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(e.g., ref. 1), technological complexity (e.g., ref. 2), fossil

morphology and chronology (e.g., ref. 3), and genetics* are
demonstrating an increasingly complex and dynamic picture of
the capacities and interactions of different hominin populations
in the Late Pleistocene (126-12 ka), particularly in Asia. If we are
to determine the ‘uniqueness’ of Homo sapiens, the last extant
hominin on the face of the planet, it is becoming apparent that we
must examine how its ecological adaptations differed from those
of other members of the genus Homo>®. It has been suggested
that Late Pleistocene populations of H. sapiens expanding across
the globe were able to not only flexibly exploit varied, and often
extreme, environments—including deserts, tropical rainforests,
high-altitude settings, and deep-sea maritime habitats—but also
specialize in the occupation of them, enabling our species as a
whole to proliferate even while local communities may sometimes
have failed®. By contrast, earlier and contemporaneous Homo
species expanding into Eurasia in the Early and Middle Pleisto-
cene (2.6 Ma-126 ka) made generalized use of forest and grass-
land mosaics”8, potentially making them vulnerable to more
extreme Late Pleistocene environmental changes (e.g., ref. 3) and
unable to survive on islands depauperate in large terrestrial
fauna®.

Testing this hypothesis is particularly timely given recent finds
that imply other hominin species may have ventured into chal-
lenging adaptive settings®!0. Wallacea provides an ideal ‘island
laboratory’ setting in which to do so in the increasingly
palaeoanthropologically significant Southeast Asian region. Wal-
lacea is an isolated series of islands that was never connected to
the neighboring Pleistocene landmasses of Sunda or Sahul,
necessitating water crossings to reach®!1-15. These islands have
been hypothesized as hosting depauperate island forest

Recent, high-profile studies of symbolic material culture

environments, lacking in reliable terrestrial protein and carbohy-
drate resources!>1617. Significantly, while these islands are home
to some of the earliest firm evidence for H. sapiens east of Africa
and the Middle East c. 45 ka (refs. 1318:19) fossil and artifact finds
have also suggested the presence of earlier members of the genus
Homo on the island of Flores from ~1 Ma (refs. 20-21), Luzon from
0.7 Ma (ref. ?2), and Sulawesi from ~0.2 Ma (ref. 23). Although
zooarchaeological records have provided some insights into the
ecological niches of different hominin populations in Wallacea®?4,
more direct assessments of overall hominin resource reliance and
palaeoenvironmental change in the region have been lacking.

In this paper, we examine the adaptations of the earliest
known fossil members of our species in Wallacea by means of
isotopic analysis of archaeological human tooth enamel from
two islands (Timor and Alor; Fig. 1). Timor has yielded the
earliest dated material culture and fossil evidence for H.
sapiens in Wallacea at the sites of Asitau Kuru (formerly Jer-
imalai) and Laili!®!°. At the former, faunal remains and cul-
tural artifacts suggest Late Pleistocene human reliance on
marine shellfish and fish, obtained in part through offshore
fishing!3. Laili also provides evidence for early reliance on
marine resources!8. This stands in contrast to the generalized
mixed grassland and woodland adaptations associated with
other hominins in the region®242>. However, human reliance
on pelagic fishing at Asitau Kuru has been questioned?°.
Moreover, there remains the possibility that giant rat taxa,
with proposed preferences for closed forest environments and
an adult body weight of up to 6 kg, represented significant food
resources; and they have been identified in early coastal and
inland archaeological contexts in Alor and Timor (e.g., ref. 27).
Insights into the environments present on Wallacea, as well as
human reliance on different ecosystems is difficult to resolve
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Fig. 1 Maps showing the location of the studied sites within Wallacea. Asitau Kuru, Lene Hara, Matja Kuru 1 and 2 (Timor), Makpan, and Tron Bon Lei

(Alor).
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using traditional zooarchaeological methods alone due to
preservation biases and the role of nonhuman predators in site
taphonomy (e.g., ref. 28).

Here, we apply stable carbon (813C) and oxygen (8180) isotope
analyses to human and faunal tooth enamel from six Late Pleis-
tocene/Holocene archaeological sequences (Fig. 1) on Timor and
Alor, in order to determine the varying reliance of early human
colonisers of Wallacea on tropical forest and terrestrial versus
marine resources. Stable carbon isotope analysis of faunal
(including hominin) tooth enamel in tropical regions has been
used to assess the proportion of C;-dominated woodland/forest
and C, grassland biomass in diets?®®-3l. In regions such as
Pleistocene Wallacea, where some researchers have suggested that
tropical forests dominated terrestrial environments3?, with
grasslands considered largely absent, the most significant driver
of terrestrial stable carbon isotope variation will be the canopy
effect, whereby low light and respired CO, cause forest-dwelling
plant biomass and its consumers to have more negative §13C
values than their counterparts in more open habitats30:31,
Meanwhile, marine producer biomass has higher §!3C than all C;
terrestrial plants®34, enabling marine consumers to be dis-
tinguished from terrestrial C; consumers3>. Based on research
done in East Africa’®, Sri Lanka’!, and Japan®, including
extensive modern studies’®, we expect preindustrial humans
relying completely on tropical forest, open C; resources, and
marine resources to have tooth enamel §13C values of c. —14%o, c.
—11%o, and c. —4%o, respectively.

Stable oxygen isotope (8180) measurements from animal tooth
enamel provide additional paleoecological information about
water and food, and have also been argued to distinguish
terrestrial from marine consumers®®. Based on existing,
published, and available chronological information, the Late
Pleistocene-Holocene deposits of Asitau Kuru, Matja Kuru 1 and
2, Lene Hara, Makpan, and Tron Bon Lei provide a unique suite of
human and associated faunal samples spanning the earliest fossil
appearance of H. sapiens in Wallacea, through the Last Glacial
Maximum, and across the Terminal Pleistocene-Holocene
transition!®1%. They also cover both coastal and hinterland habi-
tats (Fig. 1). Ample terrestrial and marine animal remains also
allow us to build the first detailed paleoecological and palacoen-
vironmental records for Pleistocene Wallacea and test assump-
tions in relation to: (1) pure Cj terrestrial environments on Timor
and Alor in the past; (2) the 8§!3C distinction between available
terrestrial and marine resources; and (3) environmental shifts
across the Pleistocene-Holocene boundary proposed elsewhere
in Southeast Asia (e.g.,»37). The preservation of a subsection of the
analysed tooth enamel samples was also checked using
Fourier transform infrared spectroscopy (FTIR) as per Roberts
et al 31,38,

Our extensive faunal baseline demonstrates that terrestrial and
marine environments can be clearly distinguished isotopically in
Wallacea on the basis of stable isotope analysis of fossil tooth
enamel. We show that a tooth of the earliest preserved H. sapiens
fossil found from the region c. 42-39,000 years ago shows that this
individual made significant use of coastal resources. From 20,000
years ago, human populations show an increasing reliance on
interior, terrestrial environments on the islands of both Timor
and Alor at a time of increasing forest expansion in Island
Southeast Asia more generally, though some individuals continue
to intensively use marine resources. We argue that our data further
demonstrates the huge adaptive flexibility of our species,
acutely visible as it rapidly and persistently colonized Wallacean
environments. Its ability to specialize in the use of more
extreme environments seems to stand in contrast to other hominin
species known from Island Southeast Asia based on current
evidence.
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Fig. 2 513C measurements for human and faunal tooth enamel from the
islands of Alor and Timor analyzed in this study. Data shown by phases
developed on the basis of existing and published stratigraphic, and
chronological information (Supplementary Note 1). Boxplots (showing
median and interquartile range—with outliers indicated) of terrestrial fauna
are shown in green (black diamond points) and those of marine fauna in
blue (black square points). Human samples are shown as white symbols
depending on site (circle, Asitau Kuru; diamond, Matja Kuru 1and 2; square,
Lene Hara; triangle, Makpan; and inverted triangle, Tron Bon Lei). Source
data for Fig. 2 can be found in the accompanying Source Data file in Table 1
(Fig. 2).

Results

Sites, samples, and chronology. The detailed stratigraphic and
chronological information for the six sites studied (Supplementary
Note 1) has enabled division of the human and faunal samples into
occupation phases at each site (Figs. 2-6). To display and compare
our data on a broader scale, we have also divided the human and
faunal data into broader island phases of occupation for Timor and
Alor, respectively, based on the stratigraphic and chronometric
information (Supplementary Note 1, Supplementary Tables 6 and
7, Fig. 2). For the sites of Asitau Kuru, Lene Hara, Matja Kuru 1,
and Matja Kuru 2 on Timor, this system includes four broad
phases: a Late Pleistocene pre-LGM phase (46,000-29,000 years
ago), a Terminal Pleistocene phase (20,000-11,001 years ago), an
Early and Middle Holocene phase (11,000-4001 years ago), and a
Late Holocene Neolithic phase (4000-0 years ago). For the sites of
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Makpan and Tron Bon Lei on Alor, the phasing system includes
three broad phases: a Late Pleistocene pre-LGM phase
(40,000-21,000 years ago), a Terminal Pleistocene to Middle
Holocene phase (15,000-7400 years ago), and a Late Holocene
Neolithic phase (4000-0 years ago). The specific associated dates
for the human samples within these broader phases are discussed
in the main text where appropriate.

Stable isotope analysis of archaeological tooth enamel. Faunal
813C from the Late Pleistocene-Holocene sequences of Asitau
Kuru, Matja Kuru 2, Makpan, and Tron Bon Lei (Figs. 2-6) show
a 813C division in terms of terrestrial and marine fauna (Fig. 2,
Supplementary Figs. 13 and 14, Supplementary Data 1). For the
island of Timor, terrestrial fauna recovered from the coastal site
of Asitau Kuru (Fig. 3) and inland site of Matja Kuru 2 (Fig. 4)
have 813C ranges of —14.9 to —7.9%o (mean = —11.6 + 1.8%o)
and —14.9 to —9.0%o (mean = —12.0 + 1.4%o), respectively. By
contrast, the marine fauna from Asitau Kuru (Fig. 3) has a §13C
range of —8.3 to 3.7%o (mean = —4.1 +3.0 %o). The situation is
slightly more complex on Alor (Fig. 2) where terrestrial fauna
from Makpan (Fig. 5) has §13C ranging from —19.2%o to —3.1%o
(mean = —8.7 + 3.5%0), and marine fauna from Makpan (Fig. 5)
and Tron Bon Lei (Fig. 6) have §13C ranging from —6.4 to 4.9%o
(mean = —3.2+2.9%0) and —89 to 4.7%0 (mean= —5.4+
3.5%o), respectively.

A Shapiro-Wilk test indicated that the 8§13C (p = <0.05) and
8180 (p = < 0.05) of the entire faunal dataset (n = 223) were non-
normally distributed. Mann-Whitney-Wilcoxon tests demon-
strated the §13C (W =9257, p=<0.05) and 8130 (W =5264,
p=<0.05) of fauna to be significantly different between Timor
and Alor. Consequently, the faunal §'3C and 8'80 datasets of the
islands (Timor n=111; Alor n=112) were separated for
subsequent analyses unless otherwise specified. For both Timor
and Alor, Shapiro-Wilk tests found the resulting 8!3C and 830
datasets for each island to be non-normally distributed (p =<
0.05). Mann-Whitney-Wilcoxon tests found marine and terres-
trial fauna to be significantly different in terms of §13C on both
Timor (W =2657, p=<0.05) and Alor (W = 2423, p =<0.05).
No difference was found between terrestrial and marine faunal
groups in terms of 8180 on either Timor (W = 1507, p = > 0.05)
or Alor (W= 1375, p=>0.05).

In terms of terrestrial palaecoenvironmental conditions and
changes in Late Pleistocene-Holocene Wallacea, our data directly
confirms the C; forest-woodland preferences for now-extinct
giant rat taxa on both Timor and Alor (Figs. 3-5; as per ref. 27).
Separation of the terrestrial fauna dataset from Timor (n = 76)
and Kruskal-Wallis analysis shows there to be no significant §13C
differences by phase on this island (Kruskal-Wallis chi-squared
=3.157, df =3, p=>0.05). Although significant differences in
8180 were noted between phases (Kruskal-Wallis chi-squared =
13.647, df = 3, p = <0.05), pairwise comparison failed to draw out
any specific differences (>0.05) (Supplementary Table 8). For the
Alor terrestrial faunal dataset (n =42), the situation is more
complicated. Here, a Kruskal-Wallis test (Kruskal-Wallis chi-
squared = 14.386, df =2, p =<0.05) followed by pairwise com-
parison demonstrated significant 813C differences between phases
A (40,000-21,000 years ago) and C (4000-0 years ago), and B
(15,000-7400 years ago) and C (4000-0 years ago; Supplementary
Table 9). No significant differences were found for 830
(Kruskal-Wallis chi-squared = 2.321, df =2, p =>0.05).

The difference between the islands is driven by the fact that in
the earliest phase of occupation on Alor (40-21,000 cal. years BP)
there is an overlap between terrestrial and marine fauna in §!3C
(Figs. 2 and 5). From this point, the 8!3C of terrestrial fauna
declines through the phases, with terrestrial and marine fauna

becoming obviously different between 15,000-7400 cal. years BP
and 4000-0 cal. years BP (Fig. 2). These results suggest that C,
resources may have been available to some terrestrial fauna in the
earliest phase of human occupation on Alor, with their presence
declining through time. However, it is also possible that elevated
rat 813C could be a product of early access to marine resources3’.
Finally, separation of the combined dataset of marine fauna for
Timor and Alor (n=105), and Kruskal-Wallis analysis and
pairwise comparison (Kruskal-Wallis chi-squared = 17.975, df =
8, p=<0.05) showed significant 813C differences between reef
taxa such as Balistidae (Triggerfishes) and more wide-ranging
taxa, such as Scaridae (Parrotfishes) (Supplementary Table 10),
indicating the potential utility of isotopic analysis of teeth to
distinguish fish from different marine niches (see also ref. 40).

Our large, robust faunal baseline enables the long-term
ecological niches of Late Pleistocene/Holocene human foragers
to be directly determined for Asitau Kuru, Matja Kuru 2,
Makpan, and Tron Bon Lei, as well as the additional sites of Lene
Hara and Matja Kuru 1 where only human samples were available
(Figs. 2-6; n=26). Sampled human 8'3C and §'80 ranges
between —14.1 and —5.6%0 and —6.2 to —3.2%o, respectively
(Fig. 2, Supplementary Data 2). The earliest human sample in the
study, and the earliest recovered from Wallacea, from context B63
at Asitau Kuru, dated to c. 42,440-38,853 cal. years BP, has a §13C
value of —5.6%o (Fig. 3). This is indicative of a high reliance on
marine resources, given the lack of any evidence for C, resources
in this part of Timor at this time and zooarchaeological evidence
for abundant marine resources (Fig. 2). The majority of the
remaining humans sampled from the Terminal Pleistocene and
Holocene contexts of Asitau Kuru (Fig. 3), Lene Hara (Fig. 3),
Matja Kuru 1 and 2 (Fig. 4), and the site of Makpan (Fig. 5) on
Alor, have 8!3C values between —14.1%o and —9.6%o, indicating
human reliance on a mixture of terrestrial tropical forest
resources and more open C; environments (Fig. 2).

Indeed, Fig. 6 demonstrates that even the 8!13C values of
humans excavated from Tron Bon Lei (Supplementary Note 1),
with an assumed economic and cultural reliance on marine
resources, have a range of between —12.5%0 and —9.6%o. With
perhaps the exception of the individual from square C with a
value of —9.6%o, who likely demonstrates some contribution of
marine or C, resources, this shows that terrestrial C; resources
made up the majority of the diets of these individuals. Never-
theless, it is clear that two Terminal Pleistocene/Holocene
individuals at Makpan, Alor (—8.1%o; 15,000—11,000 cal. years
BP; Fig. 5), and Matja Kuru 2, Timor (—5.6%0; Fig. 4;
11,000-4000 cal. years BP) incorporated a significant proportion
of Cy/marine and marine resources into their diets, respectively,
based on associated faunal data (Fig. 2), suggesting that diets were
diverse between individuals and societies during the Terminal
Pleistocene and Holocene.

Fourier transform infrared spectroscopy. Full results of the
infrared indices of samples subjected to FTIR analysis are shown
in Supplementary Data 3. All of the fossil and modern enamel
samples displayed classic enamel FTIR spectra (Supplementary
Fig. 15). No additional bands from secondary carbonate (e.g.
calcite at 710 cm™1; ref. 41) were observed in the spectra of the
fossil samples (Supplementary Fig. 15). Boxplots of API, BPI,
WAMPI, PCI, and BAI for the groups of ‘Modern’, ‘Fossil
Human’, ‘Fossil Terrestrial Fauna’, and ‘Fossil Marine Fauna’ are
shown in Supplementary Fig. 16. Broadly, there are minimal
changes between the groups with fossil samples perhaps having
marginally lower API, slightly higher BPI, and higher BAI than
the ‘Modern’ sample (Supplementary Fig. 16). Analysis of var-
iance (ANOVA) and post-hoc Tukey pairwise comparisons
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Fig. 3 Isotope data from Asitau Kuru (Timor). Stable carbon (8'3C) and oxygen (8'80) isotope data from terrestrial and marine faunal tooth enamel
samples, with human samples shown as white circles, displayed by site phases (see Supplementary Note 1).

support this, finding no significant differences in A-site carbo-
nation (F(3,55) = 1.194, p > 0.05), B-site carbonation (F(3,55) =
1.387, p>0.05), PCI (F(3,55) =1.845, p>0.05), or WAMPI (F
(3,55) = 1.245, p > 0.05) between the different sample groups. By
contrast, BAI does show a difference between the groups

(F(3,55) = 6.232, p < 0.05), with ‘Fossil Marine Fauna’ and ‘Fossil
Terrestrial Fauna’ being significantly different from ‘Modern’
samples (Supplementary Table 11).

Poor preservation of skeletal material has been suggested
elsewhere in tropical rainforest environments, though such
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Fig. 4 Isotope data from Matja Kuru 1 and 2 (Timor). Stable carbon (5'3C) and oxygen (8'80) isotope data from terrestrial faunal tooth enamel samples
from Matja Kuru 2 (Timor), with human samples shown as white diamonds, displayed by site phases (see Supplementary Note 1). Regional phasing has

been used for the 11,000-4000 cal. years BP grouping so individuals from Matja Kuru 1 and 2 can be combined. The grouping of 16,000-11,000 cal. years
BP is only represented by two human individuals from Matja Kuru 1 as there is no occupation at Matja Kuru 2 at this time (see Supplementary Note 1).
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