs and 11.4 ± 1.8‰ for rats). These differences in δ15N values
are statistically significant across all three phases for Pacific rat samples, and between
the Sinapupu and Tuakamali Phases for pig samples. The lack of statistically significant
differences in pig δ15N values between the Kiki and other phases may be driven by
the relatively small number of pigs sampled from the Kiki Phase (n = 6). Differences in
δ15Ncommensal are statistically significant across all three phases.

4. Discussion

Our data provide novel, semiquantitative evidence for tracking the sustainability and
resilience of Tikopia’s agroecosystems across deep time. Changes in commensal δ13C and
δ15N values across archaeological phases (Figure 2) reflect anthropogenic transformations
of island ecosystems, as well as their subsequent impacts on C and N nutrient flows.
This method is only semiquantitative, as changing δ13C and δ15N values do not directly
correlate with overall C or N availability. Rather, these results characterize probable sources
of nutrient inputs, which can then structure inferences about agroecosystem productivity
and sustainability. As commensal δ13C and δ15N are influenced by a range of inextrica-
bly linked human, environmental, and physiological factors, accurate characterization
requires interpretations that are grounded within specific patterns of human land use and
environmental transformations observed on Tikopia.

Previously, rat δ15N values have been shown to consistently decline through time
after human arrival on several different Polynesian islands, including Tikopia [18]. While
bone collagen of only a single rat specimen from the Tuakamali Phase was included
in the previous analysis, that single data point appeared consistent with the declining
trend seen on other islands. These new data, which combine additional Tuakamali Phase
rat samples with a full sequence of new pig stable isotope data, reveal a novel trend
of commensal δ15N declining from the Kiki to Sinapupu Phases, and then rebounding
to higher values in the final Tuakamali Phase. We argue that the main driver of this
pattern is not direct dietary change, rather transformations to soil N inputs. Differences in
quantity and source of soil N inputs would have altered baseline δ15N values, and these
changes would subsequently carry up the food chain to commensal species. The lack of
change in δ13C values alongside δ15N variability further supports this argument. In other
words, our hypothesis is that direct management of island agro-ecosystems by Tikopians
transformed island nutrient cycles, and the impacts of these strategies are visible through
commensal stable isotope analysis.
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The archaeological record from Tikopia speaks to significant transformations to agro-
ecosystem management strategies across the entire island, especially throughout the Sina-
pupu Phase. During the Sinapupu Phase, commensal δ15N values are at their lowest and
the predominant form of agriculture gradually transitioned from “slash-and-burn” or shift-
ing cultivation to the multistory arboricultural system in use today. In this process, the use
of fire for agricultural purposes stopped entirely, while the simultaneous intensification of
arboricultural practices would have restored a significant amount of forest habitat to areas
that were previously under swidden field cultivation. These large-scale changes to the land-
scape no doubt had rippling effects across the entire social-ecological system. They likely
also had significant impacts on shifting island δ15N baselines. The Kiki-Sinapupu transi-
tion is consistent with the declining δ15Nrat values observed in other Polynesian islands,
and these declines have been explained by the disappearance of 15N-enriched seabird
guano, reduced exploitation of high trophic level marine fauna, and intensified focus on
terrestrial C3 landscape productivity [18]. Conversely, the (re)elevated δ15Ncommensal
values after the Sinapupu-Tuakamali transition reflect a restoration of forest habitats and
their associated fauna, including the return of seabirds and 15N-enriched guano deposits.
The zooarchaeological data support this picture, showing abundant avifauna in the Kiki
Phase (NISP = 237), followed by a dramatic reduction in the Sinapupu Phase (NISP = 26),
and a partial recovery in the Tuakamali Phase (NISP = 86) [69].

Although δ15Ncommensal values cannot speak directly to nitrogen abundance, they
can lend insight into nitrogen flows across the island’s social-ecological system. Tracing
nitrogen flows through commensal stable isotope analysis is especially significant, as high
N mobility renders it difficult, if not impossible, to investigate past nitrogen abundance
through soil analysis. The most readily evident explanation for significant changes in
δ15Ncommensal is the loss, and eventual return, of native forest habitat and 15N-rich
natural fertilizers. The return of forest cover may have contributed to increasing δ15N
values through altering the forest nitrogen cycle and microbial activity [70]. The loss of
some avifaunal species to extinction and extirpation after human arrival to new islands
is a common occurrence [71]. In the absence of this steady source of guano fertilization,
new sources of nutrient inputs would have perhaps been necessary to maintain shifting
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agricultural systems. This pressure would also be heightened under intensified swidden
agriculture, particularly with an entire island either already under cultivation or facing
the pressures of ever-shortened fallow periods. For example, multidisciplinary research in
the Leeward Kohala Field System (Hawai
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Abstract: Tikopia Island, a small and relatively isolated Polynesian Outlier in the Southeast Solo-
mon Islands, supports a remarkably dense human population with minimal external support. Ex-
amining long-term trends in human land use on Tikopia through archaeological datasets spanning 
nearly 3000 years presents an opportunity to investigate pathways to long-term sustainability in a 
tropical island setting. Here, we trace nutrient dynamics across Tikopia’s three pre-European con-
tact phases (Kiki, Sinapupu, Tuakamali) via stable carbon and nitrogen isotope analysis of commen-
sal Pacific rat (Rattus exulans) and domestic pig (Sus scrofa) bone and tooth dentine collagen. Our 
results show a decline in δ15N values from the Kiki (c. 800 BC-AD 100) to Sinapupu (c. AD 100–1200) 
phases, consistent with long-term commensal isotope trends observed on other Polynesian islands. 
However, increased δ15N coupled with lower δ13C values in the Tuakamali Phase (c. AD 1200–1800) 
point to a later nutrient rejuvenation, likely tied to dramatic transformations in agriculture and land 
use at the Sinapupu-Tuakamali transition. This study offers new, quantifiable evidence for deep-
time land and resource management decisions on Tikopia and subsequent impacts on island nutri-
ent status and long-term sustainability. 

Keywords: stable isotopes; archaeology; commensals; nutrient flows; Polynesia; land use; ecomim-
icry 
 

1. Introduction 
The growing pressures of climate change, population increase, and disruptions to 

food supply networks highlight the ever-increasing need to establish food systems that 
are not only highly productive, but also sustainable and resilient in the long term. How-
ever, our means to evaluate sustainability across long time scales are limited. Archaeolog-
ical collections preserve multiproxy ecological information, including faunal and botani-
cal remains, soils, and ancient biomolecules that span centuries or even millennia. As 
such, these datasets afford a unique opportunity to investigate land use, ecosystem trans-
formations, and impacts to agricultural systems across generations of human activity, e.g., 
[1–3]. Islands, especially those in Polynesia, have proven effective as ideal “model sys-
tems” for applying archaeological datasets to investigate human activities and environ-
mental transformations on a global scale, e.g., [4–7]. 
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i Island) and the dryland agricultural system of
Kahikinui (Maui island) both show evidence of a long-term drawdown of available soil
nutrients, which suggests these dryland field systems were not sustainable in the long-term
without anthropogenic intervention [72–74]. While other forms of traditional agriculture in
the Pacific, including irrigated and colluvial slope agriculture, are less extensively studied,
they do show higher potential for consistent nutrient rejuvenation through renewed alluvial
or colluvial nutrient depositions [75].

Other factors may also have impacted commensal δ15N values. It is possible that
rat or pig populations experienced direct changes to their diets, either through changes
in the resources available on the landscape (rats) or through direct human intervention
in feeding practices (pigs). Pacific rats tend to be opportunistic scavengers with few
dietary limitations and small home ranges, thus their diets are assumed to reflect a mix of
locally available resources, including meal scraps [76,77]. Changes in δ15Nrat values could
reflect reduced access to high trophic level foods. In this case, that would likely equate to
reduced consumption of avifauna or marine resources. However, δ13C values would also
be expected to decline and rebound alongside δ15N values if marine dietary inputs were
driving this trend. This does not appear to be the case for Tikopia rats, though the slightly
lower δ13C values in the Sinapupu and Tuakamali periods may reflect reduced access to
seabirds, some of which are present only in the Kiki Phase [69].

Pigs are omnivorous much like rats. However, in Pacific contexts pigs were generally
kept penned or otherwise restricted from garden areas to prevent destruction of crops [23].
On Tikopia, pig diet does not vary as much as that of rats, and also appears to be more
focused on terrestrial C3 resources with few marine contributions. Pigs also exhibit de-
creasing dietary variability through time, which has been observed in other stable isotopic
studies of commensal fauna in the Pacific, e.g., [14,16,23,78]. Allen and Craig [14] sug-
gest this reduced variability in pig diet on Aitutaki (Cook Islands) may reflect increasing
interspecific competition over food resources between pigs and humans, leading up to
eventual pig extirpation. Our stable isotope results suggest this process may also have
occurred on Tikopia, though complete extirpation of pigs apparently did not occur until
late in the Tuakamali Phase [38], and a small pig population was recently re-introduced
to Tikopia [31]. Pig δ13C values change very little across all three phases, and do not raise
or lower correspondingly with pig δ15N values. This renders it unlikely that changes
to δ15N values are a product of fluctuating marine resource inputs. Likewise there are
no indications that terrestrial protein sources would have varied across phases. Rather,
pig diet appears to be consistently terrestrial, and fluctuating pig δ15N values most likely
reflect changes to baseline soil/plant δ15N. The commonality of δ15N trends across both
pig and rat populations reinforces our interpretation of island-wide nutrient flow changes
(Figure 3).
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the lowest δ15N values and the least variability during the Sinapupu Phase.

Other possible influences on commensal δ15N values include climatic variability and
topographic change. However, oceanic δ15N baselines remain relatively stable across the
studied time period [79,80]. Further, even the gradual decline observed in oceanic δ15N
baselines across time would only account for the Sinapupu Phase “dip” in δ15N values.
This trend would work against the later increases evident in the Tuakamali Phase. Other
significant transformations to Tikopia include the emergence of the sandy Ravenga tombolo
and subsequent formation of the brackish Te Roto lake. At present it is unclear what, if any,
impact this may have had on commensal stable isotope ratios. It is possible that lake
formation increased animal reliance on (and access to) fish species, including milkfish
(Chanos chanos) that were farmed in the lake. However, these changes mostly occurred very
late in Tikopia’s history (the Late Tuakamali and Historic Phases), and probably do not
account for the observed commensal isotopic trends. These topographic changes are at
least in part a product of extreme cyclone events, which Tikopia has experienced in both
recent and long-term history. Cyclone events may also have unpredictable impacts on
commensal δ13C and δ15N, though we expect that on long enough timescales this influence
would be negligible.

What then does all of this mean in terms of Tikopia’s sustainability and long-term re-
silience? The evidence provided by commensal stable isotope ratios suggest that the initial
system of forest clearance and slash-and-burn agriculture established in the Kiki Phase was
productive for many centuries, though perhaps not sustainable by our definition over the
longer term. Commensal δ15N values declined from the Kiki to the Sinapupu Phase, likely
reflecting a gradual depletion of soil N. However, at some point during the Sinapupu Phase
a dramatic restructuring of the island’s agro-ecosystem occurred. Slash-and-burn agricul-
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ture was eventually replaced by an arboriculturally focused multistory agricultural system
which mimicked natural forest cover through replacing native species with introduced
crops. This transition is clearest from excavations in the Rakisu agricultural transect [38].
At the same time that there is evidence for this transition, mean δ15Ncommensal values
return to higher levels, although they do not return to the same values as seen in the Kiki
Phase. We argue that this is likely brought about by the return of native forest habitats and
renewed N inputs from 15N-enriched guano. This restructuring speaks to the remarkable
resilience of the Tikopia’s social-ecosystem in the ability to adapt, and to recover, following
catastrophe or long-term impacts to productivity.

The large-scale transformation of swidden fields and natural forests into intensively
managed economic forests is exemplary of “structural substitution” ecomimicry, a strategy
which maintains existing ecosystem structure but alters species compositions to increase
production of food and other biocultural resources [37]. Ecomimicry strategies as defined
by Winter et al. [37] are not ‘one size fits all’ approaches; rather they require flexibil-
ity and situational adaptation to the constraints and opportunities presented by local
ecosystem structures and services. In return, these strategies tend to be more successful
in maintaining species and habitat diversity, while still providing abundant biocultural
resources. Uncoincidentally, these strategies are exemplified by place-based traditional
Indigenous agriculture. Rather than conceptualizing all forms of human influence on island
ecosystems as negative, conservation strategies informed by ecomimicry and biocultural
frameworks instead recognize the integral and millennia-long role of humans as engineers
of local ecosystems, and examine the impacts that specific actions or behaviors have on
long-term ecosystem maintenance and productivity, e.g., [81–83]. In the case of Tikopia,
commensal stable isotope evidence suggests that the structural substitution that occurred
in the Sinapupu-Tuakamali Phases was a successful long-term adaptation that rejuvenated
ecosystem productivity.

In this paper, we take a rather restrictive definition of sustainability (no evidence
for soil nutrient drawdown over time) in order to find a quantitative means to evaluate
sustainability archaeologically. By this definition, Tikopia does not meet our requirements
for sustainability. Realistically, few agro-ecosystems would likely meet our criteria for true
‘sustainability’ in the long term, but this supposition requires further testing. However, the
Tikopia case makes a significantly stronger argument for long-term resilience. If the early
slash-and-burn agricultural system practiced in the Kiki Phase was unsustainable, it ap-
pears that the Tikopia recognized this and reorganized their agro-ecosystem functioning to
a form of structural replacement ecomimicry [37]. This transformation evidently resulted
in a system that continues to be sustainably managed today.

5. Conclusions

Stable isotope analysis of commensal pig and Pacific rat remains recovered from
archaeological sites examines changes to island nutrient flows after human arrival and
land use and offers new evidence for sustainability and long-term resiliency on Tikopia
Island. Firstly, δ15N values decline significantly from the Kiki to the Sinapupu Phase, after
centuries of forest clearance, settlement expansion, and slash-and-burn agriculture. During
the Sinapupu-Tuakamali Phases, the agro-ecosystem was transformed to one dominated by
multistory forest arboriculture. This transition is accompanied by higher δ15Ncommensal
values in the Tuakamali Phase, which indicate a second transformation in nitrogen flows,
likely from increased forest cover and renewed guano δ15N inputs. The later shift to more
elevated δ15Ncommensal values after initial declines is a pattern that has not yet been seen
in any other Pacific island archaeological case study [18]. It demonstrates that adaptability
and careful management can lead to millennia of agricultural productivity even on small,
relatively isolated islands.

Both past and contemporary datasets speak to the remarkable resiliency—a capability
to adapt and restructure in response to large-scale sustainability challenges—of Tikopia’s
social-ecological system in the modern era and across millennia. Though the Tikopia case
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study may offer some insights towards global sustainability, it is critical to acknowledge that
today the greatest threats to sustainability on Tikopia come not from the Tikopia themselves,
but from forces of global climatic change over which they have little control. In 2002,
Cyclone Zoe wrought extreme and devastating impacts for Tikopia. Though no lives were
lost, all structures on the island were leveled and sources for traditional housing materials
lost. The cyclone damaged the lake (Te Roto) that had been supporting freshwater fish
populations, and eliminated important ecosystem resources including topsoil, shadecover,
and seed dispersers like birds and flying foxes [45]. It has been projected that it will
take years for Tikopia to recover to the same levels of self-sufficiency, if a full recovery
is even possible. While over the long-term Tikopia has shown itself to be resilient to
catastrophe, the frequency and intensity of cyclone events are expected to heighten over
the next several decades. Sea level rise, temperature changes, and ocean acidification
are other consequences of anthropogenic-induced climate change that pose significant
looming threats to Tikopia’s continued resiliency [31,84]. While Tikopia—and ecomimicry
strategies more broadly—offer valuable lessons for building more sustainable, resilient
social-ecosystems, it may be premature to look towards these alternate templates until
we successfully address the known causes of global climate change that already threaten
their survival.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/su13158567/s1, Table S1: Results of stable carbon and nitrogen isotope analysis of commensal
bone collagen and quality control indicators, including previously published samples. Table S2:
Results of Kruskal Wallis Test for commensal bone collagen δ13C and δ15N values across archaeolog-
ical phases. Underlined values are statistically significant (p < 0.05). Table S3: Results of Pairwise
Mann-Whitney-Wilcoxon Test for pig and rat collagen δ13C and δ15N values. Underlined values are
statistically significant (p < 0.05).
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Abstract: Tikopia Island, a small and relatively isolated Polynesian Outlier in the Southeast Solo-
mon Islands, supports a remarkably dense human population with minimal external support. Ex-
amining long-term trends in human land use on Tikopia through archaeological datasets spanning 
nearly 3000 years presents an opportunity to investigate pathways to long-term sustainability in a 
tropical island setting. Here, we trace nutrient dynamics across Tikopia’s three pre-European con-
tact phases (Kiki, Sinapupu, Tuakamali) via stable carbon and nitrogen isotope analysis of commen-
sal Pacific rat (Rattus exulans) and domestic pig (Sus scrofa) bone and tooth dentine collagen. Our 
results show a decline in δ15N values from the Kiki (c. 800 BC-AD 100) to Sinapupu (c. AD 100–1200) 
phases, consistent with long-term commensal isotope trends observed on other Polynesian islands. 
However, increased δ15N coupled with lower δ13C values in the Tuakamali Phase (c. AD 1200–1800) 
point to a later nutrient rejuvenation, likely tied to dramatic transformations in agriculture and land 
use at the Sinapupu-Tuakamali transition. This study offers new, quantifiable evidence for deep-
time land and resource management decisions on Tikopia and subsequent impacts on island nutri-
ent status and long-term sustainability. 

Keywords: stable isotopes; archaeology; commensals; nutrient flows; Polynesia; land use; ecomim-
icry 
 

1. Introduction 
The growing pressures of climate change, population increase, and disruptions to 

food supply networks highlight the ever-increasing need to establish food systems that 
are not only highly productive, but also sustainable and resilient in the long term. How-
ever, our means to evaluate sustainability across long time scales are limited. Archaeolog-
ical collections preserve multiproxy ecological information, including faunal and botani-
cal remains, soils, and ancient biomolecules that span centuries or even millennia. As 
such, these datasets afford a unique opportunity to investigate land use, ecosystem trans-
formations, and impacts to agricultural systems across generations of human activity, e.g., 
[1–3]. Islands, especially those in Polynesia, have proven effective as ideal “model sys-
tems” for applying archaeological datasets to investigate human activities and environ-
mental transformations on a global scale, e.g., [4–7]. 
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