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Archaeological studies estimate the initial settlement of Samoa at
2,750 to 2,880 y ago and identify only limited settlement and
human modification to the landscape until about 1,000 to 1,500 y
ago. At this point, a complex history of migration is thought to
have begun with the arrival of people sharing ancestry with Near
Oceanic groups (i.e., Austronesian-speaking and Papuan-speaking
groups), and was then followed by the arrival of non-Oceanic
groups during European colonialism. However, the specifics of this
peopling are not entirely clear from the archaeological and anthro-
pological records, and is therefore a focus of continued debate. To
shed additional light on the Samoan population history that this
peopling reflects, we employ a population genetic approach to
analyze 1,197 Samoan high-coverage whole genomes. We identify
population splits between the major Samoan islands and detect
asymmetrical gene flow to the capital city. We also find an ex-
treme bottleneck until about 1,000 y ago, which is followed by
distinct expansions across the islands and subsequent bottlenecks
consistent with European colonization. These results provide for
an increased understanding of Samoan population history and the
dynamics that inform it, and also demonstrate how rapid demo-
graphic processes can shape modern genomes.

genetically understudied populations | Oceania | Austronesian | rare
variants | fine-scale population structure

The peopling of Oceania took place through two major waves
of human migration (1). The first wave is thought to have

occurred by at least 50,000 y ago, when the ancestral populations
of modern Papuan-speaking groups and Australian Aborigines
settled Australia, New Guinea, and many of the islands of Near
Oceania (SI Appendix, Fig. S1) (2, 3). The second wave is esti-
mated to have occurred only 5,000 y ago and to have consisted of
Austronesian-speaking groups first entering Near Oceania from
Island Southeast Asia before colonizing regions of Remote
Oceania (4). Genetic studies suggest that Austronesians mini-
mally admixed with Papuan groups during this expansion (5, 6).
However, modern Austronesian-speaking populations in Re-
mote Oceania have 20 to 30% Papuan ancestry (5–7), which is
likely due to admixture with Austronesian–Papuan admixed
populations from Near Oceania 50 to 80 generations ago (5)
[1,500 to 2,400 y ago assuming a 30-y generation time (8)].
Here, we explore the genetic variation of modern Samoans, a

population descended from Remote Oceania’s colonizers, to
interrogate multiple historical questions previously addressed
only with archaeological data. These archaeological data indicate
that Samoa was founded between 2,750 and 2,880 y ago by bi-
ologically and linguistically related populations that featured
similar material culture, including intricately decorated Lapita
pottery (9, 10). This decorated pottery disappeared relatively

quickly in Samoa, and was replaced shortly thereafter by the
plain ceramics that have been found in the few archaeological
sites dating to the subsequent 700 to 800 y since Samoa’s initial
settlement (11). These few early archaeological sites in Samoa
stand in contrast to the much richer archaeological records of
nearby Tonga and Fiji at the same time, which helps to explain
why Samoan population history remains unclear.
This has informed an ongoing debate among archeologists

about early Samoan population size. Some hypothesize that the
sparse early archaeological record reflects small and isolated
human groups (12–14). However, others hypothesize that
abundant early archaeological sites have been destroyed or dis-
placed by relative island subsidence and terrigenous deposition
(15, 16) and that these sites would indicate a large early pop-
ulation, or at least a comparable population size to other colo-
nizing populations in Remote Oceania (17). In addition, some
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propose a secondary migration to Samoa through the Microne-
sian Caroline islands 1,500 to 2,000 y ago (18), and suggest that
this would have resulted in admixture or partial population re-
placement. Interestingly, the plain ceramics disappear from the
archaeological record 1,000 to 1,5000 y ago (9, 19). This was then
closely followed by the formation of complex Samoan chiefdoms
(20) and Samoan voyages to East and West Polynesia (21), which
both suggest a major demographic change. In sum, numerous
questions remain regarding Samoa’s past, and genetic resources
and approaches have yet to be included in this research due
to undersampling of Oceanic populations in general genetic
studies.
Modern history raises additional questions about the effects of

Western European arrival to Samoa in the 18th century, which
was followed by European political control of Samoa in the early
19th century (22–24). Western Europeans brought diseases to
Samoa (25, 26), which resulted in a population crash. European
arrival was followed by the arrival of East Asian migrant workers
to western Samoa in the early 20th century (24). Therefore, it is
expected that integration with the modern world system dis-
rupted Samoan demography and introduced admixture from
non-Oceanic sources.
Today, 97% of the Samoan population resides on the main

islands of Upolu, which contains the capital city of Apia, and
Savai’i (SAV) (27). The nation is divided into four geo-
graphically proximate census regions: Apia Urban Area (AUA),
North West Upolu (NWU), Rest of Upolu (ROU), and SAV (SI
Appendix, Fig. S2).
Unfortunately, genetic data have not yet informed research on

Samoan demographic change. To address questions of both early
and recent evolutionary dynamics of Samoans, here we analyze
1,197 (969 unrelated) Samoan high-coverage whole-genome se-
quences, which were sequenced as part of the Trans-Omics for
Precision Medicine (TOPMed) Project (28). With these data, we
develop a detailed evolutionary demographic model, which
provides important insights into the history of Samoa and the
greater region of Oceania.

Results
Whole-Genome Sampling across Samoa. The TOPMed Project se-
quenced 1,197 Samoan genomes to an average of about 38×
genome coverage, which identified 17,963,694 autosomal vari-
ants (28). The Samoan individuals who provided these samples
come from two islands, all four census regions, and 33 villages.
The sampling scheme for all individuals was previously described
in refs. 29 and 30. Each census region roughly groups villages
based on their geographic location (SI Appendix, Fig. S2).
However, it also divides villages into both urban (AUA and
NWU) and rural (ROU and SAV) settings. We group villages
into their respective census regions for most of our analyses to
increase our sample size per group; 253 Samoans are from SAV,
263 Samoans are from AUA, 358 Samoans are from NWU, and
323 Samoans are from ROU (SI Appendix, Fig. S2). After kinship
filtering (Materials and Methods), 969 Samoans and 17,058,431
autosomal variants remain. Analyses other than our identity by
descent (IBD)-based approaches utilize this unrelated set of
Samoans, which we then combine with a diverse panel of modern
and ancient samples that are genotyped on the human origins
array (7, 31). This yields a final dataset with 3,316 samples and
494,898 autosomal variants (SI Appendix, Table S1).

Broad-Scale Samoan Ancestry Dynamics. Principal components
analysis (PCA) with a global reference set (7, 31) clusters Sa-
moans most closely with Oceanic populations, and next closely
with East Asians (SI Appendix, Fig. S3). The projection of Sa-
moans onto a principal component (PC) space of only Oceanic
reference populations (SI Appendix, Table S1) results in Sa-
moans clustering most closely with Tongans and Polynesian

outlier populations from the Solomon Islands (7) (SI Appendix,
Fig. S4). These PCA results are consistent with Samoans being a
Polynesian group within the Austronesian lineage (32, 33). An
ADMIXTURE analysis (34, 35) shows that 419 Samoans have at
least 99% of their genome attributed to a single cluster (Fig. 1A).
This cluster is also prominent in other Austronesian populations,
and due to the large Samoan sample size, it likely combines
Papuan, Samoan, and other Austronesian ancestry (SI Appendix,
Fig. S5). Non-Oceanic ancestries are minimally represented in
our sampling of Samoan individuals (Fig. 1A), which is consistent
with the study’s requirement that all four grandparents were
Samoan (29).
The majority of the African ancestry is from West African

sources, and the European ancestry is primarily from West Eu-
ropean sources (Fig. 1B), which is consistent with the European
colonial history of Samoa (22–24). Interestingly, the East Asian
ancestral component that we find derives mostly from South
China and the Mekong Peninsula. Chinese migrant workers
initially moved to Samoa in the 19th century, and these results
are more consistent with these workers coming from South
China as opposed to North China (e.g., Dai vs. Han) (Fig. 1B).

Papuan Admixture in Samoa Differs from Other Polynesians. Since
the ADMIXTURE analysis likely combined the expected Pap-
uan ancestry in Samoans (6, 7, 38) with the Samoan/Austrone-
sian cluster, we used the D statistic (39) to confirm the presence
of Papuan ancestry in Samoans (SI Appendix, Table S2). The f4-
ratio (39) estimates of Papuan ancestry proportions indicate that
Samoans have an average of 24.36% Papuan ancestry, similar to
a smaller sampling of Samoan genomes (38). Furthermore, the
Papuan ancestry is uniformly distributed among Samoans (SD =
0.04852), which could indicate that this admixture occurred prior
to the peopling of Samoa. However, we cannot reject a scenario
of multiple pulses of Papuan admixture with these data. We also
find that this Papuan ancestry is correlated to Denisovan an-
cestry and not Neanderthal ancestry (Fig. 2), which suggests that
Denisovan ancestry was introduced to Samoans through Papuan
admixture, as previously proposed (5) (SI Appendix, Supple-
mentary Text 1).
Samoans have less Papuan admixture (estimated through f4

ratio) than the other Polynesian (Tongans) and Polynesian out-
lier (Ontong_Java, RenBel, and Tikopia) populations in our
dataset, which collectively have an average of 35.38% Papuan
ancestry (Fig. 2) (6, 7). Recent findings suggest that the second
wave of Papuan admixture (50 to 80 generations ago, which is
1,500 to 2,400 y ago) into Remote Oceania occurred after Tonga
and Samoa were founded by Lapita pottery populations (5).
Therefore, it is likely that the magnitude of this pulse was not
equal across the Lapita region of Remote Oceania (SI Appendix,
Fig. S1).

Urbanization Greatly Impacted Samoan Population Structure.
Samoa’s recent founding (11, 40) as well as the small geo-
graphic distance and minimal geographic barriers between the
Samoan census regions (SI Appendix, Fig. S2) would support the
hypothesis that Samoa is a panmictic population. However, PCA
of Samoan samples shows that SAV individuals are different
from Upolu individuals on PC1 (ANOVA Tukey post hoc
analysis: PSAV–AUA < 9.9 × 10−6, PSAV–NWU < 1.2 × 10−6,
PSAV–ROU < 1.0 × 10−7). Cohen’s d suggests that this is a me-
dium to large effect size (0.7168478, 0.7463582, and 0.8502464
for SAV–AUA, SAV–NWU, and SAV–ROU, respectively).
However, we also note that there is a large degree of overlap
between individuals from both islands, and this common variant
approach does not ascertain fine-scale population structure be-
tween each census region (SI Appendix, Fig. S6). Therefore, we
utilized a rare variant sharing approach to further examine Sa-
moan population structure because rare variants better elucidate
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fine-scale population structure due to their young age (41, 42).
We indeed identify greater rare variant (allele count = 2) sharing
among individuals within each island than between the islands,
which clearly demonstrates population structure related to island
geography (SI Appendix, Figs. S6 and S7).
Rare variant sharing patterns also demonstrate greater sharing

between individuals from the same census region than between
individuals from different census regions (SI Appendix, Fig. S8).
This pattern is muted in the capital city (AUA), where there are
nearly identical levels of rare variant sharing within the census
region as with the ROU census region. Interestingly, there is a
greater magnitude of rare variant sharing between rural and
urban census regions than between rural census regions (Fig. 3).
We also see that the urban regions have relatively equal rare
variant sharing with all census regions. This indicates asymmet-
rical migration from rural to urban regions, consistent with ur-
banization patterns in Samoa (27). Rare variant sharing patterns
support the existence of population structure between the islands
and the census regions that is driven largely by urbanization compared
with biogeography. In addition to rare variant sharing, IBD segment
sharing also demonstrates a similar pattern of urbanization (SI
Appendix, Fig. S8), although not as robustly. Urbanization also likely
impacted non-Oceanic admixture dynamics. This is distinguished
by the urban census regions having increased African, East Asian,
and European ancestry compared with the rural census regions (SI
Appendix, Fig. S9 and Supplementary Text 2).

European Contact Significantly Reduced Samoan Effective Population
Size. Using the IBDNe demographic modeling method (43), we
find a bottleneck that began ∼10 generations ago (300 y ago) on

both Upolu and SAV and that closely corresponds to the first
introduction of diseases by Europeans (25, 26) (Fig. 4). We also
observe that the population begins to recover approximately five
generations ago (150 y ago), after which exponential growth
occurs, which is consistent with IBDNe estimates of population
sizes of admixed populations from the Americas (44). This time
corresponds to the establishment of missions in Samoa, and it
was likely when the non-Oceanic admixture began. Overall, ad-
mixture between non-Samoan and Samoan ancestries likely oc-
curred after the population bottleneck and corresponds to the
recent period of exponential growth. We do not observe a bot-
tleneck during the 1918 influenza epidemic, which is known to
have resulted in ∼20% mortality in western Samoa (45). This is
likely due to limited IBD segments reflecting the last one to two
generations (43). When looking at the effective population size
(Ne) histories of the two main islands, we find evidence that they
diverge about 30 to 35 generations ago (900 to 1,050 y ago).
More specifically, we estimate Upolu to have a larger Ne than
SAV (Ne of 75,400 vs. 33,600, respectively), which is consistent
with additional metrics of genetic diversity (SI Appendix, Tables
S3 and S4). While Upolu has greater admixture than SAV (SI
Appendix, Fig. S9), this Ne increase is likely not entirely due to
admixture since the Ne histories that we estimate differentiate
prior to European contact and constitute only a small fraction of
the genome (Fig. 4).

Modern Samoans May Predominantly Descend from a More Recent
Founding Event than Lapita Colonization. The Ne history of Samoa
that we estimate begins with a period of growth 100 generations
ago (3,000 y ago), which is consistent with the archaeological
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Fig. 1. Increased admixture in urban regions. (A) Global ancestry proportions estimated by ADMIXTURE (34, 35) analysis for each Samoan individual. (B)
Source of African, East Asian, and European admixture. Proportion of the AUA, NWU, and ROU admixed individuals’ genomes attributed to the different
source populations as determined by ChromoPainter (36) and Globetrotter (37). Our interpretation of each ancestry cluster is included in Lower Right.
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estimates for when Lapita people settled Samoa (10, 46, 47).
However, the magnitude of the Ne was extremely low between
100 generations ago and ∼30 to 35 generations ago (900 to
1,050 y ago) (Fig. 4). During this time period, the minimum Ne
estimate is 700 to 900 individuals, and the largest is only 3,300 to
3,440 individuals. Therefore, these Ne estimates support the
hypothesis of a small early population size (9, 12, 13, 15) and are
inconsistent with the hypothesis of a relatively large early pop-
ulation size (17). Interestingly, this differs from other Oceanic
populations that likely had a larger population size at this time
(48, 49). The small population size on Samoa could be in part
due to the rapid colonization process exhibited elsewhere
during the Austronesian expansion and the limited coastal
colonization options in Samoa (15). Due to the sparse Samoan
archaeological record representing this timeframe, this is just
one potential possibility. Additional archaeological data are
required to further determine why the Samoan population size
was so low.
Our estimates show that a greater period of growth began at

about 30 to 35 generations ago (900 to 1,050 y ago), and the two
islands’ Ne histories diverge while also increasing to over 10,000
individuals. This occurs during the same timeframe as the
widespread appearance of surface architecture and landscape
modification, much of it likely for agriculture, and is consistent
with the presumed origins of complex chiefdoms (9, 20) (Fig. 4
and SI Appendix, Table S5).
It is significant that Addison and Matisoo-Smith (18) hy-

pothesized a population migration into Samoa about 1,500 to
2,000 y ago (50 to 67 generations ago), possibly through the
Micronesian Caroline Islands, that closely precedes the increase
in Samoan Ne that we report here. Other important cultural
changes are reported to have occurred around this time as well
(SI Appendix, Table S5), including the loss of pottery 1,000 to
1,500 y ago (33 to 50 generations ago) (9, 19), the growth of
Samoan settlements 500 to 1,000 y ago (17 to 33 generations
ago) (17), and the colonization of East Polynesia and the

Polynesian outliers from Samoa and Tonga 800 to 1,000 y ago
(27 to 33 generations ago) (21, 50). The divergence and increase
in Ne that we identify might be due to the arrival of a new
population in Samoa that admixed with and potentially replaced
the initial founding population, although this would be an ex-
treme hypothesis. In the case of a nonabsolute admixture, the
IBDNe results would constitute a weighted average of these two
populations. This case also implies that the potential incoming
population was already admixed with Papuan individuals as the
uniformity of the current distribution of Papuan ancestry pro-
portion in Samoans (Fig. 2) implies a founder population with
∼25% Papuan and 75% Austronesian ancestry.

Discussion
There are numerous questions posed by archaeological research
about Samoa’s early history, which include a potential pop-
ulation replacement between 1,500 and 2,000 y ago (18) (SI
Appendix, Table S5). Our results use genetic data to enter this
discussion of Samoan history, and support a potential population
replacement by identifying the divergence of SAV and Upolu
between 30 and 35 generations ago (900 to 1,050 y ago), and a
subsequent period of growth (Fig. 4 and SI Appendix, Table S5).
In addition, our results reflect a small growth period beginning at
100 generations ago (3,000 y ago) and then, a low Ne that per-
sisted for about 70 generations (2,100 y) thereafter. This is
consistent with archaeological findings supporting a Lapita
founding event (9, 10, 51) and a small early population size
(12–14). However, if there was a complete population re-
placement, then the Ne history before 30 to 35 generations ago
(900 to 1,050 y ago) represents the new incoming population’s
history of that time period and not the history of the original
Lapita population (10, 46). Without ancient DNA evidence, we
cannot definitively conclude that there was a population re-
placement or whether some other event caused the increase in
population size that we detect (6). However, we can state that
there was a clear demographic change 30 to 35 generations ago
(900 to 1,050 y ago) that initiated a period of exponential growth
after a long and severe bottleneck (Fig. 4). Accordingly, a
complete population replacement would be more difficult if

Fig. 2. Denisovan ancestry is correlated to Papuan ancestry. The x axis
represents f4 ratio-estimated Papuan ancestry proportions, and the y axis
represents the D-statistic test for Denisovan admixture in Samoan and
other modern Austronesian individuals. Samoans are represented by black
points, and other Austronesian individuals are represented by blue points.
Polynesian and Polynesian outlier individuals are represented by red
squares.
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Fig. 3. Samoan population structure is strongly influenced by urbanization.
Map of Samoan census regions, with arrows indicating the between-region
rare variant sharing and the white numbers representing within-region rare
variant sharing. Red arrows represent the following comparisons with P <
0.05: SAV shares more with AUA than with ROU (P = 0.044), ROU shares
more with NWU than with SAV (P = 0.043), ROU shares more with AUA than
with SAV (P = 0.001), and ROU shares more with AUA than with NWU (P =
0.048) (SI Appendix, Fig. S8). Shaded geographical regions represent their
corresponding census regions (SI Appendix, Fig. S2). Each value represents
the average number of rare variants shared between all pairs of individuals,
and all values were multiplied by 10,000 for visualization.
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there was an existing large population on Samoa before this
point.
Regardless of whether modern Samoans descend from a

peopling event 2,750 to 2,880 y ago (92 to 96 generations ago)
(10, 46) or just 1,000 y ago (33 generations ago) (Fig. 4 and SI
Appendix, Table S5), any population structure that developed on
the island would likely be extremely recent. As such, this is a
proof of principal scenario showing that rare variant sharing
better elucidates fine-scale population structure and recent de-
mographic events than analyses biased on common variants. We
observed this by demonstrating clear signals of urbanization with
rare variant sharing (Fig. 3), whereas the PCA was only able to
identify modest population structure between the islands (SI
Appendix, Fig. S6). This establishes the clear need to increase
high-coverage whole-genome sequencing data for human de-
mographic studies since this observation would have likely been
missed without dense rare variation data.
With the largest sequencing of a single Oceanic population to

date, we demonstrate that a major Samoan demographic event
occurred ∼30 to 35 generations ago (900 to 1,050 y ago), which
was followed by a significant increase in Ne (Fig. 4). The sub-
sequent population crash that we identify beginning about 10
generations ago (300 y ago) was likely due to European contact,
and we also identify a more recent period of exponential growth
beginning about 5 generations ago (150 y ago) (Fig. 4). We also
find that Upolu has greater genetic diversity than SAV, which is

consistent with Upolu containing the main Samoan urban center.
Furthermore, the large number of high-coverage whole-genome
sequences allowed for the use of rare variants to demonstrate
that Samoan population structure is strongly driven by urbani-
zation. In sum, this study utilizes genetic data to augment pre-
vious Samoan archaeological studies by establishing a detailed
demographic history of Samoa, which reveals that Samoan his-
tory features dynamic periods of population size changes in the
very recent past.

Materials and Methods
Data Access Information. All Samoan genome alignments and variant calls
(binary variant call format [BCF] files) are available from database of
Genotypes and Phenotypes (dbGaP) under the accession code phs000972.v4.p1;
phenotypes, such as census region information, are available from dbGaP
under the accession code phs000914.v1.p1. The Human Genome Diversity
Project (HGDP) human origins array dataset (31) can be downloaded from
David Reich’s website at https://reich.hms.harvard.edu/sites/reich.hms.
harvard.edu/files/inline-files/EuropeFullyPublic.tar.gz, and the Oceania
human origins array dataset (7) is available on request from Mark Stoneking
(stoneking@eva.mpg.de).

Data Sources and Processing. We used the high-coverage whole-genome
sequencing-based genotype calls from freeze5b of the TOPMed program
to create two separate datasets for downstream use. The first dataset con-
sisted exclusively of whole-genome sequencing-based genotype calls for
Samoan samples that were extracted from freeze5b TOPMed BCF files (28)
through dbGaP accession phs000972.v2.p1. This sampling of Samoans is a
subset of a prior analysis of Samoans (30). The initial sampling of Samoans
included volunteers who responded to an announced health survey in their
villages, and they were not selected due to a specific phenotype. Further-
more, the initial Samoan sampling had a greater proportion of women
(58.6%) than the Samoan population (48.0%). The rural census regions (ROU
and SAV) were overrepresented compared with the urban census regions
(AUA and NWU) in the sampling. We sampled 32.4, 33.1, 15.9, and 19.6% of
the eligible ROU, SAV, AUA, and NWU populations, respectively. We do not
expect that this sampling scheme biased our analyses. In this whole-genome
sequencing study, each of the participating Samoans stated that that all four
of their grandparents were Samoan, and they were chosen from the larger
sample (29) using INFOSTIP (52) for the purposes of creating a Samoan-
specific reference panel for imputation. The INFOSTIP procedure selected
the most unrelated individuals from the larger sample. We do not expect
that this INFOSTIP procedure impacted our study because we view this
procedure as similar to using kinship filtering to select only individuals with
relationships less than third degree relations. This likely only resulted in us
filtering out fewer individuals from third degree relationship pairs than
usual. Additional details regarding the sampling scheme for all individuals
can be found in ref. 29.

The second dataset consisted of the intersection between the Samoan
genotypes from this first dataset, genotypes from the HGDP genotyped on
the Human Origins Array (31), and recently published Oceanian samples
genotyped on the Human Origins Array (7). After excluding PC outliers from
the Oceanian dataset, we removed individuals from the Oceanian dataset
who were also present in the HGDP dataset so that they would only be
present once among the combined data. We then merged the Oceanian and
HGDP datasets by taking the intersect of autosomal variants, removed any
ambiguous A/T and G/C variants from this combined data, and used refer-
ence SNP (single nucleotide polymorphism) cluster identifications (rsID)
mappings to convert the Genome Reference Consortium Human genome
build 37 based variant positions to the newer Genome Reference Consor-
tium Human genome build 38 (GRC38) annotation. Next, we used bcftools
version 1.3.1 (53) to extract the genotypes for the Samoan samples from the
freeze5b TOPMed BCF files. After identifying the intersection between our
previously combined HGDP–Oceanian data and the biallelic variants from
these Samoa data, we extracted these overlapping variants from the Samoa
BCF files, converted these smaller files to PLINK files, and merged these
Samoan data with the HGDP–Oceanian data. These combined data repre-
sent the second dataset described above, and after removing any ambiguous
A/T and G/C variants, we pruned for linkage disequilibrium as all subsequent
analyses utilize an independence assumption among SNPs. To prune all SNPs,
we used the PLINK linkage disequilibrium pruning algorithm command of
–indep-pairwise 50 5 0.1, which uses a window of 50 SNPs with an r2 greater
than 0.1 and an SNP step of 5 (54). Since we use both the linkage disequi-
librium (LD) pruned and nonpruned data in a variety of analyses, we used
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Fig. 4. Samoan population history. The colored lines represent the Ne his-
tory from IBDNe (43) of SAV and Upolu. The lighter-shaded polygons around
the lines represent the 95% CI. All Ne values are plotted on a log10 scale. The
icons below the Ne results represent a summary of known events in Samoan
history from archaeological and historical records, assuming a 30-y human
generation time (8). European sustained contact, rise of Samoan chiefdoms,
Samoan interarchipelago voyages increase, pottery disappears, potential
migration into Samoa, sparse peopling of all Samoan islands, and initial
settlement of Upolu are shown from left to right. The icons are derived from
Samoan and Polynesian archaeology, material culture, and ethnohistoric
accounts. The Lapita pottery sherd is copied from a similar sherd found at
the Mulifanua archaeological site (14). The triangular shape of the human
icons is modeled after rock art pictographs in Polynesia (e.g., Tonga and
Hawaii), although no anthropomorphic rock art is known for Samoa. The
Samoan chief icon holds a to’oto’o, the staff associated with tulafale or
orator-chiefs. The Tongan maritime chiefdom icon depicts some items ex-
changed between Samoa, Tonga, and Fiji: basalt for adzes and other tools,
bird feathers (particularly red colored), and timber and mats for canoe
building (SI Appendix, Table S5).
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the KING V 1.4 software (55) (arguments –kinship, –unrelated, and –degree
3) to filter out samples with greater than or equal to third degree re-
latedness from both forms of this HGDP–Oceanian–Samoan combined
dataset.

To finish processing the Samoan-only dataset, we converted the non-
intersected autosomal Samoan BCF files to PLINK files, removed any variant
position (start position in the case of indels) that was found to have more
than one entry row in a BCF file, excluded triallelic variants, LD pruned as
previously described, and removed from this Samoan-only dataset the re-
lated samples identified by KING in the HGDP–Oceanian–Samoan dataset. At
the end of this processing, we were left with 15,661,550 LD-pruned variants
across 970 samples in the Samoan-only dataset and 257,733 LD-pruned
variants across 3,316 samples in the HGDP–Oceanian–Samoan dataset. A
future PCA of only Samoans discovered one additional pair of relatedness,
resulting in 969 total unrelated samples. This one sample was removed from
all additional analyses that used the kinship-filtered dataset except for the
ADMIXTURE analysis and HGDP–Oceanian–Samoan PCA. This one sample
would not likely impact these analyses, and therefore, the single individual
was removed from the final plots.

PCA. We performed a PCA with the unrelated HGDP–Oceanian–Samoan
dataset with the program KING (55). We also performed a PCA with only the
unrelated Samoan samples with 99% of their genome attributed to the
Austronesian ADMIXTURE cluster and the HGDP (31) and Pugach et al. (7)
samples from Oceania. Since the Samoan sample size (n = 419) is greater
than the total number of Oceanic samples (n = 382) (SI Appendix, Table S1),
we performed a PCA projection with KING (55). We used KING (55) with the
setting of –projection to project the Samoan samples onto the PC space
established by the Oceanic samples. All PCAs were computed after removing
singletons and ancient genomes, nonhuman primate genomes, and the
human reference genome data entry present in the HGDP–Oceanian data-
set, and they were LD pruned with PLINK using the setting –indep-pairwise
50 5 0.5 (54). Finally, all PCs were visualized with R version 3.3.1 (56).

Ancestry Estimation. After removing singleton variants, ancient genomes,
primate genomes, and the human reference genome from the HGDP–
Oceanian–Samoan dataset, we used the program ADMIXTURE (34, 35) to
estimate ancestral proportions from these combined data. ADMIXTURE es-
timates the proportion of the genome in each sample that corresponds to a
given number of clusters (K) and uses an unsupervised learning algorithm to
do this in a way that is similar to how a K-means clustering algorithm par-
titions data. The output from this approach for unknown samples can be
used in combination with the output for individuals of known ancestry to
interpret genome-wide ancestry proportions (i.e., the individuals of known
ancestry help to label the clusters). We ran 10 replicates with random start
seeds for each K tested, and for each K, we selected the replicate with the
best log likelihood (i.e., model fit). After estimating admixture with K
ranging from 1 to 15, we chose a K = 8 as most representative of continental
divisions (i.e., reflecting 8 ancestral clusters). Using reference individuals
from known source populations (Data Sources and Processing), we de-
termine the labeling of these clusters and sorted based on population label
and the proportion of admixture in the dominant ancestral cluster (e.g.,
African proportion in African populations). We did not utilize cross-
validation (CV) to determine the K that best fit the data because the large
sample size resulted in each subsequent value of K always having a lower
CV, even at high values of K, which were uninterpretable.

We analyzed for the presence of Papuan admixture in Samoa through
the use of the D statistic (39) of the form D(Yoruba,Papuan;Han,Samoan),
where Papuan corresponded to different Papuan groups (New_Guinea,
Papuan_2,Papuan_1,Baining_Malasait,Baining_Marabu) that had samples
without Austronesian ancestry as determined through ADMIXTURE analysis.
We then calculated the proportion of each unrelated Austronesian genome
with the f4 ratio f4(Australian_WGA,Yoruba;X,Han)/f4(Australian_WGA,
Yoruba;Baining_Marabu,Han), where X corresponds to an Austronesian
individual in the dataset.

We utilized the ChromoPainter and GLOBETROTTER software to de-
termine the source of the admixture in Samoans (36, 37). We first phased the
Samoan array merged dataset with Beagle V4.0 (57) and the HapMap GRC38
genetic map (58). We then calculated source population ancestry propor-
tions for the AUA, NWU, and ROU admixed samples (individuals with <99%
of the Austronesian ADMIXTURE cluster). We chose donor populations from
five major continental-level ancestries: 1) Austronesian, 2) African, 3) East
Asian, 4) European, and 5) Papuan. Individuals from SAV with at least 99%
of their genome attributed to the Austronesian ADMIXTURE cluster (Fig. 1A)
were used as the Austronesian reference, and the other reference

populations are from datasets in refs. 7 and 31. The African reference
populations included BantuKenya, BantuSA, Biaka, Datog, Esan, Gambian,
Hadza, Ju_hoan_North, Khomani, Kikuyu, Luhya, Luo, Mandenka, Masai,
Mbuti, Mende, Somali, and Yoruba. The East Asian reference populations
included Ami, Ami1, Atayal, Atayal1, Cambodian, Dai, Daur, Han, Hezhen,
Japanese, Kinh, Korean, Lahu, Miao, Naxi, Oroqen, She, Thai, Tu, Tujia,
Uygur, Xibo, and Yi. The European reference populations included Albanian,
Ashkenazi_Jew, Balkar, Basque, Belarusian, Bergamo, Bulgarian, Chechen,
Chuvash, Croatian, Cypriot, Czech, English, Estonian, Finnish, French, Greek,
Hungarian, Icelandic, Italian_South, Kumyk, Lezgin, Lithuanian, Maltese,
Mordovian, Nogai, North_Ossetian, Norwegian, Orcadian, Russian, Sardin-
ian, Scottish, Sicilian, Spanish, Spanish_North, Turkish, Turkish_Jew, Tuscan,
and Ukrainian. The Papuan reference populations included Baining_Malasait,
Baining_Marabu, New_Guinea, Papuan_1, and Papuan_2. We estimated
the global donor mutation probability and recombination rate scaling con-
stant using these reference populations and 10 randomly selected individuals
each from the AUA, NWU, and ROU census regions. This resulted in a mutation
probability parameter of 0.000113445 and a recombination rate scaling con-
stant parameter of 76.6948 (Ne/1,064 donor haplotypes). We then measured
the contribution of each donor population in the AUA, NWU, and ROU census
regions independently with ChromoPainter (36). We also measured donor to
donor population admixture with ChromoPainter (36). We then estimated the
ancestry proportion of each donor population in the three census regions with
Globetrotter (37).

We also assessed each Austronesian genome for the presence of Nean-
derthal and Denisovan ancestry with the use of the D statistic (39) of the
forms D(Chimpanzee, Neanderthal_Mezmaiskaya;Yoruba,X) and D(Chim-
panzee,Denisovan;Han,X). We then calculated the proportion of Neander-
thal ancestry in each Austronesian genome with the f4 ratio (59):
f4(Chimpanzee,Neanderthal_Altai;Yoruba,X)/f4(Chimpanzee,Neanderthal_
Altai; Yoruba,Neanderthal_Mezmaiskaya). For these D and f4 statistics, X
corresponds to a single Austronesian individual. We then performed the
multivariate linear regression to determine if Denisovan ancestry is corre-
lated to Papuan ancestry in Austronesian individuals independent of Ne-
anderthal ancestry: Papuan ancestry ∼ βDD(Chimpanzee,Denisovan;Han,X) +
βND(Chimpanzee, Neanderthal_Mezmaiskaya;Yoruba,X). All samples with
an f4-ratio Papuan ancestry estimation of <0% were excluded from this
analysis.

Samoan Fine-Scale Population Structure.We first performed a PCA on Samoan
samples intersectedwith the human origins array that had at least 99% of the
Austronesian ADMIXTURE cluster (nAUA = 76, nNWU = 102, nROU= 121, nSAV =
120). We then removed singleton variants and LD pruned the data using
PLINK –indep-pairwise 50 5 0.5 (54). We then used KING (55) to perform a
PCA over PCs 1 to 20. We then assessed for statistical significance of the
distribution of individuals along PC1 from the four census regions using an
ANOVA Tukey post hoc analysis. Effect sizes between cohort comparisons
with an ANOVA Tukey post hoc P value < 0.05 were calculated with Cohen’s
d from the R “effsize” package (60).

We calculated the proportion of allele count equal to two (AC2) variant
sharing between each pair of unrelated Samoan individuals in the whole-
genome sequencing dataset with the Jaccard index (61). We then calculated
the average AC2 sharing between and within each census region and island
for samples with at least 99% Samoan ancestry as determined through
ADMIXTURE analysis. To determine if there is greater sharing within island
than between island, we performed a permutation analysis where we ran-
domly assigned labels of Upolu or SAV without replacement to each sample
1,000 times. We then calculated the average within and between AC2
sharing and determined the number of times that a permutation resulted in
a greater difference between within-island rare variant sharing and
between-island rare variant sharing. We also computed the same rare vari-
ant sharing metric between and within each census region. To determine if
one census (A) region has disproportionate rare variant sharing between
two other census regions (B and C), we performed a permutation analysis
where we maintained the census region labels for A and randomly assigned
B and C labels without replacement 1,000 times. We then determined the
number of times of 1,000 that the permutations resulted in a greater dif-
ference between A–B and A–C sharing.

Genetic Diversity. We calculated the total number of heterozygous sites in
each unrelated sample’s genome by reading through the whole-genome
sequencing BCF file and counting each instance that an individual had a
genotype call of “0/1.” We then determined the average number of het-
erozygous sites per individual for each census region. We also calculated
the same average except only with samples that had zero admixture from
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non-Samoan/Austronesian sources as determined by having at least 99%
Samoan ancestry through ADMIXTURE analysis. We also calculated the same
metrics except for singleton variants. Singleton variants were identified
as being heterozygous in only one sample from the unrelated dataset. We
then determined averages for the same groupings of individuals as with
heterozygosity.

IBD Analyses. The Samoan-only dataset was utilized for IBD detection and
downstream analyses. The dataset was initially filtered to retain only genetic
variants with minor allele frequencies greater than 5% using PLINK (54). The
genetic variants were first phased, and IBD segments were then detected
using Refined IBD (62) with default parameters except for applying a mini-
mum log odds (LOD) score of 0.5 and a minimum IBD segment length of
2 cM. The length of the IBD segment in centimorgans was computed using
recombination maps from HapMap phase II provided by the developers of
Refined IBD. The IBD segments were further processed to apply a gap-filling
method to account for haplotype phasing errors and genotype errors. We
filled gaps between IBD segments that showed at most one discordant ho-
mozygote and were less than 0.6 cM in length. The final set of IBD segments
defined for each pair of individuals was used to estimate IBD segment
sharing between individuals and to estimate effective population size. We
calculated the total amount of a pair of individuals’ genomes that is shared
in IBD segments that had an LOD score ≥3.0. Like rare variant sharing, this
analysis only included unrelated individuals and individuals with at least
99% of their genome coming from the Austronesian ADMIXTURE cluster
(Fig. 1A). We then calculated the average size of a pair of individuals’ ge-
nomes that is shared in IBD segments (centimorgans) between and within
each census region. We also calculated P values for between census region
sharing using the same permutation analysis procedure detailed in Samoan
Fine-Scale Population Structure.

We also used all IBD segments with LOD ≥ 0.5 from the final set between
all individuals to estimate the effective population size history of Samoans
with IBDNe (43). IBDNe estimates population growth curves in groups of
eight generations. A single IBD segment size also has a wide range of ages.

Therefore, IBDNe is unable to model drastically sharp population size
changes, and the estimates for a single generation should be considered a
generalization (43). We first separated the IBD segments to between pairs
within SAV and within Upolu only. We then ran IBDNe with default settings
for each island.

Map of Samoa. We generated the map of Samoa used in SI Appendix, Fig. S2
with ArcMap v10.6 software (63) and the World_Shaded_Relief (64) and the
Main_Road_Network layers (65).
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