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Abstract

Sex-biased demographic events can result in asymmetries in female and male effective population size that can lead to
different patterns of genetic variation on chromosome X than are expected based on the patterns on the autosomes.
Previous studies point to a period around the time of the dispersal of anatomically modern humans out of Africa when
chromosome X experienced a significant reduction in effective population size relative to the autosomes. Here, we explore
whether a sex-biased demographic history could explain these observations. We use coalescent simulations to show that
a model of primarily male migration during the out-of-Africa dispersal can produce the striking patterns that are observed
when comparing patterns of genetic variation on the autosomes and chromosome X. The model involves a history in
which after the founder population of non-Africans lost much of its genetic diversity, subsequent mostly male gene flow
from an African source brought new diversity into the population. We also explore two additional models, one of sex-
biased generation time and one of a substructured population during the dispersal out of Africa with primarily female
migration among demes. These latter models cannot account for the magnitude of the observed reduction in
chromosome X effective population size, although it is plausible that they played a more minor role in producing the
striking chromosome X/autosome patterns.
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Introduction
In a population that has been of constant size throughout
history and has had equal effective number of reproducing
males and females in every generation, the effective pop-
ulation size (Ne) of chromosome X is expected to be 3 /

4 of
what it is on the autosomes. However, changes in the his-
torical effective population size over time can lead to a de-
parture from this ratio, even in the face of an equal male
and female effective population size, because the smaller
effective population size of chromosome X results in more
ancient demography affecting chromosome X less than it
does the autosomes (Pool and Nielsen 2007; Keinan et al.
2008). Deviations from the expected ratio of 3 /

4 are also pre-
dicted by sex-biased demographic events resulting in dif-
ferent Ne of females and males, as well as from forces of
selection differentially affecting chromosome X and the
autosomes.

In a previous study, we compared patterns of variation
on chromosome X and the autosomes in humans on a ge-
nomic scale using two independent uniformly collected
data sets (Keinan et al. 2008). Independent analyses of dif-
ferent aspects of these data pointed to a period around the
time of the out-of-Africa dispersal when the effective pop-
ulation size of chromosome X was transiently much re-
duced relative to the expectation according to the

autosomes. These analyses were based on single nucleotide
polymorphism (SNP) allele frequency differentiation be-
tween different human populations, on the allele frequency
spectrum, and on estimates from resequencing data of the
average time to the most recent common ancestor
(tMRCA) in different populations.

Our previous results using SNP allele frequencies were
based on uniformly discovering SNPs on both the auto-
somes and the chromosome X and considering their allele
frequencies based on genotyping in all HapMap samples
(International HapMap Consortium 2005, 2007). We esti-
mated FST in each of these two parts of the genome and
translated these estimates to a ratio Q of X-to-autosome
effective population size since the time that the two pop-
ulations have split (Keinan et al. 2008). The results showed
that Q is significantly reduced below 3 /

4 when measured be-
tween North Europeans and West Africans, as well as be-
tween East Asians and West Africans. However, Q is
consistent with 3 /

4 when measured between North Euro-
peans and East Asians, as well as between Chinese and Jap-
anese. These results, which were also replicated in a more
recent study (Amato et al. 2009), point to a reduction in
chromosome X effective population size after the split of
West Africans and non-Africans but before the separation
of North Europeans and East Asians. In another analysis, we
focused on SNP allele frequency spectra within populations
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and concluded that the spectrum of chromosome X in
non-African populations is inconsistent with that of the
autosomes in a way that supports a relative reduction
in chromosome X effective population size in the history
of non-Africans (Keinan et al. 2008).

The previous results of analyzing the tMRCA were based
on assembling a data set of over a billion aligned base pairs
and estimating sequence diversity in different human pop-
ulations as the fraction of differences per base pair between
two DNA sequences (heterozygosity/nucleotide diversity).
The ratio of chromosome X-to-autosomes tMRCA, which
we denote as T, is significantly reduced below 3 /

4 in North
Europeans and East Asians, although it is consistent with
expectation in West Africans. Though known features of
non-African history, including the out-of-Africa popula-
tion bottleneck, predict some reduction below 3 /

4 (Pool
and Nielsen 2007), the observed ratios are still significantly
reduced below these predictions (Keinan et al. 2008). These
T ratio results are thus consistent in pointing to a relative
reduction in chromosome X effective population size and
show that it occurred in non-African history after the split
from Africans. A recent review suggested that the result
basedon theT ratiomightbeexplainedbydifferences innor-
malization for backgroundmutation rate between chromo-
someXandtheautosomes(BustamanteandRamachandran
2009), which can potentially explain discrepancies from
a study that has found an increased X-to-autosome effective
population size ratio in both African and non-African pop-
ulations (Hammer et al. 2008). Although estimating the ratio
T indeed requires normalizing by an outgroup, our main re-
sult of a reduced T ratio in non-African populations relative
to Africans is independent of any normalization by an out-
group (comparing estimates of twopopulations does not re-
quire normalizing them because they would have been
normalized by the same value) as are the results based on
SNP allele frequencies (Keinan et al. 2008).

The Q and T ratios, while both measuring X-to-
autosome Ne, capture two types of signals. Q is sensitive
to drift in SNP allele frequencies in the recent history after
population split. T is based on the history of individual
DNA sequences in one population and averages effective
population sizes over the longer time period since the most
recent common genetic ancestor. Thus, our results based
on Q are affected only by the history after the split of
African and non-African populations, while T is addi-
tionally confounded by the history of the ancestral
African population. Another difference is that T is sensitive
to historical changes in population size, even if these do not
introduce a deviation from an equal female and male
effective population size (Pool and Nielsen 2007), but such
changes on the non-African lineage do not affect Q. Hence,
to explain the differences between X chromosomal and au-
tosomal Ne, it is necessary to account for the observed de-
viation in Q and for the observed deviation in T from 3 /

4, as
well as for the differences between these two ratios of ef-
fective population size.

One possible explanation of the relative reduction in
chromosome X effective population size is natural selection

differently affecting chromosome X. Whereas chromosome
X is expected to experience more selection than the auto-
somes due to the exposure of recessive alleles in hemizy-
gous males, to explain our results the differential selection
would have to be restricted to a certain epoch of human
history occurring after the ancestors of West Africans split
from the ancestors of non-Africans and before the diver-
gence of North Europeans and East Asians. The exposure
to new environments when moving out of Africa and the
increased competition during that time of human history
could have shifted the selective pressures (Storz et al. 2004).
For that reason, we searched for features of the data that
are predicted by natural selection but to date found no
evidence for selection explaining the relative reduction
in chromosome X Ne (Keinan et al. 2008). However, these
analyses also could not rule out the possibility of selection
being the force behind these results, and it remains a plau-
sible explanation.

Another set of potential explanations of the transient
reduction in chromosome X Ne has to do with sex-biased
demographic history. Sex-biased historical events can ac-
count for our results because a reduction in female Ne rel-
ative to male translates to a reduction in Ne of
chromosome X relative to autosomes. Perhaps the simplest
possibility is that females had much greater variability in
their reproductive success than males during the out-of-
Africa dispersal (Caballero 1995; Charlesworth 2001). How-
ever, to even come close to explaining the results, it is re-
quired that during many generations throughout that
epoch of human history, a tiny fraction of females would
have had almost all the offspring (Keinan et al. 2008;
Labuda et al. 2010), which is biologically implausible.

Here, we use demographic modeling via coalescent sim-
ulations to study possible sex-biased historical events in hu-
man history and to examine whether they can account for
the empirical observations. The aims of this paper are 3-fold.
First, we show that primarily male migration during the hu-
mandispersal outofAfrica canproduceboth theT and theQ
ratios we observed. Indeed, it is the most parsimonious de-
mographic scenariowe identified that is sufficient by itself to
explain the magnitude of the relative reduction of chromo-
some X Ne. Second, we investigate the effect of relevant de-
mographic parameters of such a model of primarily male
migrationonX-to-autosomeeffectivepopulation size ratios.
Third, we explore other sex-biased demographies that can
produce a reduction in the effective population size of chro-
mosome X relative to the autosomes.

Materials and Methods

Model of Primarily Male Migration during the Out-
of-Africa Dispersal
To demonstrate that a model of primarily male migration
can produce data that match our observations, we mod-
eled the joint history of West African and non-African pop-
ulations. We focused on North Europeans as one
representative non-African population because all the pat-
terns we observed were shared between Europeans and
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Asians. The empirical observation of similar patterns in East
Asians and in Europeans suggests that if primarily male mi-
gration is to explain these patterns, it will have to be into
the founder population of non-Africans before the split of
European and East Asian populations. The proposed model
of primarily male migration is that the founder population
of non-Africans was established by an equal dispersal of
both males and females. Following the African–non-African
population split, the founder population of non-Africans lost
much of its genetic diversity due to a population bottleneck.
Then, subsequent migrants brought new genetic diversity
into the founder population. These migrants, if they have
been mostly male, can give rise to X-autosome asymmetries
in the same direction as in the empirical observations.

The history and parameters we explored to show that
this scenario is sufficient to explain the observations are
as follows (and diagrammed in fig. 1):

1. The out-of-Africa event occurred t generations ago and
split a panmictic population of constant diploid effective
size of Nancestral into a West African ancestral population
of constant size NAfrican and the ancestral population of
North Europeans.

2. Immediately after the population split, the ancestors of
North Europeans experienced a population bottleneck.
We modeled the population bottleneck as an instanta-
neous crash in population size, with one parameter, F,
capturing bottleneck intensity as the amount of genetic
drift during the bottleneck and defined as the number of

generations the bottleneck lasted divided by twice the
effective population size during the bottleneck (Reich
et al. 2001). The effect of a bottleneck on allele frequencies
depends primarily on the total amount of genetic drift
and, given this ratio, is practically independent of the
numerator—the number of generations the bottleneck
lasted (Reich et al. 2001; Keinan et al. 2007)—so we kept
the latter fixed at 100 generations.

3. After the population bottleneck and until the present, the
effective population size of the ancestors of North
Europeans is Nnon-African.

4. We modeled migration from the West African ancestral
population to the ancestral population of North Euro-
peans immediately after the bottleneck. The migration
lasted for g generations, with another parameter, m,
capturing the migration rate—the fraction of individuals
in the North European ancestral population who are
migrants in each generation. Last, the parameter allowing
for sex-asymmetric migration—the proportion of males
among the migrants—is p.
Our modeling makes the simplification that male and

female effective population size is equal, namely chromo-
some X effective population size is 3 /

4 that of the autosomes,
throughout all epochs of history. The only sex-biased factor
in the model is the different proportion of male and female
migrants: Chromosome X migration occurs at a rate of
m(1 � p) for females and at a rate of mp for males, which
amount to

2=3mð1 � pÞ þ 1=3mp5 4=3mð1 � p=2Þ

overall because 2/3 of X chromosomes in the founder pop-
ulation are in females. This expression for chromosome X
migration rate equals m (for a nonzero m) if and only if
there is an equal number of male and female migrants
(p 5 0.5). Another simplifying assumption in this model
is that all individuals have an equal mean and variance
of reproductive success, but deviations from this assump-
tion can to some extent be captured by varying model
parameters. For example, if migrants are more/less repro-
ductively successful on average than the individuals in the
population to which they are immigrating, this results in an
effective increase/decrease in the magnitude of the migra-
tion rate.

Coalescent Simulations of Primarily Male Migration
Model
To generate data that would be expected under the model
of sex-biased migration during the dispersal out of Africa,
we conducted a series of coalescent simulations for a range
of model parameters using the ‘‘ms’’ software (Hudson
2002). Coalescent simulations for assessing allele frequency
differentiation (FST) between West Africans and North
Europeans and estimating the ratio Q were carried out
in a way that exactly matched the sample sizes in our em-
pirical data. Thus, for both populations, 120 chromosomes
were sampled on the autosomes and 90 on chromosome X.
To emulate the SNP discovery strategy, we simulated two
additional West African chromosomes (for a total of 122
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FIG. 1.Model of sex-biased migration during the dispersal of modern
humans from Africa. The figure outlines the primarily male
migration model, a detailed description of which is provided in
Materials and Methods. Nancestral is the ancestral Ne, NAfrican the
African Ne, and Nnon-African the Ne of the ancestral population of
North Europeans; t is the split time of the African and non-African
populations; F is the severity of the out-of-Africa population
bottleneck; g denotes the number of generations migration lasted
following the bottleneck; m denotes its rate; and p the proportion
of migrants who were male.
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for the autosomes and 92 for chromosome X in the African
population) and discarded SNPs from analysis if they were
not polymorphic between these two discovery chromo-
somes, which is exactly as we generated our empirical data.
Coalescent simulations for assessing sequence diversity and
the ratio T were carried out by considering only two North
European chromosomes, for which we calculated tMRCA,
which exactly matches our methodology in obtaining the
empirical results.

We simulated 10,000,000 genealogies for each set of pa-
rameters to accurately calculate FST and tMRCA. We esti-
mated FST between West Africans and North Europeans for
both the chromosome X and the autosomes and calculated
the X chromosome-to-autosomes ratio of effective popu-
lation size Q from the FST values (Keinan et al. 2008). We
also estimated the X-to-autosomes ratio of effective pop-
ulation size T based on estimates of tMRCA in each of the
two compartments of the genome with the same set of
parameters. We compared the results of the simulations
to key summary statistics measured from our data: 1)
FST between West Africans and North Europeans on the
autosomes, 2) FST between West Africans and North Euro-
peans on chromosome X, 3) X-to-autosomal ratio Q be-
tween the two populations, and 4) X-to-autosomal ratio
T in North Europeans. (We did not consider the individual
sequence diversity estimates for chromosome X and
the autosomes because these are sensitive to details of
the SNP calling algorithm and the normalization by an
outgroup.)

We began by identifying a set of baseline model param-
eters that we chose to provide a good match to known
features of human demographic history, while varying
the level of gene flow and bottleneck intensity to match
the autosomal FST between West Africans and North
Europeans, and at the same time matching other features
of the data as closely as possible. This approach is similar to
that of a recent study that modeled the processes under-
lying X-to-autosomal diversity ratios in Drosophila mela-
nogaster (Pool and Nielsen 2008). Due to the simplifying
assumptions underlying the model, as well as its complexity
with regard to number of parameters and their correla-
tions, we did not attempt to fit model parameters to
the data. Rather, after obtaining a baseline set of parameter
values, we explored the signature of different historical
models on genetic data by varying parameters in our sim-
ulations, examining how they affected the predictions of
the model, and addressing questions about the domain
of viable models.

Model of Sex-Specific Generation Time
To examine the effect that asymmetries in male–female
generation length could have on our observations, we con-
sidered a scenario of a much shorter female effective gen-
eration time. Let x denote average female generation time
and c�x denote average male generation time. As 2/3 of X
chromosomes are carried in females but only ½ of the au-
tosomes, the X-to-autosome ratio of effective population
size would be expected to be decreased by a factor of

(3 þ 3c)/(2 þ 4c) due to such a difference in generation
time:

1
2
1
cx þ 1

2
1
x

1
3
1
cx þ 2

3
1
x

5
1
2
1
c þ 1

2
1
3
1
c þ 2

3

5
3 þ 3c

2 þ 4c
:

In a rather extreme scenario of a male generation time
double that of female (c5 2), this ratio becomes 9/10, that
is, the X-to-autosome ratio of effective population size is
expected to decrease by 10%. In the absence of other forces
resulting in deviations from 3 /

4, this scenario is expected to
decrease the ratio from 0.75 to 0.675 for the period in which
the male generation time is twice that of the female. In
order to explain our observations, the effect has to be re-
stricted to only a small part of human history (after the
separation of African and non-African populations but be-
fore the separation of North Europeans and East Asians), so
the effect that asymmetries in generation time could have
on our observations is even smaller. Thus, even this ex-
treme asymmetry in generation time that corresponds,
for example, to an average of 20 for the age at which fe-
males have offspring and 40 for the average age at which
males have offspring is too slight by itself to quantitatively
explain our observations.

As shorter female generation time could not by itself
account for the observations, we concurrently modeled
the effect of primarily male migration and shorter female
generation time by considering the above extreme decrease
in relative female generation time (c5 2) within the model
of primarily male migration during the out-of-Africa dis-
persal. To have the largest effect, we considered the asym-
metry in generation time as spanning the entire period
starting from the out-of-Africa event.

Model of Population Substructure during the Out-
of-Africa Dispersal with Primarily Females Migrating
between Groups
To consider the effect population structure during the
dispersal out of Africa could have on our observations,
we used coalescent simulations (Hudson 2002) to con-
sider an extreme scenario of sex-biased structure. We sim-
ulated the history of West Africans and North Europeans
based on best-fit models of demographic history for each
of the populations that we have previously fit (Keinan
et al. 2007). The model also included a split of West Afri-
cans and North Europeans just before the out-of-Africa
bottleneck and SNP ascertainment in two West African
chromosomes to match the data. For the entire period
starting with the split of West Africans and non-Africans
and ending in the time of the North European–East Asian
split, we simulated the population as composed of two
distinct demes, each with half the overall effective pop-
ulation size, with only females migrating between groups.
We repeated these simulations for different levels of fe-
male migration rate (the fraction of each group made
up of female migrants from the other group in each gen-
eration) and estimated the X-to-autosome Ne ratio Q
based on FST estimates.
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Results and Discussion

A Model of Primarily Male Dispersal Out of Africa
Is Sufficient to Account for the Observed
Reduction in Chromosome X Effective Population
Size
Our initial goal was to identify a demographic model that
was sufficient to account for the extreme observation of
a reduced effective population size of chromosome X in
non-African populations (Keinan et al. 2008). We sought
to explain two independent results pointing to low Ne

of chromosome X: 1) differentiation of SNP allele frequen-
cies shows that chromosome X/autosomal Ne ratio since
the split of West African and North European populations
is Q5 0.582 (95% confidence interval: 0.524–0.640) and 2)
estimates of diversity (heterozygosity) obtained from se-
quence data show that chromosome X/autosomal Ne ratio
in the history of North Europeans is T 5 0.635 (0.587–
0.683). One possible explanation for our observations is
a larger male than female effective population size during
the dispersal of anatomically modern humans out of Africa,
which could have occurred specifically through primarily
male migration. We modeled this possibility by considering
a model of North European and West African history, with
a population bottleneck in the ancestral population of
non-Africans and with primarily male migrants from an Af-
rican source bringing new genetic diversity to this ancestral
population after the bottleneck (fig. 1 and Materials and
Methods). For the model to be more realistic, in addition
to explaining the two X-to-autosome ratios, we required
that it approximately match the observed FST between
North Europeans and West Africans, which we observed
to be 0.144 (0.138–0.149) for the autosomes and 0.221
(0.203–0.239) for chromosome X.

We began by identifying a baselinemodel (table 1), which
we chose to be consistent with known features of human
demographic history, and to match the autosomal FST be-
tween West Africans and North Europeans, which has the
smallest standard error out of all statistics we sought to
match, while at the same time matching other features of
the data as closely as possible. We did not attempt to fit
model parameters but rather used coalescent simulations
with one set of parameters to generate genetic data that sat-
isfy all thesecriteria. Thebaselinemodelwe identifiedhas the
followingparameter values: t52,400 (60,000years assuming
25 years per generation), F 5 1.2, g 5 10, m 5 0.09, p 5 1
(only male migrants), Nancestral 5 NAfrican 5 Nnon-African 5

10,000. This baseline model is intriguing in that is closely
matches all the main features of the data that we set out
to capture: Autosomal FST is 0.148, chromosome X FST is
0.220, with the derivedQ ratio being 0.605, and the sequence
diversity ratio T is 0.666, all within the confidence intervals
observed in our data (table 1).

A striking feature of this model is the severity of the bot-
tleneck associated with the out-of-Africa dispersal, with
F . 1 associated with it, which is equivalent to Ne , 50
on average during that period of time. However, the exten-

sive gene flow immediately following the bottleneck masks
most of the effect of the bottleneck on FST and sequence
diversity. The combined effect of the modeled bottleneck
and ensuing gene flow, which gives rise to the amount of
genetic drift associated with the out-of-Africa dispersal, is
consistent with previous estimates (Pluzhnikov et al. 2002;
Adams and Hudson 2004; Marth et al. 2004; Voight et al.
2005; Keinan et al. 2007). Indeed, the model accurately cap-
tures the moderate level of autosomal FST observed be-
tween West African and non-African populations today,
as well as all other summary statistics of our data (table 1).
Other models that do not assume the bottleneck and mi-
gration events to be sequential are not less plausible; for
instance, the bottleneck and migration can be part of
the same event according to which the founder population
receives migrants as it travels away from the ancestral pop-
ulation, perhaps with diminishing migration rate over time
and distance.

We carried out a series of simulations with different pa-
rameter values to explore how they affect the different ra-
tios of X chromosomal-to-autosomal effective population
size, as well as the effective population size of each of these
compartments of the genome. The next five sections ex-
plore the effect of varying model parameters on the mod-
el’s predictions, and the simulations results are summarized
in table 1 in the same order as they are described in the text.
Specifically, we explored whether sex-asymmetric migra-
tion is a mandatory feature for the model to explain the
results, how varying the different sex-symmetric demo-
graphic parameters varies model predictions, how long
the genetic signatures of X-autosome asymmetries are pre-
dicted to last, and whether the primarily male gene flow
could potentially have occurred in a single migration event.
Following these five sections, we turn to explore alternative
sex-biased demographic events that can also reduce the
effective population size of chromosome X relative to that
of the autosomes.

Sex-Asymmetric Migration Is Necessary to Reduce
Chromosome X Effective Population Size
To verify that symmetric migration between the genders
cannot produce the observed X-to-autosome ratios, we
kept all model parameters in the simulations as in the base-
line model with the exception of p, which we set to 0.5 to
specify an equal number of male and female migrants. This
scenario leads to Q 5 0.787 and a sequence diversity ratio
of T 5 0.742 (table 1), close to the prediction of 3 /

4. These
results suggest that in the context of this model and the
set of parameter values we considered, primarily male mi-
gration is a necessary feature in explaining the observed
X-autosome asymmetries. Even the slight deviations from
3 /

4 observed when setting p5 0.5 are expected. The sequence
diversity ratio is expected to be slightly below 3 /

4 because
a bottleneck reduces this ratio (Pool and Nielsen 2007).
The allele frequency differentiation ratio Q deviates from
3 /

4 because the theoretical assumptions underlying the esti-
mation of effective population size from FST require an
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instantaneous population split (Keinan et al. 2008), and this
assumption is violated by the gene flow incorporated into
the model.

We further explored the effect of including female mi-
grants (p, 1). As shown in table 1 for the case of p5 0.8,
we found that the sequence diversity ratio T is higher than
in the case of p 5 1 and that chromosome X FST is lower,
resulting in a higher Q ratio and a poorer fit to our data. For
this model of sex-asymmetric migration to explain our
data, the migration would have to be heavily male, with
female migration weakening both types of signals.

African Population Expansion and a More Recent
Out-of-Africa Event
To examine the effect of an expansion in population size on
the African lineage, we increased NAfrican from 10,000 to
20,000, while keeping all other model parameters as in
the baseline model, including a population size of 10,000
in the ancestral population before population split. The
larger African effective population size results in an even
more reduced frequency differentiation ratio of Q 5

0.590 because a larger proportion of the genetic drift fol-
lowing population split is now being attributed to the non-
African branch (table 1). This more closely matches the Q
ratio observed in our data, while the sequence diversity
ratio does not change much (0.660). However, the values
that this model predicts for FST are lower than in the
model without expansion and do not match the data.
This result by no means rules out the West African pop-
ulation growth reported by several studies (Pluzhnikov
et al. 2002; Adams and Hudson 2004; Keinan et al.
2007; Cox et al. 2009) but rather only serves to quantify
the effect of a fairly recent and extreme growth event on
the model under investigation.

We similarly explored the effect of a more recent out-of-
Africa event by changing the population split time in the
model from t 5 2,400 to t 5 1,600 (corresponding to
40,000 years assuming 25 years per generation), which is
consistent with some archaeological estimates of the age
of the out-of-Africa dispersal. The effect is similar to that
of an African population expansion because a larger pro-
portion of the overall genetic drift following population
split is now attributed to the out-of-Africa dispersal itself,
with Q 5 0.574, T 5 0.658, and low FST values (table 1).
Combining NAfrican 5 20,000 with t 5 1,600 results in
Q 5 0.552 and T 5 0.657, both of which are still within
the ranges observed in our data; however, this model
too suffers from too low FST values (table 1).

How Long Are the Signatures of X-Autosome
Asymmetries Expected to Last?
To understand how large an effect primarily male migra-
tion can have on the X-to-autosome ratios in the context
of this model, we kept all model parameters as in the base-
line model except for t, which we set to capture sampling
the African and non-African populations immediately after
the end of the gene flow, thereby reflecting the magnitude
of the genetic signature as soon as it is established (t 5
110). This model predicts ratios of T 5 0.646 and Q 5

0.449 (table 1), further highlighting the different nature
of these two summary statistics.

To explore how long the X-to-autosome ratios are ex-
pected to be affected by primarily male migration more
generally, we simulated the model with varying t corre-
sponding to different times after the out-of-Africa event
between immediately after the event as above (t 5 110)
and about a million years after (t 5 40,000 generations).
Both the Q and the T signals are expected to be strong
for at least a hundred thousand years, and both practically

Table 1. Simulation Results of Sex-Asymmetric Migration Model.

Parameter Valuesa Autosomal FST Chromosome X FST FST-Based Ratio Q Sequence Diversity–Based Ratio T

Estimates from data (95%
confidence interval) 0.144 (0.138–0.149) 0.221 (0.203–0.239) 0.582 (0.524–0.640) 0.635 (0.587–0.683)
Baseline model 0.148 0.220 0.605 0.666
p 5 ½ 0.148 0.181 0.787 0.742
p 5 0.8 0.148 0.201 0.686 0.701
NAfrican 5 20,000 0.128 0.197 0.590 0.660
t 5 1,600 0.119 0.189 0.574 0.658
NAfrican 5 20,000, t 5 1,600 0.104 0.172 0.552 0.657
t 5 110 0.058 0.120 0.449 0.646
m 5 0.12 0.128 0.192 0.612 0.686
m 5 0.06 0.186 0.264 0.621 0.641
g 5 13 0.130 0.194 0.611 0.684
g 5 7 0.182 0.259 0.618 0.642
g 5 20, m 5 0.046 0.146 0.218 0.606 0.667
g 5 400, m 5 0.0023 0.138 0.210 0.594 0.668
g 5 1,000, m 5 0.00094 0.123 0.194 0.575 0.672
g 5 1, m 5 0.5 0.205 0.283 0.634 0.633
F 5 1.5 0.154 0.228 0.603 0.659
F 5 0.9 0.142 0.210 0.612 0.675
Twice male generation time 0.148 0.233 0.564 0.641

a Values of parameters that differ from the baseline values of t 5 2,400, Nancestral 5 NAfrican 5 Nnon-African 5 10,000, F 5 1.2, m 5 0.09, g 5 10, and p 5 1.
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vanish by a million years after the out-of-Africa event
(fig. 2). These results also emphasize how the allele fre-
quency differentiation–based effective population size ra-
tio Q is affected by sex-asymmetric migration differently
from the sequence diversity–based effective population
size ratio T. They show that the difference between the
two is larger the more recent the event (fig. 2).

Could the Male Migration Have Occurred All in
a Single Generation?
We next examined how varying the level of gene flow dur-
ing the out-of-Africa dispersal affects the prediction of the
model. Increasing the amount of gene flow by increasing
either the per-generation rate m or the number of gene
flow generations g has the expected effect of decreasing
both autosomal and chromosome X FST (table 1; m 5

0.12, g 5 13), and decreasing the amount of gene flow
has the opposite effect (table 1; m5 0.06, g5 7). Whereas
the sequence diversity ratio Tmonotonically increases with
the amount of gene flow, Q increases with either an in-
crease or a decrease of the amount of gene flow, suggesting
that with this specific choice for the values of other param-
eters, the greatest reduction in Q occurs at a migration level
close to that specified by the baseline model.

We found that the effect of parameters m and g is to
some extent interchangeable because the probability that
a locus at the end of the gene flow epoch has arrived in the

population via a migrant is 1 � (1 � m)g. For example,
a model with g 5 20 and m 5 0.046 provides nearly iden-
tical predictions to those of the baseline model with g5 10
and m 5 0.09 (table 1). We also considered much weaker
yet extended gene flow: g 5 400 and g 5 1,000 (about
10,000 and 25,000 years), while again keeping 1 � (1 �
m)g fixed. While these models predict somewhat lower
FST than empirically observed on both chromosome X
and autosomes, they too provide Q and T ratios that
are pretty similar to the baseline model (table 1).

The same predictions as the baseline model are also met
by a model with extreme gene flow in a single generation,
g 5 1 and m 5 0.9, which gives rise to the same 1 � (1 �
m)g as in the baseline model. However, because only males
migrate according to this model, the rate of gene flow in
any generation is restricted tom� 0.5, withm5 0.5 being
equivalent to replacing 50% of the autosomes and 33% of
chromosome X in a single generation. This most extreme
possible model of only male migrants replacing all the ex-
isting male gene pool in the destination population in a sin-
gle generation (g5 1, p5 1,m5 0.5) provides a decidedly
poor fit to the FST values observed in the data (table 1). We
conclude that a single migration event in one generation,
however extreme, is unlikely to explain our data in the con-
text of this model. Rather, the modeled primarily male mi-
gration must have occurred in multiple waves over
generations.

Varying the Intensity of the Out-of-Africa
Bottleneck
The role of the very severe out-of-Africa bottleneck in this
model is to give rise to an extreme reduction in genetic
diversity, some of which is then regained via the migrants.
We modeled the bottleneck and migration events as se-
quential, which results in the intensity of the bottleneck
itself being assumed to be very high (F 5 1.2). However,
as discussed above, the very high level of gene flow masks
most of the effect of the bottleneck. As a consequence,
varying the bottleneck’s intensity by 25% to either F 5

1.5 or F 5 0.9 has a minor effect on model predictions
(table 1). As expected, we found that increasing F increases
both autosomal and X chromosomal FST values and de-
creases both ratios further below 3 /

4, although not by much,
and decreasing F has the opposite effect on all predictions
(table 1).

Combining Male Migration with Other Sex-Biased
Processes
Althoughthesuggestedmodelfits thedataandcould inprin-
cipleaccount for thephenomenawesought toexplain,other
parametervaluesandothermodelscanprovideabetterfit to
our results. Furthermore, theremight be other historical and
selective processes thatwhen combinedwith the scenario of
primarilymalemigrationcanbetterproduce thepatternswe
observe in real data, andwe explore some of these processes
in the following. Although we show that the historical pro-
cesses below are not by themselves sufficient to explain the
full magnitude of the signal observed in the data, theymight
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FIG. 2. Signatures of X-autosome asymmetry decay over tens of
thousands of generations after primarily male migration. The figure
shows the Q and T ratios as a function of varying the time since the
dispersal out of Africa t within the model of primarily male
migration. A range of times consistent with the split of Africans and
non-African populations is illustrated by the vertical band (40,000–
80,000 years ago of 20–30 years per generation; the baseline model
discussed in the main text is at the middle of that range). The
signals captured by the two different ratios exhibit different
behavior with time, but both are predicted to be very strong at
present time and to practically vanish by 35,000 generations
(;875,000 years) after the event. (The horizontal dotted line
provides the 3 /

4 prediction of a sex-symmetric history of constant
Ne.)
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play a role together with primarily male migration in ac-
counting for the results. Similarly, although we did not ob-
serve empirical evidence for the possibility of natural
selection explaining our results in various tests that we per-
formed (Keinan et al. 2008), it remains possible and even
likely that the effects of natural selection have synergized
with primarily male migration in reducing the relative effec-
tive population size of chromosome X.

One sex-biased demographic force of particular interest
to consider is an increase in the male-to-female generation
length associated with the dispersal out of Africa
(Charlesworth 2001). Because females carry 2/3 of all copies
of chromosome X, a relative shorter span between female
generations would result in a relative increase in the genetic
drift of chromosome X during this period, corresponding to
a decrease in its effective population size. Such a transient
change in generation time, perhaps due to a shift in social
structure, can in principle account for the observed reduc-
tion in chromosome X effective population size in that
epoch of human history. Although this force by itself can-
not explain the magnitude of the results we observed
(Materials and Methods), it could compound the effects
of primarily male migration. Indeed, a relative increase
in male generation time might be expected in a period
of primarily male migration because in a population with
an excess of males over females, females might elect to start
bearing children at a younger age, whereas successful males
might be expected to be of higher social status and thus
older.

To model this quantitatively, we assumed a rather ex-
treme scenario in which during the dispersal out of Africa,
average male generation time was double that of female.
This would correspond to, for example, an average of 20
for the age at which females had offspring and an average
of 40 for the age at which males had offspring. Our simu-
lations show that under this modified scenario, chromo-
some X FST changes from 0.220 to 0.233 and Q changes
from 0.605 to 0.564. The sequence diversity ratio T decreases,
though less considerably, from 0.666 to 0.641 (table 1). These
changed predictions of our simulations are still within errors
of the observed values and provide even better fit to both
ratios, suggesting that a historical scenario of change in
generation time is consistent with the model and could
contribute to our results. Other sex-biased demographic
forces—reducing the effective population size of chromo-
some X relative to the autosomes—that cannot account
for the magnitude of the signal we observed, but can still
play some part in explaining it, include effective polyandry
leading to higher variability in female than male reproduc-
tive success, as well as female out-of-Africa migrants being
more closely related to each other than male migrants.

Can Population Substructure with Primarily
Females Migrating between Groups Explain the
Observations?
An alternative explanation for a reduction of Ne on chro-
mosome X during the dispersal out of Africa is that the

founding population of non-Africans was substructured
with more females than males migrating between groups
(Seielstad et al. 1998; Laporte and Charlesworth 2002).
Such a sex-biased population structure would result in
higher male Ne and hence lower chromosome X Ne rela-
tive to the autosomes. To test the effect such a force
would have on X-autosome asymmetries, we considered
a model in which the founder population dispersing from
Africa consists of two distinct equal-sized groups, with
only females migrating between groups, for the entire
time after the split of West Africans and non-Africans
and before the North European–East Asian split. We sim-
ulated this model for different levels of female migration
rate between the two groups. Supplementary figure S1
(Supplementary Material online) presents Q as a function
of female migration rate, showing that no level of migra-
tion rate can account for the magnitude of the signal we
observed in our data. The X-to-autosome ratio of effective
population size decreases as a function of female migra-
tion rate up to a certain point, after which it increases
back to its expectation for no migration, because the pop-
ulation becomes practically panmictic (Supplementary
figure S1). The ratio never drops below 0.7, while its ob-
served value is 0.582, suggesting that population structure
alone cannot explain our empirical observations.

Conclusions
In this study, we demonstrated that a model of primarily
male migration during the human dispersal out of Africa
can explain the different observations of relatively re-
duced chromosome X effective population size in non-
African populations that we and others have previously
made (Keinan et al. 2008; Amato et al. 2009). Although
we cannot rule out nondemographic explanations for
our observations—natural selection differently affecting
chromosome X and the autosomes during the dispersal
out of Africa could also explain the observations (Keinan
et al. 2008)—we have demonstrated in this study that sex-
biased migration can by itself generate a reduction in
chromosome X effective population size that is as ex-
treme as observed. Moreover, we showed that the range
of alternative demographic scenarios we explored cannot
explain the data.

We considered a simplified model of joint African/non-
African history, in which the initiation of the dispersal out
of Africa, during which the dispersing population main-
tained relatively little genetic variability, was followed by
a period of migration into the dispersing population. If
more male than female migrants survived and contributed
to the gene pool of the dispersing population (the founder
population of non-Africans), there could have been a pro-
nounced reduction of chromosome X effective population
size relative to the autosomes. Such male-heavy migration
can be envisioned as daughters in the founder population
of non-Africans bearing offspring with new immigrant
males more often than the converse. We showed that this
model with a set of parameters that match known features
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of human demographic history, together with extensive
gene flow, quantitatively predicts the asymmetry in effec-
tive population size as measured both via non-African se-
quence diversity and via allele frequency differentiation
between Africans and non-Africans. As our simulation
studies did not perform an exhaustive search for parameter
values that best fit the data, it is plausible that a wide range
of parameter values produces similar predictions and even
provides a better fit to our results. It is also important to
realize that the model we simulated is only a simple exam-
ple of a larger family of complex models of primarily male
migration, all of which could in principle be consistent with
history. This study has pointed to one such model and ex-
plored in detail how its predictions vary with variation in
parameters’ values.

Primarily male migration is only one possible explana-
tion of a relatively increased autosomal effective popula-
tion size. We considered a variety of other sex-biased
demographic events and also did not rule out natural se-
lection affecting chromosome X differently than the auto-
somes as an alternative explanation. However, primarily
male migration is the most parsimonious explanation
for the results that we identified. Furthermore, although
it should be treated as a speculative hypothesis pending
further lines of evidence, and although other sex-biased his-
torical events can play a part in explaining the observed
asymmetry between autosomes and chromosome X when
combined with primarily male migration, the general phe-
nomenon of sex-biased migration is well attested to in the
literature. According to anthropological studies of hunter-
gatherers, female migration dominates at short distances,
which is consistent with many results based on contrasting
mitochondrial DNA with Y chromosome (Cavalli-Sforza
et al. 1994; Seielstad et al. 1998; Kayser et al. 2003). However,
male migration in hunter-gatherers dominates at longer
distances (Kayser et al. 2003; Marlowe 2005), consistent
with our results as well as with archaeological data; for ex-
ample, in Neolithic archaeological sites across the Levant,
arrowheads are uniform in style over a wide geographic
range, while domestic tools vary greatly, suggesting more
long-range male migration (Bar-Yosef and Belfer-Cohen
1989). Genetic data also provide other striking examples
of male-biased migration events at longer distances (Parra
et al. 1998; Helgason et al. 2000; Bamshad et al. 2001;
Thomas et al. 2006). A modern instance is that of Colom-
bians from Medellin who have about 70% European ances-
try despite having essentially no European female
ancestors, which is a consequence of multiple waves of
male migration (Bedoya et al. 2006), similar to what we pro-
pose for the dispersal out of Africa. A priority for future
work should be to contextualize these genetic results in
light of the archaeological record. Under the hypothesis
of primarily male migration, the founding population of
non-Africans must have been localized to a constrained ge-
ography long enough to have received the migrants. If the
population quickly dispersed throughout Eurasia, we would
not see the same pattern in North Europeans and East
Asians.

Supplementary Material
Supplementary figure S1 is available at Molecular Biology
and Evolution online (http://www.mbe.oxfordjournals
.org/).
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