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Genetic and fossil evidence supports a single, recent (<200,000 yr) origin of modern Homo sapiens in Africa, followed by
later population divergence and dispersal across the globe (the “Out of Africa” model). However, there is less agreement
on the exact nature of this migration event and dispersal of populations relative to one another. We use the empirically
observed genetic correlation structure (or linkage disequilibrium) between 242,000 genome-wide single nucleotide
polymorphisms (SNPs) in 17 global populations to reconstruct two key parameters of human evolution: effective pop-
ulation size (N.) and population divergence times (7). A linkage disequilibrium (LD)-based approach allows changes in
human population size to be traced over time and reveals a substantial reduction in N, accompanying the “Out of Africa”
exodus as well as the dramatic re-expansion of non-Africans as they spread across the globe. Secondly, two parallel estimates
of population divergence times provide clear evidence of population dispersal patterns “Out of Africa” and subsequent
dispersal of proto-European and proto-East Asian populations. Estimates of divergence times between European—African and
East Asian—African populations are inconsistent with its simplest manifestation: a single dispersal from the continent followed
by a split into Western and Eastern Eurasian branches. Rather, population divergence times are consistent with substantial
ancient gene flow to the proto-European population after its divergence with proto-East Asians, suggesting distinct, early
dispersals of modern H. sapiens from Africa. We use simulated genetic polymorphism data to demonstrate the validity of our
conclusions against alternative population demographic scenarios.

[Supplemental material is available for this article.]

Genetic and fossil evidence largely supports a single, recent
(<200,000 yr) origin of modern Homo sapiens in Africa followed
by a later dispersal to the rest of the world (“Out of Africa” model)
(Stringer and Andrews 1988; Ingman et al. 2000; Stringer 2002;
Cavalli-Sforza and Feldman 2003; Relethford 2008; Tattersall 2009).
Although it is clear that humans were thriving across the Old World,
from western Europe to southeast Asia, by ~35,000 yr ago (Goebel
2007), the process of population dispersal “Out of Africa” and sub-
sequently across Eurasia is less clear (Forster 2004; Mellars 2006a,b).
Traditionally, the “Out of Africa” event is thought to have occurred
in a single wave, although the precise nature of these human mi-
gration events has been difficult to discern. The process of global
colonization by humans in the past will have played an important
role in shaping current patterns of genetic diversity and will par-
tially explain geographic variation in genetic susceptibility to cer-
tain diseases (Tishkoff and Verrelli 2003; Novembre and Di Rienzo
2009). The recent availability of high-density genetic information
allows us to infer relationships between human populations and,
through this, gain an understanding of past demographic events
(Sved et al. 2008).

Linkage disequilibrium (LD) is the nonrandom association of
alleles between genetic loci (Hill and Robertson 1968). Under-
standing patterns of LD has been crucial in designing and imple-
menting genome-wide association studies that rely on the ability of
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a subset of genotyped markers, typically single nucleotide poly-
morphisms (SNPs), to effectively “tag” other genetic variation, in-
cluding the causative variants underlying diseases (Donnelly 2008;
McCarthy et al. 2008). The extent and strength of LD between any
two markers depend on intrinsic cellular factors like recombination,
mutation, and gene conversion rates. However, LD patterns are also
shaped by extrinsic aspects of the human past, such as effective
population size (N,), migration (admixture), and selection. Through
population genetics theory, the extant LD structure can be used to
reconstruct these past events (Ardlie et al. 2002).

N, is a measure of the number of independent breeding in-
dividuals in a population and is normally much less than the actual
census size (N,) since real populations depart from idealized theo-
retical models and their assumptions (Charlesworth 2009). Human
N, is consistently estimated to be about 10,000 (Takahata 1993).
Estimates are traditionally calculated from DNA sequence diversity
and represent an average N, over many past generations. However,
population size is likely to have varied considerably over human
history. Patterns of LD contain information about these changes
(Hayes et al. 2003; Tenesa et al. 2007). Finite N, causes genetic drift —
random fluctuations in allele or haplotype frequencies—which
leads to increased LD, but this LD decays due to recombination. The
greater the recombination rate between a pair of genetic markers,
the more quickly LD decays. Consequently, LD between markers
that are far apart reflects recent N,, while LD between markers close
together is more affected by ancient N, (Hill and Robertson 1968;
Hayes et al. 2003).

As well as offering the unique ability to monitor fluctuating
population size across time, genetic polymorphism data can be used
in two parallel ways to date the time (7) since two populations
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diverged from one another. Under neutral evolutionary theory, the
level of genetic differentiation between two populations (measured
by variation in allele frequencies using the Fgr statistic) is deter-
mined by genetic drift (Holsinger and Weir 2009). The extent of
genetic drift is, in turn, dependent on effective population size and
the time since divergence; for example, the impact of genetic drift
will be greatest between two populations that have had a small
population size and been separated for long periods. Normally, N,
and T are confounded and difficult to tease apart (Hartl and Clark
2007). However, LD data within populations could be used to esti-
mate N, while the allele frequencies within and between pop-
ulations can be used to calculate Fsy; making an estimate of T pos-
sible. These methods present a unique opportunity to independently
estimate both historic N, and the time when two populations di-
verged. In addition, T may also be derived from the similarity in LD
patterns between populations. Immediately after their separation,
the two populations are expected to show a perfect correlation in LD
structure, but this will gradually decay in a manner dependent on
recombination distance and time, allowing us to date the separation
point (de Roos et al. 2008; Sved et al. 2008).

We explored human LD patterns using approximately 242,000
SNPs across the genome in 17 population samples from across the
globe. We used these to reconstruct two key parameters of human
evolution: effective population size (N,) and population divergence
times (7), and through these track the emergence and dispersal of
our species “Out of Africa” and beyond. In addition, we used sim-
ulated genetic data to evaluate the performance of parameter esti-
mators across a range of population demographic models.

Results

We examined LD patterns in a range of global populations (Fig. 1;
Supplemental Table 1) using the correlation (r.p) and squared
correlation (r.p%) in genotype frequencies between approximately
242,000 autosomal SNPs (Weir 2008; Sved 2009). Approximately
5.4 million pairwise LD observations were made between loci sep-
arated by genetic distances of between 0.005 and 0.25 cM. rip>
values were binned into distance categories, averaged, and related to

N, as E(r.p?) = 1/(2 + 4N,¢), where ¢ is the genetic distance between
loci in morgans (Tenesa et al. 2007). rip? values in a particular re-
combination distance (c) bin give an estimate of N, t generations in
the past as t = 1/(2c) (Hayes et al. 2003). The range of genetic dis-
tances in the data can potentially offer a view of N, from approxi-
mately 5000 to 200 generations ago or 125-5 thousand years ago
(KYA), assuming a generation time of 25 yr.

There is considerable variation in N, estimates across both time
(genetic distance categories) and space (geographic populations)
(Fig. 2). As long-term N, behaves as a harmonic mean over all re-
combination distance classes, it provides an average value for each
population. These range from 13,900 in Yorubans (YRI) to 5200 in
the Finns (FIN) (Fig. 3A), consistent with N, estimates by different
approaches and methods (Yu et al. 2004; Conrad et al. 2006). Prior
to the divergence of African and non-African populations, their N,
should be the same, but we do not observe this convergence. The
recombination distance-to-time relationship holds best when a
population has been constant in size or grown linearly (Hayes et al.
2003). If non-African populations experienced a drastic “Out of
Africa” bottleneck, this would inflate rp> even for markers a very
small distance apart and so the N, before the bottleneck would be
severely underestimated. Averaging N, estimates between African
and non-African populations over the notional 125-25-KYA period
suggests that initial human migration resulted in a substantial
reduction in N, (Fig. 3A). The African population, in contrast, has
remained relatively large and stable over most of its history.
However, there is evidence for a small increase in the West African
Yorubans (YRI) ~8 KYA, coinciding with declines in the East Af-
rican Maasai (MKK) and Lubya (LKK) populations at the same
time (Figs. 2, 3B).

From ~25 KYA, all non-African populations start to expand,
and distinct growth trajectories become apparent moving toward the
present, reflecting the emergence of each population as a separate
entity (Fig. 2). The Chinese population shows the strongest recent
population growth (~0.7% per generation, averaged over the period
20-5 KYA) (Fig. 3B), leaving them with the highest most recent N,
estimate of ~21,000. Italians (TSI) show a significantly higher recent
(<12.5 KYA) N, than Northern/Western Europeans (10,500 vs. an
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Figure 1. Populations, codes, and sample sizes. The sampling location is indicated in italics. GenomEUtwin populations are marked *; otherwise

samples are from HapMap 3. See also Supplemental Table 1.
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Figure 2. Spatial and temporal variation in N, estimates. N, was calculated from LD observations in each of 50 recombination distance classes for each
population. Note the change in the time axis scale at 20 KYA. The underlying LD structure upon which these N, estimates are based can be seen in

Supplemental Figure 5.

average of 8200 in the CEU, NET, SWE, DEN, and UK populations;
two-tailed t-test, p < 1 X 107°), likely the consequence of bottle-
necks associated with the depopulation and recolonization of
Northern Europe before and after the last glacial maximum (LGM;
30-18 KYA) (Reich et al. 2001). Growth accelerates moving forward
in time, with the average rate about threefold higher in the period
8-5 KYA than 20-8 KYA, presumably representing the impact of
agricultural innovations on population density.

As well as offering the ability to monitor fluctuating population
size across time and space, LD can be used in two parallel ways to
explicitly date population divergence times (7). Under the neutral
theory, the level of population differentiation (measured by Fsy) is
determined by genetic drift (Holsinger and Weir 2009). The extent of
genetic drift is dependent on N, and T as Fsr = T/(2N,) (Nei 1987).
Therefore, we estimate T in generations by 2N, Fsr (we refer to this
estimator of T as Tr). Normally, N, and T are confounded together,
but here we can estimate N, from the LD structure and use SNP allele
frequencies to calculate Fg;: We initially relied on average N, from
recombination distance classes up to 0.10 cM so as to obtain a long-
term estimate of N,. The matrix of interpopulation Ty values (Sup-
plemental Table 2) is summarized in a neighbor-joining (NJ) phylo-
genetic tree, for a subset of the nine most differentiated populations
(Fig. 4A). This provides a clear picture of the historical relationship
between populations with three broad groupings apparent: Africans,
East Asians, and Europeans. Early human dispersal patterns can be
inferred through estimates of T between these three main groups.
The average T estimate between these African and European pop-
ulations is ~36 KYA, ~44 KYA for Africans and East Asians, and ~20
KYA between East Asians and Europeans. If N, estimates derived
over 0.25 cM are used, then average Tr between African and Euro-
pean or Asian populations increases to ~48 KYA and ~66 KYA, re-
spectively, and ~34 KYA for East Asian-European comparisons
(Supplemental Table 2). The estimates of non-African population
foundation are in the range of those calculated from other genetic
loci and methods: 40-50 KYA and 52-60 KYA from Y-chromosome
(Thomson et al. 2000) and mitochondrial (mt) DNA (Ingman et al.
2000) sequence, respectively, and 37-57 KYA from autosomal STRs
(Zhivotovsky et al. 2003). They also accord well with fossil and ar-

chaeological evidence that modern Homo sapiens had reached
Western Europe and East Asia by at least 30-40 KYA (Stringer 2002).

As an empirical control, T'may also be estimated from LD alone
(Typ). Immediately after divergence, two populations will have
a perfect correlation in LD structure, but this will gradually decay in
a manner dependent on recombination distance and time but ap-
proximately independent of N, (de Roos et al. 2008; Sved et al.
2008). The NJ tree topology based on an interpopulation matrix of
Typ values (Supplemental Table 2), calculated from pairs of SNPs
=0.10 cM apart (Fig. 4B), is similar to that based on T, and there is
a strong correlation between the rank order of divergence times
between Trand Ty, (r=0.97). Notwithstanding this, T, p values are
generally substantially less than Ty and, accordingly, the Ty, NJ tree
is generally deflated in scale by ~50% (Fig. 4B). As with TF, the av-
erage Europe-Africa T p is significantly smaller than Africa—East Asia
(~17 KYA and ~20 KYA, respectively; p = 9.7 X 107>, two-tailed
t-test), while European-Fast Asia divergence was placed at ~9 KYA
(Supplemental Table 3). T;p estimates based on the correlation in
LD structure up to 0.25 cM are 15 KYA, 17 KYA, and 11 KYA, re-
spectively, for the three intercontinental comparisons. (See Sup-
plemental Table 2.) Ty, is expected to underestimate the absolute
divergence times of African, European, and Asian populations
compared to Ty probably largely due to fixation bias and migration
(Supplemental Figs. 1, 2; Sved et al. 2008; see Methods).

Estimates of Tr and T, between European, East Asian, and
African populations suggest a more complex “Out of Africa” dis-
persal pattern than that proposed by a single-wave “Out of Africa”
model. Under a single-wave “Out of Africa” model, the divergence
times of Africa versus Europe and Africa versus Asia are expected to
be roughly similar. However, the Europe-Africa Ty is significantly
smaller (more recent) than that from the East Asia—Africa compari-
son (p <1 X 10~") (see Supplemental Table 3).

Simulations

From the genetic data of simulated population scenarios, we use
LD patterns among loci separated by genetic distances of between
0.005 and 0.25 cM, representing approximately 200 to 5000
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Discussion

We used LD patterns in 17 population
samples to estimate N, and to date pop-
ulation divergence times, with estimator
performance evaluated using simulated
genetic data. As well as allowing the in-
corporation of information from across
the entire genome simultaneously, LD-
based estimations of N, have an advan-
tage of allowing us to track changes in
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Figure 3. (A) The harmonic mean of N, for each population over all recombination distance classes up
to 0.25 cM. The N, illustrated is the average from separate analysis of each autosomal chromosome,
which allows the placement of 95% confidence intervals on each estimate as indicated by the error bars.
(B) N, growth rate, calculated as the percentage change in N, at t = 200 compared to t = 800 averaged

over the 600 generations. See Figure 1 for population codes.

generations ago, to assess the behavior of the estimators N,, T;p,
and Tr. The extent of the bottleneck (r) has little effect on estimates
of N, at generations both before and after the simulated bottleneck
event (Fig. 5; Supplemental Fig. 3). The population maintained at a
constant N, = 10,000 (Constant) has a consistent estimate of his-
toric N,, although there is a downward bias of ~10%. Populations
with simulated bottlenecks show inflated levels of LD even at
markers close together, leading to N, severely underestimated at
generations prior to the bottleneck, consistent with estimates of
N, in non-African populations. Simulated population growth is
clearly apparent in estimates of N, in generations after the bottle-
necks, demonstrating the ability of the estimator to identify dif-
ferences in the extent of growth among populations.

To obtain a clearer evaluation of human population divergence
patterns, we used the LD and allele frequency information from
simulated population scenarios mimicking “Out of Africa” events to
evaluate the performance of Tr and T p estimators (Fig. 5; Table 1).
Under scenarios following a standard single-wave “Out of Africa”

lations. The results capture the substantial
“bottleneck” that accompanied the emer-
gence of modern humans from Africa and
the subsequent re-expansion.

While N, shows evidence of the
expected bottleneck effect under the “Out
of Africa” model, estimates of population
divergence times are inconsistent with its
simplest manifestation: a single dispersal
from the continent followed by a split into Western and Eastern
Eurasian branches. Under this scenario, the divergence times of
these two groups relative to Africa would be expected to be similar.
Both Ty and Typ, two T estimators calculated by different means
from the same data, consistently demonstrate a significantly more
recent relationship between Europe and Africa than between East
Asia and Africa. Using simulated populations, we show that under
the single-wave “Out of Africa” model, Tr and Ty, estimate very
similar divergence times between the two diverged populations and
the ancestral population. Thus, the pattern of Tr and T;p among
human populations appears at odds with the standard single-wave
“Out of Africa” model. Previous studies have noted the relationship
of higher genetic distances (Keinan et al. 2007), lower levels of di-
versity (Ramachandran et al. 2005), and longer-range LD (Jakobsson
et al. 2008) with increasing geographic distance from East Africa. A
likely explanation for the pattern of population divergence seen
among human populations is that they are the result of serial
founder effects, and consequent greater genetic drift, as repeated
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Figure 4. Unrooted neighbor-joining (NJ) networks illustrating (4) Trand (B) T,p divergence times. Trand T, are estimated using information from
genetic distance classes =0.10 cM. Branch lengths are proportional to divergence times in thousands of years ago (KYA) with actual values reported along
each branch or over the population name where the branch length is too small for labeling. To maintain the additivity of distances along the tree, the N
method can introduce negative branch lengths by chance. Divergence times between six Northern European (NET, UK, AUS, DEN, SWE, and CEU) and
two Chinese (CHD and CHB) population samples were very small (less than 10 generations) for both Trand T,p, suggesting that they are very similar
populations in relative global terms. We therefore included only one representative of each set of populations (CEU and CHB for Northwest Europe and
China, respectively) in the construction of the NJ tree. We also did not include the Mexican (MEX) and African-Americans (ASW) samples in NJ construction
since they are known to be a product of recent admixture between different continental parental populations (see Supplemental Fig. 4). Neighbor-joining
trees were generated using the PHYLIP package (version 3.68 available at http://evolution.genetics.washington.edu/phylip.html).

subsets of the total population gradually advanced across the globe.
Differences in the nature and number of founder events could po-
tentially explain a discrepancy in some divergence time estimators
since East Asia is obviously geographically more distant from Africa
than Europe. However, our estimate of Trincorporates independent
population-specific estimates of N, that will reflect the history of
genetic drift, while the parallel T, estimator is approximately in-
dependent of N,. Simulations demonstrate that the extent of bot-
tlenecks and rates of growth are not likely to lead to the patterns of
Trand T, p observed among human populations (Fig. 5; Table 1). An
alternative explanation for the difference, consistent with previous
modeling of human dispersal (Schaffner et al. 2005; Gutenkunst
et al. 2009), is a greater migration rate between Africa and Europe,
although itis less clear from these previous
studies when this gene flow occurred and
what form it took. Our results begin to
shed light on these latter questions. The 9000
ratios of average Europe-Africa to East
Asia—Africa divergence times are 0.82 and
0.89 by Tr and Ty p, respectively, using LD
information over pairs of SNPs =0.1 ctM
apart. However, a deviation from 1in T;p
estimates over smaller distances (=0.05
cM) corresponding to a more ancient
timeframe (>25 KYA) is still apparent
(0.89). If recent gene flow occurred be-
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2008), it appears that post-divergence migration rates from Africa
to Europe would need to be approximately constant because we ob-
serve consistent ratios of Trand T p at different genetic distances.
Thus, the observations are suggestive that greater migration to Europe
from sub-Saharan African has been a long-term phenomenon.
Y-chromosome and mtDNA lineages are generally highly dif-
ferentiated between continents, making them powerful genetic
markers of intercontinental migration. Most of the lineages that are
characteristic of sub-Saharan Africa are absent in Europe (and vice
versa) (Cavalli-Sforza and Feldman 2003; Underhill and Kivisild
2007). However, the coalescent time and geographic distribution
of the Y-chromosome E3b (E-M215) haplogroup points to a late
Pleistocene migration from Eastern Africa to Western Eurasia via the

Our estimators 9f Trand Ty p are calculated \é" o o? 2 o? & o o® o of of of ;i ,}o o.»‘,#.? ;o o.»u o,:;a .:;o o?‘.
under assumptions of no gene flow be- & ’@@;Q@ oy e°;@°;@° ’@@;@";@“ ;@Q;@Q;@Q’ & \9@0“ &0 S \,§\°°\.,\\° & \'?o“\%\xo
tween populations subsequent to diver- AR RTAS AT ARSI A AT R QOQ° e QOQ"QOQ" ) QOQ"QQQ" Q°Q°

gence. If such gene flow exists, it will bias
the estimates of divergence times down-
ward (Sved et al. 2008). While the exact

bias is difficult to estimate (Sved et al. = Supplemental Figure 7.

Figure 5. The harmonic mean of N, for each simulated population scenario over all genetic distances
between 0.05 and 0.25 cM. The N, illustrated is the mean from 100,000 independent simulations, with
standard errors shown with error bars. The population characteristics are described in Methods and
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Table 1. Estimates of T;p and T for simulated populations

Population 1

Ta-1b la-1c Tb-1c
Tip 546 (21) 487 (16) 512 (24)
T 861 (46) 832 (27) 914 (41)
Population 2

2a-2b 2a-2c 2b-2c
Tio 876 (33) 963 (28) 445 (17)
Tr 1871 (52) 1919 (63) 851 (36)
Population 3

3a-3b 3a-3c 3b-3c
Tip 901 (38) 847 (26) 486 (12)
T 1874 (64) 1853 (47) 884 (31)

The estimates of T,p and Tr shown are mean values calculated from
100,000 independent replications for each of the three scenarios. Stan-
dard deviations are given in brackets. Population characteristics are de-
scribed in Methods and Supplemental Figure 7.

Nile Valley and Sinai Peninsula ~20-25 KYA (Cruciani et al. 2004,
2007; Luis et al. 2004). However, these Y chromosomes are con-
centrated in southern Europe (Cruciani et al. 2004), whereas the
smaller average divergence times between Europe and Africa relative
to East Asia and Africa are still readily apparent across each in-
dividual northern European sample population (Supplemental Ta-
ble 2). This suggests that the discrepancy has, at least partially, an
even earlier and more pervasive origin, being established prior to the
appearance, and consequent migration tagging ability, of the cur-
rent range of mtDNA and Y-chromosome haplogroups.

Genetic and fossil evidence strongly supports the “Out of Africa”
model (Stringer and Andrews 1988; Stringer 2002; Cavalli-Sforza and
Feldman 2003; Relethford 2008). However, how, where, and when
modern humans emerged from Africa is the subject of considerable
debate (Lahr and Foley 1998; Mellars 2006a). mtDNA diversity sup-
ports an origin in East Africa via the “Southern route,” across the Red
Sea to Arabia, ~65 KYA, splitting shortly afterward into proto-West
and Eastern Eurasian branches. The latter branch departed relatively
rapidly for Eastern Eurasia and Australia, while the former moved
north to Europe through the Levant at a later stage (Quintana-Murci
et al. 1999; Kivisild et al. 2003; Macaulay et al. 2005). Our results,
which look at divergence times in West and East Eurasian populations
simultaneously, point to a more complex “Out of Africa” scenario.
Firstly, they suggest a substantial gap between African/Eurasian and
West/East Eurasian divergence (~20 KYA from Ty estimates), indi-
cating an appreciable pause between leaving Africa and departure for
East Eurasia. Secondly, they support further early gene flow to the
remaining proto-West Eurasian population from Africa after Eurasian
divergence, perhaps as a second smaller dispersal (Mellars 2006a).

Caution is warranted in trying to condense human population
history into clean population splits and migration events. Our es-
timates of population effective size and divergence times from LD
and allele frequency differences incorporate information from the
entire autosomal genome and contribute to novel inference on the
complex emergence of modern H. sapiens out of the African evolu-
tionary cradle and their subsequent colonization of the globe.

Methods

Populations, samples, and genotypes

The data set consisted of 11 global HapMap 3 (Release 2A) and six
GenomEUtwin Northern European population samples (Fig. 1;

Supplemental Table 1; McEvoy et al. 2009) genotyped for ap-
proximately 282,000 overlapping autosomal SNPs in both pop-
ulation sets. Individuals or SNPs with >10% missing data were
excluded from the analysis. We used Principal Component Anal-
ysis (PCA), as implemented in the EIGENSTRAT package (Patterson
et al. 2006), to give an overview of the major population structure.
Principal component 1 (PC1) separates the Africans from the other
populations, while PC2 does likewise for East Asians (Supple-
mental Fig. 4). As the African-American (ASW) and Mexican (MEX)
populations are clearly recently admixed groups, they were not
included (or results not considered) in some analyses.

Linkage disequilibrium patterns

The estimates of N, and divergence time (T) are based on the re-
combination or genetic distance between SNPs (Supplemental Fig.
5). A total of 271,497 SNPs were assigned a genetic map position
using HapMap2 (Release #22) recombination data. Since r > values
are influenced by allele frequencies (Wray 2005), it is important to
consider the impact of ascertainment bias (Clark et al. 2005). Many
SNPs were discovered or included on the genotyping platform be-
cause of their frequency in one (typically European) population
(Clark et al. 2005). Previous studies of LD using similar data argued
that as we are effectively examining polymorphic haplotypes, the
impact of ascertainment bias that affects single loci is greatly re-
duced (Jakobsson et al. 2008; see also Conrad et al. 2006). Secondly,
we restricted our analysis to those SNPs (241,997) that were segre-
gating (polymorphic) in all populations to further mitigate the
impact of any bias (Reich et al. 2001; International HapMap 3
Consortium 2010). We observed a strong correlation in LD patterns
based on fully resequenced ENCODE3 data and that based on SNP
genotypes in the same individuals and populations (Supplemental
Fig. 6).

For each pair of SNPs separated by <0.25 cM, for each pop-
ulation separately, we described linkage disequilibrium (LD) levels
by the correlation (rp) and squared correlation (r.p?) in genotype
frequencies. Compared to alternative measures based on haplotypic
or phased data, such correlation methods yield similar results but are
computationally very efficient for whole genome data (Jakobsson
et al. 2008; Weir 2008; Sved 2009). r, p can be positive or negative. A
total of approximately 5.4 million pairwise LD observations (r.p and
o’ values) in all 17 populations were made, and these were binned
into one of 50 recombination distance categories with incremental
upper boundaries of 0.005 cM up to 0.25 cM. We did not include the
first category (LD observations in which pairs of SNPs were sepa-
rated by <0.005 cM) in our analysis since these may have been
particularly affected by gene conversion, for which our methods do
not account (Tenesa et al. 2007).

N, estimation

The expected relationship between average r > values in each re-
combination distance category and N, is approximately E(r p%) ~ 1/
(o + 4N,c), where a = 2, accounting for the impact of mutation, and
c is the recombination distance between loci in morgans (Sved
1971; Hill 1975; Weir and Hill 1980; McVean 2002). N, can thus be
estimated for each population in each distance category as N, = 1/
(40) * [(1/r 1p®) — 2]. As experimental sampling introduces chance
LD, all individual r p? values were adjusted: r o2 — (1/n), where n is
the sample size, prior to the calculation of N, (Weir and Hill 1980;
Tenesa et al. 2007). If a population has been constant in size or has
grown linearly, then E(r 1p%) = 1/(2 + 4N, ) is approximately true
for the N, t generations ago, where t = 1/(2c) (Hayes et al. 2003).
Therefore, LD patterns over smaller recombination distances pro-
vide information about N, from more distant times in the past,
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while those between markers that are separated by greater distances
are informative about recent N,. Both because some populations
might deviate from the assumed growth characteristics and LD
patterns are affected by a variety of other factors, the relationship
t = 1/(2¢) should be regarded as an approximate but useful in-
dication of timeframes (de Roos et al. 2008).

Divergence time T

LD can be used in two parallel ways to date population divergence
(T). The first of these, which we termed Ty, is calculated from in-
formation on population differentiation (Fsr) and N,. Fsr is the
proportion of the variance in allele frequencies that is found be-
tween groups (Holsinger and Weir 2009). In the absence of selection
(neutral evolution) and migration, Fsr between two populations is
essentially governed by genetic drift or random fluctuations in allele
frequencies. The impact of genetic drift is largely determined by N,
(genetic drift is stronger in smaller populations) in both populations
and T (the effects of genetic drift accumulate over time) as Fsy = T/
2N, for small T/(2N,) (Nei 1987). Smaller N, or larger T leads to
greater Fsr values. Therefore, we can, in theory, estimate Ty in gen-
erations by 2N, Fsy.

Fsrwas calculated for each SNP individually, between pairs of
populations, as described by Weir (1996) under the random pop-
ulation model for diploid loci, and these were averaged to obtain a
single pairwise population measure. N, was calculated as the average
of the harmonic means between the two populations in question
over the relevant recombination distance categories. We primarily
relied on distances categories =0.1 cM [prior to 500 generations or
12.5 KYA assuming t = (2¢) and a generation time of 25 yr] to esti-
mate interpopulation N,, since this gives a better longer-term indi-
cation of the parameter than including the many more recom-
bination distance classes up to 0.25 cM.

Divergence time Tjp

T can also be estimated from the similarity in LD structure between
populations (T, p). Directly after a split in an ancestral population,
the r p between any given pair of SNPs will be the same in both
daughter populations and therefore the correlation of r, p values in
population A with those in population B across all pairs of SNPs
(rpop) Will be 1.0. The expected value of r.p within a population
decays with time due to recombination at a rate ¢ per generation.
Consequently, r,op will gradually decay in a manner dependent on
recombination distance and time but approximately independent of
N, (Sved et al. 2008). For each pair of populations, r,,,, was computed
from observed r;p values between markers (which can be positive or
negative) in each recombination distance category. During the cal-
culation of the 7, correlation, the variances in r; p values for each
population were adjusted by (1/n) to account for experimental
sample size, where n is the sample size of each population in the
pairing under consideration. The expected decay in r,,y, after ¢ gen-
erations over different recombination distances (¢) of 7o = € >
forms the basis of the divergence time estimate T; . The In(r,qp) is
thus expected to follow a linear decrease as a function of distance ¢
with a slope of —2T; , (de Roos et al. 2008). To ensure comparability
with Ty, we mainly relied on estimates of Ty, over distance classes up
to and including 0.1 cM.

Relationship between Trand T;p

Coalescent simulations (Sved et al. 2008) suggest that LD
methods like T p will carry an inherent downward bias in T es-
timates, due to the impact of fixation and migration. Fixation bias
occurs when an allele at either locus in a pair in either population

reaches a frequency of 1, making it impossible to measure LD (by
r1p2, for instance) in one or other of the populations and determine
the correlation (rp,op) between populations. Therefore, observed LD is
only from a subset of loci that would have been segregating in the
ancestral population, increasing apparent LD similarity across pop-
ulations and consequently decreasing T}, estimates. Fixation in one
population or another is expected to be more common, and a more
significant problem, for populations that have a small N, relative to
their divergence time (or a higher ratio of T/N,) since the impact of
genetic drift is greatest in small populations over longer periods. We
observe a significant relationship between the ratio of T;p/N, (both
parameters estimated from LD over 0.1 cM recombination distance
span) and the discrepancy between Tg/T,, (measured as the ratio of
Tr/Typ) (see Supplemental Figs. 1, 2), consistent with the operation
of fixation bias. The simulations also demonstrated that migration
can substantially affect divergence time estimates based on LD since
it increases similarity between populations, decreasing apparent di-
vergence times. A migration rate of 0.01% (1 in 10,000 individuals)
per generation can deliver a downward bias of 50% in T p (Sved et al.
2008).

Confidence intervals

To determine the statistical significance of differences in our N,and T
estimates (e.g., the divergence time between Europe and Africa and
East Asia and Africa), we used an approach based on observed vari-
ation in the estimators across chromosomes. Each estimator (N,, Tr
using N, calculated from recombination distance classes up to 0.1 cM
or 0.25 cM, and T;p using the interpopulation correlation [r,0p] in
LD structure over 0.1 cM) was calculated separately for chromosomes
1 to 22 allowing the standard error of mean differences to be derived.
Ninety-five percent confidence intervals can then be placed around
any statistic and/or a standard t-test used to assess the significance
of a specific difference. We were not able to use this approach with
Ty p estimates based on pairs of SNPs separated by the full range of
distance categories up to 0.25 cM since the number of LD observa-
tions in some of the greater distance categories for smaller chromo-
somes was low, leading to stochastic negative r,,,,, correlations, which
render calculation of Ty, from these data subsets impossible.

Simulations

A neutral coalescent approach was used to simulate genetic poly-
morphism data under the infinite sites model of mutation (Hudson
2002). Biological processes such as recombination, changes of N,
population splits, and growth rates can be modeled using scaled
parameters, allowing for flexible population demographic scenar-
ios to be simulated. Simulations were used to evaluate the validity
of conclusions drawn from the human populations by assessing
the performance of the estimators N,, Ty p, and Tr under a range of
population demographic scenarios. Multiple 1-Mb segments were
simulated for the following population scenarios.

Single population models

SNP level data were generated for populations with an original N, =
10,000. At t (1000, 2000) generations ago, a bottleneck event was
simulated. At the bottleneck, N, was reduced by r (90, 70, and 50)
percent. After the bottleneck event, population growth was g (0.3,
0.6) percent per generation. In addition, a population with a con-
stant N, = 10,000 and no bottleneck or growth was simulated. A
total of 13 population scenarios were simulated; 12 representing
the combinations of t, r, and g and a constant N, population. For
each scenario, a total of 100,000 independent 1-Mb chromosome
segments were simulated.

Genome Research 827
www.genome.org



McEvoy et al.

Three population models

A series of more complex population demographic patterns was
simulated, whereby a single ancestral population undergoes bot-
tleneck events, splitting into three distinct populations. For each of
the three scenarios described below, 100,000 independent 1-Mb
chromosome segments were simulated. The relationships between
populations at t = O are evaluated using T,p and Tr estimates. A
graphical representation of simulated multiple populations are
given in Supplemental Figure 7.

Population_1

Ancestral population with an original N, = 10,000. At t = 1000, the
population splits into three populations. Population_la does not
undergo a bottleneck event or any growth rate, leaving N, remain-
ing at 10,000. Population_1b has a reduction in N, by r = 90%, fol-
lowed by population growth of 0.3% per generation. Population_1c
has a reduction in N, by 50%, followed by population growth of
0.3% per generation.

Population_2

Ancestral population with an original N, = 10,000. At t = 2000, the
population splits into two populations. Population_2a’s N, remains
constant. Population_2b has a reduction in N, by 50%, followed
by population growth of 0.3% per generation. At t = 1000, pop-
ulation_2c splits from population_2b with a bottleneck event of
50%, followed by population growth of 0.3% per generation.

Population_3

The same simulated population demographics as population_2, with
population_3c undergoing a bottleneck event of 90%.

At t = 0, SNP data were extracted (for details, see Supplemental
File 1) for samples of 500 individuals randomly selected from each
population. For both single- and three-population scenarios, N, was
estimated for t generations ago. Estimators of population divergence
times, Ty pand Ty, were estimated for the three-population scenarios,
using methods described above. Values of N,, T;p, and Tr were av-
eraged across the 100,000 replications for each simulated scenario.
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