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Abstract 41 

The settlement of Sahul, the lost continent of Oceania, remains one of the most ancient and 42 

debated human migrations. Modern New Guineans inherited a unique genetic diversity 43 

tracing back 50,000 years, and yet there is currently no model reconstructing their past 44 

population dynamics. We generated 58 new whole genome sequences from Papua New 45 

Guinea, filling geographical gaps in previous sampling, specifically to address alternative 46 

scenarios of the initial migration to Sahul and the settlement of New Guinea. Here, we 47 

present the first genomic models for the settlement of northeast Sahul considering one or 48 

two migrations from Wallacea. Both models fit our dataset, reinforcing the idea that 49 

ancestral groups to New Guinean and Indigenous Australians split early, potentially during 50 

their migration in Wallacea where the northern route could have been favored. The earliest 51 

period of human presence in Sahul was an era of interactions and gene flow between 52 

related but already differentiated groups, from whom all modern New Guineans, Bismarck 53 

islanders and Indigenous Australians descend. The settlement of New Guinea was probably 54 

initiated from its southeast region, where the oldest archaeological sites have been found. 55 

This was followed by two migrations into the south and north lowlands that ultimately 56 

reached the west and east highlands. We also identify ancient gene flows between 57 

populations in New Guinea, Australia, East Indonesia and the Bismarck Archipelago, 58 

emphasizing the fact that the anthropological landscape during the early period of Sahul 59 

settlement was highly dynamic rather than the traditional view of extensive isolation. 60 

  61 
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New Guineans are descendants of one of the most exceptional and ancient migrations in 62 

human history, but the nature of their initial settlement of New Guinea is still veiled in 63 

mystery (Allen and O'Connell 2020). When modern human first arrived in Southeast Asia 50-64 

70thousand years ago (kya)(Westaway, et al. 2017), the lower sea level during a colder 65 

climate caused two gigantic ancient continents to emerge: Sunda joined many current 66 

southeast Asian islands with mainland Asia, while Australia and New Guinea formed a single 67 

landmass called Sahul. These vast territories were separated by a substantial water crossing, 68 

Wallacea, containing a scattering of small islands and creating the major ecological barrier 69 

known as the Wallace line (Wallace 1869).  70 

The first anatomically modern humans to cross from Sunda to Sahul numbered probably no 71 

more than a few hundred, but migration through the Wallacean islands was nonetheless 72 

likely a deliberate effort (Bird, et al. 2019; Bradshaw, et al. 2019). Several initial settlement 73 

paths are possible based on paleogeological reconstructions: a northern route through what 74 

today are the Maluku islands (Kealy, et al. 2018; Norman, et al. 2018), and a southern route 75 

through Flores and Timor (Birdsell 1977; Norman, et al. 2018). Although not mutually 76 

exclusive, for decades the consensus has been that a single migration from Sunda to Sahul 77 

created the entire biological diversity of both New Guineans and Indigenous Australians 78 

today (Malaspinas, et al. 2016; O'Connell, et al. 2018). Both populations have unique 79 

genomic diversities marked by their high percentage of genetic inheritance coming from 80 

Denisovans (3-3.5%) (Jacobs, et al. 2019; Reich, et al. 2011; Sankararaman, et al. 2016; 81 

Vernot, et al. 2016). However, recent studies now suggest that the arrival of just one human 82 

group is unlikely to be sufficient to explain the deep genetic diversity still observed in this 83 

region (Allen and O'Connell 2020; Pedro, et al. 2020). In part, this argument draws from the 84 

uniparental genetic markers found in New Guineans and Indigenous Australians. While both 85 

populations undoubtedly share a common maternal genetic ancestry, marked by the 86 

presence of haplogroups M*,N* and R*, the diversity of their respective mitochondrial DNA 87 

(mtDNA) sub-haplogroups indicate stark genetic differences (Redd and Stoneking 1999). 88 

Most mtDNA sub-haplogroups are exclusive to either New Guinea (e.g., P1, P2, P4a, M27, 89 

M28, Q*)(Pedro, et al. 2020) or Australia (e.g., P8, P4b, M42, S*)(Tobler, et al. 2017), in 90 

agreement with local evolution of some of these region-specific haplogroups. Coalescence 91 

dates between Australian and New Guinean maternal lineages suggest a split at the time of 92 

the initial settlement of Sahul (Tobler, et al. 2017), or potentially before, as shown by the 93 
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coalescence dates of P2’P8’P10 (49kya), P4 (50kya) (Pedro, et al. 2020). Similar patterns are 94 

observed for paternal genetic lineages on the Y chromosome (Bergstrom, et al. 2016; Nagle, 95 

et al. 2016). Such different uniparental genetic patterns suggest that either New Guineans 96 

and Indigenous Australians separated very early after the initial migration to Sahul and that 97 

uniparental lineages segregated accordingly, or that both populations descend from two 98 

initially separate migrations (Redd and Stoneking 1999), perhaps at different times as 99 

suggested by some archaeological records (Clarkson, et al. 2017).  100 

Once in Sahul, modern human dispersals within what is now the island of New Guinea began 101 

by at least 49kya (Summerhayes, et al. 2010). Given the paucity of archaeological records, 102 

how New Guinea was settled remains poorly resolved. Of particular note, the initial entry 103 

point into New Guinea has proven particularly difficult to locate, leading to alternative 104 

hypotheses of migration via the New Guinean north coast, through the mountainous 105 

highlands, along the southern foothills, or even further south via a vast plain that is now 106 

submerged and forms the Arafura Sea (Summerhayes, et al. 2017). Archaeological records 107 

perhaps favor the Arafura plain pathway, since the oldest known archaeological sites in New 108 

Guinea are located in its southeast region. The suggestion is that even earlier sites, marking 109 

those first movements, now lie flooded under the Arafura Sea (Summerhayes, et al. 2017). 110 

Nevertheless, the alternative hypotheses remain feasible. Although the highlands were not 111 

hospitable during the Upper Pleistocene, long-term human presence is attested there from 112 

at least 25kya(Summerhayes, et al. 2017).Major rivers carved into the New Guinean geology 113 

may have formed early natural corridors during initial settlement, allowing human mobility 114 

as they still do along the Markham and Ramu Rivers in the northeast, the Fly River in the 115 

south and the Sepik River in the north (Pawley 2005). The Sepik route has been supported by 116 

close genetic relationships between modern New Guinea highlanders and lowland groups 117 

from the Sepik region, but this association may date to a later time period (Bergstrom, et al. 118 

2017).  119 

After the initial settlement of New Guinea, independent development of agricultural 120 

practices in New Guinea between 10-7 kya led to a unique Neolithic revolution (Denham, et 121 

al. 2003; Golson, et al. 2017), driving demographic expansion in the highlands that heavily 122 

impacted the genetic and linguistic diversity of these populations (Bergstrom, et al. 2017; 123 

Greenhill 2015; Reesink, et al. 2009). By the time Austronesian settlers arrived around 3kya 124 
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(Bellwood 2007; Lipson, et al. 2014), New Guineans had already developed a complex 125 

network of diverse cultures (Pawley 2005). 126 

Given its extraordinary diversity today, comparable to large continental areas elsewhere, the 127 

genetics of New Guinean populations are poorly explored, and scenarios of initial and post-128 

settlement movements are lacking. We have therefore generated 58 high quality whole 129 

genome sequences (WGS) from Papua New Guinean individuals (Supplementary table 1). 130 

Coupling these with a dataset of 905 genomes from diverse human groups, but particularly 131 

individuals from neighboring Indonesia and Australia (Supplementary table 2), we 132 

reconstruct the key genetic events during the Upper Pleistocene that led to the settlement 133 

of New Guinea. Our two primary questions are: was the migration to Sahul conducted by 134 

one or several human groups, and what migratory routes did they take? And how did New 135 

Guineans subsequently settle the diverse environments of the modern island, and what 136 

were the dynamics of this settlement? 137 

 138 

Results  139 

Samples and diversity 140 

Fifty-eight Papua New Guinean participants were included in this study to increase the 141 

geographical coverage of New Guinea, especially in the southern regions underrepresented 142 

in published whole genome datasets (Supplementary figure 1 and supplementary table 1). 143 

Whole genome sequencing data were obtained at an average depth of 36x, characterized for 144 

41,250,479 SNPs. Uniparental haplogroups were obtained from mitochondrial DNA and Y 145 

chromosome data (Supplementary table 1). New Guinean mitochondrial DNA diversity was 146 

previously described (Pedro, et al. 2020), showing mostly haplogroups specific to the region 147 

(Q*:38%; P*:29%) as well as the presence of haplogroups frequent in Austronesian 148 

populations (B4a1a1:20%). New Guinean Y chromosome diversity is dominated by M1 (39%) 149 

and S* (18%) haplogroups frequent in the region, and haplogroups of Austronesian origin 150 

(O1:14%) as previously described (Karafet, et al. 2010; Mona, et al. 2007). Autosomal data 151 

were combined with published genomes, notably from Indonesia including the western half 152 

of New Guinea Island)(Jacobs, et al. 2019), northeast Australia (Mallick, et al. 2016) and the 153 

Bismarck Archipelago (Vernot, et al. 2016), and with genotyping data from North Maluku 154 

(Kusuma, et al. 2017) and imputed genotyping data from Papua New Guinea (Bergstrom, et 155 

al. 2017), resulting in a dataset of 966 individuals (including genomes from Denisovan, 156 
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Neandertal and Chimpanzee, Supplementary table 2). By increasing the number of New 157 

Guinean whole genome sequencing data as well as the geographic resolution of New 158 

Guinean genetic diversity, we created a high quality dataset (e.g., with good phasing 159 

(Delaneau, et al. 2012) and imputation (Howie, et al. 2009)), thus allowing us to perform 160 

fine-scale demographic analyses. 161 

 162 

Characterization of genetic structure 163 

We analyzed genetic patterns in individuals from New Guinea, northeast Australia, the 164 

Bismarck Archipelago and Wallacea to identify key regional genetic groups. A coancestry 165 

matrix was built by scanning each pair of genomes to detect Identity-By-Descent (IBD) 166 

fragments using fineSTRUCTURE (Lawson, et al. 2012)(Supplementary Fig. 2). Most genomes 167 

clustered according to their respective geographical locations, defining 15 regional groups, 168 

including seven regional groups from the Wallacea/Sahul region: New Guinean southeast 169 

lowlands, New Guinean north and south lowlands, New Guinean east highlands, New 170 

Guinean west highlands, northeast Australia, the Bismarck Archipelago, and Wallacea. Of 171 

these seven regional groups of interest, we also characterized 58 subgroups based on the 172 

fineSTRUCTURE dendrogram (Fig. 1A and Supplementary table 2). Each of these 58 173 

subgroups defines a ‘population’ based on genetic similarity (Lawson and Falush 2012), a 174 

definition that can differ from a linguistic or anthropological perspective but which is more 175 

accurate regarding the analyses performed in our work. 176 

As previously described (Bergstrom, et al. 2017; Hudjashov, et al. 2017), recent gene flow 177 

from Asian groups, mostly linked to the Austronesian dispersal ~3kya, has substantially 178 

impacted regional genetic diversity. Since our study focused on Upper Pleistocene 179 

movements, we decided to mask this later Asian genetic ancestry using haplotypic 180 

information with PCAdmix (Brisbin, et al. 2012). Principal Component Analysis (PCA) shows 181 

that this procedure was efficient; prior to masking the Asian genetic ancestry, all genomes 182 

from New Guinea, Wallacea, northeast Australia and the Bismarck Archipelago were spread 183 

along the first principal component towards Asian genomes, while after masking, these 184 

genomes instead clustered together (Supplementary Fig. 3). The dataset was also analyzed 185 

using ADMIXTURE prior and after the masking of Asian tracks (Supplementary figure 4). 186 

Asian genetic ancestry is present at an average of 22.7% in New Guinean lowlands, the 187 

Bismarck Archipelago, Wallacea and northeast Australia. It ranges between 0% and 62.1% in 188 
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individuals from New Guinean lowlands, but absent in New Guinean highlanders, as 189 

previously reported (Bergstrom, et al. 2017), and between 0% and 49.2% in individuals from 190 

the Bismarck Archipelago, between 38.8% and 63.7% in individuals from Wallacea and 191 

between 8.1% and 12.1% in individuals northeast Australia, as previously reported 192 

(Hudjashov, et al. 2017; Mallick, et al. 2016) (Supplementary figure 4). After the masking, the 193 

average Asian genetic ancestry is greatly reduced (Supplementary figure 4), which allows us 194 

to infer demographic scenarios that are not strongly biased by recent Asian genetic 195 

admixture. 196 

We first described the masked dataset using a PCA focused on individuals in the 7 regional 197 

groups of interest (Fig. 1B). All genomes from the same geographical regions are grouped 198 

together in distinctive clusters. Clusters of New Guinean lowlanders, Wallacean islanders and 199 

northeast Indigenous Australians fall relatively close together. New Guinean highlanders, 200 

especially individuals from the New Guinean east highlands, are separated on the second 201 

principal component. Individuals from the Bismarck Archipelago form two clusters separated 202 

by both main components. This apparent genetic structure coincides with FST genetic 203 

distances (Supplementary Fig. 5). The genetic diversity of the Bismarck Archipelago is 204 

particularly differentiated from other New Guineans, Wallaceans and northeast Indigenous 205 

Australians (0.18<FST<0.29; Supplementary Fig. 5). Within New Guinea, larger genetic 206 

distances are found between New Guinean lowlanders and highlanders (0.05<FST<0.18; 207 

Supplementary Fig. 5) than between any other New Guinean sub-groups, as previously 208 

reported (Bergstrom, et al. 2017). Wallaceans are genetically closer to New Guineans 209 

(0.04<FST<0.26) than to Bismarck Islanders or northeast Indigenous Australians 210 

(0.06<FST<0.318). We further confirm this geographical structure using EEMS (Petkova, et al. 211 

2016), which places the biggest genetic barriers between the Bismarck Archipelago and New 212 

Guinea, between the New Guinean lowlands and highlands, as previously noted (Bergstrom, 213 

et al. 2017), and between northeast Australia and New Guinea (Supplementary Fig. 6). We 214 

do not detect any strong genetic barriers in Wallacea.  215 

All of these analyses clearly show that there is strong geographical structure of human 216 

genetic diversity in Sahul today. However, surprisingly, it also reveals a relative genetic 217 

continuity between New Guinea and Wallacea, suggesting that Wallacea might have 218 

represented less of a barrier to humans than other floral and faunal species. 219 

 220 
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Identification of gene flow 221 

We analyzed the genetic diversity of our dataset to identify possible connections between 222 

each individual in the seven regional groups from New Guinea, northeast Australia, the 223 

Bismarck Archipelago and Wallacea using ADMIXTURE(Alexander, et al. 2009). The genetic 224 

diversity in our dataset is best deconstructed into eight genetic components (Supplementary 225 

Fig. 7-9), four of which are dominated by New Guinean, northeast Indigenous Australian, 226 

Bismarck Archipelago and Wallacean groups (Fig.1C and Supplementary Fig.9). This strong 227 

genetic structure is confirmed by the genetic ancestries defined in New Guinean east and 228 

west highlanders as well as in the Bismarck Archipelago (red, orange and purple components 229 

respectively). The fourth genetic component (yellow) is more widespread, as it is present in 230 

individuals from Wallacea, the New Guinean lowlands, northeast Australia and the Bismarck 231 

Archipelago. It is the main component in Wallacea and New Guinea, and reaches its highest 232 

value in the southeast region (31-63%; Fig. 2A, Supplementary Fig.7 and 9). 233 

To determine the history of regional mixing, population splits and admixture events were 234 

estimated without a priori assumptions with TREEMIX (Pickrell and Pritchard 2012)(Fig. 1D 235 

and Supplementary Fig. 10). An optimal model is obtained including five gene flows, one of 236 

which is in the Wallacea/Sahul region: from ancestors of northeast Indigenous Australians to 237 

a group ancestral to most Bismarck Archipelago islanders (Fig. 1D and Supplementary Fig. 238 

10). This may partly explain the shared genetic ancestry observed in the ADMIXTURE plot 239 

(purple, Fig. 1C). 240 

The limited number of admixture events is confirmed by f3-statistics performed between all 241 

pairs of the 58 sub-groups (Patterson, et al. 2012). Only seven genetic admixture events are 242 

detected (Supplementary table 3), four of which show multiples waves of admixture. For all 243 

of these gene flows, we estimated the dates of the admixture events using MALDER (Loh, et 244 

al. 2013). Gene flows are detected between sub-groups of New Guinean west highlands, 245 

mostly between 9.9-11.9kya (Supplementary table 3). Multiple gene flow events between 246 

New Guinean east highlanders and New Guinean sub-groups from the south lowlands 247 

occurred between 25.4-30.2kya and 2.6-4.1kya. During the same two time frames, we also 248 

observe gene flows between a New Guinean sub-group from the south lowlands and a 249 

Wallacean sub-group from the Lesser Sunda Islands (Supplementary table 3). Although 250 

limited in number, these gene flows occurred at different time frames spanning several 251 
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millennia, indicative of a population dynamics model involving multiple periods of isolation 252 

and contact. 253 

 254 

Modeling the genetic scenario of the migration in Wallacea 255 

Our analyses show that New Guinean groups appear to be more closely related to 256 

populations in Wallacea than to groups in northeast Australia and the Bismarck Archipelago 257 

(Fig.1D and Supplementary Fig.5). Since human populations settled Sahul from Sunda 258 

through Wallacea (Allen and O'Connell 2020), we expected that genetic diversity from New 259 

Guinea, northeast Australia and the Bismarck Archipelago would branch from the diversity of 260 

Wallacean sub-groups. This highest genetic affinity between New Guineans and Wallaceans 261 

could be due to ancient gene flow between these populations (Supplementary table 3), or to 262 

a genetic divergence between northeast Indigenous Australians and Wallaceans prior to the 263 

genetic divergence between New Guineans and Wallaceans (Fig. 1D). We therefore explored 264 

different scenarios that could have led to the observed genetic patterns.  265 

We first sought to identify the most likely route taken by the first settlers of Sahul. We used 266 

an f3-outgroup approach to compare the genetic diversity present in New Guinean, 267 

northeast Indigenous Australian and Bismarck Archipelago islander sub-groups to each 268 

Wallacean sub-group, using African Yoruba as an outgroup (Supplementary Fig. 11). All sub-269 

groups from New Guinea, northeast Australia and the Bismarck Archipelago have f3-270 

statistics values equally distant to all Wallacean sub-groups located on the possible southern 271 

route to Sahul (Lesser Sunda Islands and Flores Island)(Supplementary Fig. 11A-C). However, 272 

when we included a sub-group located on the northern route (North Maluku islands, Kei 273 

Island), we detected a stronger genetic link with all studied sub-groups (Supplementary Fig. 274 

11D-F). Most populations from New Guinea and the Bismarck Archipelago are significantly 275 

genetically closer to the population from North Maluku using f4-statistics 276 

(f4(Yoruba,X;Lesser Sunda Islands, North Maluku)>0.001, Z-score>3, Supplementary Fig. 12). 277 

We found higher f3-statistics and more significant f4-statistics values for New Guinean sub-278 

groups with North Maluku than for sub-groups from the Bismarck Archipelago and northeast 279 

Australia (Fig. 2A and Supplementary Fig. 12). This suggests that the ancestors of New 280 

Guineans, Bismarck Archipelago islanders and northeast Indigenous Australians are all more 281 

closely related to North Maluku islanders than to groups from Lesser Sunda islands or Flores 282 

Island, and that this link is probably more important in New Guineans. This analysis supports 283 
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two non-exclusive hypotheses: (i) the northern route as the most likely path for the initial 284 

settlement of Sahul, (ii) secondary gene flows between groups of North Maluku and New 285 

Guinea, the Bismarck Archipelago and northeast Australia. 286 

We modeled these hypotheses using qpGraph (Patterson, et al. 2012). For completeness, we 287 

tested several models that consider migrations from Sunda to Sahul along either the 288 

southern route (represented by the Lesser Sunda Islands) or the northern route 289 

(represented by the North Maluku Islands) (Supplementary Fig. 13), as well as different 290 

possibilities of admixture between Wallacean and New Guinean groups as suggested by our 291 

other analyses (Fig. 1C, Supplementary Fig. 6, Supplementary table 3). Since our analyses 292 

suggested that Wallaceans share a closer genetic link with New Guineans than northeast 293 

Indigenous Australians (Fig. 1D and 2A, Supplementary Fig. 6), we decided to model 294 

demographic scenarios with one or two migrations from Sunda to Sahul. Considering one 295 

migration from Sunda to Sahul, meaning that both New Guineans and Indigenous Australians 296 

share a common ancestor more recently than with Wallaceans, we obtained one model 297 

fitting the data (Z=-2.558, Figure 2B and Supplementary Fig. 13). It describes a common 298 

ancestry to both New Guineans and Indigenous Australians, after the split from Wallaceans, 299 

followed by major secondary gene flows from New Guinea to Wallacea (between 61-79%, 300 

Figure 2B and Supplementary Fig. 13). In this model no preferable route in Wallacea can be 301 

distinguished. We then tested models considering two migrations from Sunda to Sahul, in 302 

which northeast Indigenous Australians and New Guineans descended separately from 303 

groups moving along the northern or southern routes (Supplementary Fig. 14). We obtained 304 

one significant model: two migrations to Sahul, including one via the northern route, an 305 

admixture event between the ancestors of New Guineans and northeast Indigenous 306 

Australians, and a subsequent gene flow from ancestral groups from New Guinea to North 307 

Maluku (52%, Z = 2.337, Supplementary Fig. 14). In this model the ancestral group to New 308 

Guineans is related to the northern route, via North Maluku, but no route can be proposed 309 

for the ancestral Indigenous Australian group. Our qpGraph analyses thus support both 310 

models of migrations from Sunda to Sahul, with one or two migrations, followed by high 311 

secondary gene flows from New Guinea to Wallacea.  312 

 313 

Modeling the genetic scenario of the settlement of Sahul 314 
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We refined our models to include a group from the Bismarck Archipelago (represented by 315 

New Britain), considering it either to be a sister group to New Guineans or the result of a 316 

separate admixture event with ancestral northeast Indigenous Australians (Supplementary 317 

Fig. 15), as suggested by other analyses (Fig. 1D). For both models, with one or two 318 

migrations to Sahul, we obtained models fitting the data when the Bismarck Archipelago 319 

group results from a separate admixture event between ancestral New Guineans and 320 

northeast Indigenous Australians (One migration: Z = -2.570, Two migrations: Z = 2.301, Fig. 321 

2B and Supplementary Fig. 15). This corresponds to the gene flow observed between an 322 

ancestral Indigenous Australian group and ancestral Bismarck Archipelago group detected by 323 

TREEMIX (Fig. 1D).  324 

We added further detail to this scenario by reconstructing the effective population sizes of 325 

these groups, and estimating divergence dates between all studied groups using 326 

MSMC2(Schiffels and Durbin 2014). Since archaic admixture can be a confounding factor in 327 

these analyses (Mallick, et al. 2016), we masked both Neandertal and Denisovan genomic 328 

tracks using ChromoPainter (Lawson, et al. 2012). The archaic genetic ancestry in the newly 329 

sequenced genomes ranges between 1.8% and 2.8% of Denisovan ancestry and ranges 330 

between 2.3% and 2.5% of Neandertal ancestry, corresponding to previous estimations 331 

(Jacobs, et al. 2019; Vernot, et al. 2016). All estimated effective population size curves show 332 

a bottleneck around 60-70 kya, as found for European and Asian populations 333 

(Supplementary Fig. 16). Around 50kya, estimated effective population sizes for populations 334 

from Wallacea and Sahul are between 1671-2100 individuals, and between 2540-2999 335 

individuals in Eurasia and 9506 individuals in Africa. All divergence dates for Wallacea/Sahul 336 

groups from Africa, represented by Yoruba genomes, show similar results (74 ± 4.2kya, 337 

Supplementary Fig. 17). We note here that this date is older than that obtained between 338 

Eurasian and African genomes (66.5±3.7kya), a result previously reported and interpreted as 339 

a potential methodological bias or the signal of an even earlier human migration from Africa 340 

(Bergstrom, et al. 2017; Malaspinas, et al. 2016; Mallick, et al. 2016; Pagani, et al. 2016). We 341 

cannot confirm any of these interpretations but the similar dates of cross-coalescence with 342 

African genomes and the similar profiles of effective population size curves clearly show that 343 

all genomes from Wallacea, New Guinea, northeast Australia and the Bismarck Archipelago 344 

descend from a common ancestor, probably located in Sunda, as represented by our 345 

TREEMIX analysis (Fig. 1D).  346 
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We then estimated divergence dates between each of the studied groups (Fig. 2C). Genomes 347 

from New Guinean and Wallacean groups diverged between 23.7-26.7kya. Groups from New 348 

Guinea and the Bismarck Archipelago show genetic divergence between 17.5-19.8kya. 349 

Genomes of New Guineans diverged from the genomes of northeast Indigenous Australians 350 

between 13.5-15.3kya. We found that genomes from northeast Indigenous Australians 351 

diverged from the genomes of Wallaceans 13.3-15.2kya, and from genomes of Bismarck 352 

Archipelago islanders between 15.2-17.3kya. We caution that these analyses are sensitive to 353 

recent admixture events, and the masking of Asian genomic tracks reduces the amount of 354 

data to accurately estimate divergence dates. It likely affected results on Wallacean 355 

genomes for which the masked Asian genetic data were large (>50%). Moreover, the limited 356 

number of Indigenous Australian genomes likely resulted in an insufficient phasing quality 357 

for the two available genomes which could strongly affect MSMC2 analyses, as previously 358 

noted (Malaspinas, et al. 2016). A previous study on Indigenous Australians genomes 359 

(Malaspinas, et al. 2016)(not available for this study) found that all Indigenous Australians 360 

groups diverged from each other around 25kya, according to MSMC2 analyses, and from 361 

New Guinean highlanders around 30-40kya. Our estimation of the divergence between 362 

Indigenous Australians and New Guinean is even more recent, potentially caused by the 363 

identified gene flow between groups of northeast Australia and the Bismarck Archipelago 364 

(Fig. 1D). Although these dates cannot be interpreted as being part of the initial migration to 365 

Sahul, they strongly indicate long-term contacts between all of these groups, as seen in our 366 

models. The population dynamics between ancestral groups was probably important, over 367 

long distances and periods of time, leading to the emergence of modern populations like 368 

New Guineans. 369 

 370 

Modeling the genetic scenario of the settlement of New Guinea 371 

Our TREEMIX analysis show that New Guinean sub-groups branch together. The root of the 372 

tree lies in the genetic diversity present today in New Guinean southeast lowlanders (Fig. 373 

1D). This result reflects the ADMIXTURE analysis, which shows that the main genetic 374 

component in Wallacea is also the main component in southeast New Guinea, reinforcing 375 

the hypothesis of an ancient link (yellow component, Fig. 1C and Supplementary Fig. 9). 376 

Subsequently, sub-groups from the New Guinean north and south lowlands form two 377 

different genetic clusters that are genetically drifted from the New Guinean southeast 378 
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lowlanders (Fig. 1D). This suggests that both clusters emerged from two separate migrations, 379 

south and north, initiated from the southeast New Guinean region. We modeled the 380 

settlement of New Guinea based on our results showing that most of New Guinean genetic 381 

diversity could be described by genetic drift with limited occurrences of gene flows (Fig. 1D 382 

and Supplementary table 3). We used qpGraph to determine the best scenario fitting data 383 

from the five New Guinean groups (southeast lowlanders, south lowlanders, north 384 

lowlanders, east highlanders and west highlanders) and one African outgroup (Yoruba). First 385 

we modeled the most probable entry point into New Guinea, considering possible 386 

migrations from the north lowlands, the south lowlands and the southeast lowlands, with or 387 

without admixture events (Supplementary Fig. 18). One model is significant (Z-score = -0.06); 388 

this places southeast lowlands as the most likely entry point but only if there is a secondary 389 

admixture event with ancestral New Guinean north lowlanders (Supplementary Fig. 18). This 390 

model corresponds with results from other analyses, which positions the New Guinean 391 

southeast group at the root of the New Guinean diversity (Fig. 1D).  392 

Highlanders are the last to branch off in our TREEMIX analysis (Fig. 1D). Our analyses showed 393 

that New Guinean west and east highlanders form two clearly separated clusters (Fig. 1A and 394 

1B, Supplementary Fig. 2 and 5), and that both New Guinean highlander groups drifted from 395 

New Guinean lowlanders located in the southern region (Fig. 1D). We first added a New 396 

Guinean east highlander group to model dispersal in the highlands from the north, south or 397 

southeast lowlands; using qpGraph (Supplementary fig. 19). The model best fitting the data 398 

connects New Guinean east highlanders to a branch leading to the New Guinean north 399 

lowlanders (Z-score=-0.068, Supplementary Fig. 19). Finally we added a New Guinean west 400 

highlander group, defined as a sister group to New Guinean east highlanders or coming from 401 

a second migration from the lowlands (Supplementary Fig. 20). The best model places New 402 

Guinean west highlanders with New Guinean south lowlanders (Z-score=2.759, 403 

Supplementary Fig. 20). This branching describes two separate migrations leading to the 404 

genetic diversity observed in New Guinean east and west highlanders, which would explain 405 

the stark genetic difference observed in other analyses (Fig. 1B and 1C). However we note 406 

here that it could appear to be in contrast to the TREEMIX analysis which showed the New 407 

Guinean east highlanders branched with some PNG South lowlands groups (Fig.1D). In 408 

particular these South lowlands groups (PNG South lowlands subgroups 39 and 40, Fig.1D) 409 

are geographically located close to North lowlands groups. We computed an f3-outgroup 410 
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analysis to further explore the connection between PNG highlanders and lowlanders. It 411 

confirmed the closer link between PNG West highlanders and PNG South lowlanders but also 412 

showed that PNG East highlanders are almost genetically equidistant to both PNG North and 413 

South lowlanders, although still more closely related to PNG South highlanders 414 

(Supplementary figure 21). Based on our results, we postulate that PNG east highlanders 415 

came from a place intermediate to both South and North lowlanders, potentially in the 416 

current Morobe province. The qpGraph model also supports a secondary admixture event 417 

between New Guinean west highlanders and north lowlanders (Fig. 3A and Supplementary 418 

figure 20), which could explain the presence of the main New Guinean west highlanders 419 

genetic component in many lowlanders (Fig. 1C) as well as previous reports on the link 420 

between PNG north lowlanders and PNG highlanders (Bergstrom, et al. 2017). This final 421 

model identifies the southeast lowlands as the entry point into New Guinea, followed by two 422 

migrations to the south and north lowlands, which in turn led to the independent 423 

settlements of the east and west highlands.  424 

Given this scenario, we estimated divergence dates between each New Guinean group of 425 

interest using MSMC2 (Fig. 3B). Divergence dates between New Guinean lowlanders and 426 

New Guinean highlanders ranged between 8.8-12.8kya, which broadly correspond to 427 

previous estimations (12-16kya)(Bergstrom, et al. 2017). West and east New Guinean 428 

highlander groups diverged between 7.6-8.8kya, similarly to previously reported (6-429 

12kya)(Bergstrom, et al. 2017). These rather recent dates of genetic divergence probably 430 

reflect long-term contacts between New Guinean groups following the initial settlement of 431 

the island, initiated as early as 49kya based on archaeological records (Summerhayes, et al. 432 

2010). They thus probably illustrate the gene flows between highlander groups, and 433 

between highlanders and lowlanders, which are estimated to have occurred at the same 434 

time (9.9-11.9kya, Supplementary table 3). Effective population sizes estimated with MSMC2 435 

for each New Guinean group do not show any marked differences (Supplementary fig.16). It 436 

was previously interpreted as a bias due to phasing quality (Bergstrom, et al. 2017), but it 437 

could also mean that contacts between New Guinean highlanders and lowlanders were 438 

frequent enough so that populations grew similarly. 439 

 440 

Discussion 441 
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Our study provides the first models of the settlement of north Sahul and New Guinea based 442 

on whole genome data (Fig. 4). Our models support an early split of the ancestral groups of 443 

New Guineans from northeast Indigenous Australians, potentially in Wallacea. Among the 444 

possible migratory routes, our model brings new evidence for the use of the northern route, 445 

via the North Maluku islands. Our genetic data describe a settlement of New Guinea 446 

initiated from what is now its southeast lowland via the Arafura Plain, and long-term 447 

population contact between ancestral populations of New Guinea, northeast Australia, 448 

Wallacea and the Bismarck Archipelago. 449 

 450 

Multiple migrations between Wallacea and Sahul 451 

To reach Sahul, the first human settlers had to cross Wallacea, a region always composed of 452 

small islands, large water crossings and strong ecological barriers (Wallace 1869). These 453 

restrictions on movement are reflected in the substantial genetic structuring of current 454 

populations (Fig. 1 and Supplementary Fig. 5). But our results also show relative genetic 455 

continuity between groups from Wallacea to New Guinea, with stronger genetic barriers 456 

between New Guinea and Australia, as well as around the Bismarck Archipelago 457 

(Supplementary Fig. 6), as described in a previous report (Bergstrom, et al. 2017). Wallacea 458 

was probably less a strong geographical frontier than a place of possible migrations to Sahul 459 

(Allen and O'Connell 2020; Birdsell 1977; Kealy, et al. 2017). The ancestral population to New 460 

Guineans, Bismarck Archipelago Islanders and northeast Indigenous Australians might have 461 

been composed of around 1300 individuals based on ecological information (Bradshaw, et al. 462 

2019) and 1671-2100 individuals based on genetic data (Supplementary Fig.16).  463 

Our models, like those of others (Malaspinas, et al. 2016; Teixeira and Cooper 2019), show 464 

that this ancestral population split into different groups early during this migration, upon the 465 

arrival in Sahul 50kya (model A, fig.3B and 4), or even before in Wallacea, from which 466 

multiple migrations could have been conducted within a small time frame (i.e. in less than 467 

900 years (Bradshaw, et al. 2019)) (model B, Fig.3B and 4). A model with a single migration is 468 

still valid given our genetic data but there is growing non-genetic evidence that the initial 469 

settlement of Sahul might have been made by multiple migrations (Bird, et al. 2019; 470 

Bradshaw, et al. 2021; Bradshaw, et al. 2019; Clarkson, et al. 2017; Crabtree, et al. 2021). 471 

This hypothesis has never been clearly explored using genomic data. Our study offers the 472 

first opportunity to test this model, and we found that our genomic data support a model 473 
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with two migrations to Sahul to explain the current genetic diversity in New Guineans, 474 

Bismarck Archipelago Islanders and Indigenous Australians (model B, Fig.3B and 4). Among 475 

the possible routes from Wallacea to Sahul, this model describes the northern route through 476 

North Maluku as a preferable path taken by the ancestors of New Guineans (Fig. 2A). It is 477 

consistent with studies on paleogeological reconstructions of coastlines (Fig. 4)(Bird, et al. 478 

2019; Kealy, et al. 2017) as well as studies using ecological models (Bradshaw, et al. 2021). 479 

We cannot propose a location for the second route given the limited number of available 480 

Indigenous Australian genomes, but it may have been different, and potentially used at 481 

different times during the Upper Pleistocene, as was recently described (i.e. possible entry 482 

though the northwest Sahul Shelf around 75kya (Bradshaw, et al. 2021)). Our genomic model 483 

B also agrees with previous studies on uniparental markers that propose stark differences in 484 

genetic diversity between New Guineans and northeast Indigenous Australians as a sign of 485 

multiple migrations (Pedro, et al. 2020; Redd and Stoneking 1999). The genomic model B 486 

thus brings together a consensus view that New Guineans and northeast Indigenous 487 

Australians share a common ancestor, in Sunda, (Malaspinas, et al. 2016; Teixeira and 488 

Cooper 2019), therefore integrating recent perspectives on multiple migrations to Sahul 489 

(Allen and O'Connell 2020; Redd and Stoneking 1999). Future work on modern and ancient 490 

DNA in Wallacea, New Guinea and Australia will surely help to disentangle the two models 491 

presented here.  492 

Wallacea was clearly not a major barrier to human migrations (Supplementary Fig. 6) but it 493 

was also not necessarily a simple highway to Sahul (Fig. 4). We hypothesize that the 494 

multitude of Wallacean islands might have driven genetic differentiation between related 495 

groups. These human groups would have progressively migrated east, in a planned effort 496 

spanning over a millennium or more (Bradshaw, et al. 2019). This time was probably 497 

necessary for the populations to grow large enough before migrating further east 498 

(Bradshaw, et al. 2021), leading to the emergence of genetic differentiation. Several human 499 

populations could have crossed Wallacea to land on Sahul, using different routes (Bradshaw, 500 

et al. 2021).  501 

During this very early period of the settlement of Sahul, it is likely that the demographic 502 

successes of these groups were different, as some archaeological sites might indicate 503 

(Clarkson, et al. 2017). Admixture between ancestral populations, which countered the 504 

potential effects of inbreeding and drift in isolated groups, might have been an important 505 
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factor for the dispersal success of certain human groups in Sahul. A previous study found 506 

relatively late divergence dates between New Guinean highlanders and Indigenous 507 

Australians (30-40kya), as well as between Indigenous Australians groups (25kya) 508 

(Malaspinas, et al. 2016). It also found signals of post-divergence contacts between ancestral 509 

groups of New Guineans and Indigenous Australians in the north of Australia (Malaspinas, et 510 

al. 2016), which agrees with the late genomic divergence dates that we obtain between 511 

southeast New Guinean lowlanders and northeast Indigenous Australians (13.5-15.3kya, Fig. 512 

2C). These dates need to be interpreted with caution, because of technical issues raised 513 

above and by others (Malaspinas, et al. 2016), but they do show that Sahul, and especially 514 

the north region, was probably a place of interactions between human groups with related, 515 

but already differentiated, genomes. These interactions probably involved few individuals 516 

given the number of region-specific mitochondrial DNA (Pedro, et al. 2020) and Y 517 

chromosome lineages (Bergstrom, et al. 2016) shared between New Guineans and 518 

Indigenous Australians. This led to the emergence of the unique genetic diversities passed 519 

on to the modern populations of northeast Australia, the Bismarck Archipelago and New 520 

Guinea. 521 

 522 

The complex settlement of New Guinea 523 

New Guinea was settled rapidly after the initial migrations to Sahul as revealed by 524 

archaeological records (Summerhayes, et al. 2010). This fast dispersal has made it 525 

challenging to determine the route taken to reach this territory. Our study strongly supports 526 

an entry point located in what is now the New Guinean southeast region (Fig. 4). The genetic 527 

distances between current New Guinean southeast lowlanders and Wallaceans are smaller 528 

than with any other New Guineans (Supplementary Fig. 5). The main genetic component in 529 

Wallaceans is also mostly present in groups from the New Guinean southeast lowlands (Fig. 530 

1C and Supplementary Fig. 9). Among the different models tested, the only statistically 531 

significant scenario places New Guinean southeast lowlanders at the root of New Guinean 532 

genetic diversity, even considering secondary gene flows (Fig. 3A). This remarkably 533 

corresponds to the location of the oldest known archaeological sites, in the Ivané valley, 534 

dated at 45-49kya (Summerhayes, et al. 2010). Our genetic model located the, apparently 535 

ancient, genetic background to the far east of New Guinea bringing new support for an initial 536 

migration via the ancient plain currently under the Arafura Sea (Allen and O'Connell 2020). 537 
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Recent studies using ecological modeling identified the most likely route to New Guinea in 538 

the ancient plain currently under the Arafura Sea along the southeast coast of New Guinea 539 

(Bradshaw, et al. 2021; Crabtree, et al. 2021), converging with our genetic model. Other 540 

hypothetical routes through the New Guinean north coast, the highlands or the south 541 

foothills could have been taken by other groups of settlers (Summerhayes, et al. 2017) but 542 

their demographic success, based on genetic data, must have been limited. During the Upper 543 

Pleistocene, the Arafura Plain south of modern New Guinea was dominated by savannah and 544 

lakes (Summerhayes, et al. 2017). It would have been a favorable ecosystem for human 545 

dispersal from the west coast to the east coast of Sahul, before reaching what is now the 546 

southeast coast of the island of New Guinea (Fig. 4). 547 

Settlement within New Guinea was initiated from the lowlands. We found that the genetic 548 

diversity of groups from the New Guinean north and south lowlands derived separately from 549 

groups in the southeast region (Fig. 1D and 3A). During the first stages of the settlement of 550 

New Guinea, the lowlands were probably the most hospitable places due to their access to 551 

littoral resources (Summerhayes, et al. 2017). However, the dry conditions and steep 552 

geography might have created locations unfavorable to permanent human settlements, 553 

potentially numerous in the highlands and the north lowlands (Terrell 2004). Around 35kya, 554 

these adverse conditions appeared to have significantly reduced human mobility in New 555 

Guinea (Allen and O'Connell 2020). This would explain the relative slow population growth 556 

we observe at this period for all New Guinean groups, in comparison to European or African 557 

groups (Supplementary Fig. 16). A similar explanation was put forward to interpret the late 558 

coalescence dates of many New Guinean maternal lineages, postdating 30kya (Pedro, et al. 559 

2020). This lack of resources could have induced New Guinean populations to explore other 560 

locations, such as the highlands (Summerhayes, et al. 2017). 561 

Our analyses show that the New Guinean highlands were settled by two separate migratory 562 

waves: one migration from the east foothills to the east highlands, and another migration 563 

from the south lowlands to the west highlands (Fig. 1D, 3A and 4). These two migrations 564 

could have used two major geological corridors defined by the Markham and Ramu Rivers in 565 

the east, and the Fly River in the south (Summerhayes, et al. 2017). Although we do not find 566 

support for the Sepik River as a major migratory route for the initial settlement of the 567 

highlands (Bergstrom, et al. 2017), all these natural corridors were likely a major path for 568 

secondary gene flows between New Guinean highlanders and New Guinean lowlanders, as 569 
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indicated by our analyses (Fig. 3A). Many gene flows appear to have occurred during the 570 

early period of the settlement of the highlands, around 25.4-30.2kya, suggesting continuous 571 

contacts between highlanders and lowlanders (Fig. 3A and Supplementary table 3). This is 572 

consistent with archaeological data arguing for long-term, but not permanent, settlements 573 

in the highlands around 25kya (Summerhayes, et al. 2017). New Guinean populations 574 

probably lived in semi-permanent settlements, gathering resources in the highlands and the 575 

foothills, but keeping contacts with lowlander groups. These populations would have 576 

progressively fixed their settlement in the highlands, reducing contacts with the lowlanders, 577 

since no gene flow was detected between 20kya and 3kya, and increasing the genetic 578 

differentiation between highlanders and lowlanders (Fig. 1 and 3, Supplementary Fig. 5), as 579 

previously reported (Bergstrom, et al. 2017).  580 

However an intense period of population dynamics occurred locally in the New Guinean 581 

highlands around 10kya. We detected several admixture events between west highlander 582 

groups at this time (Supplementary table 3). This period was marked by the development of 583 

agricultural practices and the emergence of a Neolithic culture, especially in the Waghi valley 584 

of the west highlands (Denham, et al. 2003; Shaw, et al. 2020). As previously reported 585 

(Bergstrom, et al. 2017), this was a major cultural change that likely influenced gene flows in 586 

the highlands and the dispersal of cultural traits, such as the Trans-New Guinean linguistic 587 

family (Reesink, et al. 2009). Lowlanders might not have been significantly influenced by the 588 

development of a Neolithic culture in the highlands (Pawley 2005), but their population size 589 

was not necessarily much lower than those found in the highlands (Supplementary fig.16) 590 

thanks to exchanges of goods and genes between the two regions (Supplementary table 3). 591 

A second wave of gene flows between highlanders and lowlanders is only detected around 592 

2.6-4.1kya (Supplementary table 3). At the same period, gene flow is also detected between 593 

New Guinean lowlanders and Wallaceans (Supplementary table 3). These events likely 594 

correspond to the influence of the Austronesian culture 3kya (Lipson, et al. 2014), but rather 595 

than initiating new contacts between New Guinean groups, the arrival of Austronesians 596 

seems to have only reignited New Guinean population dynamics that already existed around 597 

25kya (Supplementary table 3). Genes, material culture and ideas were already moving 598 

within New Guinea (Pawley 2005; Torrence and Swadling 2008). The last stage of the 599 

settlement of New Guinea was probably another pulse in a network of population 600 

interactions built up over millennia. 601 
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 602 

New Guinean genomes reveal possible scenarios describing the migrations from Sunda to 603 

Sahul and a settlement of New Guinea initiated in the southeast lowlands, followed by two 604 

separate dispersals to the highlands (Fig. 4). Our models will necessarily be confronted by 605 

future genetic and archaeological data, particularly in the western half of New Guinea Island 606 

and Australia. Paleogenomics in Oceania is an emerging field and it has already proven to be 607 

highly informative about the history of populations with New Guinean genetic ancestry 608 

(Choin, et al. 2021; Skoglund, et al. 2016). Future research will certainly bring key 609 

information on the complex population dynamics that existed during the past 50,000 years 610 

in north Sahul. 611 

 612 

Materials and Methods 613 

Sampling 614 

Fifty eight individuals from Papua New Guinea participated in the study (Supplementary 615 

Figure 1 and Supplementary table1). These new samples were obtained in Papua New 616 

Guinea between 2016 and 2019. The study was approved by the Medical Research Advisory 617 

Committee of Papua New Guinea (National Department of Health) under research ethics 618 

clearance MRAC 16.21 and by the French Ethics Committees (Committees of Protection of 619 

Persons IE-2015-837 (1)). Permission to conduct research in Papua New Guinea was granted 620 

by the National Research Institute of Papua New Guinea (permit 99902292358), with full 621 

support from the School of Humanities and Social Sciences, University of Papua New Guinea. 622 

All samples were collected from healthy unrelated adult donors, all of whom provided 623 

written informed consent (Supplementary text). DNA was extracted from saliva samples with 624 

the Oragene sampling kit according to the manufacturer’s instructions. After a full 625 

presentation of the project to a wide audience, a discussion with each individual willing to 626 

participate ensured that the project was fully understood. Once participants had signed 627 

informed-consent forms, we interviewed them to obtain information on their date and place 628 

of birth, their spoken language(s), and similar data related to their genealogy (up to 2nd or 629 

3rd generation) to establish local ancestry. Based on the participants’ genealogy, we chose 630 

the samples to be sequenced so as to cover most of Papua New Guinean genomic diversity. 631 

 632 

Datasets 633 
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Sequencing libraries were prepared using the TruSeq DNA PCR-Free HT kit. 150 bp paired-634 

end sequencing was performed on the Illumina HiSeq X5 sequencer. All raw data are 635 

available on the European Genome-Phenome data repository (EGA; 636 

https://www.ebi.ac.uk/ega/): EGAS00001005393. The 58 new Papuan genomes were 637 

combined with raw reads from the Simons Genome Diversity Project (SGDP, n=292, EBI 638 

European Nucleotide Archive: PRJEB9586 and ERP010710) (Mallick, et al. 2016); 60 Papuan 639 

genomes (EGA: EGAS00001001247 dbGAP: phs001085.v1.p1) (Malaspinas, et al. 2016; 640 

Vernot, et al. 2016) and 161 genomes from Indonesia (EGA: EGAS00001003054)(Jacobs, et 641 

al. 2019). SNP calling was performed on the combined dataset. Reads were aligned to the 642 

‘decoy’ version of the GRCh37 human reference sequence (hs37d5) using BWA MEM (Li 643 

2014). Duplicated reads were removed with picard-tools v.2.12.0 644 

(http://broadinstitute.github.io/picard) and local realignment around indels were performed 645 

with GATK v. 3.5 (Poplin, et al. 2018). After alignment, the average sequencing depth across 646 

the samples was 36x, with a minimum of 31x coverage. Base-calling and per-sample gVCF 647 

files were generated using GATK HaplotypeCaller (reads mapping quality ≥ 20) (Poplin, et al. 648 

2018). Multisample VCF files were obtained with CombineGVCFs and GenotypeGVCFs. 649 

Genotype calls were subsequently filtered for base depth (≥ 8x and ≤ 400x) and genotyping 650 

quality (≥ 30) using BCFtools v. 1.4 (Li 2014). We removed sites within segmental 651 

duplications, repeats and low complexity regions based on available masks 652 

(http://hgdownload.soe.ucsc.edu/goldenPath/hg19/database/genomicSuperDups.txt.gz; 653 

http://software.broadinstitute.org/software/genomestrip/node_ReferenceMetadata.html). 654 

Only biallelic sites with high quality variant calls in at least 99% of samples were retained, 655 

leading to a whole genome dataset of 571 individuals typed for 41,250,479 SNPs 656 

(Supplementary table 2). All whole genomes were phased using SHAPEIT v. 2.r79033 657 

(Delaneau, et al. 2012) with default settings, except for iterations (50) and states (200) and 658 

used the HapMap phase 2 genetic map (International HapMap, et al. 2007) without a 659 

reference panel. 660 

In addition to the whole genome dataset, we compiled another dataset including genotyping 661 

data from Papua New Guinea (Bergstrom, et al. 2017). This genotyping data was phased and 662 

imputed using all phased New Guinean whole genomes as a reference panel (N=166) with 663 

IMPUTE2 v. 2.3.2 (Howie, et al. 2009). Ten Papuan WGS randomly selected were 664 

downgraded to the same set of SNPs as the genotyping data to serve as an internal control. 665 
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All SNPs with an imputation score above 0.4 were kept, leaving 12,168,294 SNPs. The 10 666 

downgraded genomes are over 98% consistent with actual genotypes from whole genomes 667 

for the same individuals. We also added genotyping data from North Maluku (Kusuma, et al. 668 

2017), but we did not impute missing SNPs since no whole genomes are available for this 669 

group. Finally we included data from Neandertal (Prufer, et al. 2014), Denisovan (Reich, et al. 670 

2010) and Chimpanzee (Mikkelsen, et al. 2005). The final dataset of 966 genomes was 671 

phased with SHAPEIT v. 2.r79033 (Delaneau, et al. 2012) without a reference panel with the 672 

same settings as above.  673 

 674 

To focus on Upper Pleistocene genetic history, recent Asian ancestry was masked in admixed 675 

individuals from New Guinea, Wallacea, northeast Australia and the Bismarck Archipelago 676 

using PCAdmix v.1.0 (Brisbin, et al. 2012). Since both available Indigenous Australian 677 

genomes showed signs of recent European admixture (Mallick, et al. 2016), we also masked 678 

European genetic ancestry for all individuals. Two parental metapopulations were defined by 679 

randomly choosing 100 Asian-European individuals and 100 New Guinean individuals. For 680 

the latter group, only unadmixed New Guinean whole genome sequences were selected, as 681 

defined by ADMIXTURE v. 1.3 (Alexander, et al. 2009). Local ancestry was estimated for all 682 

individuals from New Guinea, Wallacea, northeast Australia and the Bismarck Archipelago 683 

showing non-Eurasian genetic ancestry above 20%. Posterior probabilities for New Guinean 684 

ancestry above 0.9 and Asian ancestry below 0.1 were criteria to define SNPs with New 685 

Guinean ancestry. We applied quality controls using Plink v. 1.932 (Chang, et al. 2015) to 686 

filter for and exclude (1) close relatives by using an identity-by-descent (IBD) estimation with 687 

an upper threshold of 0.25 (second-degree relatives); (2) SNPs that failed the Hardy-688 

Weinberg exact test (p < 10−6) within each group; (3) samples with a call rate < 0.99 and 689 

displaying missing rates > 0.05 across all samples in each population. For analyses requiring 690 

linkage disequilibrium pruning, we used Plink to filter for variants in high linkage 691 

disequilibrium (r2 > 0.2), leaving 74,067 SNPs. Some Wallacean groups were pooled together 692 

because of the high rate of masked SNPs, according to the fineSTRUCTURE analysis and 693 

geography, in order to perform population-based analyses such as TREEMIX, f3 (ex: 694 

Wallacea_3-4_6-7 refers to the pool of data from the subgroups Wallacea_1, Wallacea_2, 695 

Wallacea_6, Wallacea_7). 696 

 697 
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Analyses 698 

Principal Components Analyses were run with smartpca from the EIGENSOFT v.7.2.1 package 699 

(Patterson, et al. 2006). Populations were genetically defined using fineSTRUCTURE v. 2.07 700 

(Lawson, et al. 2012). This package performs model-based Bayesian clustering of genotypes 701 

based on the shared IBD fragments between each pair of individuals, without self-copying, 702 

calculated with ChromoPainter v. 2.0 (Lawson, et al. 2012). Five million MCMC runs were 703 

performed. A coancestry heatmap and a dendrogram were inferred to visualize the number 704 

of statistically defined clusters that describe the data (Supplementary Fig. 2). 15 genetic 705 

groups were defined, and subdivided into 106 sub-groups, including 58 sub-groups from 706 

Wallacea and Sahul (Supplementary Fig. 2 and Supplementary table 2). Genotyping data 707 

from North Maluku were defined as an additional subgroup (Wallacea_11) since the SNP 708 

density is much lower than whole genome sequencing data and no imputation could be 709 

performed. 710 

Genetic barriers and corridors were defined using EEMS v. 1 (Petkova, et al. 2016). We used 711 

approximate geographic coordinates, a genetic dissimilarity matrix between populations and 712 

a map of New Guinea and the surrounding areas defining a grid of 700 modeled demes. 713 

Depending on their location, several sub-groups can be included in one deme, whose size 714 

increased accordingly. We ran 5 million MCMC iterations before checking for convergence of 715 

the MCMC chain (Supplementary Fig. 6). Plots were generated in R v. 3.4.3 according to 716 

instructions in the EEMS manual. FST genetic distances were obtained with the EIGENSOFT 717 

v.7.2.1 package (Patterson, et al. 2006). 718 

Genetic ancestries present in the dataset were estimated by ADMIXTURE v. 1.3 (Alexander, 719 

et al. 2009), with default settings, for components K = 2 to K = 15. Ten iterations with 720 

randomized seeds were run and compiled with CLUMPAK v. 1 (Kopelman, et al. 2015). We 721 

used the minimum average cross-validation value to define the most informative K 722 

components (here, K = 8), and the major modes defined by CLUMPAK v. 1 were reported. 723 

Geographical distributions of the main genetic components found in Wallacea and Sahul 724 

were obtained using inverse distance weighting interpolation between data points with QGIS 725 

v. 3.16.1 (GDAL-SOFTWARE-SUITE 2013). 726 

f3-statistics and f3-outgroup were computed with qp3pop from the ADMIXTOOLS v.6.0 727 

package (Patterson, et al. 2012) between all trios of populations. f4-statistics was performed 728 

with qp4pop from the ADMIXTOOLS v.6.0 package (Patterson, et al. 2012). Admixture dates 729 
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were estimated with MALDER v. 1.0 for all negatively significant scenarios from the f3-730 

statistics analysis (Loh, et al. 2013). All dates mentioned in the manuscript are converted into 731 

years based on 30 years per generation. TREEMIX v. 1.12 analysis (Pickrell and Pritchard 732 

2012) was performed by setting blocks to 500 SNPs, accounting for linkage disequilibrium, 733 

and migration edges were added sequentially until the model explained 99% of the variance, 734 

rooting the tree with Chimpanzee (panTro5).  735 

Scenarios of the settlement of Sahul were tested for the full dataset using qpgraph from the 736 

ADMIXTOOLS v.6.0 package (Patterson, et al. 2012). One subgroup was chosen as 737 

representative population for a given regional cluster (as defined in Supplementary table 2), 738 

based on the number of individuals, the number of SNPs after masking for Asian SNPs and 739 

their location. Populations were added one-by-one, testing different scenarios with or 740 

without admixture events, following recommendations in (Lipson and Reich 2017). Models 741 

with a |Z-score|<3 were defined as fitting the data. Over one hundred different models 742 

were tested. Only models fitting the data and scenarios based on major hypotheses were 743 

represented. Results were visualized with GraphViz v. 2.46.0 (GraphViz). Population effective 744 

sizes and population divergence dates were estimated with MSMC2 v. 2.1.2 (Schiffels and 745 

Durbin 2014). Two individuals from each population were randomly chosen. Sample-specific 746 

masks were generated from the corresponding BAM files using bamCaller.py from MSMC-747 

Tools packages (Schiffels and Wang 2020). Individual masks for Asian admixture were 748 

generated from previously mentioned analyses with PCAdmix v.1.0 (Brisbin, et al. 2012). For 749 

all analyzed individual, the mask of Asian genetic tracks ranged between 0% and 49% of the 750 

total genome. The individual archaic masks were generated with ChromoPainter v.2.0 751 

(Lawson, et al. 2012). Two metapopulations were defined: one metapopulation from 100 752 

randomly selected Sub-Saharan Africans; and one metapopulation including Neandertal, 753 

Denisovan and Chimpanzee genomes. Only stretches of more than 4 SNPs ‘painted’ by the 754 

Sub-Saharan metapopulations were kept. A fourth individual mask was added based on 755 

human genome mappability hs37d5 (Schiffels and Durbin 2014). MSMC2 was run with a 756 

pattern of fixed time segments (1*5+40*1+5*3+3*5) and 25 iterations. Ambiguously phased 757 

SNPs were skipped using the –s flag. We used 1.25e-8 as the mutation rate.  758 

 759 

Supplementary Materials 760 

Supplementary data are available at Molecular Biology and Evolution online. 761 
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Figures captions 1068 

Figure 1. Genetic diversity of individuals from New Guinea, Wallacea, the Bismarck 1069 

Archipelago and northeast Australia. (A) Geographic locations of all 58 genetic sub-groups 1070 

defined by the fineSTRUCTURE analysis. (B) Principal Component Analysis representing 1071 

26.7% of the total variability of all individual genomes from the 58 sub-groups, masked for 1072 

Asian genetic ancestry. The two first components are represented (PC1 and PC2). (C) 1073 

ADMIXTURE plot for eight genetic components summarized by genetic sub-groups (based on 1074 

K=8 from Supplementary Fig. 7). The grey component combines four components mainly 1075 

present in African and Eurasian groups. Numbers above bar plots identify genetic sub-groups 1076 

referred in Supplementary table 2. (D) TREEMIX plot for all 58 sub-groups (based on 1077 

Supplementary Fig. 7). All four panels used the same color scheme to identify the 58 genetic 1078 

sub-groups. 1079 

 1080 

Figure 2. Scenario of the settlement of Sahul. (A) f3-outgroup analysis for all Sahul groups 1081 

compared to populations from the North Maluku Islands (y-axis) or Lesser Sunda Islands (x-1082 

axis). Populations are identified by the same color scheme as in Fig. 1. (B) Best fitting 1083 

qpGraph models considering one migration to Sahul (model A; Z-score=-2.570) or two 1084 

migrations to Sahul (model B; Z-score=2.301). One subgroup was used as representant of a 1085 

region: populations from North Maluku (Wallacea subgroup 23, following Figure 1C and 1086 

defined in Supplementary table 2), Lesser Sunda Islands (Wallacea subgroup 13), New 1087 

Guinea (New Guinea subgroup 16), the Bismarck Archipelago (Bismarck subgroup 5), 1088 

northeast Australia (Australia subgroup 1) and Africa (Africa_5). Solid arrows are labeled 1089 

with branch lengths in 1000 times drift units. Dotted arrows indicate gene flows whose 1090 

proportions are indicated by percentages. (C) Relative cross-coalescence rate curves 1091 

estimated by MSMC2 between populations from Wallacea (Lesser Sunda Islands, Wallacea 1092 

subgroup 13), New Guinea (New Guinea subgroup 16), the Bismarck Archipelago (Bismarck 1093 

subgroup 5) and northeast Australia (Australia subgroup 1). 1094 

 1095 

Figure 3. Scenario of the settlement of New Guinea. (A) Best fitting qpGraph model for 1096 

populations from New Guinean southeast lowlands (New Guinea subgroup 16, following 1097 

Figure 1C and defined in Supplementary table 2), north lowlands (New Guinea subgroup 28), 1098 

south lowlands (New Guinea subgroup 39), east highlands (New Guinea subgroup 45), west 1099 
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highlands (New Guinea subgroup 55) and Africa (Africa_5)(Z-score=2.759). Solid arrows are 1100 

labeled with branch lengths in 1000 times drift units. Dotted arrows indicate gene flows 1101 

whose proportions are indicated by percentages. (B) Relative cross-coalescence rate curves 1102 

estimated by MSMC2 between populations from New Guinean lowlands and highlands. 1103 

 1104 

Figure 4. Genomic scenario of the human dynamics in north Sahul during the Upper 1105 

Pleistocene. Light blue arrows represent the settlement of north Sahul following a scenario 1106 

with one migration to Sahul (model A). The dark blue arrows represent the settlement of 1107 

north Sahul following a scenario with two migrations to Sahul (model B). The dotted dark 1108 

blue arrow represents a gene flow following a scenario with two migrations to Sahul (model 1109 

B). Yellow arrows represent the settlement of New Guinea. The dotted orange arrows 1110 

represent gene flows after the initial settlement of Sahul. The black dots represent 1111 

approximate locations of archaeological sites older than 40kya (O'Connor 2007; 1112 

Summerhayes, et al. 2017). The dashed black lines represent ecological lines in Wallacea. 1113 

The dark grey areas represent current land area, with light grey areas representing 1114 

estimated land area around 50,000 years ago based on paleogeological reconstructions 1115 

(Coller 2009). 1116 
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Figures 1118 
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Figure 1 1121 
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Figure 2 1123 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

be/advance-article/doi/10.1093/m
olbev/m

sab238/6349182 by U
niveristé Paul Sabatier user on 16 August 2021



 1124 

Figure 3 1125 
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Figure 4 1129 
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