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Inferences of

• Demography (migration rates, divergence 
times, changes in population size, admixture 
proportions)

• Selection (identifying loci under positive or 
negative selection, estimating selection 
coefficients, time of selection)



Change of allele frequencies through time.

Genetic Drift



The picture can't be displayed.

Coalescence theory











Sequence comparisons

Human1 CGC TAT TCC CCG ATT CAG AAT GCC CAG
Human2 CGC TAT TCC CAG ATT CAG AAT GCA CAG
Human3 CGC TAC TCC CCG ATT CAG AAT GCA CAG
Human4 CGC TAT TCC CAG ATT CAG AAT GCC CAG
Human5 CGC TAT TCC CCG ATT CAG AAT GCC CAG

Segregating sites with
Single Nucleotide Polymorphisms (SNPs)



Infinite Sites Model



Assume there are 2N individuals (we model a haploid 
population with N individuals as a diploid population with 
2N individuals).

Probability of having same parent in one generation = 1/2N

Mean number of generations until they have the same 
parent (time to the most recent common ancestor, 
tMRCA) = 2N

Mean number of mutations separating two individuals = 
2N×2×μ = 4Nμ = θ



Tajima’s estimator of 4Nu = θ 

A->B, 1 difference
A->C, 1 difference
B->C, 2 differences
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π (=    ) is an estimator of 4Nu = θ
(In this case the total value for the entire region)
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Coalescence Trees

Population 
processes

Tree DNA data

Mutation



Felsenstein’s Equation
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•Can only be evaluated directly in very simple cases.

•Simulation based approaches are typically used for real 
data.



MCMC
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Set up a Markov chain on state space on all supported values of Q
and G and with stationary distribution p(Q, G | X). Now since

this can easily be done using Metropolis-Hastings sampling, i.e. 
updates to Q and G are proposed from a proposal distribution q(Q , 
G→ Q’ , G’)  and accepted with probability
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MCMC algorithms















Some MCMC approaches

• BEAST (Rambaut)
• Various version of IM (Hey)
• MIGRATE (Beerli)



Approximate Bayesian Computation





Then this happened…



Problem 1: Each position in the genome might have 
a unique tree – there are millions of trees!



Likelihood Function
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Challenge

• Full likelihood inference considered intractable 
in samples of n>2 ( but see PSMC).

• Instead, rely on summary statistics/various 
features extracted from the data.

• Examples: p, S, FST, Patterson’s D
• More complex examples: The Site-Frequency-

Spectrum, principle components, features 
extracted by a convolutional neural network.



Principle Component Analysis (PCA)



Structure analysis of 1056 individuals from 52 populations for 377 microsatelite loci. 

Rosenberg et al. (2002)



Frequency spectrum



Africans Site Frequency Spectrum (SFS)



Composite likelihood function
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L(Θ) ≡ p j (Θ)( )
n j

j∈Φ
∏

,

Sampling probability of a SNP with site pattern j (a binary 
vector) 

Number of SNPs with pattern j in the data

SNPs within a gene are correlated.  But estimator is 
consistent.  The estimate has the same properties as a real 
likelihood estimator except that it converges slightly slower 
because of the correlation (Wiuf 2006).



Marginal likelihood for a single site
Nielsen (2000)



Estimation
(Nielsen 2000)

€ 

p j (Θ) =
E[t]
E[T]

,

x = {3, 2}

T = 5t5+4t4+3t3+2t2.
t = t4+t3+2t2.

t2 t3 t4 t5

Sampling distribution can be 
calculated analytically or using 
simple simulation schemes.



Question

Consider the polarized SFS.  Under the standard 
(Kingman’s coalescent) with n=3, what is the 
probability of the pattern {1, 2} meaning one 
ancestral and two derived alleles?

Hint: the expected time in the tree with i lineages is 2/(i(i – 1))



Question
Consider the polarized SFS.  Under the standard (Kingman’s coalescent) with 
n=3, what is the probability of the pattern {1, 2} meaning one ancestral and 
two derived alleles?

Expected total tree length: 

3×
1
3
+ 2×1 = 3

Expected length of blue edge: 1
P(x ={1,2}) = 1/3



Site Frequency Spectrum



Data

Directly sequenced polymorphism data from 20 
European-Americans, 19 African-Americans and 
one chimpanzee from 9,316 protein coding 
genes (Bustamante et al. 2005).

Objectives
To detect natural selection in individual genes 

using the frequency spectrum.
To account for demography by estimating 

parameters of a demographic model.



Demographic model

European-Americans African-Americans

Bottleneck

Population growth

migration

Admixture



Estimates

European-Americans African-Americans

Bottleneck and growth: 200-fold 
increase in population size

Divergence time: 
75k yrs

Strong effect of migration: M=16 at present



African-Americans 
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European-Americans
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Goodness-of-fit: p = 0.6



Fastsimcoal2



Alternative…
(e.g. Williamson et al. 2005)

Use  dppfpp
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The density f(p | Q) can be obtaiened by numerical solution of 
diffusion equations (e.g. Crank–Nicolson approximation).



SFS based infrences

• Simulation (e.g., Fastsimcoal2)
• Numerical solution of diffusion equation (e.g., 

dadi).







Selective Sweeps

New advantageous mutation





Escape by recombination

Selective Sweeps





Coalescence Tree



Coalescence Models

Selective phase

Neutral coalescence tree Coalescence tree with sweep

Escaped lineages



Importance Sampling
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where Gi, i=1,2,…k, has been simulated from h(G).
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Fig 1. A: To apply our method for inferring selection, we begin by sampling the posterior ARG of
a set of recombining chromosomes. B: For each sample ARG, we extract local trees at the site of
interest (blue). C: For each sample local tree, we run an HMM to calculate the likelihood of
selection, marginalizing out the hidden allele frequency trajectory based on coalescence in the
sample tree. We later use the recursions performed in this step to calculate the posterior allele
frequency trajectory. D: An example of the estimated likelihood function for an allele under
neutrality (top) and selection (bottom). E: An example of the inferred allele frequency trajectory
compared to the ground truth trajectory under neutrality (top) and selection (bottom). Both (D)
and (E) are inferred from data simulated under a European demographic model with n = 50
haplotypes, conditioning on the derived allele segregating at 75% in the present day. with s = 0 and
s = 0.003, respectively.
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Fig 1. A: To apply our method for inferring selection, we begin by sampling the posterior ARG of
a set of recombining chromosomes. B: For each sample ARG, we extract local trees at the site of
interest (blue). C: For each sample local tree, we run an HMM to calculate the likelihood of
selection, marginalizing out the hidden allele frequency trajectory based on coalescence in the
sample tree. We later use the recursions performed in this step to calculate the posterior allele
frequency trajectory. D: An example of the estimated likelihood function for an allele under
neutrality (top) and selection (bottom). E: An example of the inferred allele frequency trajectory
compared to the ground truth trajectory under neutrality (top) and selection (bottom). Both (D)
and (E) are inferred from data simulated under a European demographic model with n = 50
haplotypes, conditioning on the derived allele segregating at 75% in the present day. with s = 0 and
s = 0.003, respectively.
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Fig 3. ROC curves illustrating performance of tests between selection and neutrality. Rows
correspond to simulations conditioned on the same present-day allele frequency, and columns
correspond to simulations with the same value of s. Simulations were performed under a model of
constant effective population size (Ne = 104) using a locus of 100kb, n = 25 diploid individuals and
µ = 2.5× 10−8 mut/bp/gen, r = 1.25× 10−8 recombinations/bp/gen.
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Fig 8. Comparison of inferred allele frequency trajectories for a sweep at rs4988235 (MCM6) in
GBR under an ancient DNA (aDNA) based method vs. CLUES , which only uses contemporary
modern data. Black curve is the posterior median allele frequency, whereas gray areas are a 95%
posterior interval. The red surface is posterior of the frequency trajectory within Steppe ancestry
conditioned on an ancient DNA time series, adapted from [54].

and ancestral states of each allele. 530

Analysis of pigmentation alleles 531

Using the same GBR panel from 1000 Genomes Phase 3, we analyzed a set of SNPs associated 532

with pigmentation-related traits, some of which were previously identified as likely targets of recent 533

selection [21]. We conducted sampling in ARGweaver assuming a model of European demography, 534

using a 300kbp region centered around the focal SNP and sampling M = 200 approximately iid 535

ARGs. We ran CLUES and estimated likelihood surfaces and allele frequency trajectories for these 536

SNPs (Fig. 9). We found significant concordance between the SDS values and our likelihood ratio 537

statistics paired for each SNP (p = 1.7×10−3, Spearman one-sided) [21]. We also illustrated the 538

geographical distribution of these SNPs among diverse populations (S8 Fig) using GGV [55]. 539

We found several signals of very strong selection acting on rs619865 (ASIP, s ≈ 0.10, Fig. 9I), 540

rs12821256 (KITLG, s ≈ 0.016, Fig. 9H), and rs1393350 (TYR, s ≈ 0.011, Fig. 9J); these SNPs 541

are significantly associated with freckling, blonde hair color, and freckling and blue/green eye 542

color, respectively [56–58]. Interestingly, these SNPs all demonstrated a signal of selection mostly 543

concentrated in the last ∼5 kya. The geographical distribution of the frequency of these SNPs shows 544

that the derived version of these variants are mostly concentrated in European populations, with 545

minimal sharing with populations located in Africa and Asia (S8 Fig I,H,J). For example, TYR and 546

KITLG segregate at a frequency ∼20% in several European populations and have a frequency close 547

to 0% in African and East Asian populations (S8 Fig J). These three SNPs are the only ones in 548

this set of SNPs which have a frequency of nearly 0% across the African populations surveyed, with 549

the exception of OCA2/HERC2 (S8 Fig A,H,I,J), consistent with our evidence for recent selection 550

at these loci. The frequencies of these variants in GBR ranges from ∼10-20%; by contrast, the 551

only other variant in this set with comparable frequency in GBR (13%), rs35264875 (TPCN2), we 552
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Lactase  rs4988235 

Years before present

From Mathieson and Mathieson. 2018. MBE 35:2957–2970. 
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Fig 9. Allele frequencies trajectories inferred for 11 pigmentation-associated SNPs in GBR.
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S8 Fig. Geographical distribution of pigmentation SNPs. Population-wide allele frequen- 722

cies of pigmentation SNPs from Fig. 9 plotted geographically using GGV. 723
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Problem 2: DNA is chopped into short ‘reads’ with high 
error rates



Reverse problem
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Frequency spectrum



10X Next Gen. Sequencing data
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Using a fixed cut-off for SNP calling can never produce unbiased 
allele frequency estimates for all values of p.



Maximum Likelihood Estimation
• Assume genotype likelihoods,                   , can be calculated in 

site v, individual d, for all v and d .
• Parameterize the frequency spectrum as P = (p0, p1, …, p2k).
• Likelihood function:

)|( )()( v
i

v
i GXp

€ 

L(P) = pj ... c( j,G (v ) ) p(Xd
(v ) | Gd

(v ) )
d =0

k

∏
Gk
(v )

∑
G1
(v )

∑
$ 

% 
& 
& 

' 

( 
) 
) j=0

2k

∑
* 

+ 
, 
, 

- 

. 
/ 
/ 

v
∏

€ 

c( j,G (v ) ) =
2k
j

" 

# 
$ 

% 

& 
' 

−1

2
I Gd

(v ) =1( )
d=1

k
∑

 if Gd
(v ) ≠ j

d =1

k

∑  

0 else

+ 

, 
- 

. 
- 

€ 

G(v ) = (G1
(v ),G2

(v ),..,Gk
(v )),

€ 

Gd
(v ) ∈ {0,1,2}
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Dynamic Programming Algorithm

Nielsen et al. 2012. PloS One 10.1371



Maximum Likelihood Estimation
• The likelihood function can then be expressed as 

• Derivatives can be calculated analytically.
• Algorithm which is quadratic in the number of individuals and  

linear in the number of sites.
• Optimization to eight decimals precision takes < 1 minute for 1 

GB and 60 individuals on one desktop computer.
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The distribution of true and estimated folded SFS in a sample from 50 MB 10 diploid 
individuals, where 1% of all SNPs are variable in the population and follow a 
distribution of allele frequencies, p, proportional to 1/p.  An error rate of 0.5% is 
assumed.  The mean sequencing depths is 5X. 

5X

Nielsen et al. 2012. PloS One 10.1371



The distribution of true and estimated folded SFS in a sample from 50 MB 10 diploid 
individuals, where 1% of all SNPs are variable in the population and follow a 
distribution of allele frequencies, p, proportional to 1/p.  An error rate of 0.5% is 
assumed.  The mean sequencing depths is 1X.

1X

Nielsen et al. 2012. PloS One 10.1371



50 Tibetan Exomes

Yi, X. et al. 2010. Science 329: 75-78.



Tibetans have approx. constant hemoglobin 
concentrations as a function of increasing altitude 
up to 4000 meters (Beall et al. 2006). 



50 Tibetan Exomes

Yi, X. et al. 2010. Science 329: 75-78.

EPAS1



EPAS1
Genotype

Mean 
hemoglobin

concentration

CC 178

CG 178.9

GG 167.5

EPAS1
Variant frequency 

Tibet

EPAS1
Variant frequency 

Han Chinese
87% 8%

Yi, X. et al. 2010. Science 329: 75-78.



Huerta Sanchez et al. 2014. Nature 512: 194–197 



Denisovans



Denisovan!

Adaptive Introgression

Huerta Sanchez et al. 2014. Nature 512: 194–197 



Introgression
Species 2Species 1



Admixture
Population 2Population 1



Assignment and Admixture

- Multi loci data?
-To which population does an individual 

belong?
- How many groupings should we choose?



Structure analysis of 1056 individuals from 52 populations for 377 microsatelite loci. 

Rosenberg et al. (2002)



Transition to the Neolithic



Transition to the Neolithic









Jade Cheng



Admixture tracts

T = 0

T =1

T = 5

T = 100

Recombination Clock!



Ancestry painting (23andme.com)



Predictions assuming independence



Kostenki

Seguin-Orlando et al. 2014. Science 346: 1113-1118  Andaine Seguin-Orlando et al. 2014.  Science: 346: 1113-1118 



Kostenki

Age ~54,000 years 
Andaine Seguin-Orlando et al. 2014.  Science: 346: 1113-1118 



Rapanui



Polynesian Expansion



Rapanui

larger than that detected in other Polynesians and Europeans
(Wilcoxon test, p = 3.3 3 1028 and p = 5.8 3 10211,
respectively).

We also obtained admixture proportions from local ancestry
inference using haplotype structure, as implemented in the
RFmix program [32]. This method identifies ancestry tracts—
contiguous segments of DNA in an individual—originating
fromoneof the source populations. In contrast toADMIXTURE,
RFmix assumes dependence among sites (linkage disequilib-
rium). To apply themethod,wephased thegenotypedata using
all 27 Rapanui samples included in this study, since including
related individuals has been shown to improve the phasing
effectiveness [34]. For this analysis, we assumed three ances-
tral populations (Europeans, Native Americans, and Polyne-
sians) and summed over all ancestry tracts from each ancestry
for each individual. The results of the ADMIXTURE and RFmix
analyses are similar (Table S2). We found a mean European
admixture proportion in Rapanui of 16% and a lower mean
Native American admixture proportion of 8%.

The presence of Native American admixture in Rapanui does
not in itself show that there was pre-Columbian contact. To
establish that the contact was not mediated by Europeans,
we need to show (1) that the time of admixture between Native
Americans and Rapanui is older than the admixture time with
Europeans and (2) that it predates the first contact betweenRa-
panui and Europeans. There are two almost independent lines
of evidence that can be used to date an admixture event from
genetic data. First, as time passes after an admixture event,
the lengths of the ancestry tracts become smaller as they are
broken up by recombination in successive generations. The
length distribution of ancestry tracts therefore contains infor-
mation regarding admixture times [35–37]. Additionally, due to
sexual reproduction, ancestry tracts being exchanged among
individuals leads to a more homogenous distribution of an-
cestry proportions among individuals as time passes [33, 38].

In the RFmix analyses, we found a variance in European
admixture proportions 100 times larger than the variance of
the Native American proportions. Moreover, we found that
the Native American ancestry tract length distribution had a
high frequency of short tracts compared to the European dis-
tribution (Figure 5). These observations suggest that theNative
American admixture time is considerably older than the Euro-
pean time.

Below, we use these two lines of evidence first to estimate
Native American and European admixture times and then to

formally test the null hypothesis of equally old first-admixture
times for Europeans and Native Americans.

Modeling Demographic Scenarios
To infer the admixture times, we first used a likelihood-based
approach implemented in the software tracts [36]. tracts
assumes that the copying process that generates the chromo-
somes present at a given time t follows a Markovian Wright-
Fisher model. In this model, each new chromosome at time t
is formed by randomly recombining all chromosomes present
at time t + 1. Under this model, the recombination events are
exponentially distributed along a given chromosome. Addi-
tionally, admixture events are modeled as discrete migration
pulses; therefore, admixture time estimates should be inter-
preted as average times over all actual gene flow events.
This method uses the observed ancestry tract length distribu-
tions in unrelated individuals (eight Rapanui) as summary sta-
tistics. We explored the likelihood of the observed tract length
distributions for different combinations of Native American
(tNA) and European (tE) admixture times for a model involving
a single Native American pulse and a single European pulse
ofmagnitude pNA and pE, respectively. We found that the likeli-
hood surface has only one optimum (Figures 3 and S5), which
corresponds for the Native American pulse to btNA = 22 gener-
ations ago and bpNA = 0.09, and for the European pulse to btE = 4
generations ago and bpE = 0.17. By assuming a human genera-
tion time between 25 and 30 years [39, 40] and by setting the
‘‘present’’ time to 1970 (when the first samples were collected
[15]), these estimates translate to AD 1310–1420 for btNA and AD
1850–1870 for btE .
Second, we used a new complementary method for esti-

mating admixture times based on the variance in admixture
proportions among individuals [33]. This method assumes
that a ‘‘hybrid’’ population is formed according the ‘‘random
union of gametes’’model and characterizes the admixture pro-
portion distribution (as estimated by ADMIXTURE) based on
already established linkage disequilibrium results. In this
case, and as opposed to tracts, the new generation is not
formed by randomly recombining all chromosomes. We fitted
the expression described in the Supplemental Experimental
Procedures to the data and, assuming Ne = 1,000, we obtained
point estimates of btNA = 13 generations and btE = 2 generations
ago. These point estimates are more recent than those ob-
tained using tract-based inferences but have overlapping con-
fidence intervals with those obtained using ancestry tracts
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Figure 2. ADMIXTURE Analysis for the Data Set Including Europeans, Native Americans, Polynesians, and Rapanui

This analysis was based on 87 individuals genotyped over 654,452 sites. Each bar represents an individual, and each color represents the admixture pro-
portion from each of the K assumed ancestral components.
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The colonization of the Polynesian islands did not occur as
the result of a single trip, but the most prevalent view—sup-
ported by the data we generated—suggests that they were
colonized during the same expansion. It is believed that this
expansion was part of an intentional and systematic explora-
tion of the region ([28], pp. 64–66). An interesting feature of
the seascape is that the islands in East Polynesia are farther
apart from each other than those located in Central Polynesia
[47]. Radiocarbon dates suggest that most of East Polynesia
was colonized within one century [8]. Not only did the first col-
onizers reach islands separated by thousands of miles, they
seemingly did so in a rapid upwind fashion, since the most
prevalent winds blow east to west at those latitudes. In this re-
gard, one interesting hypothesis is that the islanders could
have decided to sail toward the east to facilitate return trips.
By the time Polynesians settled on Rapa Nui, the Americas
had become a large target at a feasible distance with long-
distance sailing technology already in place ([28], p. 249).
The feasibility of such a trip was elegantly demonstrated in a
sailing simulation study wherein Fitzpatrick and Callaghan
[48] showed that all sailing voyages heading intentionally
east from Rapa Nui would always reach the Americas with a
trip lasting from two weeks to approximately two months.
The return trip appears more challenging. Simulations with a
starting point in Chile lead to mostly unsuccessful voyages
(for any of the Polynesian islands). With a starting point in
Ecuador, most sailing canoes bypassed Rapa Nui without
foreknowledge. Perhaps a similar point can be made when
one considers the relatively late ‘‘discovery’’ of Rapa Nui by
Europeans as compared to the other Polynesian islands.

Jones et al. [28] reviewed in 2011 the archaeological, phys-
ical anthropological, linguistic, and navigational evidence for
pre-Columbian contact. They identified three regions of poten-
tial contact, namely Chile, the Gulf of Guayaquil in Ecuador,
and the Santa Barbara Channel in California, and constrained
the contacts to a period between AD 700 and AD 1350. They
argued that the most parsimonious explanation in all cases
is a return voyage by Polynesians, but they could not exclude
the scenario of a one-way raft trip, as suggested for example in
the mid-20th century by Thor Heyerdahl [11]. One of their
primary arguments is the lack of Native American influence in
Polynesia, particularly in terms of Polynesian architecture
([28], pp. 263–265)—aside, perhaps, from one of the platform
sites on Rapa Nui, Ahu Vinapu.

These considerations, taken together, lead to the specula-
tion that a return voyage is perhaps the most likely scenario.
If this is indeed true, it is intriguing that, to date, no Polynesian
genetic signal has been reported in modern Native American
populations (e.g., [49], but see [50]). This observation could

be explained by hypothesizing that (1) only a few Polynesian
individuals were involved compared to the size of the
Native American populations, (2) the migration was so recent
that it would only impact some yet-unsequenced populations
in the Americas, and/or (3) cultural differences prevented
gene flow.
Although it is important to avoid overinterpreting our re-

sults, it is interesting to consider the timing of the admixture
in context with evidence reported in other studies. We have
inferred the Native American admixture event to have
occurred between AD 1280 and AD 1425. These dates should
be treated with caution given the simplifying assumptions of
the underlying model. For example, generation time in hu-
mans is still debated and has a direct impact on the transla-
tion into calendar years [39, 40]. Moreover, admixture events
are assumed to occur in a discrete fashion in our demo-
graphic models. Therefore, our admixture times should be
interpreted as average times over all actual gene flow events.
Nevertheless, they are in surprisingly good agreement not
only with the colonization history of Easter Island, thought
to have occurred not later than AD 1200 [7], but also with
the observation that at some point in time, Polynesians
stopped sailing long distances. It is indeed estimated by
Jones et al. ([28], pp. 265–267) that by around AD 1450, the
expansion had ceased. By the time Europeans reached the
islands, Polynesian boat technology had changed in such a
way that long-distance ocean sailing had seemingly come
to an end.

Future Work
Future work from combined fields should allow us to (1)
address the question of the directionality of the contact, (2)
refine the timing of the contact, and (3) establish the cultural
impact of such an event on Rapanui. In particular, it will be
interesting to determine which Native American populations
were involved in the contact and which Polynesian popula-
tions exhibit such an admixture signature, given that the evi-
dence from sweet potato studies suggests that such a signal
could be found in additional islands. This will require the gen-
eration of further genomic data. Whole-genome data from
Polynesians and Native Americans will also be valuable in
overcoming biases introduced by SNP ascertainment in ge-
notyping platforms. Finally, ancient DNA data would allow for
deeper insight into the timing of admixture. Although nu-
merous human skeletons have been found on the island [51]
and although the field of ancient DNA has entered the geno-
mics area (e.g., [52]), it remains challenging to gain access
to human remains sufficiently well preserved and predating
first European contact.

Figure 6. Schematic Representation of the Two
Competing Demographic Scenarios that Were
Used for Coalescent Simulations

Both models include three population splits that
we set at 1,280 generations ago (w32,000 years
ago) for the European split, 920 generations ago
(w23,000 years ago) for the Native American split,
and 32 generations ago (w800 years ago) for the
Polynesian Rapa Nui split, and we assumed a
population size of Ne = 10,000 for Europeans
and a population size of Ne = 1,000 for each of
Native Americans, Polynesians, and Rapanui.
The simulations were run with the corresponding
MLEs obtained by tracts from the observed data
for models M1 and M2 (Table 1).

Rapa Nui Population Genomics
2523 Rapanui

Moreno-Mayar et al. 2014. Current Biology 24: 2518–2525.



misspecifications (see Supplemental Experimental Proce-
dures for details).

Discussion

Polynesian Origin of Rapanui People
Our results reveal a mostly Polynesian ancestry among Rapa-
nui, in agreement with most anthropological studies that have
been published to date (for review, see [3]) as well as genetic
results based on selected markers from modern and ancient
samples [15–18]. Polynesians have been shown to originate
from an admixture event between Southeast Asians (w80%)
and Melanesians (w20%), dated to around w3,000 years ago
[5, 42].We demonstrate that Rapanui bear a similar signal, sug-
gesting genetic continuity between the Polynesians from Fu-
tuna, Niue, Samoa, Tokelau, Tonga, Tuvalu, the Cook Islands,
and Rapa Nui. Interestingly, from the ADMIXTURE run with
K = 6 (Figure 1), in which Rapanui differentiate from the rest
of the Polynesians, the sole Cook Islander that we included in
this analysis displays a component from the Rapa Nui cluster.
This could be indicative of a west-east genetic differentiation in
Polynesians, but more data are needed to test such a hypoth-
esis. It was argued previously by Thor Heyerdahl [11] (in part to
explain the exceptional archaeological record) that Native
Americans were the first to colonize Rapa Nui. This theory
seems quite unlikely with the data at hand. Instead, our data
suggest an initial colonization of the island by Polynesians.

European Admixture
Although the samples in this study are from individuals native
to Rapa Nui, we detected genome-wide European admixture
(w16%) in a largely Polynesian ancestral background. Such
admixture had already been documented for Y chromosome
and HLA markers for those samples [14–16] and is consistent
with the known European history on the island beginning in AD
1722. Indeed, by the start of the slave trade in AD 1862, more
than 50 ships from various European nations (Holland, Spain,
England, and France) had visited the island. During that period,
trafficking in women was reported by visiting ships [43]. More
recently, the Peruvian slave raids and the annexation of the

island by Chile in AD 1888 connected the island even further
with the outside world [14].

Native American Admixture
We detected approximately 8% Native American admixture
in unrelated Rapanui on a genome-wide scale, confirming
previous results based on the HLA complex [15, 16]. To our
knowledge, Native American admixture has not been reported
previously in other Polynesians on a genome-wide basis. This
signal could be explained by two non-mutually exclusive sce-
narios: (1) a post-European admixture event facilitated by the
slave trade in the 1860s, as suggested in [44], and/or (2) a
pre-European trans-Pacific admixture event.

Evidence for a Pre-European Native American Contact
The possibility of trans-Pacific Polynesian-American contact
has been proposed by archaeologists since the early 1900s
([28], p. 1). Although an early contact has been proposed by
previous studies [15–17], no unequivocal genetic evidence
has been reported to date. Our results suggest that Native
American admixture occurred prior to European admixture.
Specifically, we detect a lower variance in Native American
ancestry components, and smaller ancestry tracts, as com-
pared to Europeans. To characterize the timing of the admix-
ture event in a statistical framework, we infer parameters
from specific demographic scenarios, using amaximum-likeli-
hood method that has been validated before in similar human
data sets (e.g., [45]), as well as a new method based on the
variance in admixture proportions. Using these approaches,
we can statistically reject ‘‘European first’’ scenarios. It is note-
worthy that models with several pulses are a generalization of
single-pulse models and will therefore provide a better fit to
the data. In our case, we find that (1) adding a second Euro-
pean pulse does not improve the fit significantly when
assuming that the European gene flow postdated the first
documented presence of Europeans in the Pacific in AD
1520 [46], and (2) the second pulse was found to be of such
low magnitude that the associated admixture time spanned a
whole range of times equally well (Figure S5).
Although our data suggest that modern-day Rapanui are the

result of a pre-Columbian gene flow event between Native
Americans and Polynesians, we cannot, with the data at
hand, determine how this gene flow happened. Nevertheless,
it is interesting to consider the evidence presented in other
fields. There are two main scenarios compatible with the
data: Native Americans sailing to Rapa Nui, or Polynesians
sailing to the Americas and back. Although ‘‘boats on occasion
can sail from almost anywhere to anywhere’’ [47], from a purely
seafaring capability perspective, it is probably fair to say that
the latter scenario ismore likely. Let us consider the geograph-
ical situation of Rapa Nui and the feasibility of such a voyage,
especially in the context of the Polynesian expansion.
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Figure 5. Ancestry Tract Length Distributions for the Eight Unrelated Rapa-
nui after Local Ancestry Inference

Each color corresponds to one of the three ancestral populations used in the
RFmix analysis (purple, Polynesians; cyan, Europeans; red, Native Ameri-
cans). Points correspond to the observed data, and solid lines correspond
to the expected tract length distributions as predicted by the model imple-
mented in tracts for models M1 and M2. Shaded areas correspond to the
95% confidence region (by ancestry) built from all the fastsimcoal2 runs
under each model. For a schematic representation of the models, see
Figure 4.

Table 1. Maximum-Likelihood Estimates for the Two Competing Models

Model bpNA
btNA (Calendar Date) bpE

btE (Calendar Date)
Log
Likelihood

M1 0.09 21 (AD 1340–1445) 0.15 4 (AD 1850–1870) 2162.7
M2 0.06 8 (AD 1730–1770) 0.15 8 (AD 1730–1770) 2344.5

In order to get an estimate for the time (in generations) of each migration
pulse, btNA and btE were rounded up to the nearest integer (see Supplemental
Experimental Procedures). Numbers in parentheses are time estimates
expressed in calendar dates assuming a human generation time between
25 and 30 years [39, 40].
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The colonization of the Polynesian islands did not occur as
the result of a single trip, but the most prevalent view—sup-
ported by the data we generated—suggests that they were
colonized during the same expansion. It is believed that this
expansion was part of an intentional and systematic explora-
tion of the region ([28], pp. 64–66). An interesting feature of
the seascape is that the islands in East Polynesia are farther
apart from each other than those located in Central Polynesia
[47]. Radiocarbon dates suggest that most of East Polynesia
was colonized within one century [8]. Not only did the first col-
onizers reach islands separated by thousands of miles, they
seemingly did so in a rapid upwind fashion, since the most
prevalent winds blow east to west at those latitudes. In this re-
gard, one interesting hypothesis is that the islanders could
have decided to sail toward the east to facilitate return trips.
By the time Polynesians settled on Rapa Nui, the Americas
had become a large target at a feasible distance with long-
distance sailing technology already in place ([28], p. 249).
The feasibility of such a trip was elegantly demonstrated in a
sailing simulation study wherein Fitzpatrick and Callaghan
[48] showed that all sailing voyages heading intentionally
east from Rapa Nui would always reach the Americas with a
trip lasting from two weeks to approximately two months.
The return trip appears more challenging. Simulations with a
starting point in Chile lead to mostly unsuccessful voyages
(for any of the Polynesian islands). With a starting point in
Ecuador, most sailing canoes bypassed Rapa Nui without
foreknowledge. Perhaps a similar point can be made when
one considers the relatively late ‘‘discovery’’ of Rapa Nui by
Europeans as compared to the other Polynesian islands.

Jones et al. [28] reviewed in 2011 the archaeological, phys-
ical anthropological, linguistic, and navigational evidence for
pre-Columbian contact. They identified three regions of poten-
tial contact, namely Chile, the Gulf of Guayaquil in Ecuador,
and the Santa Barbara Channel in California, and constrained
the contacts to a period between AD 700 and AD 1350. They
argued that the most parsimonious explanation in all cases
is a return voyage by Polynesians, but they could not exclude
the scenario of a one-way raft trip, as suggested for example in
the mid-20th century by Thor Heyerdahl [11]. One of their
primary arguments is the lack of Native American influence in
Polynesia, particularly in terms of Polynesian architecture
([28], pp. 263–265)—aside, perhaps, from one of the platform
sites on Rapa Nui, Ahu Vinapu.

These considerations, taken together, lead to the specula-
tion that a return voyage is perhaps the most likely scenario.
If this is indeed true, it is intriguing that, to date, no Polynesian
genetic signal has been reported in modern Native American
populations (e.g., [49], but see [50]). This observation could

be explained by hypothesizing that (1) only a few Polynesian
individuals were involved compared to the size of the
Native American populations, (2) the migration was so recent
that it would only impact some yet-unsequenced populations
in the Americas, and/or (3) cultural differences prevented
gene flow.
Although it is important to avoid overinterpreting our re-

sults, it is interesting to consider the timing of the admixture
in context with evidence reported in other studies. We have
inferred the Native American admixture event to have
occurred between AD 1280 and AD 1425. These dates should
be treated with caution given the simplifying assumptions of
the underlying model. For example, generation time in hu-
mans is still debated and has a direct impact on the transla-
tion into calendar years [39, 40]. Moreover, admixture events
are assumed to occur in a discrete fashion in our demo-
graphic models. Therefore, our admixture times should be
interpreted as average times over all actual gene flow events.
Nevertheless, they are in surprisingly good agreement not
only with the colonization history of Easter Island, thought
to have occurred not later than AD 1200 [7], but also with
the observation that at some point in time, Polynesians
stopped sailing long distances. It is indeed estimated by
Jones et al. ([28], pp. 265–267) that by around AD 1450, the
expansion had ceased. By the time Europeans reached the
islands, Polynesian boat technology had changed in such a
way that long-distance ocean sailing had seemingly come
to an end.

Future Work
Future work from combined fields should allow us to (1)
address the question of the directionality of the contact, (2)
refine the timing of the contact, and (3) establish the cultural
impact of such an event on Rapanui. In particular, it will be
interesting to determine which Native American populations
were involved in the contact and which Polynesian popula-
tions exhibit such an admixture signature, given that the evi-
dence from sweet potato studies suggests that such a signal
could be found in additional islands. This will require the gen-
eration of further genomic data. Whole-genome data from
Polynesians and Native Americans will also be valuable in
overcoming biases introduced by SNP ascertainment in ge-
notyping platforms. Finally, ancient DNA data would allow for
deeper insight into the timing of admixture. Although nu-
merous human skeletons have been found on the island [51]
and although the field of ancient DNA has entered the geno-
mics area (e.g., [52]), it remains challenging to gain access
to human remains sufficiently well preserved and predating
first European contact.

Figure 6. Schematic Representation of the Two
Competing Demographic Scenarios that Were
Used for Coalescent Simulations

Both models include three population splits that
we set at 1,280 generations ago (w32,000 years
ago) for the European split, 920 generations ago
(w23,000 years ago) for the Native American split,
and 32 generations ago (w800 years ago) for the
Polynesian Rapa Nui split, and we assumed a
population size of Ne = 10,000 for Europeans
and a population size of Ne = 1,000 for each of
Native Americans, Polynesians, and Rapanui.
The simulations were run with the corresponding
MLEs obtained by tracts from the observed data
for models M1 and M2 (Table 1).
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