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Materials and Methods 

 

Ethics Approval 

Permission for using present-day data from Island Southeast Asia (EGAS00001003054) was 

provided by the Indonesian Genome Diversity Project (IGDP) review committee. Permission for 

using present-day data from Papuans (EGAD00010001326) was provided by a review committee 

at the Wellcome Trust Sanger Institute under the Data Access Agreement #11803. Ethical 

approvals of collection, research, and publish permits of our newly reported ancient and present-

day DNA data are described case-by-case in Supplementary Text S1. 

 

Ancient DNA Wet Laboratory Work 

In dedicated clean rooms at the University of Vienna, specimens of cochlea were separated from 

petrous bones using a dental sandblaster (41), milled into fine powder, and shipped to Harvard 

Medical School. In dedicated clean rooms at Harvard Medical School, DNA samples were 

extracted following previously published protocols (42–44). Double- or single-stranded libraries 

were constructed from the DNA extracts (45, 46). A 7-bp index sequence (single-stranded 

libraries) or 7-bp in-line barcode sequence (double-stranded libraries) was appended to either end 

to prevent contamination after adding barcodes or indices (47) and allow multiplex sequencing of 

the libraries. Libraries were prepared with partial treatment using the enzyme uracil-DNA 

glycosylase (UDG) to decrease errors associated with ancient DNA induced by C-to-U 

deamination (48, 49). Because the UDG enzyme USER (New England Biolabs) is inefficient at 

cutting terminal uracils, this protocol makes it possible to detect characteristic ancient DNA 

damage at the terminal positions of the sequences to confirm the presence of authentic ancient 

DNA (see below). Libraries were enriched for the mitochondrial genome and ~1.2 million targeted 

single nucleotide polymorphisms (SNPs) in the nuclear genome (“1240k”) (50–53), through two 

rounds of in-solution target capture; or ‘Twist Ancient DNA’, a custom probe panel synthesized 

by Twist Biosciences (54). The Twist Biosciences custom panel targets the very same ~1.2 million 

SNPs as well as additional SNPs and tiling regions (Twist probes targeting the mitochondrial 

genome were spiked in) and was performed for only one round of enrichment using reagents and 

buffers provided by Twist Biosciences. Successful libraries were sequenced on an Illumina 

HiSeqX10 instrument with paired-end reads or an Illumina NextSeq 500 machine with 76-base 

paired-end reads. For this study, we restricted all our analysis to ~1.2 million in common between 



1240k and Twist Ancient DNA, as well as the mitochondrial genome. More details for ancient 

samples and libraries are summarized in tables S2 and S38. 

 

Genotyping of Modern Samples 

Ten out of fifty DNA samples collected at the Pacific Basin Medical Officer Training Program 

were sent to the Children’s Hospital of Philadelphia Core Facility at the laboratory at the 

University of Pennsylvania for genome-wide genotyping using the Affymetrix Human Origins 

SNP genotyping array (HO). DNA from 27 present-day CHamoru from Guam was extracted from 

saliva samples and genotyped using the GenoChip 2.0 microarray (55) at Family Tree DNA. DNA 

samples from 75 individuals from Guam, Palau, Pohnpei and Chuuk were obtained randomly from 

a larger set anonymously donated by 500 participants spanning nine populations across 

Micronesia. Informed consent for studies of population history and human health was obtained at 

the time of study enrollment (56). Blood was collected, DNA was extracted using phenol-

chloroform isolation, anonymized, and stored in batches analyzable only by geographic location 

of participant origin. DNA was standardized and genotyped on the Multi-Ethnic Global Array 

(MEGA) and data were provided by the Oceanic Genome Variation Project Consortium. The 

present-day data newly reported in this study are summarized in tables S3 and S4. 

 

Bioinformatic Processing of DNA Sequences 

Sequencing reads of ancient DNA samples were assigned to libraries according to their barcodes 

and indices, allowing at most 1-bp mismatch of the barcodes for each pair of reads. After trimming 

barcodes and adapters, we used SeqPrep (https://github.com/jstjohn/SeqPrep) to merge forward 

and reverse reads of each pair, requiring a minimum of 15-bp overlapping sequence and a 

maximum 1-bp mismatch. For all the positions covered by multiple sequences, the sequence with 

the highest quality at that position was used. All merged reads were then mapped to the 

mitochondrial reference genome RSRS (57) and to the nuclear reference genome (GRCh37 / hg19) 

using BWA v. 0.6.1 (the bwa ‘samse’ command) with default parameters (58). Before variant 

calling, we removed sequences aligned to identical outer coordinates, eliminated duplicates 

produced by PCR amplification during the process of library construction, and only kept the 

sequences uniquely mapping to the reference. We applied filtering with a threshold of mapping 

quality no less than 10. For each duplication cluster, we kept the sequence with the highest quality. 

To minimize potential errors due to deamination damage of ancient DNA, nucleotides within two 



base pairs from the end of each sequence were not used in analysis. Pseudo-haploid genotypes 

used for genomic analyses were generated by assigning the observed base from one randomly 

chosen sequencing read covering each targeted nucleotide position (SNP). 

 

Ancient DNA Authenticity and Haplogroup Calling 

After bioinformatic processing, we assessed the authenticity of ancient DNA data through a 

combination of several criteria (summarized in tables S2 and S38). We measured damage rates 

for the terminal positions of the sequences to confirm the presence of authentic ancient DNA, with 

a threshold of 3% required for partially UDG-treated double-stranded libraries and 10% for UDG-

treated single-stranded libraries (49). We only used libraries for which DNA content was well 

above the background level in extraction and library controls. For all ancient DNA data, we 

inferred genetic sex by testing whether the ratio of reads mapping to X and Y chromosomes was 

consistent with the sequences deriving entirely from a male or a female (59). Potential 

contamination from external DNA was assessed by (a) computing the percentage of mitochondrial 

fragments matching to the reference sequence of the consensus mitochondrial haplogroup for each 

individual (50, 60, 61), and (b) measuring the rate of heterozygous sites on the X chromosome for 

males (assumed to have only one X chromosome) compared to the expectation for a female (62). 

We determined mitochondrial haplogroups using HaploGrep2 (63), and Y-chromosomal 

haplogroups by comparing SNPs (using all reads) to the International Society of Genetic 

Genealogy Y-tree (http://www.isogg.org). For individuals genotyped on the Human Origins array, 

we do not have the information about mitochondrial SNPs, while for individuals genotyped on the 

MEGA array, we do not have the information about Y-chromosomal SNPs, because these two 

arrays do not effectively target mitochondrial DNA and Y-chromosomal variation, respectively. 

 

Radiocarbon Dating 

Thirty-one new direct AMS radiocarbon dates were generated for this study, and 30 of them were 

on the same samples used for ancient DNA analysis (table S5), including twelve Unai individuals 

sampled from the Naton Beach Site on Guam (I16817, I16819, I16820, I16821, I16822, I16998, 

I18445, I18446, I18447, I18461, I18495, and I18496), six Latte individuals sampled from the 

Naton Beach Site on Guam (I24238, I24259, I24517, I24525, I24529, and I24610), six Latte 

individuals from the Anaguan site on Saipan (I24496, I24497, I24501, I24508, I24510, and 

I24606), three late prehistoric individuals sampled from Na Island, Pohnpei (I7111, I7112 and 



I7113), three late prehistoric individuals sampled from the Nan Madol site, Pohnpei (I30476, 

I30477, and I30480), and one Unai individual (I16815) for which we failed to get aDNA from the 

Naton Beach Site on Guam.  

Samples were prepared using ultrafiltration or amino acid hydrolysis in the Human 

Paleoecology and Isotope Geochemistry Laboratory at the Pennsylvania State University and AMS 

radiocarbon dating was performed in the Accelerator Mass Spectrometer Radiocarbon Laboratory 

at the Pennsylvania State University (lab code: PSUAMS) following procedures described in 

Narasimhan et al. (64). Stable C and N isotope and %C and %N measurements were performed 

on prepared samples by EA-IRMS at the Yale YASIC lab or the University of New Mexico Center 

for Stable Isotopes. All samples had atomic C:N ratios between 3.20 and 3.46, indicating good 

collagen preservation (65). Calibrated ages were calculated using OxCal v.4.4 (66), accounting for 

variations in the proportion of marine protein in individual diets as estimated by measured stable 

carbon isotope values (δ13C) and revised estimates of the local marine reservoir correction (∆R, 

see immediately below). We use the standard definition of 1950 Common Era (CE) as 0 cal BP. 

The ages of other samples without direct AMS radiocarbon dating were estimated based on 

archaeological context and genetic clustering. 

 

∆R Calculation 

The radiocarbon age of the global ocean (R) is older than the atmosphere on the order of hundreds 

of 14C years. Prior to the recent revision of the marine mixing model and calibration curve, 

Marine20 (67), R was estimated to be ~400 14C years, e.g., Marine04 (68), Marine09 (69), and 

Marine13 (70) based on 14C and U/Th measurements of foraminifera in ocean cores, submerged 

corals and other marine proxies. The revised marine model estimates R to be roughly 150 14C years 

greater than the prior estimate; thus, the updated estimate is ~550 14C years. There are also secular 

differences in the apparent 14C age of marine organisms due to local offsets (∆R) caused by 

upwelling and variable atmospheric CO2 uptake in the mixed upper 75m ocean layer (71). ∆R 

estimates are typically derived by comparing the 14C content of known age samples, e.g., pre-bomb 

museum shell specimens, to the marine model age in a marine calibration curve, where the 

difference is ∆R. In archaeological contexts, where long-term changes in ocean and atmospheric 

circulation could cause variations in the local offset at time t, a ∆R(t) can be calculated using 

paired, contemporaneous marine and terrestrial samples found in association. The calibrated age 

of the terrestrial sample establishes t, and ∆R(t) is calculated as the difference between the apparent 



14C age of the marine sample and the marine model age at t, with the errors on each propagated in 

quadrature (71). The process can be modeled in such programs as OxCal (72), and has been 

automated in an online interface available at http://calib.org/JS/JSdeltar20/ (73); the latter was 

used in the analysis that follows. 

Away from the continental margins that are subject to upwelling and other circulation 

processes, Pacific Basin surface waters are generally better mixed with the atmosphere than the 

average global ocean (R), leading to negative values for ∆R. Two recently published ∆R data sets 

on associated marine and terrestrial samples from archaeological sites on Saipan, Tinian and Guam 

were calculated using the 2013 terrestrial and marine curves: ∆R=-55 ± 27 14C year (13) and ∆R=-

49 ± 61 14C year (74). These estimates are recalculated below with the IntCal20 and Marine20 

curves (table S6). The weighted mean of the 10 estimates is -181 ± 17 14C year following reference 

(75), with no outliers identified by a χ2 test (df = 9; χ2=4.49; T=16.82). 

 

Marine Diet Contribution and Burial Dates Calibration 

Calibrations of the direct AMS dates on the burials from Guam, Saipan, and Pohnpei were made 

assuming variable contributions of marine carbon in individual diets based on the measured δ13C 

in processed collagen using two linear mixing models outlined by reference (76). Each uses linear 

interpolation between two diet end members representing 100% terrestrial and 100% marine diet 

contributions. According to the formula below for these models: 

% marine = [(δ13Ccol - δ
13Cterr) / (δ

13Cmar - δ
13Cterr)] × 100, where:  

(1) for Diet 1 δ13Cterr
 = -20‰, δ13Cmar = -10‰, and 

(2) for Diet 2 δ13Cterr
 = -21‰, δ13Cmar = -12‰. 

Overall, Diet 1 estimates less marine contribution than Diet 2, and Diet 2 estimates larger 

proportions of marine diet at greater (less negative) δ13Ccol (e.g., δ13Ccol = -20‰, 0% marine vs. 

11.1% marine; δ13Ccol = -12‰, 80% marine vs. 100% marine). Estimates for each individual using 

both models are presented in table S5. 

Calibrations for each burial date were performed in OxCal v.4.4 (66) as mixtures of terrestrial 

(IntCal20) and marine (Marine20) with an uncertainty in the mix of ±10% marine and using the 

recalculated ∆R of -181 ± 17 14C year. A calibration assuming no marine contribution to diet 

(IntCal20 alone) is also included for reference. The ∆R estimate is derived from archaeological 

materials directly pertinent in time and space to the Guam samples, although this estimate and the 

diet models are also applied to the younger samples from Pohnpei for lack of better estimates of 



local values. The calibrated dates for thirteen Unai Period individuals from Guam are quite similar 

to each other, as are those for the twelve Latte Period individuals from Guam (Naton) and Saipan 

(Anaguan). Six late prehistoric individuals from Pohnpei also have similar dates. 

 

Newly Reported DNA Data  

We screened 191 samples from five archaeological sites for ancient DNA (table S38), including 

41 Unai samples and 84 Latte samples from the Naton Beach Site on Guam, 5 Latte samples from 

the Haputo Site on Guam, 50 samples from the Anaguan Site, Garapan, on Saipan, and 11 samples 

from Na Island and the nearby Nan Madol site in Pohnpei’s protected lagoon. For each of these 

samples, we constructed one to nine libraries, performed bioinformatic processing, and calculated 

a series of metrics to evaluate the authenticity and the data quality of endogenous ancient DNA. A 

total of 27 samples failed to yield genome-wide ancient DNA data passing our authenticity data, 

while we fully report the genome-wide aDNA data for the remaining 164 samples. 

All 28 Unai individuals had a damage rate in the final nucleotide consistent with genuine 

ancient DNA (>3% for double-stranded libraries and >10% for single-stranded libraries) (table 

S2). All individuals had a ratio of sequences matching the Y chromosome to sequences matching 

both of the sex chromosomes of either <3% (consistent with all female sequences) or >40% 

(consistent with all male sequences). The one male (I18495) with enough data to perform an 

estimate of contamination based on polymorphism rate on the X chromosome had a 95% 

confidence interval (CI) for contamination of 0.0-5.8%. The inferences of contamination in 

mtDNA sequences were more variable. Among the 17 individuals with estimates, two individuals 

had an upper bound of mtDNA matching rate to the consensus of ≥96%, indicating (nearly) no 

contamination. Six individuals had more marginal levels of contamination, with the upper bounds 

ranging from 92.3-95.8%. The remaining nine individuals had more concerning estimates, ranging 

from upper bound of 70-89%. For two individuals (I18446 and I18959) with the highest level of 

ancient DNA damage and evidence of mitochondrial DNA contamination, we restricted analysis 

to sequences with characteristic ancient DNA deamination. Nevertheless, we initially included all 

of the samples in our analyses at first because (1) all the individuals with more than 12,000 

autosomal SNPs clustered together in principal component analysis (Fig. 1B and fig. S2A), (2) 

other authenticity metrics were encouraging, and (3) it is known that mitochondrial-to-nuclear 

ratios are often extremely low for petrous bone samples and thus mitochondrial DNA 



contamination estimates often greatly overestimate autosomal contamination levels for DNA from 

petrous bones (60). 

All 125 Latte individuals from Guam and Saipan had a damage rate higher than 3% for all 

double-stranded libraries in the final nucleotide, consistent with authentic ancient DNA (table S2). 

All individuals had a ratio of sequences matching the Y chromosome to sequences matching both 

sex chromosomes of either <3% (consistent with all female sequences) or >40% (consistent with 

all male sequences). Sixty-two male individuals with enough data to perform estimates of 

contamination based on polymorphism rate on the X chromosome had upper bounds of the 95% 

CI for contamination lower than 0.8%. For these individuals, the lower bounds of 95% CI for the 

mtDNA matching rate to the consensus were all higher than 93%. Thus, all of the above parameters 

indicated good data quality from the Latte samples. For the nine individuals (I24238, I24239, 

I24240, I24250, I24256, I24262, I24612, I24616, and I24252) with the upper bound of 95% CI of 

the mtDNA matching rate to the consensus lower than 98%, we restricted to sequences with 

characteristic ancient DNA deamination to call SNPs. 

All 11 late prehistoric individuals from Pohnpei had a damage rate higher than 3% for all 

double-stranded libraries in the final nucleotide, consistent with authentic ancient DNA (table S2). 

Four female individuals had a ratio of sequences matching the Y chromosome to sequences 

matching the combined sex chromosomes equal to 1.0-1.7%, while seven male individuals had 

ratios equal to 42.1-44.2%. Seven male individuals with enough data to perform estimates of 

contamination based on polymorphism rate on the X chromosome had upper bounds of 95% CI 

for contamination no higher than 0.8%. All 11 individuals had a lower bound of mtDNA matching 

rate to consensus of the 95% CI higher than 95%. Thus, all the above parameters indicated good 

data quality for the late prehistoric Pohnpei samples. 

For the archaeological and physical anthropology context of all the above 164 newly reported 

prehistoric samples of this study, see the detailed descriptions in Supplementary Text S2. 

One hundred and twelve present-day samples from Guam, Palau, Pohnpei, Chuuk, and other 

islands of Micronesia were genotyped on either the Human Origins array, the MEGA array, and 

the GenoChip 2.0 array (table S3). Seventy-five individuals were genotyped on the MEGA array, 

including 20 individuals from Guam, 19 from Palau, 19 from Chuuk, and 17 from Pohnpei. The 

MEGA array contains 1,895,184 sites, including 1,835,687 autosomal sites, 405 mitochondrial 

sites, and 59,092 sites on the sex chromosomes. Twenty-seven individuals who were self-identified 

CHamoru from Guam were genotyped on the GenoChip 2.0 array. The GenoChip 2.0 array 



contains 160,832 sites, including 126,306 autosomal sites, 17,112 mitochondrial sites, and 17,414 

sites on the sex chromosomes. Ten individuals for whom we have information on their four 

grandparents were genotyped on the Human Origins array (tables S3 and S4). The Human Origins 

array contains 597,573 sites, including 593,124 autosomal sites, and 4,449 sites on the sex 

chromosomes. 

 

Merging with Published Data 

We compared our newly generated data with data from published studies. These datasets included 

352 individuals with whole-genome resequencing data for which we used the entire genome in 

some analyses (77–81); an additional 356 individuals with whole-genome resequencing data for 

which all analyses were restricted to sites that overlap with the 1240K panel (79, 82–85); 95 

prehistoric individuals genotyped on the 1240K panel (6–10, 28); 329 present-day individuals 

genotyped on the MEGA array (86); and 605 present-day individuals genotyped on the Affymetrix 

Human Origins genotyping array (7, 8, 87, 88). All the published datasets we used in this study 

are summarized in table S7. 

To merge data from different arrays, we used the UCSC tool LiftOver first to bring all data 

onto the same genome assembly (GRCh37 / hg19). We subsequently constructed a dataset 

containing the union of sites among different arrays (a total of 2,719,061 autosomal sites), after 

removing the ambiguous sites (non-biallelic sites or sites whose strand definitions did not match 

across different arrays). We detected and corrected strand flips using Plink v.1.9. All A/T and C/G 

SNPs were removed because of concern about whether we would be using the same or different 

allele strand across datasets. This removal resulted in the loss of ~12% of SNPs, and retention of 

2,390,980 autosomal sites for downstream analyses. The number of sites in our working datasets 

varied for different analyses. See table S36 for details on the datasets used for different analyses. 

 

Pairs of Samples from the Same Individual and Identification of Close Relatives 

We searched for pairs of samples that were genetically clearly from the same individual and close 

relatives (up to third-degree) among all newly reported prehistoric individuals in our study 

following the method described in the reference (89). Briefly, this method compares the mean 

mismatch rate of all autosomal SNPs with at least one sequence between individuals (randomly 

selecting one sequence if coverage is higher than one-fold at a particular SNP for a given 

individual). The mismatch rate is then used to estimate the relatedness coefficient (r). This method 



can provide accurate estimates up to third-degree relatives. Within 28 Unai individuals from the 

Naton Beach site on Guam, we identified four two-member families, including one pair with a 

first-degree relationship, and three pairs with second- or third-degree relationships. Within 75 

Latte individuals from Naton, we identified seven families, including two to thirty family members 

in each. Among them, we found three pairs of individuals with mother-daughter relationships, 

three individuals that had father-son-mother relationship, four pairs of individuals that were 

siblings, and three pairs of individuals with a first-degree relationship. Additionally, we found a 

large number of pairs (N=82) of Latte individuals from Naton with second- or third-degree 

relationships. Within four Latte individuals from the Haputo Beach site on Guam, we identified a 

family containing three members. One pair of individuals had a first-degree relationship, and 

another pair of individuals had a second- or third-degree relationship. Among 46 Latte individuals 

from the Anaguan site in Garapan, Saipan, we identified six families, including two to six members 

in each. A family of five included a mother and her two sons; a pair of individuals had a mother-

son relationship; and there were also two families consisting of pairs of siblings. We identified 17 

pairs of Latte individuals from the Anaguan site with second- or third-degree relationships. We 

did not identify close relatives among separate sites within Guam or across different islands. 

Within eight individuals from the Nan Madol site in Pohnpei’s protected lagoon, we found a pair 

of individuals that were siblings. Unless otherwise specified, we use only one individual with the 

highest number of SNPs from each first-degree relative pair. The results of our kinship analyses 

are summarized in table S33. The locations of the Unai and Latte individuals within these families 

in the cemetery are shown in fig. S17. 

 

PCA and ADMIXTURE 

Principal Component Analysis (PCA) was conducted using smartpca in EIGENSOFT (90) v.7.2.1 

using default parameters with three options: “lsqproject: YES”, “autoshrink: YES”, and “inbreed: 

YES”. A total of 1292 prehistoric and present-day individuals were included in the PCA (the 1016 

published individuals used in the PCA are specified in table S7). Axes were defined by whole-

genome sequencing data (2,390,980 sites) of four present-day populations (Papuans from the 

Eastern Highlands and the middle Sepik region of mainland New Guinea, Nasioi speakers from 

Bougainville Island in the Solomons archipelago, and Dai people from Southern China) to 

minimize the effects of large genetic drift across Oceanian groups. All the other prehistoric and 

present-day individuals genotyped on different arrays were projected onto the first two principal 



components (PCs) to create a two-dimensional plot. For our newly reported prehistoric and 

present-day individuals shown in Fig. 1B, we removed close relatives (retaining one individual for 

each first-degree relative pair), individuals who had low coverage (<12,000 autosomal SNPs), and 

outliers. We show the results for all individuals labeled by population in figs. S2 and S3. 

Unsupervised clustering analysis was conducted using ADMIXTURE (91) v.1.23 with 

default parameters restricting to the autosomal SNPs of the 1240K panel after removing all sites 

in CpG dinucleotides (this left ~825,000 SNPs). A total of 1265 prehistoric and present-day 

individuals were included in the analysis (the 989 published individuals used in the ADMIXTURE 

analysis are specified in table S7). For those individuals genotyped on the MEGA array, the 

Human Origins array, and the GenoChip 2.0 arrays, we analyzed the data focusing on their 

intersections with the 1240K sites. We restricted to 1240K SNPs because we wanted to investigate 

the relationships among Micronesians, First Remote Oceanians (FRO), and Papuans to see if 

Micronesians were admixed between FROs and Papuans. The data for all the FRO individuals 

represented by Lapita individuals from Vanuatu and Tonga, and the Unai individuals from the 

Naton Beach site on Guam, was generated using the 1240K panel. 

We conducted five independent runs. In each run, we predefined the number of genetic 

clusters (K) from 2 to 12 and implemented 10-fold cross-validation (CV) for each K (fig. S5). 

Across five independent runs, K=8 (fig. S6) consistently yielded the lowest CV errors. However, 

we do not show the K=8 plot in the main manuscript because among the major ancestry 

components in Oceania, only three show a clear correspondence to specific archaeological cultures. 

These three components include East Asian-related ancestry maximized in Unai and Latte 

individuals from Guam and Saipan (medium gray), and Papuan-related ancestry maximized in 

New Guinea Highlanders (green) and Baining speakers from New Britain (blue). The fourth 

ancestry component (light gray) widely seen in Oceania is not geographically maximized. K=7 

and K=9 alternately yielded the second or the third lowest CV errors with very close values, 

suggesting they may fit the data equally well. When K=9 (fig. S7), the division of different ancestry 

components in Oceania is much clearer than K=8 and more similar to an ADMIXTURE plot 

published in Lipson et al. (8) which facilitates comparison across studies. With K=9 (fig. S7), we 

observe five different ancestry components in Oceania, including two East Asian-related ancestry 

maximized in the Unai / Latte individuals from Guam and Saipan (medium gray) and Lapita 

individuals from Vanuatu and Tonga (light gray), respectively; and three Papuan-related ancestry 

maximized in the Highlanders from mainland New Guinea (green), Baining speakers from New 



Britain (blue), and Nasioi speakers from the Solomon Islands (orange). Since these components 

also correspond well to those delineated in our f-statistic analyses, we chose K=9 for our main 

figure. K=10 (fig. S8) always produced higher CV errors than K=7 to 9, indicating that K=10 may 

not be as good a fit to the data. In conclusion, we selected and displayed the results of K = 9 clusters 

in the main paper, because K = 9 consistently exhibits low CV error and clearly separates Africans 

(one cluster), Europeans (one cluster), Native Americans (one cluster), East Asians (one cluster), 

Papuans (three clusters), and FROs (two clusters), showing a strong correspondence to meaningful 

genetic groups.  

For the plot of newly reported prehistoric and present-day individuals shown in Fig. 2, we 

removed close relatives (retaining one individual for first-degree relative pair), low coverage ones 

(< 12,000 autosomal SNPs), and outliers. We show the results for all individuals in figs. S6 to S8. 

 

Detecting Papuan Admixture in Micronesians Using f4-Statistics 

f4-statistics were computed using qpDstats in ADMIXTOOLS (92) v.7.0 with the parameters 

“f4mode: YES” and “printsd: YES”. Standard errors were computed using a block jackknife. To 

examine potential Papuan admixture for prehistoric individuals from Guam, Saipan, and Pohnpei, 

we computed f4(X, Kankanaey Igorot; New Guinea Highlander, Dai), using New Guinea 

Highlanders as a representative population with unmixed Papuan ancestry and Kankanaey Igorot 

as a representative population related to the ancestors of East Asians without Papuan admixture. 

We chose to use a relatively distant population, the East Asian group “Dai” (from Southern China), 

in the fourth position. Since our null hypothesis for this f4 symmetry test was that the Unai and 

Latte individuals from Guam and Saipan have unmixed FRO ancestry, using the large sample size 

“Dai” in the fourth position of the f4-statistic provided enhanced statistical power. 

For present-day individuals, we detect evidence of European and Native American ancestry 

likely caused by admixture in the last few hundred years. To reduce confounding effects introduced 

due to this ancestry, we replaced “Dai” with “Australian” in the fourth position of the f4 statistic 

and computed f4(X, Kankanaey Igorot; New Guinea Highlander, Australian). Since New Guinea 

Highlanders and Australians are a (deep) clade, this statistic is not expected to deviate from zero 

unless population X has Papuan- or Australian-related admixture (European or Native American 

admixture are not expected to cause a deviation) Because we had whole-genome shotgun data for 

Kankanaey Igorot, New Guinea Highlanders, Australians, and Dai people, we could use the 

maximum number of SNPs for each f4-statistic. We summarize results in table S9. 



 

Curation of Data 

The Unai individuals show extremely high levels of characteristic ancient DNA damage. A number 

of them also have evidence of substantial mitochondrial DNA contamination; while this does not 

necessarily imply substantial nuclear DNA contamination (because petrous bones typically have 

very low mitochondrial DNA to nuclear DNA ratios), it does document the presence of 

contamination in the dataset. We therefore performed a series of analyses to distinguish which 

samples were most likely to provide robust genome-wide analysis; nevertheless, we report all 

samples as a resource for the scientific community. 

1) We first removed from the analysis dataset individual I18959, which was a close relative 

of individual I18462 with higher coverage. 

2) We removed from the analysis dataset seven individuals (I16817, I16818, I16821, 

I18446, I18502, I18504, and I18958) with small numbers of autosomal SNPs (<12,000) 

and that also did not cluster tightly with the primary Unai group in PCA (fig. S2A). The 

small number of SNPs available for these individuals means they are not expected to 

contribute much statistical power to analyses. 

3) Based on ADMIXTURE (fig. S7), we removed from the analysis dataset seven 

individuals (I16819, I16997, I16998, I18440, I18445, I18447, and I18494) that seemed 

to contain unexpected ancestry components, e.g., Native American-related (I16997, 

I18440, and I18447), European-related (I16997, I16998, and I18494), and additional East 

Asian-related components (I16819 and I18445). 

4) We computed the statistic f4(X, Latte Naton Guam; CDX.SG, GBR.SG) for the remaining 

13 individuals (table S37), based on the hypothesis that the main source of contamination 

was either European or additional East Asian ancestry. The goal here was to determine 

if some of them showed significant allele sharing with East Asians (represented by Dai 

people of Southern China from the 1000 Genomes Project) or Europeans (represented by 

English people from the 1000 Genomes Project) compared to high quality FRO data from 

the Latte Period. We excluded I18461 (Z = -2.635) from the analysis dataset after 

performing this analysis. 



5) For the remaining 12 Unai individuals, we computed the statistic f4(X1, X2; CDX.SG, 

GBR.SG) to perform pairwise comparisons among these individuals and thus to 

determine if any outliers could be detected. We implemented the qpfstats and qpfmv 

approach, recently released in ADMIXTOOLS to allow higher resolution analysis of 

low-coverage data, to perform this analysis. We further excluded I18498 from the 

analysis dataset, because it had suggestive evidence of being an outlier compared to the 

other Unai individuals (fig. S21), and it had the smallest number of autosomal SNPs 

(24,666 SNPs) compared with other remaining individuals implying that its removal 

would have minimal effect on the analyses. 

6) Lastly, we applied qpfstats and qpfmv framework to test the homogeneity of the 

remaining 11 Unai individuals regarding to 12 world-wide outgroups: Australian, 

French, Pima, Onge, Japanese, Dai, Ami, Kankanaey Igorot, New Guinea Highlanders, 

Baining, Nasioi, and Hawaiian. The P-value under Hotelling’s T2 test estimated by qpfmv 

was 0.41, providing no evidence of ancestry heterogeneity for the remaining individuals. 

After this procedure, the 11 individuals we used for our downstream analyses are I16820, 

I16822, I18442, I18443, I18444, I18450, I18462, I18495, I18496, I18501, and I18503. All of them 

had more than 30,000 autosomal SNPs covered on the 1240K panel.  

For the Lapita individuals, we restricted our downstream analyses to seven individuals (I1368, 

I1369, I1370, I5266, I5951, Sk10, and TON002) with the best quality data to represent 

FROSouthwestPacific.  

For the Latte individuals from the Naton Beach site on Guam, we removed three individuals 

(I24250, I24256, and I24616) with low coverage of data (<40,000 autosomal SNPs), one individual 

with evidence of Papuan admixture (I24579), and eleven close relatives of other higher coverage 

or similar coverage individuals in the dataset (I24243, I24247, I24252, I24255, I24261, I24263, 

I24518, I24525, I24576, I24581 and I24596). Finally, we retained 60 out of 75 individuals for 

primary analyses.  

For the Latte individuals from the Haputo Beach site of Guam, we excluded one individual 

(I25188) from the analyses due to being a first-degree relative of I25191 and having relatively low 

coverage data (~75,000 SNPs).  



For the Latte individuals from Saipan, we excluded from our primary analysis dataset close 

relatives (I24339, I24569, and I24605) and individuals with evidence of Papuan admixture (I24297, 

I24341, I24499, and I24503). We retained 39 out of 46 individuals for downstream analyses.  

For the prehistoric individuals from the Nan Madol site in Pohnpei, we excluded one 

individual (I30481) from the analyses due to being the brother of I30480. 

For present-day Micronesians, we removed PCA and ADMIXTURE outliers of each group 

(figs. S3 and S7) to avoid confounding effects on the analyses that follow from more recently 

introduced European, Native American, and East Asian ancestry. 

 

Allele-sharing Estimates Based on Outgroup f3-Statistics 

We computed outgroup f3-statistics of the form f3(X1, X2; Mbuti) using the qp3pop in 

ADMIXTOOLS with default parameters. The goal of this analysis was to investigate the amount 

of genetic drift separating X1 (Unai and Latte individuals and groups from Guam and Saipan) and 

X2 (various groups from mainland and island Southeast Asia, as well as Near and Remote 

Oceania). Higher values always indicate greater allele sharing and lower genetic distance. We used 

the autosomal SNPs either on the 1240K panel or the intersection between the 1240K and the 

MEGA SNP array to compute the statistics. Results are shown in fig. S4 and table S8. 

 

f4-Regression Analyses 

We used an f4-based regression approach to distinguish differential sources that contributed 

to the ancestry of Micronesians. All f4-statistics were computed using qpDstats in ADMIXTOOLS 

with the parameter “f4mode: YES” and “printsd: YES”. The regression lines (linear equations / 

models) were computed via inverse-variance-weighted least-squares method using R v.3.6.2. 

Residuals of each data point to the regression line and their standard errors estimated by block 

jackknife resampling were computed using qp4diff in ADMIXTOOLS. Residual Z scores were 

computed as the residuals divided by their standard errors. See details in Supplementary Text S3. 

We performed the analyses on two separate datasets. One dataset consisted of approximately 

398,000 autosomal SNPs from the Human Origins array, after excluding all sites at CpG 

dinucleotides, as well as a set of SNPs (~40,000 SNPs) with high missing rates across various 

present-day Oceanian groups genotyped on the array. The other dataset was comprised of 

approximately 169,000 autosomal SNPs common to both the 1240K and the MEGA array, after 



excluding all sites at CpG dinucleotides. For the groups used in this part of the analyses and the 

results, see Fig. 3, figs. S9, S10, S11, and S18, as well as tables S10 to S21, S34, and S35. 

 

Phylogenetic Tree Reconstruction 

To investigate the phylogenetic relationships among FRO and Latte groups and to detect if there 

was population structure among the Latte population in Guam and Saipan, we reconstructed a 

phylogenetic tree based on the genetic distance matrix from outgroup f3-statistics. We computed 

the statistic f3(X1, X2; Mbuti), where X1 and X2 were Latte individuals from Guam and Saipan, 

Lapita individuals from Vanuatu (merged as a single group) and Tonga (merged as a single group), 

Unai individuals from the Naton Beach site on Guam (merged as a single group), Kankanaey Igorot 

(merged as a single group), and Australians (merged as a single group). We then used the reciprocal 

of the statistic as the genetic distance to manually generate a genetic distance matrix. A Neighbor-

Joining (NJ) tree was reconstructed using the R package phangorn v.2.5.5. The tree shown in fig. 

S19 was displayed and modified using Figtree v.1.4.4 by setting Australian as the outgroup. 

 

Clade Testing and Inference of Admixture Proportions Using qpWave and qpAdm 

We used qpfstats, qpWave (93) and qpAdm (52) in ADMIXTOOLS to address the following 

questions. (1) We investigated whether the FRO and Latte groups consistently form a clade using 

qpWave. (2) We investigated whether 10 present-day Micronesian Islanders genotyped on the 

Human Origins array and without precisely known geographic origins could be genetically 

clustered using qpWave. (3) We inferred proportions of Papuan ancestry in FRO and Latte groups 

using qpAdm (in general inferring the proportion to be consistent with zero). (4) We tested and fit 

two-way or three-way mixture models for prehistoric and present-day Micronesian Islanders using 

qpAdm. (5) We examined the genetic continuity and homogeneity of late prehistoric and present-

day Pohnpei and Chuuk using qpWave. See details in Supplementary Text S4. 

When running analyses with qpWave and qpAdm, we first ran qpfstats using “allsnps: YES”. 

We used the option “inbreed: YES” if some groups to the left (target and source populations) or 

the right (outgroups) contained more than one ancient individual. We used the output of qpfstats 

as the input of qpWave and qpAdm to perform the modeling. If some groups to the left or to the 

right had only one individual, we changed the parameter to “inbreed: NO”. For all qpWave and 

qpAdm models, P-values higher than 0.05 were typically interpreted as good fits. All results are 

summarized in Fig. 4, fig. S20, and tables S22 to S25. 



 

Admixture Graph Reconstruction and Integration 

We used the qpfstats and qpGraph framework in ADMIXTOOLS to fit admixture graphs. We first 

ran qpfstats using “allsnps: YES” and “inbreed: YES”, and then used the output of qpfstats as the 

input of qpGraph. The results are shown in figs. S12 to S15, and we discuss them in detail in 

Supplementary Text S5. We finally integrated admixture graphs with previous qpAdm and 

qpWave models to generate a schematic shown in Fig. 4C. 

 

Simulations of Matrilineal Drift between FRO Lineages 

Simulations of matrilineal drift between FRO lineages were performed under the classic Wright-

Fisher model of genetic drift (see Supplementary Text S6 for details). Haplogroup frequency 

distributions were counted and plotted using in R v.3.6.2. Empirical P-values were calculated 

manually. The results are summarized in fig. S16 and table S28. 

 

FST Calculation 

We computed FST using smartpca in EIGENSOFT, specifying parameters “fstonly: YES” and 

“fastmode: YES”. We set “inbreed: YES”, which directs the software to treat each individual as 

haploid rather than diploid, correctly accounting for the fact that each individual is represented by 

a single randomly sampled allele at each location. This means that we do not need to call 

heterozygous positions using low coverage ancient DNA data in order to compute FST.  

 

ROH and IBD Segment Identification 

We identified runs of homozygosity (ROH) within ancient DNA samples using the Python package 

hapROH v.0.3a4 (https://pypi.org/project/hapROH/), following a previously described method 

(94). As recommended by this method for the 1240K data, we only included prehistoric individuals 

with at least 400,000 covered SNPs. We ran the method to identify ROH >4 centimorgan (cM) 

using default parameters. We separated the inferred ROH into four categories of length: >4 cM, 

>8 cM, >12cM, and >20 cM. We report the total sum of ROH for each category in table S30. To 

estimate effective population size (Ne) from ROH, we applied a maximum-likelihood inference 

method incorporated in hapROH and fit the lengths of all genome-wide ROH in the range of 4–20 

cM. The Ne estimates are summarized in table S32. 



We also identified segments of Identity by Descent (IBD) on the X chromosome between 

each pair of male individuals, using a method incorporated in hapROH. Specifically, we paired 

pseudo-haploid data of two X chromosomes and identified ROH for each artificial diploid 

individual. We report the total sum of IBD for pairs of male individuals in table S31. We also 

inferred Ne from IBD using the same maximum-likelihood approach incorporated in hapROH. 

The Ne estimates are summarized in table S32. 

 

Admixture Date Estimation 

We used the method Distribution of Ancestry Tracts of Evolutionary Signals (DATES v.3530) 

(64) to estimate the admixture dates of Latte individuals from Guam and Saipan, as well as present-

day admixed individuals from Micronesia. We merged two Kankanaey Igorot individuals from the 

Philippines and three Ami / Atayal individuals from Taiwan as the reference population for East 

Asian-related ancestry. We did this because all five of these individuals had whole-genome data. 

We could therefore use the maximum number of SNPs for each run (either all autosomal SNPs of 

the 1240K panel or all autosomal SNPs of the MEGA array) to increase the power. These groups 

were also the closest groups to the FRO lineages. For Latte individuals from Guam and Saipan, 

we used Unai individuals from the Naton Beach site of Guam as the other reference population. 

For present-day individuals from Pohnpei, Chuuk, and Palau, we used New Guinea Highlanders 

as the other reference population. We ran DATES with ‘maxdis: 1.0’ to ensure that we could detect 

even relatively long blocks of linkage disequilibrium (LD) for recent admixture events. The results 

are summarized in table S27. 

 

Estimation of Sex-biased Admixture 

To estimate the proportion of female and male ancestors for a given population, we used the 

method first described in Skoglund et al. (7). Using the same qpAdm two-way model, we estimate 

the ancestry proportions (FRO and Papuan) for the X chromosome and autosomes and then obtain 

point estimates for the proportions of female and male ancestors (table S29). 

  



Supplementary Text 

 

S1. Ethics Statement 

 

Genetic studies of population history are important not only for providing insights into the origin 

of human genetic variation and past migrations, but also because of the significance of this 

information for present-day peoples. In this study, we took a case-by-case approach with the goal 

of ensuring that the work was informed by the perspectives of local people who might have 

connections to the individuals we have analyzed. 

Permission to sample, transport and conduct minimally destructive analysis of human skeletal 

remains from the Naton Beach Site (GHPI Site 66-01-2488), housed at the museum repository in 

Hagåtña, Guam, was granted on October 17, 2014, by Raymond F.Y. Blas, Director of the Guam 

Department of Parks and Recreation with concurrence by Guam Historic Preservation Officer 

(HPO) Lynda B. Aguon. Permission to expand the scope of the Naton research to include the 

Pinhasi and Reich laboratories was granted by HPO Aguon on September 25, 2018. Permission to 

select and transport samples from Unai Period burials from the Naton Beach site collection was 

granted on March 8, 2019, by HPO Aguon with the concurrence of Anna Marie Arceo, Director 

of the Department of CHamoru Affairs and oversight from the Guam Museum. On March 8, 2020, 

permission to select and transport Naton Beach site Latte Period samples was granted through a 

Research Agreement overseen by the KOSAS Advisory Board and Leona Young, Administrator, 

Guam Museum, with concurrence of Guam HPO Patrick Q. Lujan. Samples from the Haputo 

Beach Site House 16 were stewarded by Richard Olmo, University of Guam, Co-Principal 

Investigator, Haputo Excavations; in a letter dated March 8, 2019, he requested that the samples 

be analyzed for ancient DNA. Permission to transport and study Latte Period petrous bones from 

the Anaguan Site (SP-1-0762), Garapan, Saipan, curated at the Best Sunshine storage facility in 

Lower Base, Saipan, was granted on March 13, 2020, by CNMI HPO Rita Chong-Dela Cruz with 

concurrence of Principal Investigator Michael Dega, Scientific Consultant Services, Inc., 

Honolulu, Hawaiʻi. The Unai samples were returned to the Guam Museum repository for re-

accession on March 9, 2020. The Latte samples were returned to their original repositories on 

Guam and Saipan on May 25, 2022 and May 27, 2022, respectively.  

Permission to remove and study the ~500 BP skeletons from Na Island, Pohnpei was granted 

to two Catholic Diocese of Honolulu priests (Fathers Louis H. Yim and Joseph Matheis) in 1977 



by the District Administrator for Pohnpei District, Trust Territory of the Pacific Islands (now the 

Federated States of Micronesia), Resio S. Moses, and the Nanmwarki (chief) of Madolenihmw 

Municipality, which includes Na Island. The skeletons from Pohnpei were studied by co-author 

Michael Pietrusewsky and his students at the University of Hawaiʻi at Mānoa, Honolulu, where 

they are currently stored. Permission to proceed with submission of the samples for analysis and 

reporting the results was granted on September 6, 2020, in a letter from Jason Barnabas, 

archaeologist at the Pohnpei HPO. 

The skeletons from Nan Madol, Pohnpei were studied in 1984/85 by co-authors Michael 

Pietrusewsky and Michele Toomay Douglas at the University of Hawaiʻi-Mānoa, and are now 

housed at the International Archaeological Research Institute, Inc., Honolulu, Hawaiʻi. Permission 

to proceed with submission of the samples from Nan Madol, Temwen Island, Pohnpei for analysis 

and reporting the results was granted on September 6, 2020, in a letter from Jason Barnabas, 

archaeologist at the Pohnpei HPO. 

DNA samples from 50 present-day Micronesian individuals were collected by Micronesian 

volunteers who drew each other’s blood in a class that was part of the Pacific Basin Medical 

Officer Training Program held on Pohnpei, and a randomly selected subset (N = 10) of these 

individuals was genotyped on the Affymetrix Human Origins SNP array for this study (tables S3 

and S4). As a part of this course, anonymized ancestry forms were filled out by participants, who 

provided informed consent to have their DNA analyzed for research into population history as 

reviewed by the Human Investigations Committee of Yale University [HIC #8711001387]. These 

forms contained information on the birth locations of each volunteer’s four grandparents, revealing 

that the 200 grandparents had ancestry from a wide variety of locations in Micronesia, with large 

groupings being: (1) 36% from the High islands of the Caroline Islands including Chuuk, Pohnpei 

and Kosrae; (2) 25% from Palau; (3) 17% from Polynesian and Polynesian outlier communities; 

(4) 12% from the Marshall Islands; (5) 5% from Yap; and (6) 6% from assorted other or admixed 

ancestries (95). We cannot link the self-reported information on grandparental origin to individual 

samples due to the protocol of human projects aiming to preserve anonymity of research subjects. 

However, the empirical ancestry inferences which are highly variable and span the range of 

ancestry we detect over Micronesian and Polynesian islands are consistent with this wide 

distribution of geographic origins. 

Saliva samples of present-day CHamoru from Guam were collected for the purpose of DNA 

extraction and analysis with individual and group informed consent by co-authors Miguel Vilar 



and Frank Camacho. The consent form and sampling strategy were approved by the University of 

Pennsylvania IRB #8 and by Genographic Project protocol #803115, coordinated by co-authors 

Theodore G. Schurr and Miguel Vilar. These researchers also collected genealogical information 

extending back three generations from each participant to help interpret the genetic data generated 

from the samples. DNA samples were genotyped using the GenoChip 2.0 microarray at Family 

Tree DNA. Data from 27 self-identified CHamoru individuals was used in this study (table S3). 

DNA samples from 75 present-day individuals from Guam, Palau, Pohnpei and Chuuk were 

randomly identified from a wider set of anonymized samples donated from 500 participants 

spanning nine populations across Micronesia. Following informed consent for studies of 

population history and human health consistent with the standards prevailing at the time of study 

enrollment, blood was collected anonymously, extracted using phenol-chloroform DNA isolation, 

and stored in batches analyzable only by the geographic origins of participants. DNA was 

standardized and genotyped on the Multi-Ethnic Global Array (MEGA). Collection and use of the 

samples was approved by (1) the Oxford Tropical Research Ethics Community at the University 

of Oxford with a formal approval letter dated July 2, 2014 (OXTREC Reference: 537-14); (2) Mr 

Eliuel Pretrick (Chief Division of Health Services, Government of Federated States of Micronesia 

at the time of collection); (3) Dr M. Kumangai (Director of Health Services, McDonald Memorial 

Hospital, Koro, Republic of Palau at the time of sample collection); and (4) Dr Arthur Loerzel 

(Pathologist, Guam Memorial Hospital, Guam at the time of collection). 

On October 15, 2020, the preliminary results of this study were presented by a team including 

five authors to 17 CHamoru community members from Guam. The feedback from the discussion 

was integrated before submission. An example of how we integrated this feedback is the 

terminology we used to discuss the indigenous CHamoru and the relationships of the CHamoru to 

past peoples who lived in the Mariana Islands and elsewhere: we use the spelling “CHamoru” 

rather than “Chamorro” out of respect for the preference of the Guam CHamoru Language 

Commission, communicated to us following the October 2020 engagement meeting by participants 

in the meeting. The 17 community members included Yvette Paulino, Tristan Paulino, Joe Quinata, 

Leonard Iriarte, Rlene Santos Steffy, the Honorable Senator Sabina Perez, Vincent Diego, Rosa 

Palomo, Ronald Laguana, Jillette Leon Guerrero, Kenneth Gofigan Kuper, Frank Rabon, Laura 

Torres Souder, Judy Amesbury, Darlene Moore, the Honorable Senator Therese Terlaje, and 

Manny Cruz. Before submission, we circulated this manuscript for review and comment to all co-

authors, which includes an indigenous Micronesian (Frank Camacho), and to a broader set of 



contacts in Guam, Saipan and Pohnpei with whom we have been engaged. We solicited feedback 

not only about the scientific content but also about the language used to describe inferred 

relationships between present-day and prehistoric people described in this paper. While it is often 

not possible to obtain feedback from everyone who may feel connected to an ancient culture, the 

approach of consulting a diversity of groups is valuable for shaping the narrative of a final paper 

and ensuring sensitivity to local perspectives.  



S2. Archaeological and Physical Anthropology Context 

 

I: Burials from Guam and Saipan 

 

Overview 

Material traces of human activities in the Mariana Islands, likely left by mobile marine foragers 

from Island Southeast Asia (ISEA) or Wallacea, provide unequivocal evidence for human presence 

in the Mariana Islands and possibly in all of Remote Oceania ~3500-3000 BP (3, 11). Fewer than 

ten campsites are known from Guam, Rota, Tinian, and Saipan; these sites are deeply buried and 

located >100 meters inland from present shorelines (96–98). Sparsely distributed within calcareous 

sand deposits are marine shell beads, some unfinished, and other shell ornaments, worn sea urchin 

files used to make them (97), shell and stone adzes, shell fishhooks, chert flakes and cores, and 

numerous sherds of thin-walled, red-slipped pottery, rarely decorated, called Marianas Redware 

(15), similar to contemporary ceramics at coastal sites in northern Luzon (Philippines), western 

Borneo, the northern tip of the Sulawesi, and Kayoa Island of the northern Moluccas (11, 99). 

Faunal remains include bones of turtle, pelagic and inshore fish, birds, fruit bat, and shellfish, 

mainly bivalves. 

The campsites of the first occupants of the Mariana Islands have yielded no evidence for 

cultigens or domesticated animals. Also absent are remains of the Pacific rat (Rattus exulans), a 

human commensal often found in early sites in the Pacific Islands. Taken together, these findings 

fail to support the hypothesis of a demic expansion model for human colonization of Remote 

Oceania via the Mariana Islands, which proposes that population pressure on Neolithic farmers in 

the northern Philippines prompted a migration to the unoccupied Mariana Islands at this time (11, 

100). Cultural niche dynamics in ISEA provide a plausible explanation for why people bearing no 

cultural items relating to horticulture first sailed to these small, isolated islands but did not settle 

them permanently: territorial range expansion by economically vulnerable marine foragers. 

Range expansion can be understood as adaptive response to late Holocene environmental and 

social conditions, in particular sea level decline in the western Pacific (101, 102). Sea level decline 

since its mid-Holocene peak had created extensive and abundant reef-lagoon systems in the 

southern Mariana Islands that could be harvested, albeit at great costs in transportation across the 

open sea. In a time of intense competition for raw materials, range expansion would enable small, 

more vulnerable marine foraging groups to continue to participate in the complex trade networks 



of ISEA during the Southeast Asian Bronze Age (103). The Mariana marine foraging era ended 

with the onset of the Southeast Asian Iron Age, when newly configured trade networks shifted 

away from marine shell valuables and other trade items from these marginal groups. Iron Age 

socio-economic conditions may have severely constricted the ISEA marine forager niche, 

eliminating the most vulnerable: those who had occasionally visited the southern Mariana Islands 

during the previous thousand years. By 2500 BP, continued sea level decline had increased 

shoreline width in the Mariana Islands, creating arable coastal land and a new subsistence option: 

permanent settlement supported by lowland horticulture, foraging and fishing. 

The shift from marine foraging and trading to a Mariana fisher-farmer cultural system, termed 

the Unai Period (3500-1600 BP), is recognized in the archaeological chronology used in this paper 

(table S1). The three Unai Periods span the time when land use patterns emphasized coastal living. 

The Huyong Period (1600-1100 BP) marked a settlement change to include use of interior habitats 

under conditions of low population density. During the Latte Period (1100-300 BP), clustered 

residential sites marked by latte were located near freshwater sources, and diverse site types and 

habitats were occupied throughout the archipelago. CHamoru phrases and English equivalents 

corresponding to the archaeological terms were supplied by Rosa S. Palomo and Laura M. T. 

Souder of the Guam CHamoru Language Commission. It should be noted that the spelling, 

CHamoru, for the indigenous language and ethnic group, is legal and preferred on Guam. 

However, elsewhere in the Mariana Islands, the older spelling, Chamorro, has been retained. 

Unai sites have been found along the former shores of Tumon Bay on Guam’s lee (western) 

side (104). The mortuary practices of the new cultural system are manifest at the Naton Beach Site, 

in multiple human interments. Possibly the descendants of earlier transient groups that had camped 

along the emerging small, intermittent beaches in the southern Mariana Islands, the Unai people 

responded culturally to new social and environmental conditions, especially continuing sea level 

decline, which now favored a mixed subsistence economy and supported a small, permanent 

population. Their social and demographic relationships with groups in ISEA have yet to be 

determined, yet it seems unlikely that Unai populations were entirely isolated and lacked 

occasional migration from outside, given the Mariana sub-optimal geographic conditions for 

horticulture (105). 

Lower sea level had exposed more flat land and increased the complexity of coastal habitats. 

This made permanent near-shore settlement possible, supported in part by imported tropical 

cultigens (e.g., coconut, taro, breadfruit). Unai features and artifacts indicate regular and varied 



residential activities. These include post-mold alignments from substantial pole-and-thatch 

structures; hearths and earth-oven deposits; domestic trash pits; basalt and marine shell tools of 

various shapes and sizes used in different tasks, especially wood working and processing of plant 

materials; clustered and single human burials located away from residential contexts, many 

individuals (all ages and both male and female) with a variety of elaborate grave goods not limited 

to shell ornaments; and a distinctive ceramic complex, including large, flat-bottomed, shallow, 

straight-sided, thick-walled, oval or round “pans”. Charred taro starch residue has been identified 

on robust pan fragments found in earth-oven feature deposits (106). 

On Guam, the Huyong Period (1600-1100 BP) succeeded the Unai and is archaeologically 

marked by limited inland settlement expansion. In addition to small coastal residential settlements, 

there were foraging and gardening sites in the island interior. The relatively low density of Huyong 

sites suggests a smaller population responding to a deterioration in agricultural productivity, an 

effect of cooler and drier climate at this time (107, 108). The robust pan form was no longer used, 

indicating that cooking or eating contexts had changed again. Pot shapes were more suitable for 

above-ground cooking, although earth-ovens were used. The earliest known example of Mariana 

cave painting, in Mahlac Cave in southern Guam’s interior, has been directly radiocarbon-dated to 

the late Huyong Period (109). 

The archaeology of the Latte Period (1100-300 BP) is well-studied on Guam and Saipan due 

to the relatively large number of sites that have survived, although often heavily disturbed from 

historical and modern activities (110). A prominent trait of this last period in Marianas prehistory 

is the paired stone post-and-capstone two-row configurations (latte in CHamoru), a unique 

innovation within the Indo-Pacific megalithic tradition and unusual in its use in domestic 

architecture as house supports. Other innovations include large stone mortars, often embedded as 

site furniture near one end of the house or isolated in non-residential locales possibly related to 

dryland rice cultivation, a prehistoric practice unique to the Mariana Islands in the Pacific Islands 

(111). Artifact assemblages include an abundance of stone pounders, grinders, abraders, anvils, 

and adzes, dense accumulations of chipped stone, shell adzes, and bone and shell fishing gear 

appropriate to inshore and pelagic fishing (including spears and harpoons), and fragments of large, 

robust ceramic pots and jars appropriate for cooking and storage, especially after ~650 BP. The 

settlement system involved coastal and inland settlements, latte-supported structures throughout 

the archipelago, primary and secondary burial within or near houses at coastal villages and as 

isolated inland burials in caves — all evidence of a shift away from frequent and elaborate grave 



goods as seen in the Unai Period. Adult Latte burials show evidence of betel nut chewing and 

deliberate teeth staining and incising, as well as post-mortem recovery of human skulls and long 

bones from which spears and harpoons were made. Evidence for endemic feuding is reflected in 

skeletal injuries and in the buried caches of sling stones at latte sites and scattered in open areas; 

inter-village rivalry was witnessed in 1565 by the Legazpi expedition. 

 

The Naton Beach Site GHPI66-01-2488 

The Naton Beach Site is situated in Gogna Cove at the north end of Tumon Bay (fig. S22), where 

a limestone headland juts into the sea, forming the northern terminus of the Tumon embayment. 

Elevations here range from 3-61 m above present sea level, and the land slopes steeply toward the 

sandy beach. Northern Tumon Bay once had a series of shallow lagoons and marshes that infilled 

as sea level declined from its mid-Holocene peak (101). A narrow strip of beach eventually formed 

between 3000-2000 BP (112, 113), providing a stable land surface for Unai settlements. Freshets 

flowing over the sand during low tide may have been a source of fresh water in this limestone 

substrate area that lacks streams. 

From 2006 to 2008, archaeological investigations at the Okura Hotel renovation project at the 

Naton Beach site resulted in the recovery and analysis of 367 sets of human remains described in 

an unpublished report prepared by SWCA Environmental Consultants, Guam. Some of the 

findings are summarized here and in the burial spatial distribution figure (fig. S17). Two 

temporally and culturally distinct groups were defined, 212 individuals associated with the Latte 

Period and early European contact era and 155 individuals associated with the Unai Period. Unai 

burials contrast with the Latte burials in morphology, pathology, and behavior. Descriptive and 

metric analyses revealed significant differences in size and dimensions of cranial bones, 

postcranial bones, and dentition. Frequencies of non-metric dental traits also differed between the 

Unai and Latte burials. Tooth dimensions decreased by 7% from the Unai to the Latte Period. The 

Unai individuals had a higher frequency of caries, antemortem tooth loss, and dental calculus, 

while the Latte individuals had a higher frequency of linear enamel hypoplasia (LEH), abscesses, 

and attrition. Nearly one-half of dental non-metric traits were significantly different, and dental 

modification (abrasion, incising) were also systematically different. Both groups suffered trauma, 

gout, periostitis, and degenerative joint disease (DJD), but the locations of DJD were different, 

suggesting differences in wear-and-tear activities. Yaws was not identified in the Unai individuals 



but commonly occurred among the Latte Period individuals. Betel nut dentition staining, common 

in the Latte Period adults, was almost absent in the prior Unai population. 

Ninety-six percent of the Unai burials were in a fully extended supine position, compared to 

56% of the Latte Period burials. Both the Unai and the Latte burials were oriented predominately 

along on an east-west (E-W) axis, perpendicular to the shore. The Unai E-W orientation was 63%. 

The Unai skeletal assemblage had few subadults relative to adults. Adults represented 82%, with 

nearly an equal number of females and males. The relatively few Unai subadults may reflect 

different burial loci or preservation conditions. The Latte group was more evenly distributed 

relative to the numbers of subadults and adults, with adults comprising 70% of the total. 

Differential burial treatment by sex or age in either group was not observed. The Unai burials had 

a greater quantity and variety of grave goods than the Latte burials. Post-mortem bone harvesting 

and fabrication of human bone into tools, common in the Latte Period, was not found for the Unai 

burials. 

The Unai burials were interred deeply in white calcareous sand, overlain by the dark brown, 

culturally enriched soils in which the Latte Period individuals were buried. The latter (Latte Period) 

burial context indicated interment in residential cultural deposits, contrasts with separate 

placement of the Unai burials away from residential deposits. Unai burials were located to the 

north of the Latte burials and were also clustered (fig. S17a). The Unai burial clusters may mark 

family mortuary spaces, whereas the Latte burial clusters may mark the location of houses, 

commonly observed at coastal Latte Period sites. The Unai burials were found approximately 50 

meters inland of the current shoreline along the toe of a steep slope, four meters above mean high 

tide, which may account for their preservation, along with the well-drained, alkaline sand in which 

they were interred. 

 

Haputo Beach Site GHPI66-08-0009 

This site is situated in Haputo Bay, a small, sandy cove on Guam's northwest coast (fig. S22). It 

was occupied for about 1,800 years, from the Unai Period into the Historic Period (1700 BP-

present), as indicated by 15 radiocarbon dates. The Latte Period village was abandoned when 

Spanish colonizers forcibly relocated the residents to the capital, Hagåtña. The Haputo Beach site 

was listed on the National Register of Historic Places in 1974, and in 1984 the Haputo Beach 

embayment was designated as an ecological reserve, covering 252 acres of coral reef and limestone 

forest. Haputo Bay was a traditional canoe landing place for visitors coming from the coral islands 



of the Carolines. In 2013, several house floors were excavated by R. Olmo and O. Kataoka, and 

several burials were exposed. DNA from four teeth from individuals from one house was obtained 

during this study. The teeth were not directly radiocarbon-dated but are believed to come from 

Latte Period or early Historic Period individuals. Osteological descriptions of the excavated human 

remains are unavailable. 

 

Ritidian Beach Cave GHPI66-08-0012 

This site is located west of Ritidian Point in northern Guam. The site is positioned approximately 

200 meters from the present shoreline. Excavations at Ritidian revealed multiple occupations 

starting ~3500 BP (28). Two sets of human remains were found buried deeply, side by side in an 

extended position near the mouth of a limestone cave. The two skeletons were highly fragmentary 

and had been disturbed by large pits dug into the original burial pit; torso and skull were missing 

from both individuals. In a separate study whose genetic data we reanalyze here, a tarsal bone from 

each individual was analyzed for DNA and a bone from one of the skeletons was radiocarbon-

dated to 2180 ± 30 BP (28). Osteological analysis was not undertaken, and the remains were left 

in situ. 

 

Anaguan Site SP-1-0762 

This site, known traditionally and most accurately as Anaguan, has been also referred to in various 

documents as Best Sunshine, Imperial Pacific, etc. It is located in the town of Garapan on the 

western coastal plain on the west coast of Saipan, CNMI (fig. S23). Anaguan is situated within 

200 meters of the present shoreline and less than two meters above present-day sea level. The site 

was first occupied on an unstable sandy beach area as early as 100–200 CE, and by 800-900 CE 

people were living in a more stable back beach area. These are approximate dates based on a 

regional sea-level history (101, 102) in conjunction with dates from geoarchaeological testing of 

coastal site settings in the Mariana Islands (11, 96, 114). 

Archaeological excavations at the Anaguan site were conducted in 2015 prior to construction 

of the Imperial Pacific International (IPI) casino, hotel, and supporting facilities. The 2015 

excavations recovered a minimum of 416 individuals. Previous excavations were conducted from 

1996 to 1999. A total of 676 individuals have been recovered from this location. Radiocarbon 

dating showed continuous occupation of this coastal zone from the 11th century through the 17th 

century, with the Latte Period occupation being densest in the 13th through the 16th centuries. 



Analysis of the excavations in 2015 revealed three major burial clusters. An unpublished 

report prepared by Scientific Consultant Services, Honolulu on excavations conducted at Anaguan 

in 2015 was consulted for descriptions of the human remains and their spatial distribution in three 

major burial clusters (fig. S17). Only a few of the burials were fully intact, and many were 

represented by skeletal fragments. All but one of the burials were associated with the Latte Period. 

Multiple burials had incised and betel nut-stained dentitions but generally lacked grave goods. 

Long bones and skulls were often missing due to post-mortem harvesting for tool-making, typical 

of Latte Period mortuary customs. 

 

II: Burials from Pohnpei 

 

Pohnpeian Mortuary Behavior and Archaeology 

Pohnpei possessed one of the most complex sociopolitical organizations of central Micronesia 

(115). A centralized sociopolitical hierarchy is often reflected by the differential treatment of the 

deceased during mortuary activities. Upon death, high-ranking individuals were typically afforded 

more elaborate burials and grave goods of greater value than were provided for those of lesser 

rank. Elaborate platform and vaulted stone structures were reserved for the highest-ranking 

Pohnpeians (116). Although there is little information available for describing the mortuary 

behavior associated with unranked (or commoner) individuals of Pohnpei, they were likely 

afforded simpler interments with relatively less prestigious and fewer grave goods. The lack of 

elaborate stone platforms and vaulted structures on Na Island suggests that the burials from Na 

Island sampled in this study do not represent individuals of high social rank. 

 

Skeletons from Na Island 

In early 1977, two Catholic priests from the Diocese of Honolulu, Fathers Louis H. Yim and Joseph 

Matheis, led an expedition to Pohnpei, Federated States of Micronesia, to search for the remains 

of Alexis Bachelot, the first Prefecture Apostolic of the Sandwich Islands (Kingdom of Hawaiʻi). 

After being exiled from Hawaiʻi on November 23, 1837, Bachelot, who was accompanied by Louis 

Désiré Maigret, set sail for the Philippines on board the Notre Dame de Paix. Already in poor 

health, Bachelot died at sea on December 5, 1837; he was 41 years old at the time of death. With 

the permission of the Nahnmwarki (Chief) of the Madolenihmw District, Pohnpei, Bachelot’s body 

was buried on the Island of Na, a small sandy motu (reef islet) found within the extensive reef that 



encircles Pohnpei Island, eastern Caroline Islands. Na Island is located at the mouth of 

Madolenihmw Harbor slightly less than two miles (~2800 m) southeast of Pohnpei Island, not far 

from the monumental Nan Madol archaeological site. In the following year Maigret, with the 

assistance of local Pohnpeians, erected a cross 16 feet tall and a small chapel near the gravesite. 

Although the cross and small chapel, or any other above-ground traces of Bachelot’s grave 

did not survive, the organizers of the expedition anticipated that they would be able to locate 

Bachelot's remains, which they had planned to transport to Honolulu for interment at the Cathedral 

of Our Lady of Peace. Na Island, which has been uninhabited since the beginning of the early 20th 

century, measures only two miles long and several hundred yards wide. At the time of the 

expedition, Na Island was covered in coconut, breadfruit, and Pandanus trees and surrounded by 

mangroves. 

With the assistance of an experienced local guide and more than 40 volunteer students from 

the Pohnpei Agriculture and Trade School, human skeletal remains were found at a depth of 1-2 

feet below the surface and then exhumed over the course of six days. The skeletal remains, which 

were in a commingled state, came from a confined area near the center of the island. Except for 

some rocks and other surface rubble, above-ground indications of a gravesite were not observed. 

A few shell beads similar to those associated with burials at the Nan Madol nearby, were associated 

with some of the remains. Because none of the excavators was trained in archaeological 

techniques, no other information is available regarding the amateur recovery of the skeletons from 

Na Island. In the lab, the remains displayed varying degrees of completeness and preservation and 

most of the bones exhibited extensive postmortem damage. Climate, weather conditions 

(especially typhoons), coconut crabs, and other taphonomic factors likely contributed to the poor 

condition of the remains. 

After the skeletons recovered from Na Island were transported to the University of Hawaiʻi 

at Mānoa, Michael Pietrusewsky (a co-author of this paper) and his students analyzed them. 

Following a detailed study, which included a determination of the number of individuals 

represented and the recording of metric and nonmetric observations, it was concluded that none of 

them represented Bachelot who was of French ancestry. Ten individuals were identified, including 

two children (aged 2-5 years), two adult females, and six adult males ranging in age from young 

(20-35 years old) to old (more than 50 years old) age. Estimates of adult stature, cranial and 

infracranial morphology, dental pathology, and the presence of treponemal (yaws) infection in at 

least two individuals are consistent with Pohnpeian ancestry. Petrous bone samples from Burial 



Nos. 2 (young to middle-aged male), 5 (middle-age to old female), and 6 (young adult female) 

were used to obtain ancient DNA and radiocarbon dates in this study. More detailed information 

about the Pohnpei skeletons is provided in previous publications (117). 

 

Skeletons from Nan Madol 

Nan Madol is a prehistoric megalithic complex of constructed mostly rectilinear islets located on 

a reef flat adjacent to Temwen Island on the eastern side of Pohnpei. The complex is distinctive 

for its abundant use of columnar basalt transported from at least several exposures around Pohnpei 

to construct walls and enclosures on the islets (118, 119). Large basalt boulders were also used for 

the construction of some walls (especially the giant seawall). The complex encompasses 80 

hectares and approximately 100 islets and several sea walls (120, 121). It is notable that at least a 

portion of Nan Madol overlies a much earlier period occupation (19, 120). Construction of low 

platforms and the use of coral rubble fill began appearing around AD 900 – 1100. This was quickly 

followed by megalithic construction starting about AD 1200. Megalithic construction marked the 

beginning of the Sandeleur reign, which represented the development of a complex chiefdom 

society with hegemony (in some sense) over the entire island of Pohnpei (119, 122). The Nan 

Madol complex was divided into three spatially identifiable sectors – a chiefly residential area with 

larger platforms and foundations, a priestly/ceremonial area with more numerous, smaller, 

proximate islets, and high-walled mortuary enclosures with burial vaults (lolong), suitable for 

multiple interments; these were sometimes on platforms (120, 123). 

Nan Madol, despite its size, was not an urban location or town, but primarily functioned as 

an elite ritual center. Burials are common at Nan Madol, many of which are simple interments 

found under stone pavings, in caches between stones in walls, and beneath house floors on small 

platforms, and as noted, there are the much more elaborate lolong structures, which presumably 

were reserved for the highest-ranking individuals. 

Saudeleur rule abruptly ended around AD 1600 for reasons that are not entirely clear (though 

there are oral accounts concerning the demise of the Saudeleur rule by an outside force). At this 

time, Pohnpei became politically and socially divided into four (and later 5) independent wehi, or 

chiefdoms, with defined territories and a new political order (124). 

Human skeletal remains were recovered from nine of the Nan Madol islets during 

archaeological investigations led by J. Stephen Athens (a co-author of this paper) in 1984, which 

involved both islet mapping and excavations. The remains were submitted to Michael 



Pietrusewsky and Michele Toomay Douglas (co-authors of this paper) at University of Hawai‘i-

Mānoa in the spring of 1984 and examined during the 1984-85 academic year. The skeletal 

elements were cleaned in water, dried, and numbered using the islet number, NM as the designation 

for Nan Madol, followed by the catalog number assigned by the excavators. Reconstruction of the 

more important fragments was attempted utilizing adjacent bags or categories to estimate a 

minimum number of individuals. Sex, age-at-death, and measurements were recorded when 

possible. Preservation was generally fair to poor, with fragmentation, weathering, and loss of 

elements because of disturbance in part due to the extremely wet and humid tropical conditions of 

Pohnpei, and in some cases, exposure to sea water. Skeletal completeness varied from portions of 

the cranium, loose teeth, and diaphyseal portions of postcranial elements to more complete 

reconstructable long bones and crania. The entire assemblage represents 35 individuals, 

predominately adults (27), 13 females, five males, and nine of indeterminate sex. Estimation of 

stature in six individuals suggests short stature (5’ to 5’5”). 

Eight individual petrous bones from four different islets at Nan Madol were submitted for 

ancient DNA extraction. A single unit was excavated in a mortuary structure (a basalt paving) on 

Islet 102 –Peinioar (we note that Pohnpei orthography is highly variable, but here we follow islet 

name spellings published in the reference (124), using a list prepared by the Pohnpeian 

anthropologist, Rufino Mauricio), and ten different bone groups were identified and collected from 

very shallow depths. Bone fragments from all the groups overlapped and contributed to the 

reconstruction of elements. Nine individuals, seven adults and two children were identified in all. 

Four adults are included in this analysis. These consisted of the cranium and long limb bones of 

an adult male (102-NM-106), skull fragments and long bone fragments of a male (102-NM-108A), 

and two individuals from bone group 102-NM-120. Bone group 102-NM-120 contained cranial 

fragments of an adult male (102-NM-120), and a middle-aged female (102-NM-120A), as well as 

postcranial fragments that could not be assigned. 

Two excavation units on Islet 110 – Pahndauwas, sampled a house platform (Feature 9) and 

a square mortuary platform 60 cm high made of coral fill (Feature 4). Feature 9 revealed scattered 

fragmentary human bone (MNI three adults). Four bone groups were recovered from Feature 4 

(193, 113, 114, 118). Bone group 110-NM-193 contained a nearly complete skull and other 

postcranial bone fragments that were not articulated but which were consistent with an adult 

female. The remaining bone clusters represented incomplete skeletons of an additional four adults. 



A platform on Islet 114 – Pohndauwas, yielded the skeletons of three individuals identified 

from three bone caches hidden in openings in the north coral wall of the platform. These caches 

each contained a cranium and long bone shafts consistent with secondary burial of a single 

individual. These caches contained one adult female (114-NM-BC1) not utilized in the present 

analysis, one adult male (114-NM-BC2), and an adolescent less than 15 years of age (114-NM-

BC3); aDNA analysis later identified the individual as a male aDNA.  

Investigations at Islet 129 – Lemenkou, documented a mortuary platform structure (Feature 

18) in which a single excavation yielded multiple disturbed and mixed bone groupings, including 

cranial and postcranial elements, representing one adult male and two adult females. The adult 

male (129-NM-147) was associated with shaft fragments of the femora, right tibia, and portions of 

the left parietal and temporal bones. 

  



S3. f4-regression Analyses to Elucidate the Ancestry Sources of Micronesians 

 

Overview 

To investigate the different ancestry sources of Micronesians, we construct linear regression 

models for pairs of f4-statistics to test the degree of allele-sharing with different populations.  

This method leverages the idea that if a series of candidate populations can be modeled as a 

mixture of the same two ancestry components with different proportions, then the corresponding 

f4-statistic pairs can be modeled as a simple linear equation. Alternatively, if the sources of some 

test populations are different, these populations would show deviations from the linear model. By 

examining the extent to which the deviations between the observed and expected values match 

(produce significant residuals), we can infer whether test populations fit the model (or not) and 

find more appropriate sources of ancestry. The statistical significance of deviations (residual Z-

scores) can be evaluated by block jackknife resampling. 

In our analysis, we always used the statistic f4(X, New Guinea Highlanders; Kankanaey 

Igorot, Australian) as the independent variable, as it is proportional to East Asian / FRO ancestry 

proportion (x-axis; higher values indicate more East Asian / FRO ancestry). This statistic allows 

us to correct for differential levels of East Asian-associated ancestry in the test populations “X”. 

For the dependent variable (y-axis), we use a variety of f4-statistics depending on the signals that 

we are attempting to isolate: Papuan sources, FRO sources, or Polynesian sources. 

 

Test for Differences among the Papuan Sources of Remote Oceanian groups 

To test for differential Papuan sources, we computed f4(X, Dai; Nasioi, New Guinea Highlanders) 

and plotted the statistics against the independent variable proportional to FRO ancestry. Higher 

values indicate greater allele sharing with Nasioi, and lower values indicate greater allele sharing 

with New Guinea Highlanders, allowing identification of differential relatedness to specific 

Papuan ancestry groups after controlling for FRO ancestry proportion (orange cline in Fig. 1B).  

We calculated the statistics using two separate datasets. First, we restricted to ~397,000 

autosomal SNPs on the Human Origins array (fig. S9A). We calculated the f4-statistics for late 

prehistoric Pohnpei (merging 11 individuals as one data point), 10 present-day Micronesians (the 

statistics were computed separately), and 106 prehistoric and present-day Oceanian populations 

(table S10). A linear regression model for the Polynesian-Vanuatu-New Britain cline (Eq.1 in fig. 

S9A) was constructed using all prehistoric and present-day populations from Vanuatu and 



Polynesia, except for the Lapita groups from Vanuatu and Tonga. A linear model for the 

Micronesia-New Guinea cline (Eq.2 in fig. S9A) was constructed using all prehistoric and present-

day populations from Micronesia and New Guinea, except for the Unai and the Latte groups from 

Saipan and Guam. 

Second, we restricted our analysis to ~169,000 autosomal SNPs that form the intersection 

between the 1240K and the MEGA array, as shown in Fig. 3A. We calculated the statistics for late 

prehistoric and present-day Pohnpei, present-day Palau, Chuuk, and Guam, as well as 40 

prehistoric and present-day Oceanian populations (table S11). A linear regression model for the 

Polynesian-Vanuatu-New Britain cline (Eq.1 in Fig. 3A) was constructed using all prehistoric and 

present-day populations from Vanuatu and Polynesia, except for the Lapita groups from Vanuatu 

and Tonga. A linear model for the Micronesia-New Guinea cline (Eq.2 in Fig. 3A) was constructed 

using late prehistoric and present-day groups from Pohnpei, Chuuk, Palau, and New Guinea. 

 

Tests for Differences among the FRO Sources of Remote Oceanian groups 

We computed f4(X, New Guinea Highlanders; Lapita, Unai) (higher values indicate greater allele 

sharing with Lapita, and lower values indicate greater allele sharing with Unai). We estimated this 

statistic indirectly using qp4diff in ADMIXTOOLS by computing the difference between f4(X, 

New Guinea Highlanders; Dai, Unai) and f4 (X, New Guinea Highlanders; Dai, Lapita). This 

approach allowed us to gather information about non-overlapping SNPs and to increase the power 

of f4-statistics when comparing two sets of samples with low sequencing coverage. We used 

present-day populations to perform these analyses to avoid confounding effects when involving 

present-day and ancient DNA data on both sides of the f4-statistics at the same time (125). 

Nevertheless, to document the genetic continuity in Guam and Central Micronesia, we computed 

the statistics for the late prehistoric Pohnpei and the Latte groups from Guam and Saipan and then 

plotted them in the figure. 

We calculated the statistics using two separate datasets. For the Human Origins dataset, as 

shown in fig. S9B, we calculated the f4-statistics for late prehistoric Pohnpei (merging 11 

individuals as one data point), three Latte groups from Guam (Naton, Haputo) and Saipan 

(Anaguan), 10 present-day Micronesians without precise knowledge of their geographic origin 

(the statistics were computed separately), and 83 present-day Oceanian populations (see table 

S12). A linear regression model (Eq.3 in fig. S9B) was constructed using all present-day 

populations except those from Micronesia. For the intersection between the 1240K and the MEGA 



array, as shown in Fig. 3B, we calculated the statistics for late prehistoric and present-day Pohnpei, 

present-day Palau, Chuuk, and Guam, three Latte groups, as well as 17 present-day Oceanian 

populations (table S13). A linear regression model (Eq.3 in Fig. 3B) was constructed using all 

populations. 

 

Test for Differential Polynesian Sources 

For testing differential relatedness to Polynesians, we computed f4(X, Tolai; Kankanaey Igorot, 

Polynesian) (higher values indicate greater allele-sharing with Kankanaey Igorot, and lower values 

indicate greater allele-sharing with Polynesians), where Polynesian includes populations from 

Polynesia (Tongan, Samoan, Tahiti, Rapa Nui) and Polynesian Outliers (Tikopia, Ontong Java, 

Rennell and Bellona) (tables S14 to S21). As the choice of the second left population of the 

dependent f4-statistics only affects the intercept of the regression model, for tests of differential 

Polynesian influence we chose Tolai (from New Britain) in that position as justified by previous 

work (9). We calculated the statistics using the Human Origins dataset, as shown in figs. S10 and 

S11. Linear models were constructed using all the prehistoric and present-day populations from 

Near Oceania, including New Guinea, New Britain, New Ireland, and Solomon Islands. 

 

Test for Additional Southeast Asian Sources 

For testing differential relatedness to Southeast Asians comparing with the FRO lineages, we 

computed f4(X, New Guinea Highlanders; Unai, Kankanaey Igorot) (higher values indicate greater 

allele-sharing with the FROMarianas lineage, and lower values indicate greater allele-sharing with 

Southeast Asians represented by Kankanaey Igorot). We restricted the analysis to data from 

present-day populations (including late prehistoric Pohnpei) to avoid confounding affects when 

involving present-day and ancient DNA data on both sides of the f4-statistics at the same time 

(125). We calculated the statistics using two separate datasets. For the Human Origins dataset, as 

shown in fig. S18A, we calculated the f4-statistics for late prehistoric Pohnpei (merging 11 

individuals as one data point), 10 present-day Micronesians (statistics computed separately), and 

83 present-day Oceanian populations (table S34). We constructed the linear regression model 

using all the populations. For the intersection between the 1240K and the MEGA array (fig. S18B), 

we calculated the statistics for late prehistoric and present-day Pohnpei, present-day Palau, Chuuk, 

and Guam, as well as 17 other present-day Oceanian populations (table S35). We constructed the 

linear regression model using all the populations.  



S4. Genetic Modeling by qpWave and qpAdm 

 

Overview 

We applied qpfstats in ADMIXTOOLS to obtain maximally precise estimates of f-statistics prior 

to all qpWave and qpAdm analyses; qpfstats addresses the complication that different populations 

are genotyped on different sets of SNPs. We set “allsnps: YES” for all analyses. For the models 

involving ancient samples we set “inbreed: YES” to let the software know that it should treat each 

individual’s data at each position as a randomly sampled allele (pseudo-haploid data). If any group 

involved in the analysis (either in the left or in the right) was represented by only a single individual, 

the option of “inbreed: YES” cannot be applied, and we changed the parameter to “inbreed: NO”. 

 

Phylogenetic Relationships among FRO and Latte Lineages 

We used qpWave to test whether two FRO lineages (Lapita Vanuatu and Tonga vs. Unai Naton 

Beach Guam) and three Latte lineages (Naton Beach Guam, Haputo Beach Guam, and Anaguan 

Saipan) form a single clade (table S22). We first used nine populations as the outgroups, which 

included Aboriginal Australian (deeply Papuan-related), French (western Eurasian), Pima (Native 

American), Onge (deep eastern Eurasian), Japanese (northern East Asians), Dai (southern East 

Asians), Ami (indigenous Taiwanese), Kankanaey Igorot (indigenous people in the Philippines), 

and New Guinea Highlanders (Papuans), with phylogenetically distinct positions relative to our 

target populations. Our target populations first consist of Unai Guam (Naton Beach), Latte Guam 

(Naton Beach), Latte Saipan (Anaguan), Latte Guam (Haputo), and Lapita (Vanuatu and Tonga). 

Our hypothesis was that the model would pass when rank = 0, because all of the target populations 

were derived from East Asian lineages. However, the results showed that the model failed when 

rank = 0 and passed when rank = 1. We next removed French, Pima, and New Guinea Highlanders 

from the outgroups in turn to determine which one collapsed the one-way model. The one-way 

model (rank = 0) succeeded when we removed French from the outgroups. When we added 

present-day Sardinian (western Eurasian) to the target populations and used the nine-population 

outgroup with French on the other side, the two-way model (rank=1) continued to be consistent 

with the data. This result meant that the European-related population in the outgroups collapsed 

the one-way model.  

We highlight two possible explanations for this observation that Europeans share an attraction 

to some of the ancient Oceanian individuals more than to others.  



The first explanation we considered is that there is a small fraction of contaminating 

sequences in the Lapita and/or Unai individuals that is of West Eurasian ancestral origin. Because 

many archaeologists and ancient DNA specialists have European ancestry, this is a plausible type 

of contamination, and it is not surprising to see it differentially represented in the lower quality 

(and hence more easily contaminated) data from the Unai and Lapita individuals, and in the higher 

quality (and hence less easily contaminated) data from the Latte individuals. Our direct estimates 

of contamination are low (on the order of a percent or less), but it is important to always keep in 

mind that contamination in ancient DNA data is never zero.  

The other possible explanation for the observation of excess of allele sharing of some ancient 

Oceanians with Europeans relates to the fact that the sequences for both the Lapita and Unai 

individuals show extraordinarily high levels of ancient DNA damage, which could lead to 

artifactual excess allele sharing between damaged ancient samples and some deeply divergent 

outgroups with genetic variants that just happen to match errors due to damage (Africans and 

Europeans might be expected to show such signals more than East Asians) (125). Supportive 

evidence for this scenario comes from the fact that the one-way model (rank = 0) succeeds when 

only restricting to transversion polymorphisms. 

Regardless of the cause, this analysis suggests that inclusion of Europeans in the outgroups 

for analyses of Remote Oceanian population history produces complexity in the inference that may 

not be reflecting real population structure in Remote Oceanians. We therefore removed French 

from the outgroups in all our subsequent modeling. This analysis is based on approximately 

825,000 autosomal SNPs of the 1240K panel after removing sites in CpG dinucleotides. 

 

Estimating Papuan Ancestry Proportions for FRO and Latte Lineages 

We applied qpAdm to estimates their Papuan ancestry proportions in Remote Oceanian groups 

(table S23). We used Kankanaey Igorot as a proxy for unadmixed East Asian-related ancestry, 

and New Guinea Highlanders as a proxy for unadmixed Papuan-related ancestry. We used seven 

populations as outgroups, comprising Aboriginal Australian, French, Pima, Onge, Japanese, Dai, 

and Ami. We performed this analysis based on ~825,000 autosomal SNPs in the 1240K panel after 

removing sites in CpG dinucleotides. The results showed that the Unai and Latte groups were 

consistent with having no Papuan ancestry at all, except for four Latte individuals from Saipan, 

who we estimated to have around ~5% Papuan ancestry. The Lapita individuals from Vanuatu and 



Tonga were inferred to have small but non-zero proportion of Papuan ancestry, with point 

estimates around 2% and 5% on average, respectively.  

The Latte individuals included a small fraction (5 out of 62 males) of Y-chromosomal 

haplogroups (M and S) common in people of Papuan ancestry. It is plausible that these paternal 

lineages are related to the significant proportions of Papuan ancestry we detect in genome-wide 

analysis of four Latte individuals (point estimates of 4.0-5.8%), despite the overall low proportion 

of Papuan ancestry in the Latte group (95% CI of 0-3.1%). If this is true, then the Papuan ancestry 

could have arrived in the Latte group in a male sex-biased manner, potentially reflecting a cultural 

bias of local females to mate with high-prestige males with Papuan ancestry. 

 

Testing for Genetic Continuity and Homogeneity in Pohnpei and Chuuk 

To test for genetic evidence of continuity and homogeneity in Pohnpei and Chuuk, we used 

qpWave (table S25). We used 11 populations as the outgroups, including Aboriginal Australians, 

French, Pima, Onge, Japanese, Dai, Ami, Kankanaey Igorot, New Guinea Highlanders (Papuan 

lineage in mainland New Guinea), Nasioi (Papuan lineage in the Solomon Islands), and Baining 

(a Papuan lineage in the Bismarck Archipelago). We performed this analysis based on either the 

autosomal SNPs of the MEGA array or the intersection between the 1240K and the MEGA array. 

The results showed that late prehistoric and present-day Pohnpei and Chuuk were consistent with 

forming a single clade relative to the outgroups, as expected if they were genetically homogeneous. 

We found that present-day Chuuk were consistent with being an outgroup for late prehistoric and 

present-day Pohnpei, consistent with genetic continuity on Pohnpei.  

 

Pairwise Comparisons among Micronesians Genotyped on the Human Origins Array 

Because we did not have precise geographic information for 10 present-day Micronesians 

genotyped on the Human Origins array, we sought to use qpfmv and qpWave to determine if we 

could cluster them into genetic groups. We used 12 populations as outgroups, including Aboriginal 

Australians, French, Pima, Onge, Japanese, Dai, Ami, Kankanaey Igorot, New Guinea Highlanders, 

Nasioi, Baining, and Tongan (Polynesians). The results show that the ancestry of these individuals 

was extremely diverse (P << 0.01, Hotelling's T2 test estimated by qpfmv, also revealed by qpWave 

shown in fig. S20), except for Jk2815-Jk2817 and Jk2813-Jk2814 who genetically consistent with 

being a clade. We thus modeled these 10 individuals separately (see immediately below). 

 



Genetic Modeling of Prehistoric and Present-day Micronesians 

We used qpAdm to fit two-way or three-way genetic models of late prehistoric and present-day 

Pohnpei, Chuuk, Palau, Guam, and other Micronesians (Fig. 4B and table S24). To find 

appropriate models for prehistoric and present-day Micronesian Islanders, who have already been 

confirmed to harbor Papuan and East Asian ancestry, our models always used New Guinea 

Highlanders as the proxy for their Papuan source, while five FRO and Latte groups were in-turn 

used as the proxies for their East Asian source. Outgroups for the models involved at least nine 

populations (basic outgroup set), including Aboriginal Australian, Pima, Onge, Japanese, Dai, Ami, 

Kankanaey Igorot, Nasioi, and Baining. We include multiple Papuan ancestry groups among the 

outgroups to distinguish the different Papuan lineages that contributed to Micronesia (New 

Guinea-related) and the Southwest Pacific / Polynesia (New Britain-related). 

For late prehistoric individuals from Pohnpei, we first ran our models on the autosomal SNPs 

of the 1240K panel (~825,000 SNPs) using the basic outgroup set. We then added Hawaiian as a 

proxy for Polynesians in the outgroups to determine whether the late prehistoric individuals from 

Pohnpei had any evidence of Polynesian ancestry. We also ran our models on the autosomal SNPs 

of the Human Origins array (~397,000 SNPs) with Tongan (a population in western Polynesia) 

added to the outgroups. Across the models we tested, we found that the Lapita individuals from 

Vanuatu and Tonga were a better proxy for East Asian ancestry in late prehistoric individuals from 

Pohnpei than the Unai and the Latte groups from Guam and Saipan. Using the Human Origins 

dataset, we further investigated if some New Guinea-related groups were better proxies for the 

Papuan ancestry of Micronesia than New Guinea Highlanders. Specifically, we tested Manus, 

Central, and Gulf as the Papuan proxies, and models succeeded with New Guinea Highlanders in 

outgroups, suggesting that groups from the Admiralties and coastal area of mainland New Guinea 

were potentially better Papuan sources. 

We modeled ten Micronesian Islanders genotyped on the Human Origins array individually 

because their genetic backgrounds were extremely diverse (see above). We included Tongan or 

Samoan (when Tongan was used as a source on the left) among the outgroups to determine if there 

was evidence of Polynesian ancestry. Three individuals (Jk2815, Jk2817, and Jk2824) were 

consistent with deriving their East Asian ancestry from the FROMarianas lineage, whereas the models 

failed when changing to the Lapita individuals as a source, suggesting they were likely from islands 

in western Micronesia. Four individuals (Jk2810, Jk2813, Jk2814, and Jk2818) could be modeled 

using New Guinea Highlanders and the Lapita individuals as sources instead, suggesting they were 



likely from islands in central Micronesia like Pohnpei and Chuuk, although they also had 

additional European ancestry (also observed in fig. S7). For individual Jk2812 who had genetic 

affinities to Polynesians, we could fit a model only by including a third, Polynesian-associated 

source, such as Tikopia or Tonga. This individual also harbored East Asian ancestry more related 

to the Unai and Latte individuals. We found again that groups from the Admiralties and the coastal 

area of mainland New Guinea (such as Manus, Central, and Gulf) were consistent with the better 

Papuan sources. There were two individuals (Jk2820 and Jk2822) for whom we were not able to 

identify a well-fitting model with no more than three sources, although our analyses suggested 

they had at least FRO (likely FROSouthwestPacific in Jk2820 and FROMarianas in Jk2822, fig. S9B) and 

Papuan ancestry, indicating a more complicated admixture process probably caused by additional 

migrations and/or high regional mobility (fig. S18A and table S34). 

For present-day individuals from Pohnpei, Chuuk, and Palau, we performed analyses using 

the intersection between the 1240K and the MEGA array (~169,000 autosomal SNPs). We used 

Hawaiians in the outgroups to determine if present-day individuals from Pohnpei, Chuuk, and 

Palau had Polynesian ancestry. We also replaced New Guinea Highlanders with ten New Guinea-

related groups from the coastal area of mainland New Guinea and the Admiralty Islands, including 

Manus, Central, Gulf, Western, East Sepik, Middle Sepik, Madang, Morobe, Northern, and Milne 

Bay, to determine if they were better proxies for the Papuan source of Micronesia. We found that 

Pohnpei and Chuuk harbored East Asian ancestry more closely related to the Lapita individuals, 

while Palau harbored East Asian ancestry more closely related to the Unai and Latte individuals 

from Guam and Saipan. We also noted that some groups from the northern fringe of mainland New 

Guinea and the Admiralty Islands, such as Manus, Madang, Morobe, Northern, and Milne Bay, 

were consistent with being better proxies for Papuan sources than New Guinea Highlanders. 

For present-day CHamoru from Guam, we used Aboriginal Australians, Onge, Japanese, Dai, 

Ami, Kankanaey Igorot, New Guinea Highlanders, Cambodian (mainland Southeast Asia), 

Mentawai, Dieng (Java), Maanyan (Borneo), SangliatDol (Tanimbar), and Rampasasa (Flores) as 

outgroups to distinguish different lineages from Mainland and Island Southeast Asia. We 

performed the analyses on two datasets, one comprised of SNPs targeted in both 1240K enrichment 

and the MEGA array, and the other consisting of SNPs targeted in both the 1240K and 

GenoChip2.0 array. All present-day CHamoru from Guam could be successfully fitted using a 

three-way model, involving East Asian, Native American, and European ancestry. However, we 

could not distinguish whether the Lapita individuals from Vanuatu and Tonga or the Unai and 



Latte individuals from Guam were a better proxy for the East Asian source. Despite all of these 

models succeeding, we judged the East Asian source of present-day CHamoru to be more related 

to the Unai and the Latte individuals from Guam based on the evidence from our other analyses 

(e.g., Fig. 3). 

When calculating the total proportions of East Asian and Papuan ancestry across models, we 

ignored the possible contribution of a very small proportion of Papuan-related ancestry to the 

Lapita individuals. This simplifying assumption has the potential to lead to higher estimates of 

East Asian-ancestry proportions and lower estimates of Papuan-ancestry proportions for some 

Micronesians. This is likely to be a very small bias given the very low estimates of Papuan ancestry 

in the Lapita individuals.  



S5. Admixture Graph Construction using qpGraph 

 

Overview 

We applied qpfstats in ADMIXTOOLS for all qpGraph analyses. We used “allsnps: YES” and 

minimized the influence of missing data across populations using qpfstats. For our main analyses 

designed to distinguish different sources that contributed to the ancestry of Micronesia, we 

systematically constructed a variety of models and assessed their fits to the data by comparing the 

f4-statistics predicted by the models with the empirical statistics (figs. S12 to S15). Those f4-

statistics with |Z|>3 between empirical and predicted statistics were considered to be outliers and 

gave us evidence for unmodeled shared genetic drift between populations. 

 

Populations Involved in the Models 

We involved a variety of prehistoric and present-day populations that were primarily from East 

Asia and Oceania to fit the models: 

1) Outgroup: Mixe (Native American) 

2) Aboriginal Australians (deeply Papuan-related) 

3) Unadmixed Papuans: New Guinea Highlanders (Eastern Highlanders) 

4) Admixed Papuans: Manus (the biggest island in the Admiralties and to the north of 

mainland New Guinea) 

5) Indigenous Taiwanese without Papuan ancestry: Ami 

6) Philippines population without Papuan ancestry: Kankanaey Igorot 

7) First Remote Oceanians: Unai people from the Naton Beach site on Guam (FROMarianas); 

Lapita people from Vanuatu and Tonga (FROSouthwestPacific) 

8) Latte people: Latte people from the Naton Beach site on Guam; Latte people from the 

Haputo site on Guam; Latte people from the Anaguan site in Garapan, Saipan 

9) Late prehistoric and Present-day Micronesians: late prehistoric and present-day Pohnpei 

and Chuuk (Central), and Palau (Western). 

We use Mixe (a present-day Native American population from present-day Mexico) as an 

outgroup in our models; this is valid because even though there is a known deep admixture of 

western and eastern Eurasian lineages in Native Americans, they can be collapsed into a single 



lineage with respect to the populations in our model as their history is symmetrical relative to the 

other populations in our modeling.  

 

Basic Skeleton Graph Fitting the Ancient DNA Data 

Following published admixture graph modeling of populations in Near and Remote Oceania (7–

9), we first constructed a simple tree-like skeleton graph without admixture events including Mixe 

(a present-day Native American group from Mexico, outgroup), Aboriginal Australians (deeply 

Papuan-related), Eastern Highlanders from mainland New Guinea (unadmixed Papuans), Ami 

(indigenous Taiwanese without Papuan ancestry), and Kankanaey Igorot (a population from the 

Philippines without Papuan ancestry). We did not include Baining and Nasioi in the admixture 

graphs, because they did not contribute to the Papuan ancestry in Micronesians as suggested by 

our previous modeling by qpAdm (table S24). 

To fit our ancient and present-day DNA data, we added two First Remote Oceanian groups, 

three Latte groups, and the late prehistoric Pohnpei group into the graph as shown in fig. S12. We 

could not obtain successful models with no residuals |Z|>3 by involving only one (fig. S12A, max 

residual |Z| = 4.126) or two admixture events (fig. S12B, max residual |Z| = 3.269), but were able 

to do so by adding three admixture events to the graph. In the three admixture event model (fig. 

S12C-F), (1) individuals from Pohnpei were admixed with a Papuan source related to New Guinea 

Highlanders (contributing ~27% of the ancestry) and an East Asian source related to Lapita 

individuals (contributing ~73% of the ancestry); (2) Lapita individuals from Vanuatu and Tonga 

harbored ~1% Papuan ancestry related to New Guinea Highlanders which is within the range of 

the qpAdm estimate; and (3) Latte individuals from Guam and Saipan were admixed with the Unai 

lineage and an additional East Asian source, contributing ~16% ancestry to all of the Latte groups. 

We further investigated the source of the additional East Asian ancestry that contributed to 

the Latte individuals (the FROPalau lineage, see next section). The evidence that a FROPalau lineage 

is necessary in the model arises not only due to the indications from f4 outliers when we tried the 

simple models shown in fig. S12A and B, but also because the statistics f4(Latte, Unai; Lapita, East 

Asians) consistently yielded negative significant Z values, with a maximum |Z| = 4.182 (table 

S26). We explicitly tested where the FROPalau lineage came from by reconstructing different 

models as shown in fig. S12C-F. Although the three models shown in fig. S12D-F have 

comparable worst residuals (|Z| all less than 3) to the model shown in fig. S12C (max residual |Z| 

= 2.959), models in fig. S12D-F became extremely poor when we add modern Palauans into the 



admixture graph and allow no more than one additional admixture event (worst |Z| all greater than 

8 for fig. S13B-G, see next section). In contrast, the model of fig. S12C continues to fit well when 

Palauans are added with one admixture event, so we favor this model (worst residual |Z|=2.762 for 

fig. S13A, see next section). 

All the graphs shown in fig. S12 were constructed using autosomal sites of the 1240K panel 

after removing sites in CpG dinucleotides (this left ~825,000 autosomal SNPs). 

 

Adding Present-day Palauans to the Graph to Identify the Origin of the FROPalau Lineage 

We added present-day Palauans to the graph. Because present-day Palauans were genotyped on 

the MEGA array, we constructed the graphs using SNPs at the intersection between the 1240K 

and the MEGA array after removing sites in CpG dinucleotides (this left ~169,000 autosomal 

SNPs). 

To differentiate the origin of the non-Unai-related East Asian-associated ancestry in the Latte 

individuals and to investigate the origin of East Asian-associated ancestry in the present-day 

Palauans, we explicitly constructed different models as shown in fig. S13. All the models shown 

in fig. S13B-G have extremely poor fits (worst |Z| all greater than 8). We could only model present-

day Palauans as the mixture of a Papuan source related to New Guinea Highlanders and a non-

Unai-related East Asian-associated source that also contributed to the ancestry of Latte individuals 

(fig. S13A, max residual |Z| = 2.762). We call this third East Asian-associated lineage as FROPalau 

because the proportion of this lineage is maximized in modern Palauans (point estimate of 62%). 

 

Adding Manus to the Graph 

The qpAdm modeling (table S24) suggests that people of Manus from the Admiralty Islands may 

be a better proxy for the Papuan source of Micronesia than New Guinea Highlanders. We therefore 

tried to fit Manus in the graph. According to the results from f4-based regression analyses (Fig. 3B 

and fig. S9B), we know that present-day Manus derive their East Asian ancestry from a lineage 

closely related to the FROSouthwestPacific. Corroborating our previous findings by qpWave and qpAdm 

modeling, Papuan related ancestry similar to that in Manus is shared in many Micronesian 

Islanders including Pohnpei (figs. S14A and S15B), Chuuk (fig. S15B), and Palau (fig. S14B). 

Because present-day Manus were genotyped on the MEGA array, we constructed the graphs using 

SNPs at the intersection between the 1240K and the MEGA array after removing sites in CpG 

dinucleotides (this left ~169,000 autosomal SNPs). 



 

Testing Genetic Homogeneity and Continuity in Pohnpei and Chuuk 

We tested for evidence of genetic homogeneity and continuity of Pohnpei and Chuuk populations 

by constructing admixture graphs (fig. S15). The graphs were consistent with our previous findings 

by qpWave and qpAdm that late prehistoric and present-day Pohnpei and Chuuk formed a single 

clade. Genetic structure between the islands of Pohnpei and Chuuk was detected, as Chuuk was an 

outgroup for late prehistoric and present-day Pohnpei. The model displayed in fig. S15C includes 

two f-statistics with a |Z|>3 difference between their observed and expected values: f4(Kankaney 

Igorot, Lapita; present-day Chuuk, late prehistoric Pohnpei) with Z = 3.228, and f3(present-day 

Chuuk; late prehistoric Pohnpei, Lapita) with Z = 3.017. Taking into account the large number of 

f-statistics tested for consistency between theoretical prediction and observed values without 

multiple hypothesis correction, we do not see these Z-scores as strong evidence against our model. 

This is especially the case as some of the statistics are of the form f4(present-day DNA, ancient 

DNA; present-day DNA, ancient DNA), where data from two populations analyzed using the same 

methodology—for example two populations assessed by ancient DNA analysis as opposed to 

modern DNA analysis—can appear more similar to each other than is in fact theoretically expected 

based on the population history (125).  



S6. Simulations to Assess the Significance of the Signal of Matrilocality  

 

For the Unai samples from Guam and Lapita individuals from Vanuatu and Tonga, we observed 

complete mitochondrial haplogroup differentiation, with only mitochondrial haplogroups E1 or E2 

being present in Unai individuals and only B4a1a1 in the Lapita individuals (7–10). This 

observation raised the possibility of accelerated maternal-line genetic drift compared to the 

expectation from the autosomes during the ancestral divergence between the Lapita and Unai 

lineages and the early radiation of FRO ancestry. We sought to formally test this possibility using 

a simulation-based approach. We asked: what is the probability that a single mitochondrial 

macrohaplogroup (like B in Lapita Vanuatu and Tonga vs. E in Unai Guam) would take over the 

whole population simply based on random genetic drift measured on the autosomes, with an 

appropriate conversion to adjust for differences in the effective population size of the 

mitochondrial DNA compared to the autosomes? If fewer than 5% of simulations of the 

mitochondrial drift process produced such extreme differentiation in a matched sample, we could 

reject the null hypothesis of no accelerated maternal line drift at P << 0.05. 

The autosomal FST between Lapita and Unai groups was estimated at 0.083 ± 0.004, using 

data from seven Lapita individuals and nine Unai individuals. Here, we restricted our analysis to 

these individuals because they had relatively high coverage, weak signals of contamination, and a 

low level of ancient DNA damage. Under the Wright-Fisher genetic drift model, the expected FST 

can be calculated as: 

𝐹𝑆𝑇 = 1 − 𝑒−
𝑇

2𝑁𝑒 

where T is the number of generations since separation, and Ne is the effective size of the ancestral 

population. To simplify our simulations, we made the following assumptions: (1) Ne is constant 

among branches of the tree through time; (2) the numbers of males and females within the 

population are equal and mitochondrial DNA is only carried by females so the relevant effective 

population size is half of Ne; and (3) mutations do not modify the macrohaplogroup calls, which 

is the expectation under the infinite sites model of molecular evolution. 

We started our modeling with a genetic pool of half the Ne mitochondrial sequences in each 

of the two lineages, corresponding to the number of females in the population. For each subsequent 

generation, we randomly resampled Ne / 2 mitochondrial sequences from the genetic pool of the 

last generation. After resampling T–1 times, we randomly sampled (with replacement) seven 

mitochondrial sequences for the simulated Lapita population (because only seven Lapita 



individuals have reliable mitochondrial haplotype calls) and nine mitochondrial sequences for the 

simulated Unai population in the Tth generation to simulate what we have observed in reality. Many 

replicates (e.g., 1,000,000 replicates) of this produce a distribution of mitochondrial haplogroup 

frequencies for the simulated Lapita and Unai populations (fig. S16). This procedure allows us to 

compute an empirical probability (P-value) for how often we would expect to observe a scenario 

as extreme as that we observed under the null hypothesis, in which all Lapita individuals have the 

same mitochondrial macrohaplogroup, and all Unai individuals have different haplogroups 

(complete differentiation). 

A previous study (6) showed that the indigenous Iron Age population of Taiwan (~2000 BP) 

was consistent with being a clade with the common ancestral population of Lapita and Unai groups 

before they separated. Consistent with this, in a large sample of published ancient DNA from Iron 

Age Taiwanese, we observe all of the mitochondrial haplogroups seen in the Lapita and Unai 

samples as well as other haplogroups not present in First Remote Oceanians. The approximate 

frequencies of all different mitochondrial macrohaplogroups are: B, 13.3%; D, 4.4%; E, 28.9%; F, 

31.1%; M, 6.7%; R, 15.6%. Those assigned to M or R likely belong to a derived branch of these 

two macrohaplogroups (e.g., M7 and R9) that occur in South-East Asia. 

We used these as the starting frequencies for each mitochondrial macrohaplogroup in the 

initial sampling. Assuming the split time between the ancestral populations of Lapita and Unai 

groups was ~4000 BP and the generation interval was ~28 years per generation, we calculated the 

number of generations after separation. Note that the exact number of generations (since the split) 

used for the simulation is unlikely to matter, as a larger 𝑇 would also translate to a larger Ne. We 

tried a small empirical experiment to test this assumption (see below). To address the fact that the 

Lapita individuals are dated to up to 3000 BP (7–10), and the Unai group individuals are ~2500 

BP, we adjusted the date difference (~18 generations) in our simulated drift process.  

We performed our simulations as follows. We allowed the ancestral effective population sizes 

of the Lapita and Unai populations to be different. By adopting the phylogeny shown in fig. S16A, 

the accumulations of genetic drift on branches a, b, and c can be measured using the autosomal 

differentiation between Iron Age Taiwan and Lapita Vanuatu / Tonga groups: FST = 0.055 ± 0.001. 

The accumulation of genetic drift on branches a, b, and d can also be measured using the autosomal 

differentiation between Iron Age Taiwan and Unai Guam groups (FST = 0.097 ± 0.002), and the 

accumulation of genetic drift on branches c and d can be measured using the autosomal 

differentiation between Lapita Vanuatu / Tonga and Unai Guam groups (FST = 0.083 ± 0.004). 



Since FST is not additive, we used a logarithmic scale for FST to represent the drift accumulations 

on branches (a, b, c, and d), i.e., -ln(1-FST), which is equivalent to T / 2Ne according to the Wright-

Fisher model. After resolving c and d using the equations: 

{

𝑎 + 𝑏 + 𝑐 = −𝑙𝑛(1 − 𝐹𝑆𝑇_𝑇𝑎𝑖𝑤𝑎𝑛𝐼𝐴_𝑣𝑠_𝐿𝑎𝑝𝑖𝑡𝑎)

𝑎 + 𝑏 + 𝑑 = −𝑙𝑛(1 − 𝐹𝑆𝑇_𝑇𝑎𝑖𝑤𝑎𝑛𝐼𝐴_𝑣𝑠_𝐿𝑎𝑡𝑒𝑈𝑛𝑎𝑖)

𝑐 + 𝑑 = −𝑙𝑛(1 − 𝐹𝑆𝑇_𝐿𝑎𝑝𝑖𝑡𝑎_𝑣𝑠_𝐿𝑎𝑡𝑒𝑈𝑛𝑎𝑖)

 

we can resolve the genetic drift on each branch, and also make inferences about Ne if we assume 

split times. 

By first assuming the split time between Lapita and Unai populations was ~4000 BP, we 

randomly sampled 36 generations to simulate the Lapita population and 54 generations to simulate 

the Unai population. We replicated the sampling process 1000000 times and then obtained 

haplogroup frequency distributions for two simulated populations as shown in fig. S16B and C. 

We then calculated an empirical probability that the two simulated populations had completely 

different mitochondrial macrohaplogroups. 

Our primary interest was the probability that N = 7 Lapita and N = 9 Unai samples ended up 

with completely different macrohaplogroups (as designated by the first letter of the haplogroup 

name). For example, if in one simulation run, Lapita had all haplogroup R and Unai had all 

haplogroup F, this result would also contribute to the total observed probability. Thus, we divided 

the mitochondrial haplogroups present in the indigenous Iron Age Taiwan population into six 

different categories based on different letter type (B, D, E, F, M, and R). After 1000000 replicates, 

we obtained probabilities (P-values) that would allow us to answer our question. The exact value 

of the putative split time (e.g., 4000 BP, 5000 BP, 6000 BP, 7000 BP, and 8000 BP) and number 

of simulations (500,000; 1,000,000; 2,000,000) did not vary the probability very much (table S28). 

To investigate when the empirical probability would be larger than 5%, we assumed a series of Ne 

for Lapita and Unai populations, and then calculated the empirical P for each pair of Ne. We found 

that the empirical P would be larger than 5% only if both the Lapita group and the Unai group had 

relatively small effective population sizes of the maternal lineages (fig. S16D), pointing to 

matrilocal population genetic structure. 

Mitochondrial haplogroup B is not very common in the indigenous Iron Age Taiwan 

individuals (only 13.3%). For this maternal lineage to have become so common in the Lapita 

individuals and widely dispersed across Oceania is extraordinary, and provides a particularly 

strong example of high matrilineal genetic drift. 



These results support a scenario of accelerated maternal line drift compared to the expectation 

from the autosomes. The most reasonable scenario is that the ancestral populations of the Lapita 

and Unai individuals were matrilocal, with grooms moving to join the extended families of brides 

and females moving much less often between islands than men, a process that is well documented 

in some but not all Oceanic populations including those of Micronesia (31). This supports findings 

from ethnography and analysis of modern genetic data of matrilocal social practice (34, 35, 126), 

and provides the first direct evidence that it was the prevalent process in early Remote Oceanians. 

We show an example of how we calculated the empirical P-values after receiving the 

simulation results below. As shown in fig. S16B and C, we obtained the following P-values for 

fixation of each mitochondrial haplogroup in the simulated FROMarianas and FROSouthwestPacific 

populations:  

In simulated Unai Guam (FROMarianas) population: 

M_PB = 10014 / 1,000,000; M_PD = 1905 / 1,000,000 

M_PE = 44432 / 1,000,000; M_PF = 50082 / 1,000,000 

M_PM = 3844 / 1,000,000; M_PR = 14307 / 1,000,000 

In simulated Lapita (FROSouthwestPacific) population: 

V_PB = 589 / 1,000,000;  V_PD = 40 / 1,000,000 

V_PE = 6621 / 1,000,000; V_PF = 8554 / 1,000,000 

V_PM = 112 / 1,000,000;  V_PR = 1032 / 1,000,000 

The final P was calculated using this formula: 

 

𝐹𝑖𝑛𝑎𝑙 𝑃 =  ∑ 𝑀_𝑃𝑖

𝑖=𝐵,𝐷,𝐸,𝐹,𝑀,𝑅

× ∑ 𝑉_𝑃𝑖

𝑖=𝐵,𝐷,𝐸,𝐹,𝑀,𝑅

− ∑ 𝑀_𝑃𝑖 × 𝑉_𝑃𝑖

𝑖=𝐵,𝐷,𝐸,𝐹,𝑀,𝑅

=  1.368 × 10−3 

We note that two (I18501 and I18503) of 27 Unai individuals from the Naton Beach site are 

nominally noted as having B4a1a1 mtDNA haplogroups, which is identical to the haplogroup of 

the Lapita individuals, while another individual (I18450) is noted as having the R mtDNA 

haplogroup. However, all these individuals are among the individuals with evidence of 

mitochondrial DNA contamination. Although the nuclear DNA data from these individuals is 

consistent with being uncontaminated, nuclear-to-mitochondrial DNA ratios are highly variable 

across ancient DNA extracts (by orders of magnitude)—with the ratios typically being very high 

for petrous bones—and thus data can be contaminated in mitochondrial DNA and largely 

uncontaminated in nuclear DNA (and vice versa). For these three individuals, the upper bounds of 



95% CI of the mtDNA matching rate to the consensus were lower than 82%, and the lower bounds 

were 50%-60%, suggesting the possibility of erroneous haplogroup determinations. 

To minimize the bias of mtDNA haplogroup calling introduced by contamination, we also 

explored the mitochondrial haplogroup of these three individuals restricting to sequences with a 

damage signature indicative of genuine ancient DNA. For individuals I18450 and I18503, we 

could not obtain reliable haplogroup calls when restricting to the damaged reads because the mean 

coverage of their mtDNA is very low: ~0.30× and 1.08×, respectively. For individual I18501, we 

obtained a haplogroup call B4a1a1 with a mean coverage of ~2.50×. However, the 95% CI of the 

mtDNA matching rate to the consensus estimated to 63.1% to 81.3%, which is still questionable. 

A possible explanation for the outstanding high contamination estimates even after damage 

restriction is the relatively high level of damage rate of this individual (table S2). For individual 

I18501, we have merged two sequencing libraries together, in which one is the UDG-treated 

library with a damage rate of 0.350, and the other is the non-UDG treated library with a damage 

rate of 0.513. Thus, it is quite possible that the contamination is cross-contamination from an 

ancient DNA sample which cannot be corrected by damage-restriction. We simply do not have 

clean data showing non-E1/E2 haplogroups in the Unai individuals, and thus, we do not include 

these calls in our primary analyses of haplogroup distributions.  

If there were non-E1/E2 haplogroups in the Unai individuals, this would of course reduce our 

estimate of maternal-line genetic drift between the FROSouthwestPacific and the FROMarianas lineage. 

However, even if these haplogroups were real the magnitude of maternal-line drift would still be 

large suggesting accelerated matrilocal population structure: for example, we still do not see any 

E1 or E2 haplogroups in Lapita individuals and B4a1a1 is still rare in Unai individuals.  



S7. Estimates of Effective Population Size during the Latte Period 

 

We identified ROH of over 4 centimorgan (cM) for 113 Latte individuals with high enough quality 

data (> 400,000 autosomal SNPs) to allow this inference (table S30). Only four individuals had 

more than 50 cM of their genome in blocks of ROH over 20 cM in length, indicating that Latte 

people avoided close kin unions. By contrast, 14 out of 67 Latte individuals from Guam (66 from 

Naton and one from Haputo) and eight out of 46 individuals from Saipan had at least one ROH 

over 20 cM, suggesting that mating pairs composed of close relatives such as the second or third 

cousins at both islands were common on both islands during the Latte Period. Shorter ROH 

segments (4-8 cM) were also abundant, implying a high level of background parental relatedness. 

We estimated Ne for the Latte population using the length distribution of all ROH in blocks of 4–

20 cM. The Ne for populations in Guam and Saipan during the Latte Period were similar: 334 (95% 

CI of 315–356) in Guam, and 390 (95% CI of 361–424) in Saipan (table S32). We caution that 

effective population sizes are typically at least three times smaller than census sizes as they only 

reflect the reproductively active population (and thus do not reflect the presence of children and 

elderly individuals). They also may be biased low relative to the true census size if there has been 

a recent founder event, which is plausible for the Mariana Islands in the Latte Period. Nevertheless, 

these extremely small numbers suggest a highly restricted population.  

We considered the possibility that, instead of generating the Mariana-wide population 

estimates, we were calculating Ne for isolated groups of people, and thus the actual Ne could be 

higher than the above estimates using ROH. We therefore analyzed long shared segments of IBD 

between the X chromosomes of male pairs across islands (one from Guam and the other from 

Saipan) to estimate Ne. We detected 149 pairs of individuals who shared IBD segments of at least 

8 cM across the islands (table S31), revealing that the Latte people in Saipan and Guam shared 

common ancestors within hundreds of years before they came to live on those islands. A 

comparison between the Latte populations in Guam and Saipan gave an estimate of Ne = 1420 (95% 

CI of 1203–1712) (table S32). Since restricted migration reduces the rate of relatives and IBD 

sharing across islands, and the individuals were not all sampled from the same moment in time 

which means that we are effectively sampling a larger population (the combined population over 

multiple generations), the actual Ne of the joint Latte population across the Mariana Islands would 

be lower than the estimates based on IBD blocks. Thus, based on the above estimates, the Ne of 

the Mariana Islands during the Latte Period was between 356-1298 individuals.



 

 

Fig. S1. Schematic of Austronesian Linguistic Groups in Micronesia. Information is based on 

the reference (127), and other literature cited in the text. 

 



 



Fig. S2. Principal Component Analysis of Unai and Latte Individuals from Guam and Saipan. Axes were computed using whole-

genome shotgun data of three present-day populations—Dai (East Asians from Southern China), Nasioi (Solomon Islands; top), and 

Papuans (from eastern Highland and middle Sepik area of New Guinea; bottom left). Other present-day and prehistoric individuals 

shown in the figure were projected onto the first two PCs. (A) Unai individuals from the Naton Beach site on Guam; (B) Latte individuals 

from the Naton Beach site on Guam; (C) Latte individuals from the Anaguan site in Garapan, Saipan; and (D) Latte individuals from 

the Haputo Beach site on Guam. Outliers for each group are labeled with a red border in each panel, and are mostly low coverage 

suggesting that their outlier status is due to statistical noise or contamination which affects lower coverage samples more easily. 

 



 

 



Fig. S3. Principal Component Analysis of Late Prehistoric Pohnpei and Present-day 

Micronesians. Axes were computed using whole-genome shotgun data of three present-day 

populations: Dai (East Asians from Southern China), Nasioi (Solomon Islands; top), and Papuans 

(from eastern Highland and middle Sepik area of New Guinea; bottom left). Other present-day and 

prehistoric individuals shown in the figure were projected onto the first two PCs. (A) present-day 

individuals from Palau; (B) late prehistoric individuals from Pohnpei; (C) present-day individuals 

from Pohnpei; (D) present-day individuals from Chuuk; (E) present-day individuals from Guam 

(CHamoru); and (F) other present-day Micronesian Islanders (geographic origin unknown). 

Outliers for each group are labeled with a red border in each panel. 

 



 



Fig. S4. Genetic Affinities Estimated by Outgroup f3-statistics. Genetic affinities between test populations and populations (X) from 

Southeast Asia and Oceania were assessed by f3(Test, X; Mbuti). Higher values of the statistics indicate greater genetic affinities between 

a test population and population X (highest in yellow; lowest in blue). In each panel, test populations are (A) Unai individuals from the 

Naton Beach site on Guam, (B) Latte individuals from the Naton Beach site on Guam, (C) Latte individuals from the Anaguan site in 

Garapan, Saipan, and (D) Latte individuals from the Haputo Beach site on Guam. 



 

 

 

Fig. S5. Relationship between CV Errors and Pre-Defined K in ADMIXTURE. We conducted 

five independent runs. In each run, the number of genetic clusters (K) was predefined from 2 to 

12, and we implemented 10-fold cross-validation (CV) for each K. Lower CV of a K value 

indicates a better fit for the data. 

 



 



Fig. S6. Unsupervised ADMIXTURE Plot (K = 8). All newly reported prehistoric and present-

day individuals together with a subset of representative modern and prehistoric populations are 

shown. Individuals are represented by a thin horizontal bar and their ancestry is partitioned into 

eight colored segments (K = 8), representing their affiliation with each cluster. There are four 

major ancestry components inferred for Oceanians in this analysis: two Papuan components are 

maximized in Papuan New Guinea Highlanders (green) and Baining speakers in New Britain 

(blue), respectively; one East Asian-related component is maximized in Unai and Latte individuals 

from Guam and Saipan (middle gray); and the other ancestry (light gray) is widely seen in Oceania. 

  



 



Fig. S7. Unsupervised ADMIXTURE Plot (K = 9). All newly reported prehistoric and present-

day individuals together with a subset of representative modern and prehistoric populations are 

shown in the figure. Individuals are represented by a thin horizontal bar and their ancestry 

partitioned into nine colored segments (K = 9), representing their affiliation with each cluster. The 

results suggested three primary Papuan components: one maximized in New Guinea (green); one 

maximized in New Britain (blue); and one maximized in the Solomon Islands (orange). Two other 

components were maximized in the Lapita individuals from Vanuatu and Tonga, as well as the 

Unai and the Latte individuals from Guam and Saipan, consistent with FROSouthwestPacific (light gray) 

and FROMarianas (dark gray) ancestries. 

  



 



Fig. S8. Unsupervised ADMIXTURE Plot (K = 10). All newly reported prehistoric and present-

day individuals together with a subset of representative modern and prehistoric populations are 

shown. Individuals are represented by a thin horizontal bar and their ancestry partitioned into ten 

colored segments (K = 10), representing their affiliation with each cluster. The division of genetic 

clusters is the same with K = 9, except for an additional Papuan cluster that is identified and 

maximized in Mamusi speakers in New Britain (purple). However, K=10 consistently yields high 

CV indicating that it might not be a good fit. 

  



 



Fig. S9. f4-Regression Analysis Partitioning FRO and Papuan Sources. In all panels, the 

statistic f4(X, New Guinea Highlanders; Kankanaey Igorot, Australian) was calculated as the 

independent variable (x-axis, higher values indicate more East Asian ancestry) to correct for 

different ancestry proportions. (A) The statistic f4(X, Dai; Nasioi, New Guinea Highlanders) (y-

axis; higher values indicate greater allele-sharing with Nasioi-speaking people from the 

Bougainville in the Solomon Islands, and lower values indicate greater allele-sharing with New 

Guinea Highlanders) was plotted against the independent variable. Equation (Eq.) 1 was 

constructed using all prehistoric and present-day populations from Vanuatu and Polynesia, except 

for the Lapita groups from Vanuatu and Tonga. Eq.2 was constructed using all prehistoric and 

present-day populations from Micronesia and New Guinea, except for the Unai and the Latte 

groups from Saipan and Guam. (B) The statistic f4(X, New Guinea Highlanders; Lapita, Unai 

Naton Guam) (y-axis; higher values indicate greater allele-sharing with Lapita, and lower values 

indicate greater allele-sharing with Unai Naton Guam) was plotted against the independent 

variable. Eq.3 was constructed using all present-day populations except those from Micronesia. 

The statistics were computed using the Human Origins dataset (~397,000 autosomal SNPs). Error 

bars show one standard error in each direction along the y-axis. 

 



 



Fig. S10. f4-Regression Analysis Testing for Polynesian-associated ancestry (Based on Affinity to Polynesian populations). In all 

panels, the statistic f4(X, New Guinea Highlanders; Kankanaey Igorot, Australian) was calculated as the independent variable (x-axis, 

higher values indicate more East Asian ancestry) to correct for different ancestry proportions. (A) The statistic f4(X, Tolai; Kankanaey 

Igorot, Tongan) (y-axis; higher values indicate greater allele-sharing with Kankanaey Igorot, and lower values indicate greater allele-

sharing with Tongan) was plotted against the independent variable. (B) The statistic f4(X, Tolai; Kankanaey Igorot, Samoan) (y-axis; 

higher values indicate greater allele-sharing with Kankanaey Igorot, and lower values indicate greater allele-sharing with Samoan) was 

plotted against the independent variable. (C) The statistic f4(X, Tolai; Kankanaey Igorot, Tahiti) (y-axis; higher values indicate greater 

allele-sharing with Kankanaey, and lower values indicate greater allele-sharing with Tahiti) was plotted against the independent variable. 

(D) The statistic f4(X, Tolai; Kankanaey Igorot, Rapa Nui) (y-axis; higher values indicate greater allele-sharing with Kankanaey Igorot, 

and lower values indicate greater allele-sharing with Rapa Nui) was plotted against the independent variable. All of the regression lines 

were computed using present-day populations from Near Oceania (groups from New Guinea, New Britain, New Ireland, and Solomon 

Islands). All statistics were computed using the HO dataset (~397,000 autosomal SNPs). Error bars show one standard error in each 

direction along y-axis. 

  



 



Fig. S11. f4-Regression Testing for Polynesian-associated ancestry (Based on Affinity to Polynesia Outlier Populations). In all 

panels, the statistic f4(X, New Guinea Highlanders; Kankanaey Igorot, Australian) was calculated as the independent variable (x-axis, 

higher values indicate more East Asian ancestry) to correct for different ancestry proportions. (A) The statistic f4(X, Tolai; Kankanaey 

Igorot, Rennell and Bellona) (y-axis; higher values indicate greater allele-sharing with Kankanaey Igorot, and lower values indicate 

greater allele-sharing with Rennell and Bellona) was plotted against the independent variable. (B) The statistic f4(X, Tolai; Kankanaey 

Igorot, Tikopia) (y-axis; higher values indicate greater allele-sharing with Kankanaey Igorot, and lower values indicate greater allele-

sharing with Tikopia) was plotted against the independent variable. (C) The statistic f4(X, Tolai; Kankanaey Igorot, Ontong Java) (y-

axis; higher values indicate greater allele-sharing with Kankanaey Igorot, and lower values indicate greater allele-sharing with Ontong 

Java) was plotted against the independent variable. (D) The statistic f4(X, Tolai; Tikopia, Ontong Java) (y-axis; higher values indicate 

greater allele-sharing with Tikopia, and lower values indicate greater allele-sharing with Ontong Java) was plotted against the 

independent variable. All of the regression lines were computed using present-day populations from Near Oceania (groups from New 

Guinea, New Britain, New Ireland, and Solomon Islands). All statistics were computed using the HO dataset (~397,000 autosomal 

SNPs). Error bars show one standard error in each direction along y-axis. 

  



 



Fig. S12. Basic Skeleton Admixture Model explored by qpGraph. The skeleton graph of our qpGraph models includes 11 prehistoric 

and present-day populations. A) One admixture event was allowed, in which late prehistoric individuals from Pohnpei (~500 BP) were 

modeled as a mixture of ancestry related to New Guinea Highlanders and the FROSouthwestPacific lineage. The maximum residual is |Z| = 

4.126 for this graph, indicating a poor fit. B) Two admixture events were allowed, in which late prehistoric individuals from Pohnpei 

(~500 BP) were modeled as a mixture of ancestry related to New Guinea Highlanders and to the FROSouthwestPacific lineage, and the Lapita 

individuals from Vanuatu and Tonga harbored ~1% Papuan ancestry. The maximum residual |Z| = 3.269 for this graph, indicating a 

plausible fit given the large number of hypotheses. C) Three admixture events were allowed, with late prehistoric individuals from 

Pohnpei (~500 BP) modeled as a mixture of ancestry related to New Guinea Highlanders and to the FROSouthwestPacific lineage, the Lapita 

individuals from Vanuatu and Tonga harbored ~1% Papuan ancestry, and the Latte groups from Guam and Saipan modeled as a mixture 

of ancestry related to the FROMarianas lineage (represented by the Unai individuals) and an additional East Asian lineage. The maximum 

residual |Z| = 2.959 for this graph. D) to F) Alternative models for the third non-Unai-related East Asian-associated lineage. All three 

models fit the data well, with the max residual |Z| equaled to 2.961, 2.960, and 2.959, respectively. However, these models do not pass 

when we add modern Palauans into the admixture graph with only a single additional admixture event allowed, whereas the model in 

C) does, leading us to prefer model C). See fig. S13 for details. All these models were constructed on the autosomal sites of the 1240K 

panel after removing sites in CpG dinucleotides (~825,000 SNPs). Branch lengths in each figure are shown in units of average squared 

allele frequency divergence (multiplied by 1000, rounded to the nearest integer). 

  



 



Fig. S13. Fitting Present-day Palau. A) Palau was modeled as a mixture of ancestry related to New Guinea Highlanders and the non-

Unai-related East Asian-associated lineage (FROPalau) that contributed to the Latte individuals. The max residual |Z| = 2.762 for this 

graph. B) Palau was modeled as a mixture of ancestry related to New Guinea Highlanders and the FROSouthwestPacific lineage. The max 

residual |Z| = 9.889 for this graph. C) Palau was modeled as a mixture of ancestry related to New Guinea Highlanders and the FROMarianas 

lineage. The max residual |Z| = 29.350 for this graph. D) Palau was modeled as a mixture of ancestry related to New Guinea Highlanders 

and the ancestral lineage of the Latte groups. The max residual |Z| = 26.396 for this graph. E) to G) Alternative models for the FROPalau 

lineage to fit present-day Palau. All three models in E) to G) cannot fit the data, with the max residual |Z| equal to 8.395, 8.395, and 

8.159, respectively. All of these models were constructed based on the autosomal intersection between the 1240K and the MEGA array 

after removing sites in CpG dinucleotides (~169,000 SNPs). Branch lengths in each figure were shown in units of average squared allele 

frequency divergence (multiplied by 1000, rounded to the nearest integer). 

  



 

Fig. S14. Fitting Manus from the Admiralty Islands. All of these models were constructed on the autosomal intersection between the 

1240K and the MEGA array after removing sites in the CpG dinucleotides (~169,000 SNPs). Branch lengths were shown in units of 

average squared allele frequency divergence (multiplied by 1000, rounded to the nearest integer). We modeled Manus as a mixture of 

PapuanNewGuinea and the FROSouthwestPacific lineage. Late prehistoric Pohnpei (A) and present-day Palau (B) could be modeled using Manus 

as a representative population as well. The max residuals were |Z| = 2.974 and 2.979 for graphs A and B, respectively. 

  



 

Fig. S15. Fitting Present-day Chuuk and Pohnpei. All models constructed using the overlap of autosomal sites between 1240K sites 

and the MEGA array after removing the sites in CpG dinucleotides (~169,000 SNPs). Branch lengths are shown in units of average 

squared allele frequency divergence (multiplied by 1000, rounded to the nearest integer). (A) Model for present-day Chuuk and Pohnpei. 

The Papuan ancestry of present-day Chuuk and Pohnpei could be modeled using a source related New Guinea Highlanders, and the East 

Asian ancestry could be modeled using a source related to the FROSouthwestPacific lineage. The max residual |Z| = 1.287 for this graph. (B) 

Alternative model for present-day Pohnpei and Chuuk involving Manus. The Papuan ancestry of present-day Pohnpei and Chuuk could 

be instead modeled using a source related to Manus. The maximum residual |Z| is 2.534 for this graph. (C) Alternative model for present-

day Pohnpei and Chuuk involving Lapita. The maximum residual |Z| is 3.288 for this graph (see Supplementary Text S5).  



 



Fig. S16. Simulations Establishing the Statistical Significance of the Signal of Matrilocality in Early Remote Oceanians. 

Simulations were performed under the Wright-Fisher genetic drift model. Ancestral effective population sizes of the Lapita and the Unai 

populations were computed based on autosomal FST, and the assumption of 36 generations since divergence for Lapita individuals, 54 

generations since divergence for Unai individuals, and 28 years per generation. (A) Assumed phylogeny among Iron Age indigenous 

Taiwanese (~2000 BP), Unai Guam (~2500 BP), and Lapita (~3000 BP) individuals. (B) Simulated mitochondrial haplogroup 

distribution of Unai Guam (N = 9, FROMarianas), based on assuming that the divergence time between Lapita and Unai populations was 

~4000 BP. The number above each column is the frequency of the mitochondrial haplogroup in the last generation after running 

1,000,000 simulations. (C) Simulated mitochondrial haplogroup distribution of Lapita (N = 7, FROSouthwestPacific) under the assumption 

of identical male and female demography, assuming the divergence time between Lapita and Unai populations was ~4000 BP. The 

number above each column is the frequency of the mitochondrial haplogroup in the last generation after running 1,000,000 simulations. 

(D) Simulations of differential pairs of maternal Ne and corresponding empirical P-values for seeing complete macrohaplogroup 

dissociation as is observed empirically. 

  



 



Fig. S17. Distribution of Burials at Naton (Guam) and Anaguan (Saipan). a) spatial distribution of all Naton burials, Unai (blue) 

and Latte (red). b-d) Spatial distribution burial locations of seven Naton Latte families, with labels of relationships for first-degree 

relative pairs within these families. e) left, spatial distribution of Latte burials at Anaguan within original excavation grid showing 

number of burials by 10m² grid square; right, excavation grid with colored grid squares that contained individuals in Families A-F; gray 

squares mark presence of burials not analyzed in this project or that did not yield sufficient DNA. Base maps courtesy SWCA 

Environmental Consultants, Guam, and Scientific Consultants Services, Inc., Honolulu, Hawaiʻi. 

 



 

 



Fig. S18. f4-Regression Analysis Testing for Allele Sharing with Unai Guam and Kankanaey 

Igorot. The statistic f4(X, New Guinea Highlanders; Kankanaey Igorot, Australian) was the 

independent variable (x-axis, higher values indicate more East Asian ancestry). The statistic f4(X, 

New Guinea Highlanders; Unai Guam, Kankanaey Igorot) (y-axis; higher values indicate greater 

allele-sharing with Unai individuals from Guam, and lower values indicate greater allele-sharing 

with Kankanaey) was plotted against the independent variable. The linear regression model was 

computed using present-day Oceanian groups except Micronesians. Error bars show one standard 

error in each direction along y-axis. (A) computed on the HO dataset (~397,000 autosomal SNPs); 

(B) computed on the intersection between the 1240K panel and the MEGA array (~169,000 

autosomal SNPs). The present-day Micronesian individual Jk2822 showed a significant excess of 

allele-sharing with the Kankanaey Igorot, plausibly indicating an additional migration from 

Southeast Asia to Micronesia that brought another type of Southeast Asian-related ancestry into 

Micronesia different from that related to the Lapita and Unai individuals. 

  



 

 

Fig. S19. Neighbor-Joining Tree of FRO and Latte Groups. We computed the statistic f3(X1, 

X2; Mbuti), where X1 and X2 were the Latte individuals from Guam and Saipan, the Lapita 

individuals from Vanuatu (merged as one group) and Tonga (merged as one group), the Unai 

individuals from the Naton Beach site on Guam (merged as one group), Kankanaey Igorot (merged 

as one group), and Aboriginal Australians (merged as one group). We reconstructed a phylogenetic 

tree based on the genetic distance matrix transferred from outgroup f3-statistics, using the 

reciprocal of the statistic as the genetic distance.  

  



 

Fig. S20. Genetic Clustering of Present-day Micronesians Genotyped on the Human Origins 

Array. The upper triangular matrix displays -log10P of pairwise qpWave modeling (-

log10(0.05)≈1.30) for ten present-day Micronesian individuals, with twelve outgroups: Aboriginal 

Australian (deeply Papuan-related), French (western Eurasian), Pima (Native American), Onge 

(deep eastern Eurasian), Japanese (Northern East Asian), Dai (Southern East Asian), Ami 

(indigenous Taiwanese), Kankanaey Igorot (indigenous people in the Philippines), New Guinea 

Highlanders (Papuan lineage in mainland New Guinea), Nasioi (Papuan lineage in the Solomon 

Islands), Baining (Papuan lineage in the Bismarck Archipelago), Tongan (Polynesians). The lower 

triangular matrix reports the pairwise autosomal FST with one standard error. 

  



 

 

Fig. S21. In-depth Curations for Unai Samples. We computed the statistic f4(X, Y; CDX.SG, 

GBR.SG) to identify outliers for each group, where X were the individuals labeled in the X axis, 

and Y were the individuals labeled in the Y axis. We indentified one individual as an outlier if a 

large fraction of statistics containing this individual within a group consistently yielded |Z| > 2. 

Here, there is evidence that I18498 was probably an outlier compared to other Unai individuals. 

  



 

Fig. S22. Locations of Study Sites on Guam. (A) Location of the Naton site and Haputo sites on 

Guam. (B) Zoom-in map for the Naton site. The Naton Beach Site is situated in Gogna Cove at 

the north end of Tumon Bay, where a limestone headland juts into the sea, forming the northern 

terminus of the Tumon embayment. Protected bays were preferred settlement sites throughout the 

Mariana prehistory. (C) Zoom-in map for the Haputo site based on 1975 USGS Ritidian 

Quadrangle map, 1:24,000 (courtesy R. Olmo). Haputo Bay on Guam's northwest coast. 

  



 

Fig. S23. Schematic map for the Mariana Islands and the Anaguan Site in Garapan on 

Saipan. (A) Map of the Mariana Islands. (B) Zoom-in map for Saipan and the location of the 

Garapan site. (C) Zoom-in map for the Garapan site based on the 1983 USGS Saipan map. 
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