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ABSTRACT: In comparison to temperate and arid regions, environmental responses to the Last Glacial Maximum
and the Terminal Pleistocene and Holocene boundary remain poorly known for many parts of the tropics, making it
challenging to unravel human–landscape interactions across this timeframe. This is particularly the case in insular Near
Oceania, where sea‐level fluctuations and potential changes in forest cover may have had major impacts on
hunter–gatherer populations. Here, we apply stable carbon and oxygen isotope analyses to small‐mammal teeth from four
Pleistocene–Holocene (spanning from 29 000 years ago to the late Holocene) sequences in the Bismarck Archipelago to
reconstruct changes in environments directly exploited by human populations in this part of the world. Our results show a
subtle response of tropical habitats in Near Oceania to relatively arid conditions during the late‐glacial period, something
that has also been observed at sites in South and Southeast Asia, followed by a Terminal Pleistocene–Holocene expansion
of tropical forest cover. Nevertheless, site‐based variability in environmental responses across this period highlight the
need for more multidisciplinary studies of human occupation sequences in a region that is becoming increasingly central
to exploring human adaptations, environmental modifications and social network development over the past 20 000
years. © 2023 The Authors Journal of Quaternary Science Published by John Wiley & Sons Ltd.
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Introduction
The Last Glacial Maximum (LGM) and the subsequent
Terminal Pleistocene to Holocene transition together represent
the most significant period of pre‐industrial global climate
change to have impacted populations of our species following
their dispersal to almost all of the world's continents by
~20 000 years ago (Williams et al., 2013; Bourgeon et al., 2017;
Roberts and Stewart, 2018). The Last Glacial period (which
comprises Marine Isotope Stages from 5d to 2, representing a
time‐span of 115–11.7 ka; Rasmussen et al., 2006) is generally
characterised as a time of cooler and drier conditions which
reached their peak during the LGM, when ice sheets were at
their greatest extent and sea levels were at their lowest
(Rasmussen et al., 2014; Waelbroeck et al., 2002; Wren and
Burke, 2019). Based on glacier records, marine oxygen isotope
records and records of sea‐level change, the timing of the LGM
has been constrained to 30–18 ka (Lambeck et al., 2014) or,
more precisely, 26.5–20 ka (Clark et al., 2009), and has been
linked to a clear decline in tree pollen, grassland expansion,

and cold and dry conditions in mid‐ and high‐latitude Europe
(Bartlein et al., 2011; Helmens, 2014; Kageyama et al., 2013).
In temperate regions, fluctuations in temperature at the LGM
(with estimated temperatures as low as 6°C cooler than
today (Tierney et al., 2020)) and the subsequent Terminal
Pleistocene–Holocene (~11.7 ka) transition, have been asso-
ciated with significant changes in human behaviour, including
demographic contraction and expansion (Posth et al., 2016;
Wren and Burke, 2019), site abandonment, technological
change and dietary shifts (Straus, 2016; Burke et al., 2018;
Stiner et al., 2022). Meanwhile, in high‐latitude regions prone
to aridity, late‐glacial fluctuations in precipitation (Fuhrmann
et al., 2020) have been argued to have led to similar adaptive
challenges and human responses (Beuning et al., 2011; Munt
et al., 2018).
By contrast, the timing and nature of climate‐linked

environmental changes during the LGM and subsequent
transition into the Holocene are relatively poorly understood
for many parts of the tropics (Roberts, 2019). Although often
considered less extreme than elsewhere, LGM temperature
minima of c. 4°C cooler than present have been recorded for
tropical Africa, Amazonia and Sahul (Bonnefille et al., 1990;
Thompson et al., 1995; van der Kaars, 1998; Kull et al., 2008;
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Hope, 2009; Hunt et al., 2012), with fluctuations in glacier
extents also documented in high altitude contexts (Bromley
et al., 2016). Meanwhile, changes in total annual precipitation
and seasonality, as well as CO2, during the LGM (Mayle
et al., 2004) have been associated with altered extents and
structures of tropical forest habitats (Haberle, 2003, 2005; Bird
et al., 2005; Anhuf et al., 2006; Blome et al., 2012). In low
latitude island contexts, such as those of Island Southeast Asia,
changes in late‐glacial sea level likely provided an additional
geographical factor which could either buffer or accentuate
changes in rainfall (Cannon et al., 2009; Rabett, 2012;
Hawkins et al., 2017). For many equatorial regions, there
remain significant debates relating to the onset and termination
of the environmental effects of the LGM (Baker et al., 2001;
Smith et al., 2005) and the nature and degree of ecosystem
change (Wurster et al., 2010; Hamilton et al., 2019). The lack
of consistent environmental baseline data makes it challenging
to develop hypotheses of human responses to climatic changes
during this period. For example, Rabett (2012) has proposed
that an early expansion of tropical rainforest following the
LGM is associated with specialised hunting adaptations in
Island Southeast Asia, though others have argued that forests
remained fragmented for a significant period following the
LGM in the region (Cannon et al., 2009).
The insular setting of Near Oceania presents an important,

but relatively neglected, case study of late‐glacial human–
environment interactions. Since their arrival in highland New
Guinea ~45 ka, Late Pleistocene human populations adapted
to Near Oceanian tropical forests (Summerhayes et al.,
2010, 2017). However, subsequent movement of human
populations into the islands beyond the Sahul landmass (i.e.
the Bismarck Archipelago) by ~44 ka would have presented
additional challenges in the context of insular forests,
depauperation of large fauna, and the navigation of oceanic
currents and coastal settings (Gosden and Robertson, 1991;
Summerhayes and Ford, 2014). Researchers have suggested
‘pulses’ or phases of human subsistence and technological
change (Leavesley and Allen, 1998; Allen, 2000; Leavesley,
2006), extending from first arrival through the Holocene
period. The perceived difficulty of obtaining animal and plant
resources in the interior rainforests of these islands has been
used as a basis for models which assume that initial
occupation by small groups of hunter–gatherers focused on
reef and coastal settings (Enright and Gosden, 1992), although
exploitation of bats and reptiles has been documented from
Late Pleistocene sequences (Pavlides, 2004; Leavesley, 2006).
The next major ‘pulse’ of activity is then dated to the LGM ~20
ka when the island of Manus was thought to have been
occupied, regional social networks intensified (Summerhayes
and Allen, 1993), marine resource use intensified, and wild
mammals were moved to New Ireland from New Britain
(Gosden and Robertson, 1991). There is also increasing
evidence at this time for human exploitation of rainforest
fauna, including birds (Steadman et al., 1999; Pavlides, 2004).
There then appears to be a hiatus in the occupation of some
cave sites until the Terminal Pleistocene, when an expansion
of populations and increasingly intense utilisation of the
landscape has been suggested (Shaw et al., 2020; Shaw, 2021).
This ‘pulse’ or phase model of occupation of insular Near

Oceania has been debated and reworked in a number of ways
(e.g. in terms of chronology and the nomenclature used to
define different ‘phases’) (Specht, 2005). For example, recent
data suggest that Pamwak on Manus may have been occupied
long before the LGM (Roberts et al., 2022). Nonetheless, such
models encapsulate the potential significance of changing
subsistence and settlement patterns in the region and raise the
question as to their relationship with late‐glacial climate and

environmental change. On nearby New Guinea, for example,
vegetation changes across the Pleistocene to Holocene
transition have been associated with the onset of more
intensive human forest management and changing settlement
patterns (Haberle, 2005). A lack of well‐dated palaeoenviron-
mental records for insular Near Oceania has hindered
such discussions, however. Here, we apply stable carbon
and oxygen isotope analysis to faunal tooth enamel from the
Pleistocene–Holocene sites of Matenkupkum, Buang Merabak
and Matenbek on New Ireland, combined with an evaluation
of the published data from Pamwak on Manus Island (Roberts
et al., 2022), to explore climate‐linked environmental changes
in the Bismarck Archipelago from ~29 ka to the present. Stable
isotope analysis of fauna, particularly small mammals, which
are sensitive to local environmental change, has been shown
to provide direct insights into forest extent in the tropics
(Roberts et al., 2015, 2017, 2020a, 2020b). Importantly, as
this proxy comes from ‘on‐site’, the results can be directly
linked to records of human subsistence (e.g. zooarchaeol-
ogy, archaeobotany) and cultural behavioural (e.g. lithic
technology) change. We compare our results with the
available site‐based records of human occupation, as well
as regional climate change proxy records, which span the
LGM and Terminal Pleistocene–Holocene, to assess the
degree to which observed environmental changes may
have placed novel pressures on human populations relative
to other parts of the world.

Background
Archaeological and environmental context of
Pleistocene–Holocene island Near Oceania

Situated northeast of New Guinea, the Bismarck Archipelago
comprises hundreds of small islands as well as three larger
islands, New Britain, New Ireland and Manus (Leavesley,
2006). Bathymetric data show that the archipelago was never
joined to New Guinea in the Pleistocene, nor were any of the
three larger islands ever connected to each other (Leavesley,
2006). The islands of both the Bismarck and neighbouring
Solomon Archipelago primarily consist of a volcanic basement
overlain by varying amounts of limestone and sandstone
(Leavesley, 2006). All of these islands today are dominated by
dense tropical rainforest vegetation and experience a wet,
warm climate (Leavesley, 2006) (Fig. 1). Movement out from
the Sahul landmass into the Bismarck Archipelago is currently
dated to 44–39 ka based on archaeological excavation of the
sites of Matenkupkum and Buang Merabak on New Ireland
(Leavesley and Chappell, 2004; Summerhayes and Ford, 2014).
Meanwhile, archaeological research at Yombon and Kupona
Na Dari provides evidence for a similarly early occupation of
New Britain (Pavlides, 2004; Torrence et al., 2004). Although
these early movements would have taken place during a sea‐
level low stand, sea crossings of at least 50 km would have
been required. The distance from mainland New Guinea to
New Britain is between 90 and 100 km, though an island in
between, Umboi, would have provided a staging point. The
period ~30–20 ka currently appears to be one of expanded
settlement of this island region. Occupation of Kilu in the
northern Solomon Islands dates to 33–31 ka (Wickler, 2001),
while occupation of the sites of Balof 2 and Panakiwuk on
New Ireland date to 22–20 ka (Leavesley, 2006). New
chronological modelling of Pamwak on Manus Island places
the onset of occupation of this island at ~29–24 ka (Roberts
et al., 2022). Nevertheless, documentation of a considerable
cultural deposit below the dated levels hints at the possibility
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that Manus may have been colonised considerably earlier
(Fredericksen et al., 1993).
A reduction in human activity has been identified on New

Ireland and New Britain from ~20 ka based on a reduction
of the number of occupied sites and archaeological materials
(Leavesley, 2006). However, the exact timing of the hiatus seems
to vary, with occupation persisting longer in the interior
rainforests of New Britain than in coastal settings (Pavlides,
1999). There is then a clear intensification of human activity at
sites across the Bismarck and Solomon Archipelagos between 15
and 10 ka (Pavlides and Gosden, 1994, Pavlides 2004;
Wickler, 2001; Leavesley, 2006). Renewed settlement is dated
to 16 ka and 14 ka at Matenkupkum and Buang Merabak,
respectively (Leavesley, 2006), and Panakiwuk on New Ireland
was first occupied between 15 and 13 ka (Leavesley, 2006).
Meanwhile, Yombon, Kilu and Misisil Cave were all occupied,
or re‐occupied, between 12 and 10 ka (Specht et al., 1981;
Pavlides, 1999; Wickler, 2001). At 12 ka, the New Ireland sites
also show the highest intensity of artefact deposition
(Spriggs, 1993; Allen and Gosden, 1996). Whether these
changes in settlement pattern are climatically and environmen-
tally driven, and whether they reflect real abandonment versus
a shift in landscape use, remains debated (Specht, 2005;
Leavesley, 2006).
A review of palaeoenvironmental proxy records from neigh-

bouring New Guinea and Island Southeast Asia indicates that the
LGM was likely cooler (‐5°C), more seasonal and drier than the
present due to a weaker, variable Indonesian–Australian summer
monsoon and increased continentality driven by low sea levels
(Fig. 1) (Haberle et al., 2001). Variable monsoon conditions
persisted after the LGM, with negative Northern Hemisphere to
Southern Hemisphere temperature gradients between 18 and
12 ka driving a southwards displacement of the Inter‐Tropical
Convergence Zone (McGee et al., 2014). The relatively dry,
seasonal climates of the LGM have been associated with
more open grassland and seasonal forest habitats in lowland
Wallacea (Dam et al., 2001; Hamilton et al., 2019; Hope, 2001;
Russell et al., 2014; Stevenson, 2018; Wicaksono et al., 2015;
Wicaksono et al., 2017), and the downslope expansion
of montane forest in lowland New Guinea and on the Sahul
Shelf (Hope and Tulip, 1994; Kaars et al., 2000). Increased
temperatures (Haberle et al., 2001) and effective moisture are

then documented from 17–16 ka to the Holocene boundary and
are attributed to the expansion of closed forest across the
region's lowlands (Hamilton et al., 2019; Russell et al., 2014).
Despite these general trends, regional and local palaeoclimatic
and palaeoecological reconstructions have shown that they may
not apply everywhere. Notably, deglacial monsoon precipitation
remained variable, with some records indicating a cool,
dry period ∼12.9–11.7 ka (Haberle et al., 2001, Hamilton
et al., 2019) and others showing relative stability across this
period (Russell et al., 2014). Even within Near Oceania, the
exact timing and impact of late‐glacial cooling, drying and
heightened seasonality on different human populations across
the region remains disputed (Hope, 2001, 2005; O'Connor and
Aplin, 2007).
Archaeological and zooarchaeological evidence from the

Bismarck Archipelago and Solomon Islands suggests some
changes in landscape use in island Near Oceania over time.
Early occupations from ~45 to 29 ka appear to be associated
with coastal exploitation (Gosden and Robertson, 1991).
Meanwhile, from 25 to 20 ka there appears to have been an
intensification of both marine resource use and interior
rainforest exploitation, with zooarchaeological records from
Yombon, Buang Merabak and Matenkupkum highlighting the
human use of forest birds and bats (Pavlides, 2004; Leavesley,
2006). Stable carbon isotope data from humans from Pamwak
and Matenkupkum further support the intensive use of tropical
forest resources during the Terminal Pleistocene (Roberts
et al., 2022). Significantly, first at 20 ka and then at 15–12
ka, there appears to be an intensification in social networks in
the region, with contacts between the Bismarck Archipelago
and New Guinea evidenced by obsidian exchange (Leaves-
ley, 2006). Meanwhile, the northern common cuscus Phalan-
ger orientalis and, later, a bandicoot (Echymipera cf. kalubu)
and spotted cuscus (Spiloscuscus kraemeri) were moved
between islands, presumably as a source of protein (Gosden
and Robertson, 1991; Spriggs, 1997). It is also during the
Terminal Pleistocene and Early Holocene that records of
deliberate human modification of tropical forests have been
presented for New Ireland and the Solomon Islands on the
basis of archaeobotanical evidence (Gosden, 1995; Spriggs,
1997; Barton and Torrence, 2015), with similar patterns
suggested for New Guinea (Haberle, 2003).

© 2023 The Authors Journal of Quaternary Science Published by John Wiley & Sons Ltd. J. Quaternary Sci., 1–12 (2023)
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Figure 1. Map of the sites sampled (black circles) and discussed (white circles) in the text within the wider context of Island Southeast Asia and Near
Oceania. Panels B and C show close‐ups of the Bismarck and Solomon Archipelagos, respectively. 300 m global land cover data from 2019
(ESA, 2017) are shown, highlighting the domination of tropical forest on these archipelagos today. The average position of the Inter‐Tropical
Convergence Zone in July and January (dashed lined) are adapted from Liu et al. (2015), and mean sea‐level data from the Last Glacial Maximum,
are mapped from Spratt and Lisiecki (2016). [Color figure can be viewed at wileyonlinelibrary.com]

PLEISTOCENEHOLOCENE INSULAR NEAR OCEANIA 3

 10991417, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jqs.3555 by C

ochrane G
erm

any, W
iley O

nline L
ibrary on [18/07/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://wileyonlinelibrary.com


Stable isotope approaches to zooarchaeological
assemblages in Near Oceania

Stable carbon and oxygen isotope analysis of the tooth enamel
of fauna recovered from archaeological sites has long been
utilised as a palaeoenvironmental proxy, including specifically
within the context of human dispersals and adaptations to
variable Pleistocene environments (e.g. Roberts et al.,
2017a, 2020b). In the tropics, stable carbon isotope analysis
of mammalian faunal enamel primarily documents the amount
of C3 and C4 biomass in the diet. Low faunal δ13C suggests
reliance on C3 resources, which dominate in forest settings,
relative to C4 resources available in open areas including
tropical grasslands (Lee‐Thorp and van der Merwe, 1987;
Cerling et al., 2004; Levin et al., 2008). These environmental
factors are predictably observed in mammalian tooth enamel
(Lee‐Thorp and van der Merwe, 1987; Cerling and Har-
ris 1999), leading to values of approximately c. ‐12‰ and c. ‐
4–0‰ for terrestrial fauna relying on C3 resources and
C4 resources in pre‐industrial contexts, respectively (Lee‐
Thorp et al., 1989; Levin et al., 2008). In dense tropical forest
settings, faunal enamel for animals feeding on C3 vegetation
have even lower δ13C values as a consequence of the
influences of low light exposure (Farquhar et al., 1989) and
recycled CO2 on photosynthesis (Van der Merwe, Medi-
na, 1991). The stable oxygen isotope values of animal tissues
can provide additional palaeoecological information about
water and food. In tropical ecosystems it has been shown that
vegetation δ18O reflects evaporative potential or the source‐
effect of rainfall (Buchmann et al., 1997; Buchmann and
Ehleringer, 1998), with dense, humid canopies yielding lower
δ18O values than more evaporative areas. Animals which
obtain the majority of their water requirements from plants will
particularly strongly reflect those environmental factors that
influence plant transpiration and plant δ18O (Kohn et al., 1996;
Levin et al., 2006; Carter and Bradbury, 2015).
Small mammals are becoming an increasingly popular focus

for stable isotope applications thanks to their abundance, small
feeding and drinking ranges, and high fidelity to habitat types
(Grimes et al., 2008; Jeffrey et al., 2015; Roberts et al., 2017b).
Based on the above‐discussed climatic context for Southeast
Asia and New Guinea, we hypothesise that lowland tropical
forests retreated during cooler, drier glacial periods, when pCO2

was also low, making way for the expansion of tropical
grasslands and shrublands (Bird et al., 2005, Jolly and
Haxeltine, 1997; Mayle et al., 2004) or seasonal forest
(Hamilton et al., 2019). These climatic and environmental
changes would be expected to have corresponding impacts on
faunal diets and ingested water, with δ13C and δ18O values
increasing with more open habitats and greater aridity,
respectively. Based on existing palaeoenvironmental reviews
(Haberle et al., 2001; O'Connor and Aplin, 2007), it might also
be expected that such changes would be ‘dampened’ on the
coast relative to interior and upland contexts, with local
heterogeneity. Nevertheless, Roberts et al. (2020b) found
environmental changes, notably more humid conditions and
the expansion of tropical forest in the Terminal Pleistocene
based on the isotopic analysis of small terrestrial fauna on Alor
and Timor in Wallacea. Within the context of Sahul, Roberts
et al. (2017b) documented relative stability in closed montane
forest habitats across the Terminal Pleistocene–Holocene
transition based on stable carbon and oxygen isotope analyses
of fruit bats (Aproteles bulmerae), cuscus (Phalangeridae), ring‐
tailed possums (Pseudocheiridae) and macropods (Macropodi-
dae) from the site of Kiowa in Highland New Guinea. This
supports observations of forest stability during the LGM from
lowland New Guinea pollen records (Hope and Tulip, 1994).

In late‐glacial archaeological contexts such as those studied
here, it is important to take into account the human selectivity of
fauna, faunal feeding and drinking strategies (Roberts et al.,
2017b), and the potential for changes in the δ13C of CO2

between the Pleistocene and Holocene (Hare et al., 2017).

Methods
Sites and samples

We sampled a total of 88 small‐mammal teeth from the New
Ireland sites of Buang Merabak (n = 19), Matenbek (n = 25)
and Matenkupkum (n = 45) for δ13C and δ18O analysis and
undertook fresh evaluation of the published δ13C and δ18O
from 59 terrestrial fauna from the site of Pamwak on Manus
Island (Fig. 1). The full list of samples and their contexts can
be found in Supplementary Data Table 1, while further site
and stratigraphic information is available in Supplementary
Note 1. Chronologies for the samples were based on the
latest published literature and subsequently calibrated using
the IntCal20 and Marine20 curves (Heaton et al., 2020;
Reimer et al., 2020) (Supplementary Data Table 2) (see also
Supplementary Note 1 for details). Sampled phases 2 and 3 at
Buang Merabak date to 13.2–7.8 and 23.5–19.2 ka,
respectively (Leavesley, 2004; 2017; Rosenfeld, 1997), while
phases 1, 3 and 4 at Matenbek represent 1.9–1.3 ka, 8.6–8.1
ka and 24.0–20.7 ka, respectively (Allen et al., 1989;
Freslov, 1989). Matenkupkum phases 1 to 6 represent the
longest studied sequence extending from ‘modern’ ages
through to 25.3–23.9 ka, with phases 6 and 5–2 covering
the LGM to the terminal Pleistocene–Holocene transition,
respectively (Gosden and Robertson, 1991). The published
Pamwak sequence from Unit A to Unit E was recently
recalibrated and spans 6.7–2.0 ka to 29.0–24.0 ka (Roberts
et al., 2022). Therefore, together, the sample set offers an
important opportunity to track environmental changes
relevant to human hunter–gatherers across the LGM and into
the Holocene within a Bismarck Archipelago context.
Mammal identifications were facilitated by comparisons

with specimens from the ANU Archaeology and Natural
History Osteology Laboratory and University of Otago's
reference collections. The fauna sampled at Buang
Merabak, Matenbek and Matenkupkum are all dominated
by the northern common cuscus Phalanger orientalis,
following its arrival around 20 000 years ago, and an
unidentified species of rat (see Supplementary Data Table 1).
P. orientalis is today found in primary tropical forests
ranging from gallery rainforest to montane rainforest
(Flannery, 1995; Leary et al., 2016). Nevertheless, it most
frequently occurs in disturbed habitats such as secondary
forests and gardens (Flannery, 1995), making it a potentially
sensitive taxon for tracking environmental change in the
past. Its sensitivity to climatic changes may be further
enhanced by its status as an arboreal folivore, though it is
also known to consume fruit (Flannery, 1995). The
published Pamwak dataset, by contrast, includes samples
of bats, the murids Rattus detentus and Melomys matam-
buai, marsupial Spilocuscus kraemeri and a bandicoot
Echymipera cf. kalubu (Supplementary Data Table 1), which
was introduced by humans to Manus from either New
Guinea or New Britain (Flannery, 1995; Helgen and
Flannery, 2004) (Supplementary Data Table 1). This latter
taxon is omnivorous and prefers closed rainforest and
montane forest habitats today. See Supplementary Note 2
for more background information on sampled animal
feeding behaviours where available.
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Stable isotope analysis

The collection of the tooth enamel samples followed protocols
developed by Jeffrey et al. (2016) and applied by Roberts et al.
(2017b) in an Oceanian context. This involved the cleaning of
the exterior surfaces of all teeth using aluminium sand blasting
to remove any external material. The roots of molar teeth were
then separated and the tooth was then crudely sectioned in
order to be able to clean away dentine and dirt from inside the
tooth. Due to the fact that the sampled teeth are very small,
each tooth was crushed using an agate mortar and pestle in
order to produce enough enamel powder for pretreatment
and analysis. While efforts were made to minimise dentine
contamination, given the relatively short formation times for
these teeth it is also reasonable to assume that any remaining
dentine apatite would represent the same period and
conditions as the enamel apatite (Roberts et al., 2017b).
Previous Fourier Transform Infrared Spectroscopy work on
samples from Pamwak and Pleistocene–Holocene sequences
in Wallacea provide high confidence that diagenesis is
unlikely to be a major factor in interpreting the isotopic results
(Roberts et al., 2020b, 2022).
To reduce the risk of contamination from diagenetic

alteration still further, all enamel powder was pretreated using
a consistent, published technique which is focused on the
removal of organic and secondary carbonate contaminants
(Roberts et al., 2015, 2020a, 2020b). This involves the sample
being submerged in 1.5% sodium hypochlorite for 60 min,
followed by three rinses in purified H2O and centrifugation.
0.1 M acetic acid is then added to the sample for 10 min,
followed by another three rinses in purified H2O. Samples are
then lyophilised in a freeze‐drier for a period of 3 h. Following
reaction with 100% phosphoric acid, gases evolved from the
samples were analysed for δ13C and δ18O using a Thermo
Gas Bench 2 connected to a Thermo Delta V Advantage
Mass Spectrometer housed at the Max Planck Institute for
Geoanthropology. δ13C and δ18O values were compared
against International Standards (IAEA‐603 (δ13C= 2.5‰;
δ18O= ‐2.4‰); IAEA‐CO‐8 (δ13C= ‐5.8‰; δ18O= ‐22.7‰);
USGS44 (δ13C= ‐42.2‰)) and an in‐house standard (MERCK
(δ13C= ‐41.3‰; δ18O= ‐14.4‰)). Replicate analysis of
MERCK standards suggests that the measurement error is
c. ±0.1‰ for δ13C and ±0.2‰ for δ18O. Overall measurement
precision was additionally studied through the measurement of
repeat extracts from a bovid enamel standard (n= 20, ±0.2‰
for δ13C and ±0.3‰ for δ18O).

Statistical analysis

We applied Levene's test for equality of variance in δ13C and
δ18O between phases at each site, and we used the
Shapiro–Wilk test to assess normality. Where variance was
unequal and the data were non‐normally distributed, and where
only two phases existed or where only two phases had sufficient
>3 samples, we applied a Mann–Whitney U‐test to compare
differences between phases in terms of median δ13C and δ18O.
For sites with unequal variances and non‐normal data distribu-
tion that had more than two phases, we applied a Kruskal–
Wallis test followed by pairwise Wilcoxon tests. Where
variance was equal and the data were normally distributed,
and where only two phases existed or where only two phases
had sufficient >3 samples, we applied Student's t‐test. Where
these conditions were met but where more than two phases
could be compared, we applied a one‐way ANOVA followed
by Tukey's honestly significant difference post hoc compar-
isons. To explore how δ13C and δ18O covary while controlling
for taxon and site, we constructed a general linear model using

the R package glmulti. Only taxa with n> 3 were included in
the generalised linear model. All statistical analyses were
conducted using the free R software (R Core Team, 2013).

Results
The results of the date calibration for all of the sampled phases
are shown in Supplementary Data Table 2, and they represent
a significant resource for future discussions of prehistory and
palaeoenvironmental change in the Bismarck Archipelago.
The δ13C and δ18O results for the analysed small mammals are
shown in Supplementary Data Table 1. We briefly present the
δ13C and δ18O for each site chronology before returning to
this more extensive temporal comparison. For the ‘modern’
samples from Matenkupkum, the measured δ13C values have
been corrected by +1.5‰ to account for the fossil fuel effect
(Friedli et al., 1986) and to bring them into line with the other
Pleistocene–Holocene data.

Buang Merabak

The δ13C values range between ‐18.4 and ‐12.1‰ at Buang
Merabak, while δ18O values range between ‐11.9 and ‐4.5‰.
There are very small increasing trends in median values in both
δ13C and δ18O between phases 3 (23.5–19.2 ka) and 2
(13.2–7.8 ka) (Fig. 2, Supplementary Fig. 2). However, these
are not statistically significant and are probably driven by a
single P. orientalis individual in phase 3 with very low values.
The variance in δ13C and δ18O is different between the two
phases defined at the site (F(13,4)= 0.06 and 0.14, respec-
tively, with p< 0.01), and Mann–Whitney U‐tests suggest that
the median δ13C and δ18O values do not differ between phases
(W= 66, p= 0.10 and W= 39, p= 0.65, respectively).

Matenbek

The δ13C values range between ‐14.2 and ‐11.1‰ at
Matenbek, while δ18O values range between ‐6.2‰ and ‐
3.9‰. No clear trend can be observed in δ13C values between
phases 4 (24.0–23.1 ka), 3 (8.6–8.1 ka) and 1 (7.4–6.7 ka).
A slight decrease in δ18O is observed from phase 4 to phase 3
(Fig. 2, Supplementary Fig. 3). Only two of the Matenbek
phases have an n> 3. The variance in δ13C and δ18O is similar
between these two phases (F(9,13)= 1.19, p= 0.76 and F
(9,13)= 0.90, p= 0.90, respectively), and Shapiro–Wilk tests
suggest that each distribution is normally distributed. T‐tests

© 2023 The Authors Journal of Quaternary Science Published by John Wiley & Sons Ltd. J. Quaternary Sci., 1–12 (2023)

Figure 2. δ13C and δ18O measurements of small mammals at
Matenkupkum, New Ireland, divided by phase. Results of post hoc
Tukey test are shown, with *p ≤ 0.05 and ***p< 0.001. [Color figure
can be viewed at wileyonlinelibrary.com]
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suggest that the difference in mean δ13C between phases is
non‐significant (Student t(22)= ‐0.65, p= 0.52), and the same
is true for δ18O (t(22)= ‐0.49, p= 0.63).

Matenkupkum

The δ13C values range between ‐14.7 and ‐7.6‰ at
Matenkupkum, while δ18O values range between ‐10.9
and ‐4.7‰. Some trends in δ13C and δ18O are noticeable
throughout the sequence. In terms of δ13C, values are highest
during phase 6, dated to the LGM, before declining in phase 5
to their lowest values in phases 4 and 3. The values then subtly
increase again in phases 2 and 1 (Figs 2 and 3). For the purpose
of statistical testing, this site includes data from four phases
with n> 3 (phases 2, 3, 4 and 6). A one‐way ANOVA shows
significant differences in δ13C and δ18O among these phases
(F(3,36)= 18.45 and 4.73, respectively, with p< 0.0007). The
model for δ13C passes Levene's test for equal variance
(F= 0.22, p= 0.88) and Shapiro–Wilk tests suggest that only
the phase 3 data are not normally distributed (W= 0.80,
p= 0.02). Post hoc Tukey tests suggest that mean δ13C values
significantly differ between all phases with n> 3 (p< 0.05),
with the exception of phase 4 to 3 and phase 3 to
2 (Supplementary Table 3). The model for δ18O failed Levene's
test (F= 3.87, p= 0.02), but significant differences in δ18O
among phases is supported by a Kruskal–Wallis test (H
(3)= 8.41, p= 0.04), with phase 4 appearing to stand out.
Nevertheless, post hoc Wilcoxon tests fail to identify sig-
nificant differences in δ18O between phases, and this is true
regardless of the choice of p‐value correction (according to
Bonferroni versus Benjamini and Hochberg, 1995).

Pamwak

The δ13C values range between ‐24.8 and ‐10.3‰ at Pamwak,
while δ18O values range between ‐15.7 and ‐5.4‰. There is a
clear increasing trend in both δ13C and δ18O values from the
LGM Unit E to the Mid–Late Holocene Unit A (Figs 2 and 4).
Pamwak has five phases with n> 3. One‐way ANOVA
suggests that there are significant differences in δ13C and δ18O
between these phases (F(4,53)= 6.43 and 7.57, respectively,
with p< 0.001). Both δ13C and δ18O models fail Levene's test for
equal variance (F= 4.90 and 4.06, respectively, with p< 0.006),
but significant differences in δ13C and δ18O are further supported
by Kruskal–Wallis tests (H(4)= 23.04 and 17.36, respectively,
with p< 0.002). Post hoc Wilcoxon tests suggest that Unit E has
δ13C and δ18O values that are significantly different from those of

Units A and B (p< 0.03 according to Bonferroni correction)
(Supplementary Table 4). A less conservative approach with the
same test suggests that δ13C and δ18O values from Unit E are
distinct from those of all other units (p< 0.03, with the exception
of Unit C δ13C data, with p= 0.06) and that the median δ13C
value from Unit A is significantly different from that in Unit
D (p= 0.05).

Site and temporal comparison

While local trends are evident in the site data presented above,
we sought to also compare the data from the sites together in
an attempt to discern whether there were any overall temporal
trends for the region as well as any site‐specific sources of
variation. The R package glmulti suggests that the model
that most parsimoniously explains variation in δ18O values
includes predictors of δ13C, site, taxon and δ13C × site
(AIC= 398.90). This model includes a significant direct effect
of δ13C on δ18O values (p< 0.0001) (see Supplementary
Table 5). As can be seen in Fig. 5, however, there is a clear
impact of site and taxon on this relationship. A positive
correlation in δ13C and δ18O can be seen for Pamwak and
Buang Merabak, but not at Matenbek and Matenkupkum
where a weak negative correlation is visible. Together, this
highlights the local heterogeneity observed between the sites.
One source of this variation could be the representation of

different species at different sites. When the compiled dataset is
divided by species, a positive correlation between δ13C and δ18O
is most visible for murids and E. cf. kalubu, with weaker positive
trends for P. orientalis and negative correlations seen among
other rodent samples and Rattus sp. Significantly, here the
majority of murids, with the observed strong correlation between
δ13C and δ18O, come from a single Unit at Pamwak. Although
this could suggest a temporal trend, it also highlights how species‐
specific values may drive site‐based trends. Indeed, the categories
of Rattus sp. and murids could include potentially different
unidentifiable species which could further increase this varia-
bility. A similar situation exists for Buang Merabak where one
individual seems to be responsible for driving the strong trend.
Indeed, if this individual is excluded then the Buang Merabak
range becomes much more in keeping with the other sites.
The δ13C and δ18O from all of the sites are shown together on

the same temporal scale in boxplots in Fig. 5 to illustrate broad
changes across the LGM and Terminal Pleistocene–Holocene
transition. In this figure, both site‐specific and broader regional
trends are apparent. While no consistent temporal changes were
found across all sites across the entire length of their sequences,
relatively high δ13C values can be seen in the 25.3–23.9 ka and
17.0–14.1 ka layers at Matenkupkum, while high δ18O values are
observed at Buang Merabak, Matenkupkum and Matenbek
between 25.3 and 19.2 ka. The δ13C values then remain
relatively stable across the sites between 14.5 and 1.3 ka, with
a potential further slight increase observed at Matenkupkum at
12.5–11.8 ka. δ18O is more variable, with further increases seen
in the record between 13.6 and 12.5 ka and again at 8.6–8.1 ka.

Discussion and conclusions
Our small‐mammal δ13C and δ18O data from the sites of Buang
Merabak, Matenbek and Matenkupkum on New Ireland, and
Pamwak on Manus Island, provide novel ‘on‐site’ palaeoen-
vironmental records for exploring the effects of climate change
on human behaviour in the island settings of Near Oceania
across the LGM and Terminal Pleistocene–Holocene transi-
tion. We observe site‐specific variation in the isotopic data and
inferred environmental changes, with varying relationships

© 2023 The Authors Journal of Quaternary Science Published by John Wiley & Sons Ltd. J. Quaternary Sci., 1–12 (2023)

Figure 3. δ13C and δ18O measurements of small mammals at Pamwak,
Manus Island, divided by phase. Results of post hoc Mann–Whitney
U‐tests are shown, with Bonferroni corrected *p ≤ 0.05, **p< 0.01 and
***p< 0.001. [Color figure can be viewed at wileyonlinelibrary.com]
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between δ13C and δ18O proxies, and thus vegetation and
hydrological conditions. Data from the sites of Buang Merabak
and Matenbek suggest clear stability between the LGM and the
Terminal Pleistocene/Early Holocene and the Early Holocene,
respectively. Meanwhile, the Matenkupkum record shows
much more variability across the late‐glacial period. At
Pamwak, on Manus Island, the LGM actually appears to be
the most forested and most humid period, with gradual drying
and opening occurring into the Holocene. The scale of this
local heterogeneity is, to some extent, unexpected. For
example, Matenbek and Matenkupkum lie extremely close to
each other, yet apparently show a discrepancy in environ-
mental trends (stability at Matenbek and subtle variability at
Matenkupkum).
Part of this inter‐site variability is clearly taxon‐related with

certain murid samples at Buang Merabak and Pamwak likely
driving strong trends. For the murids at Pamwak, it is possible that
these small rodents utilised the more immediate environments of
the limestone caves which were covered in rainforest, thus
explaining their strong correlation between canopy‐driven δ13C

(including very low values) and water‐driven δ18O. The ‘outlier’ at
Buang Merabak is a Phalanger individual and it may represent an
animal brought from a particular local habitat by human hunters or
from further afield (strontium isotope analysis would be needed to
distinguish the two scenarios). This highlights the role that human
selectivity (in terms of hunting area and exploited taxa) can play in
isotopic variation from ‘on‐site’ records. Indeed, at Pamwak, the
observed trend of forest cover and humidity during the LGM,
followed by Holocene forest opening and drying, has elsewhere
been tentatively linked to deliberate anthropogenic intervention in
the form of arboriculture and forest opening to boost resources
(Gosden, 1995; Roberts et al., 2022). Other sources of variability,
particularly in terms of the relationship between δ13C and δ18O at
the different sites and changes through time could include
relatively small sample sizes, variation in the source water
impacting enamel δ18O values, and the complex interplay
between precipitation, sea‐level and vegetation on different islands
in this part of the world (Rabett, 2012). A further point which
should be considered is variability in temporal resolution between
the sites, including variations in radiocarbon ranges and precision
and the possibility of movement within contexts despite strati-
graphic integrity being documented at all of the sites.
Further studies in the region on different taxa, and renewed

chronological modelling (e.g. as done at Pamwak; Roberts
et al., 2022), should provide further insights into the drivers
behind local isotopic variability and its relationship to broader
palaeoenvironmental change. Our data do, however, poten-
tially reveal some regionally relevant palaeoenvironmental
trends. Enamel δ13C values at Matenkupkum indicate most
open conditions at 25.3–23.9 ka and 17.0–14.1 ka. Mean-
while, high δ18O values are observed at Buang Merabak,
Matenkupkum and Matenbek between 25.3 and 19.2 ka.
Together, these data may highlight the impact of the LGM on
increasing aridity and catalysing more open forest landscapes
in this part of the world. That said, it should be noted that only
the δ13C of samples at Matenkupkum record clear reductions
in forest cover, suggesting a muted and local response to
aridity at this time. Beyond this, data from across the sites
suggest relative stability in δ13C and δ18O across the Terminal
Pleistocene and Holocene transition and through the Holo-
cene, with some minor incursions at different sites. This
implies that environments remained relatively stable across
this period in contrast to other parts of the globe. This broad
pattern of precipitation and vegetation change has also been

© 2023 The Authors Journal of Quaternary Science Published by John Wiley & Sons Ltd. J. Quaternary Sci., 1–12 (2023)

A B

Figure 4. δ13C and δ18O measurements with points coloured according to taxon (A) and site (B), with site‐ and taxon‐specific regression lines (plus
95% confidence bands) included. [Color figure can be viewed at wileyonlinelibrary.com]

Figure 5. Summaries of δ13C and δ18O data from colour‐coded sites,
with distributions grouped and approximately ordered according to
site‐specific chronological periods (see Supplementary Note 1 for
details). [Color figure can be viewed at wileyonlinelibrary.com]
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documented for Island Southeast Asia (Rabett, 2012; Roberts
et al., 2020b), with shifts in the extent of tropical forest
apparently responding to changes in monsoon precipitation,
sea level and decreasing seasonality (Haberle et al., 2001;
Haberle, 2003, 2005; Rabett, 2012; Hamilton et al., 2019).
This perhaps highlights how the mesic oceanic effects of small
island sites located near the coast could have buffered the
effects of aridity and cooling seen elsewhere in the region
(O'Connor and Aplin, 2007) and in other parts of the world,
something which may also explain clear local heterogenetiy in
isotopic trends.
Comparison of our data with the existing zooarchaeolo-

gical, archaeobotanical, and archaeological evidence avail-
able further supports the simultaneous observation of subtle
change and continuity presented in our isotope data. Taking
the New Ireland sites together, it is clear that there is no
obvious abandonment of this island during the LGM or the
Terminal Pleistocene–Holocene transition, and the same is
true for Pamwak. Similarly, the same faunal and plant taxa
are broadly exploited, using similar technological assem-
blages, throughout the period of occupation. The notable
exception is the introduction of P. orientalis on New Ireland
and E. cf. kalubu and Spiloscuscus kraemeri at Pamwak
(Gosden and Robertson, 1991; Flannery, 1995; Williams,
1997, 1999), which would have provided stable sources of
dietary protein. While E. cf. kalubu and S. kraemeri prefer
mature forest types, P. orientalis has been documented as
thriving in disturbed as well as intact forest (Flannery, 1995;
Supplementary Note 2), perhaps making the latter a
particularly important resource in times of climatic and
environmental change. There is also evidence for the use of
local forest trees such as Canarium sp. and Celtis sp. and, at
Pamwak and indeed elsewhere in the Bismarck Archipelago
and Solomon Islands, it has been tentatively suggested that
humans may have played a growing role in the life cycles
and promotion of such taxa over time (Gosden, 1995;
Spriggs, 1997).
There is, however, some evidence for changes in human

behaviour, notably in the period between the LGM and the
Terminal Pleistocene/Early Holocene. Increased exploitation
of shellfish, and more diverse shellfish species, are observed
at Matenbek and Matenkupkum as the sea level rose
following the LGM (Allen et al., 1989; Gosden and
Robertson, 1991). Meanwhile, Rosenfeld (1997) documents
an increase in Celtis sp. seeds, Canarium sp. and Aleurites
sp. (candlenut) at Buang Merabak in the Terminal Pleisto-
cene and Early Holocene, perhaps as a consequence of
human selection. There is also evidence for expanding and
increasing social networking during the Terminal Pleistocene
and Early Holocene, with the arrival of obsidian from New
Britain in the New Ireland assemblages (Gosden and
Robertson, 1991; Summerhayes and Allen, 1993), and the
appearance and proliferation of the introduced P. orientalis
(Gosden and Robertson, 1991). An expansion of social
connectivity would have helped ensure the survival of wider
populations (Summerhayes, 2007). In the case of Pamwak,
the bandicoot (E. cf. kalubu) and S. kraemeri seem to have
arrived from the New Guinea mainland or New Britain
(Fredericksen et al., 1993; Helgen and Flannery, 2004). A
clear reliance on tropical forest resources in the Bismarck
Archipelago during the Terminal Pleistocene is supported by
the recent stable isotope analysis of human teeth from
Pamwak dating to ~12–10 ka (Roberts et al., 2022). A similar
shift in behaviour has been seen in Wallacea, where initial
coastal reliance during early human occupation in the Late
Pleistocene (O'Connor et al., 2011) gives way to increasing
dietary specialisation, including interior forest resource use,

in the Terminal Pleistocene and Holocene. This is at a time of
forest expansion and increased social connectivity (Roberts
et al., 2020b; Shipton et al., 2020).
Our study further highlights the importance of exploring

locality‐specific impacts of the LGM and Terminal Pleistocene/
Holocene transitions on human‐exploited environments. The
insular Near Oceania data may further support a scenario
where this tropical setting provided something of a refuge
against the harsher cooling and drying witnessed elsewhere
(Hoffecker et al., 2016; Burke et al., 2017). The mesic oceanic
settings and equatorial position led to less extreme shifts in
regional climate and environment (Wurster et al., 2010;
Pouteau et al., 2015). Nevertheless, such a scenario cannot
be assumed for the entire tropics. Temperature shifts as high as
5°C have been identified in the New Guinea highland regions
(Haberle et al., 2001; Haberle, 2005), while aridity, rainfall
seasonality and rainforest replacement by seasonally dry
tropical forest or savanna have been observed in parts of
Island Southeast Asia (O'Connor and Aplin, 2007; Wurster
et al., 2010; Russell et al., 2014; Stevenson, 2018; Hamilton
et al., 2019). Within our dataset, although the trends are subtle
and variable between the sites, we see some indication of
increased aridity and forest openness ~25–20 ka, followed by
forest expansion and stability (Fig. 2). These patterns have also
been observed in Island Southeast Asia (Rabett, 2012) and in
Sri Lanka (Premathilake, 2012; Roberts et al., 2015, 2017a),
suggesting a region‐wide precipitation trend. In the Bismarck
Archipelago, such climatic and environmental changes may
have impacted local technology, subsistence and population
connectivity, though records from different sites show varia-
bility. More site‐ and region‐specific records in the tropics will
help to further clarify the environmental consequences of this
global period of climate change across the equatorial belt,
where such human–environment interactions have often been
deemed inherently less significant than those in temperate and
arid zones.
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Abbreviations. ITCZ, Inter‐Tropical Convergence Zone; ka, thou-
sand years ago; LGM, Last Glacial Maximum.
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