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Summary

The timing of the initial peopling of the Polynesian islands remains highly debated. Suggested
dates are primarily based on archaeological evidence and differ by several hundred years. loan-
nidis et al. [2021] used genome-wide data from 430 modern individuals from 21 Pacific islands
to obtain genetic estimates. Their results supported late settlement dates, e.g. approximately
1200 CE for Rapa Nui. However, when investigating the underlying model we found that the
genetic estimator used by loannidis et al. [2021] is biased to be about 300 years too old. Correct-
ing for this bias gives genetic settlement dates that are more recent than any dates consistent
with archaeological records, as radiocarbon dating of human-modified artifacts shows settle-
ment definitively earlier than the bias-corrected genetic estimates. These too-recent estimates
can only be explained by substantial gene flow between islands after their initial settlements.
Therefore, contacts attested by archaeological and linguistic evidence [Kirch, 2021] must have
been accompanied also by demographically significant movement of people. This gene flow
well after the initial settlements was not modelled by Ioannidis et al. [2021] and challenges their
interpretation that carving anthropomorphic stone statues was spread during initial settlements
of islands. Instead, the distribution of this cultural practice likely reflects later inter-island ex-
changes, as suggested earlier [Kirch, 2017].
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Main Text

To estimate settlement times, loannidis et al. [2021] analyzed long DNA segments inherited
from a common ancestor (identical by descent, henceforth referred to as IBD). After inferring
these IBD segments from genome-wide DNA data for pairs of individuals on different Polyne-
sian islands and restricting the analysis to genomic regions of Polynesian ancestry, they fitted
the observed IBD length distribution with an exponential curve. From the decay constant, they
computed the number of generations that elapsed since the divergence of the two island pop-
ulations. The bias in the method used by Ioannidis et al. [2021] is that this model assumes that
the time to the most recent common ancestor (TMRCA) of all IBD segments shared between
samples of any two islands is the same as the split time of their ancestral population. How-
ever, the TMRCA is guaranteed to be older than the population split time: at the time of the
population split, the ancestors of the two contemporary lineages almost certainly belonged to
different people. Therefore, the genetic divergence time also includes the coalescence time of
two lineages within the ancestral population before the population split, which as we show in
what follows, introduces a substantial overestimate of split times.

To quantify this effect, we derived an analytic expression for the IBD length distribution (Sup-
plement Eq. 4) building on a long-standing theoretical framework [Palamara et al., 2012, Ralph
and Coop, 2013, Palamara and Pe’er, 2013, Carmi et al., 2014, Browning and Browning, 2015,
Ni et al., 2015, Ringbauer et al., 2017]. We also simulated IBD under this model (1.3). The exact
equation and the simulations agree, and both deviate markedly from the model assumed in
Ioannidis et al. [2021] (Fig. S1). Importantly, our results show that the methodology employed
by loannidis et al. [2021] yields a systematic over-estimate of split times of about 10 generations
under a wide range of plausible demographic scenarios (Fig. 1), including the ones inferred by
Ioannidis et al. [2021]. When assuming a generation time of about 30 years, this bias translates
to about 300 years. Correcting the genetic split time estimates of Ioannidis et al. [2021] for this
bias gives dates much younger than any archaeologically plausible settlement model.
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Figure 1: Estimating split times from IBD when simulating Two-Island Models. We fitted both the two-island model and the model in
[Toannidis et al., 2021] to IBD segments simulated under a two-island split model without subsequent gene flow. We simulated all com-
binations of three different split times Ty = 20, 30, 50 and six different ancestral population sizes Ny = 50, 100, 250, 500, 1000, 2000,
each with 50 independent replicates recording IBD between two samples of 15 diploid individuals per island. We plotted the biases of

the estimated split time Ty — T for each of the simulated scenarios.

One process not modelled by loannidis et al. [2021] is gene flow postdating the initial settle-
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ments of Polynesia. Such contacts introduce shared IBD segments, biasing split time estimates
to be too recent. To ameliorate this problem, Ioannidis et al. [2021] restricted their analysis to
segments shorter than 15 centimorgan. While this filtering removes long IBD segments that
are highly enriched to be of recent origin, recent gene flow introduces IBD segments across
all length scales (Fig. S3) and an effect on split time estimates remains (Fig. S4). Major post-
settlement cultural exchange almost certainly occurred given linguistic evidence that suggests
”considerable and continuing inter-island contact during the early period of eastward migra-
tion into the Eastern Polynesian archipelagos” and archaeological evidence of long-distance
exchange of stone tools between early Eastern Polynesians [Kirch, 2021]. The genetic split time
estimates dating well after initial settlement make it clear that later contacts between islands
must have involved substantial movements of people.

Ioannidis et al. [2021] point out that in the case of post-settlement gene flow, their inferred
genetic divergence dates between Polynesian islands are in theory only the most recent possible
dates of settlement ("terminus ante quem’). However, they argue that in practice they effectively
estimate the dates of settlement for the remote island groups. As support for this claim, they
invoke a prior archaeological hypothesis, writing ‘In the case of the most remote islands such
as Rapa Nui, which are believed to have had no large-scale population exchanges with other
islands, the IBD-based date should coincide closely with the actual date of settlement.” But
here we find that the bias-corrected divergence dates between remote islands actually post-date
well-accepted radiocarbon dates of those islands by hundreds of years, including also for Rapa
Nui. Therefore, the interpretation of Ioannidis et al. [2021] that IBD-based split times reflect
settlement dates on remote islands cannot be correct. Instead, the IBD-based genetic divergence
dates must be dominated by previously underappreciated major gene flow events well after
initial settlement, including for remote islands such as Rapa Nui.

This evidence of substantial gene flow well after initial settlement based on combining genetic
and archaeological evidence brings into question one of the most remarkable implications of
Ioannidis et al. [2021] regarding the origins of carving monumental anthropomorphic stone
statues, a cultural practice shared among the far-flung islands of Marquesas, Raivavae, and
Rapa Nui. It was previously argued that those and other exemplars of stone working reflect
inter-island contacts well after the initial settlements [Kirch, 2017]. Ioannidis et al. [2021] con-
jectured instead that these practices spread into all these islands with their first inhabitants,
plausibly from a source in the Tuamotu Islands. The fact that genetic clustering coincides with
the practice of carving of monumental statues in Polynesia is an important observation, but our
results imply that this signal was likely misinterpreted by loannidis et al. [2021], and instead
was driven by later and equally extraordinary inter-island exchanges.
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Code Availability

The code used for simulating IBD and analyzing simulated IBD data is publicly available at
https://github.com/hy1317/two_island.
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1 Supplementary Information

1.1 The exact analytical Model for IBD sharing

Here, we derive an exact expression for IBD sharing in a two-island model with a split with no
subsequent gene flow (see model in Fig. 1a). We use an established theoretical framework to
exactly model IBD sharing [Palamara et al., 2012, Ralph and Coop, 2013, Palamara and Pe’er,
2013, Carmi et al., 2014, Browning and Browning, 2015, Ni et al., 2015, Ringbauer et al., 2017].
Using the notation of Ringbauer et al. [2017], the expected number of IBD segments E[N} | of
length L and with TMRCA t, can be expressed as:

E[NL] = E[KL] - ¢(t), )

where E[K! ] denotes the expected number of overlapping ancestry blocks L Morgan long at
time ¢ before sampling, and ¢(t) denotes the single-locus coalescent time distribution, i.e. the
probability that two lineages coalesce at time ¢ ago. Throughout, the notation E[-] denotes a
probability density with respect to time or/and IBD segment length [Ringbauer et al., 2017].
To obtain an analytical expression for the two-island split model, we give expression for both
factors in Eq. 1.

First, as described in [Ringbauer et al., 2017], modelling recombination as a Poisson process
along a chromosome of length G yields:

E[KY] =2-2t-exp(—2Lt) + (G — L) - 4t* - exp (—2Lt). (2)

Second, we plug in the coalescent time distribution ¢(¢) for the specific demographic model
of a two-island split with no subsequent gene flow (Fig. Sla). Denoting the split time as Tj
generations back and the ancestral population size as N, yields:

O, t <Tph
) =4 1 e ©)

e o t =T,
2N()€ o, 0

To calculate E[Ny], the density of expected number of IBD segments of length L, we integrate
E[N!] over t. To simplify notation, let 3 = 1 + 4NyL. Plugging in Eq. 2 yields the full re-
sult:

BN = | BN = | Bl o
@
| 4e72T 2N, - , ANGT,  8NZ
S ((T” g+ @ L)(T” B /32>)

We note that for G » L, this expression can be approximated by the second term only (ef-
fectively ignoring IBD on the chromosome edges). Here, we used the exact full expression
throughout, effectively including chromosomal edge effects, as there is little computational
overhead.
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1.2 Inferring demographic parameters by fitting IBD

To estimate demographic parameters from IBD blocks, we apply the method described in Ap-
pendix C of Ringbauer et al. [2017]. Summarizing briefly, the expected number of IBD segments
within a small length bin [L, L + 0] is given by 07, - E[N]. Within each length bin, we assume
the number of segments to be Poisson distributed around mean §;,E[N]. We then approxi-
mate the total likelihood to be the product of Poisson likelihoods over all length bins, assuming
that each length bin is independent. To jointly estimate Ty and Ny, we maximize this likelihood
by using the L-BFGS-B subroutine [Zhu et al., 1997] provided in SciPy[Virtanen et al., 2020].
We then estimated the standard error of the MLE estimate of split time and ancestral popula-
tion size by numerically calculating the Fisher Information of the likelihood function using the
Python package numdifftools, and then approximated the 95% confidence interval by +1.96 x
standard errors.

1.3 Simulating IBD sharing

To validate formula Eq. 4, we compared predicted IBD sharing to simulated IBD sharing. To
simulated a IBD dataset, we used the coalescent simulator msprime [Kelleher et al., 2016] for
chromosome 5 using the HapMap genetic map[Consortium et al., 2005]. We simulated all com-
binations of Ty = 20, 30,50 and N, = 50, 100, 250, 500, 1000, 2000. For each demographic model
we drew one haplotype from each of the two islands, and simulated 50,000 independent repli-
cates. To keep runtime manageable, we terminated the simulation at 1000 generations as coa-
lescent events before that are extremely unlikely to result in IBD segments several centimorgan
long.

We recorded IBD segments according to the full ancestral recombination graph (ARG). Specif-
ically, we define an IBD segment to be a contiguous segment where the most recent common
ancestor(MRCA) remains the same without any recombination node on the branch leading up
to coalescence. We note that some recombination events do not change the pairwise TMRCA,
but our procedure records all IBD segments including those truncated by these ineffective re-
combinations that would not be detectable in practice. Doing so is usually a good approxima-
tion: While ineffective recombination leads to conflation of short IBD segments, especially in
populations with very small effective sizes [Chiang et al., 2016], for most realistic demographic
parameters and longer IBD blocks these effects remain negligible [Chiang et al., 2016, Ringbauer
etal., 2017].

For simulated IBD segments 5-15 cM long, the full theoretical prediction (Eq. 4) matches the
simulated data (Fig.51). Moreover, the simulated IBD distribution exhibits a substantial positive
curvature when using a log-scale for the y axis, demonstrating that the decay deviates from a
simple exponential model (which would be a straight line on a log scale).

1.4 Inferring Split Times from simulated IBD

Next, we evaluated IBD-based demographic inference on simulated data. As described above,
we used msprime to simulate data on all 22 autosomes for all combinations of 7, = 20, 30, 50
and Ny = 50, 100, 250, 500, 1000, 2000. For each demographic model, we performed 50 indepen-
dent simulations. In each replicate simulation, we drew 15 diploid samples from each of the
two islands and recorded their IBD segments according to the simulated full ARGs. Similar as
above, we defined IBD segments to be a contiguous genomic segment along which the MRCA
stays constant without any recombination events.
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To infer split time and ancestral population size, we used segments 5-15cM long and set the bin
size to 0.1cM. We calculated the likelihood based on the exact formula for expected IBD sharing
(Eq. 4). We noticed that likelihood optimization occasionally converges to only a local optimum
when far from the true values, so we started the optimization procedure from three different
initial values ((25, 100), (25, 2000), (25, 10000) where the first element is the initial search value
for Ty and the second element is the initial search value for Ny) and returned the output that
gives the highest likelihood. For comparison, we also estimated split times using the MLE
formula for truncated exponential distribution, following the procedure described in [loannidis
etal., 2021].

Our results indicate that fitting an exponential decay as in [Ioannidis et al., 2021] results in a sys-
tematic over-estimate of split time by about 10 generations across a wide range of demographic
parameters (Fig.1). In contrast, fitting the full formula generally yields estimates of both split
time and ancestral population sizes with little biases (Fig. 1). We note that for both models, the
variance of the estimate increases with larger 7j or Ny, as do the estimated confidence intervals.
This behavior is not surprising, because larger Ty or Ny results in fewer shared IBD blocks and
inference based on less data tends to be more variable.
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Figure S1: IBD segment distribution in the Two-Island Split Model. We simulated two-island split model with various split times
To (rows) and various population sizes No (columns). We show the amount of IBD segments of different lengths (blue dots) between
two islands. The exponential fit line (yellow) is calculated as in Ioannidis et al. [2021], we calculated the normalizing constant for the
exponential decay curve by matching the total number of observed IBD segments.
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