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Abstract

Demographic changes are known to leave footprints on genetic polymorphism. Together with the increased availability of
large polymorphism data sets, coalescent-based methods allow inferring the past demography of populations from their
present-day patterns of genetic diversity. Here, we analyzed both nuclear (20 noncoding regions) and mitochondrial
(HVS-I) resequencing data to infer the demographic history of 66 African and Eurasian human populations presenting
contrasting lifestyles (nomadic hunter-gatherers, nomadic herders, and sedentary farmers). This allowed us to investigate
the relationship between lifestyle and demography and to address the long-standing debate about the chronology of
demographic expansions and the Neolithic transition. In Africa, we inferred expansion events for farmers, but constant
population sizes or contraction events for hunter-gatherers. In Eurasia, we inferred higher expansion rates for farmers
than herders with HVS-I data, except in Central Asia and Korea. Although isolation and admixture processes could have
impacted our demographic inferences, these processes alone seem unlikely to explain the contrasted demographic
histories inferred in populations with different lifestyles. The small expansion rates or constant population sizes inferred
for herders and hunter-gatherers may thus result from constraints linked to nomadism. However, autosomal data
revealed contraction events for two sedentary populations in Eurasia, which may be caused by founder effects.
Finally, the inferred expansions likely predated the emergence of agriculture and herding. This suggests that human
populations could have started to expand in Paleolithic times, and that strong Paleolithic expansions in some populations
may have ultimately favored their shift toward agriculture during the Neolithic.

Key words: population genetics, inferences, coalescent, neolithic transition, expansions.

Introduction
Studying the current distribution of genetic diversity in
human populations has important implications for our un-
derstanding of the evolution and history of our species.
Indeed, within- and among-population genetic diversity has
been shaped both by demographic forces, such as gene flow
and genetic drift, and by selective processes (e.g., Balaresque
et al. 2007). Cultural factors like social organization and tech-
nological innovation have also had a considerable indirect
impact on patterns of genetic diversity, as they can influence
both the demographic and adaptive history (e.g., Ambrose
2001; Oota et al. 2001; Kumar et al. 2006; Heyer et al. 2012).

The Neolithic revolution is thought to be one of the most
important cultural and technological transitions in human
history. During this period, different human populations do-
mesticated plants and animals in several parts of the world,
including Central Africa, the Middle Eastern Fertile Crescent,
Eastern Asia, and Central America (Bocquet-Appel and

Bar-Yosef 2008). The emergence of farming occurred con-
comitantly with the sedentarization of most nomadic
hunter-gatherer populations. Other populations remained
nomadic, but some of them also developed new means of
subsistence like nomadic herding. According to some arche-
ologists and paleoanthropologists, the major human expan-
sions would have started as a result from the Neolithic
transition: sedentarized populations could have experienced
strong demographic expansions (e.g., Bocquet-Appel 2011),
whereas nomadic populations may have remained constant
because of inherent constraints of their lifestyle (e.g., a longer
inter-birth interval; Short 1982). However, a number of pop-
ulation genetic studies have reported evidence for more an-
cient expansion processes in many African and Eurasian
populations, starting during the Paleolithic period (e.g.,
Chaix et al. 2008; Atkinson et al. 2009; Laval et al. 2010;
Batini et al. 2011). These findings seem consistent with the
“demographic theory” proposed by Sauer (1952), according
to which human populations could have started to increase
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before the Neolithic, and these Paleolithic expansions in some
populations may have ultimately favored their shift toward
farming.

The recent developments in sequencing technologies and
bioinformatics tools have allowed the exploration of large
multilocus polymorphism data sets. In combination with
archeological and paleoanthropological records, it can sub-
stantially improve our ability to infer past demographical
events (Beaumont 2004). Stemming from Kingman’s (1982)
coalescent theory, numerical coalescent-based methods have
thus been developed, allowing the inference of demographic
parameters from molecular data. Most of these methods
assume a specific demographic model. Moreover, nonpara-
metric approaches, such as Extended Bayesian Skyline Plots
(EBSPs, Heled and Drummond 2010), allow inference of the
demographic history of populations without assuming a spe-
cific model, by using the time intervals between serial coales-
cent events (see Excoffier and Heckel 2006 and Ho and
Shapiro 2011 for reviews).

Here, we used these methods to investigate 1) the rela-
tionship between lifestyle (i.e., sedentary farming, nomadic
herding, or nomadic hunting-gathering) and demographic
patterns in a large set of African and Eurasian populations,
and 2) the chronology of demographic expansions and the
emergence of farming, by comparing inferred expansion
onset times with the dating of the most ancient archeological
traces of farming and herding (potteries, irrigation structures,
and animals bones) reported in Bocquet-Appel and Bar-Yosef
(2008) for each region. In addition, by computing FST values
and immigration rates, we investigated the extent to which
the inferred demographic patterns could be explained by
spatial expansion processes. Indeed, modeling studies (Ray
et al. 2003; Excoffier 2004) have shown that such processes
can produce signals on within-population diversity patterns
similar to those obtained with pure demographic expansions.
In particular, these studies argue that ancient spatial expan-
sion signals could be attenuated or suppressed in isolated
populations. Different expansion signals among populations
as inferred from genetic data may thus in part reflect variation
in immigration rates and extent of population isolation.

We used 20 a priori neutral autosomal regions and the
hypervariable control region (HVS-1) of the mitochondrial
DNA (mtDNA) sequenced in 404 individuals from 16 popu-
lations and 2,429 individuals from 61 populations, respectively
(supplementary table S1, Supplementary Material online).
Given their distinct properties and modes of transmission,
we compared the inferences obtained with these two types
of markers, in order to gain complementary insights into the
past demography of the studied populations. By studying
many populations from different geographic areas worldwide,
we were able to determine which patterns were observed
across all populations and which were specific to a given
geographical region. First, we focused on Central Africa,
where nomadic hunter-gatherer populations, commonly
called Pygmies, coexist with sedentary farmer populations.
These two groups are genetically differentiated and seem to
have diverged about 60,000 years ago (Patin et al. 2009; Verdu
et al. 2009), thus long before the Neolithic sedentarization of

farmer populations in this area (5,000–4,000 years before pre-
sent [YBP]; Bocquet-Appel and Bar-Yosef 2008). Second, we
analyzed a sample of populations from several distant geo-
graphical regions of Eurasia where sedentary farmers coexist
with nomadic herders. This was of particular interest, as to
our knowledge the differences in demographic processes be-
tween herders and farmers have not been studied yet. Third,
we performed a more detailed study in Central Asia, another
area of interest as it is thought to have been a major corridor
during the successive Eurasian migration waves (Nei and
Roychoudhury 1993).

Results

Neutrality Tests

Focusing first on Africa, all farmer populations showed at least
one significantly negative value for one of the four neutrality
tests (Tajima’s [1989] D, Fu and Li’s [1993] D and F and Fu’s
[1997] Fs, table 1), which can be interpreted as a signal of
expansion. Conversely, hunter-gatherer populations showed
no such expansion signals. Aka and Mbuti hunter-gatherers
presented at least one significantly positive test, indicating a
possible contraction event. Similarly, for HVS-I sequences, we
found significantly negative Fu’s Fs values for all farmer pop-
ulations except the Ewondo, but no expansion signal for
hunter-gatherers (supplementary table S2, Supplementary
Material online). Kola hunter-gatherers showed a significantly
positive Tajima’s D, indicating a possible contraction event.

Similar analyses on autosomal sequences in Europe and
East Asia revealed no significant expansion signals, neither in
sedentary nor in nomadic populations (table 1). We even
observed contraction signals in two sedentary populations,
one East-Asian and one European. Indeed, we found signifi-
cantly positive values for two neutrality tests for the Japanese
and three neutrality tests for the Danes. Conversely, for HVS-I
sequences from Eurasia (supplementary table S2,
Supplementary Material online), we obtained significant sig-
nals of expansion for at least one test (Fu’s Fs) for all popu-
lations (including Japanese and Danes). All sedentary
populations except Koreans also showed significant signals
of expansion for the three other tests, whereas the Koreans
and all nomadic populations showed a significant expansion
signal only for Fu’s Fs.

Focusing on Central Asia, no neutrality test was significant
for the autosomes in neither Tajik sedentary farmers (TAB)
nor Kyrgyz nomadic herders (KIB) (table 1). Conversely, for
HVS-I sequences (supplementary table S2, Supplementary
Material online), all farmers and herders presented a signifi-
cant expansion signal for at least one test, except one farmer
population (TDS).

Coalescent-Based Inferences of Demographic History
Africa: Pre-Neolitic Demographic Expansions in Sedentary
Farmer Populations
Considering first the autosomal data, models consistent with
an increase in population size best fitted the data for all
African farmer populations (supplementary table S3,
Supplementary Material online). The “expansion model”
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best fitted the data for the two East-African farmer popula-
tions (namely Chagga and Mozambicans), whereas the “ex-
ponential model” best fitted the data for all West-African
farmer populations (Akele, Ngumba, and Yoruba), with pos-
itive growth rates in all cases (supplementary table S4,
Supplementary Material online). Conversely, no signals of ex-
pansion were found for hunter-gatherer populations, as the
“constant model” always best fitted the data (supplementary
tables S3 and S4, Supplementary Material online).
Consistently, EBSPs showed signals of expansions for farmer
populations (fig. 1A). 95% highest probability density (HPD)
intervals for the estimated number of demographic changes
did not include 0, indicating at least one significant change in
population size (supplementary table S5, Supplementary
Material online). Conversely, we found no evidence of popu-
lation size changes for hunter-gatherers (fig. 1B and supple-
mentary table S5, Supplementary Material online). We further
dated the onset of farmer expansions from at least 62,275 YBP
(assuming �= 2.5� 10�8/generation/site) or 124,550 YBP
(assuming �= 1.2� 10�8/generation/site) for Mozambicans
to 7,975 or 15,950 YBP for Yoruba. Visual examination of the
95% HPD intervals showed that the expansion event inferred
for the Mozambican population was significantly older than
those inferred for the other populations (supplementary table
S6, Supplementary Material online).

We found similar results for the HVS-I sequences from
Central Africa (supplementary tables S3 and S7,
Supplementary Material online). Indeed, the exponential
model with positive growth rates best fitted the data for all
farmer populations, indicating expansion events. Conversely,
the exponential model with negative modal values for growth
rate (i.e., contraction event) provided the best fit for all
hunter-gatherer populations. However, as the 95% HPD

intervals for growth rates included 0, we could not conclude
any significant contraction events for these populations.
Similarly, EBSPs indicated a significant expansion event for
all farmer populations (fig. 2A and supplementary table S5,
Supplementary Material online), whereas we found no evi-
dence of population size changes for hunter-gatherers (fig. 2B
and supplementary table S5, Supplementary Material online).
We dated farmer populations expansions from 31,350 or
62,700 YBP (assuming �= 10�5 or 5� 10�6/generation/site,
respectively) to 45,319 or 90,638 YBP (supplementary table S6,
Supplementary Material online).

Finally, both with autosomes and HVS-I, all hunter-gath-
erer populations had lower current effective population size
(N0) values than farmer populations (supplementary tables S4
and S7, Supplementary Material online). Furthermore,
the inferred expansion onsets for all farmer populations lar-
gely predated the emergence of farming in Central Africa
(5,000–4,000 YBP; Bocquet-Appel and Bar-Yosef 2008)
(figs. 3 and 4).

Eurasia: Contrasting Demographic Patterns for Farmer
Populations with Autosomes and Stronger Pre-Neolithic
Expansions for Farmers Than Herders with HVS-I
The coalescent-based analyses of autosomes in East-Asian
and European populations showed contrasting demographic
patterns across sedentary populations (supplementary tables
S3 and S4, Supplementary Material online). Using the para-
metric BEAST analysis, the expansion model best fitted the
data for Han Chinese, indicating an expansion event.
Conversely, we inferred that Japanese and Danes either
underwent a contraction event or remained at constant
size. Indeed, the exponential model with negative growth
rates best fitted the data for these two populations, but the

Table 1. Summary Statistics and Neutrality Tests Computed from the Whole Autosomal Sequences.

Population Area Lifestyle Sa Kb Tajima’s Dc Fu & Li’s Dc Fu & Li’s Fc Fu’s Fsc

Akele Africa Sedentary farmers 6.95 6.45 �0.35 �0.55 �0.57* �1.12*

Chagga Africa Sedentary farmers 8.65 7.95 �0.48 �0.70* �0.74* �1.27*

Mozambicans Africa Sedentary farmers 8.80 9.55 �0.62* �1.15** �1.15** �3.33*

Ngumba Africa Sedentary farmers 7.05 6.20 �0.20 �0.41* �0.41 �0.68

Yoruba Africa Sedentary farmers 7.50 7.15 �0.14 �0.03 �0.03 �0.73

Aka Africa Nomadic HGd 6.95 6.60 0.12 0.34* 0.32 �0.30

G. Baka Africa Nomadic HG 6.30 6.00 0.008 0.17 0.14 �0.33

S. Baka Africa Nomadic HG 6.10 5.6 0.17 0.05 0.10 �0.03

Kola Africa Nomadic HG 6.55 6.25 �0.14 �0.03 �0.08 �0.75

Mbuti Africa Nomadic HG 6.60 6.10 0.25 0.35* 0.37* 0.16

Danes Eurasia Sedentary farmers 5.50 4.85 0.30* 0.16 0.24* 0.73*

Han Eurasia Sedentary farmers 5.20 4.70 �0.03 �0.01 �0.02 0.21

Japanese Eurasia Sedentary farmers 4.20 3.85 0.45* 0.22 0.34* 1.06*

Chuvash Eurasia Nomadic herders 5.70 5.05 0.09 0.11 0.12 0.34

Tajiks (TAB) C. Asia Sedentary farmers 9.00 9.00 0.19 0.03 0.10 0.24

Kyrgyz (KIB) C. Asia Nomadic herders 10.4 10.40 0.11 0.08 0.11 0.23

NOTE.—Values significantly higher than expected for a constant population size model are italicized, whereas significantly lower values are underlined.
aNumber of polymorphisms.
bNumber of haplotypes.
cWe report the means over the 20 regions.
dHG = Hunter-gatherers significance levels: *P< 0.05, **P< 0.01 after FDR correction for multiple testing (Benjamini and Hochberg 1995).
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95% HPD intervals also included g = 0. The constant model
best fitted the data for the Chuvash, a traditionally nomadic
population. EBSPs showed a significant expansion event for
the Han population: the value of 0 was not included in the
95% HPD interval of the number of demographic changes
(supplementary table S5, Supplementary Material online).
These expansion events started at least 36,025 or 72,050
YBP (fig. 1C and supplementary table S6, Supplementary
Material online), clearly predating the emergence of farming
in East Asia, about 9,000 YBP (Bocquet-Appel and Bar-Yosef

2008) (fig. 3). Japanese showed a significant contraction event
(i.e., the value of 0 was not included in the 95% HPD interval
of the number of demographic changes; supplementary table
S5, Supplementary Material online) starting at least 21,350 or
42,700 YBP. Danes also showed a significant contraction
event, starting at least 26,440 or 52,880 YBP (fig. 1C and sup-
plementary tables S5 and S6, Supplementary Material online).
EBSP analyses showed no significant demographic changes for
the Chuvash (fig. 1D and supplementary table S5,
Supplementary Material online).

FIG. 1. EBSPs inferred from autosomal sequences in African sedentary farmers (A), African nomadic hunter-gatherers (B), Eurasian sedentary farmers (C),
and Eurasian nomadic herders (D). The values indicated in bold on the axes are obtained assuming a mutation rate of �= 1.2� 10�8/generation/site
(measured from trios parents–children by Conrad et al. 2011), and the other values correspond to �= 2.5� 10�8/generation/site (derived from the
sequence divergence human–chimpanzee by Pluzhnikov et al. 2002). Although time was expressed in generations for the analyses, we represented time
in years here, assuming a generation time of 25 years. Time is represented backward on the x axis: from present to the left to the most distant past on
the right. 95% lower and upper HPD are represented by dashed lines. Populations for which the estimated number of demographic changes include 0
(i.e., no significant signal of expansion or decline) are represented in light gray.
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FIG. 2. EBSPs inferred from HVS-I sequences in African sedentary farmers (A), African nomadic hunter-gatherers (B), Eurasian sedentary farmers (C),
Eurasian nomadic herders (D), Central Asian sedentary farmers (E), and Central Asian nomadic herders (F). The values indicated in bold are obtained
assuming a mutation rate of �= 5� 10�6/generation/site (transitional changes rate, Forster et al. 1996), and the others correspond to �= 10�5/
generation/site (pedigree-based, Howell et al. 1996; Heyer et al. 2001). Time is represented time in years, assuming a generation time of 25 years. It is
represented backward on the x axis: from present to the left to the most distant past on the right. 95% lower and upper HPD are represented by dashed
lines. Populations for which the estimated number of demographic changes include 0 (i.e., no significant signal of expansion or decline) are represented
in light gray and the others in black.
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For the HVS-I sequences from Eurasia (supplementary
tables S7 and S8, Supplementary Material online), the para-
metric BEAST analyses showed that models consistent with
an increase in population size (expansion model or exponen-
tial model with positive growth rates) best fitted the data for
all sedentary populations except Koreans. Conversely, the
constant model best fitted the data for all nomadic popula-
tions as well as Koreans. EBSPs showed, however, significant
expansion events for both farmers and herders, but not for
Koreans (fig. 2C and D and supplementary table S5,
Supplementary Material online). Nevertheless, there was a
tendency toward stronger expansion rates and higher Ne

values in sedentary than in nomadic populations (fig. 2C
and D), although the 95% HPD intervals for Ne were quite
large for sedentary populations. The estimated expansion
onset times inferred from the EBSPs (supplementary table
S6, Supplementary Material online) followed an east-to-
west gradient: they appeared more ancient in Eastern popu-
lations, in both sedentary and nomadic populations (supple-
mentary fig. S1, Supplementary Material online). They also
clearly predated the Neolithic transition in all geographic
areas (fig. 4).

The Central Asian Exception: Similar Demographic Patterns in
Farmers and Herders
For autosomes, the constant model best fitted the data for
both sedentary farmers (TAB) and traditionally nomadic her-
ders (KIB) (supplementary tables S3 and S4, Supplementary
Material online). EBSPs showed also no significant demo-
graphic changes for these populations (figs. 1C and D and
supplementary table S5, Supplementary Material online).

For HVS-I (supplementary tables S3 and S7, Supplementary
Material online), the exponential model best fitted the data
for six of the 12 sedentary farmer populations (including
TAB), whereas the constant model was preferred for the
other farmers. Unlike the rest of Eurasia, a model indicating
expansion (the exponential model with positive growth rates)
was also selected for all nomadic herders. Moreover, EBSPs
showed significant expansion signals for both herder and
farmer populations except TJY (Yagnobs from Dushanbe),
since at least 13,860 YBP (or 27,720 YBP) for farmers and
16,546 YBP (or 33,092 YBP) for herders, on average (fig. 2E
and F and supplementary tables S5 and S6, Supplementary

Material online). Again, these inferred expansion onsets pre-
dated the emergence of farming in the area, about 8,000 YBP
(Bocquet-Appel and Bar-Yosef 2008) (fig. 4). Inferred expan-
sions for Central Asian sedentary farmers seemed overall
weaker (i.e., lower growth rate and lower Ne) than those ob-
served for other sedentary populations in Eurasia, although
we observed important variations in growth rates and Ne

among populations and large 95% HPD intervals for some
of them (fig. 2C and E).

Degrees of Isolation and Migration Patterns

African farmer populations appeared less isolated and re-
ceived more migrants than hunter-gatherer populations.
Indeed, the population-specific FST values (supplementary
table S9, Supplementary Material online) were, on average,
significantly lower for farmers than for hunter-gatherers
(mean[farmers] = 0.058; mean[HG] = 0.192; Wilcoxon two-sided
test P value = 0.0002). Moreover, the estimated number of
immigrants was significantly higher for sedentary farmers
than for nomadic hunter-gatherers (mean[farmers] = 31.4;
mean[HG] = 2.21; P value = 0.0001) (supplementary table S10,
Supplementary Material online). For hunter-gatherers, the FST

values were negatively correlated with the negative growth
rates that we inferred from the parametric method (�=
�0.893; P value = 0.012) (fig. 5B), meaning that less isolated
populations showed weaker contraction events (i.e., less neg-
ative growth rates). Conversely, there was no significant cor-
relation between FST values and inferred growth rates for
sedentary farmers (�= 0.433; P value = 0.249) (fig. 5A).
However, we found a significant positive correlation between
the number of immigrants and the inferred growth rates
(supplementary fig. S2, Supplementary Material online)
among sedentary farmer populations (�= 0.867; P value =
0.004) but not among nomadic hunter-gatherers (�= 0.536;
P value = 0.235).

For Eurasia, we found no significant difference in FST values
between farmers and herders (mean[farmers] = 0.039; mean-

[herders] = 0.043; P value = 0.77; supplementary table S9,
Supplementary Material online), except in Central Asia, for
which we found significantly lower FST values for nomadic
herders than for sedentary farmers (mean[farmers] = 0.018;
mean[herders] = 0.008; P value = 0.017). We report a significant

FIG. 3. Comparison of estimated times for expansion onsets using autosomes and dating of the first archeological traces of farming in Africa and China.
Time is represented backward (in YBP). Only populations for which the EBSP analysis showed a significant expansion event are represented. We
reported the time values estimated with the highest mutation rate that we used for the autosomes (�= 2.5� 10�8/generation/site). Thus, these time
values can be considered as a lower bound for the expansion onsets. The dates for the emergence of farming come from the review by Bocquet-Appel
and Bar-Yosef (2008). They are based on archeological remains.
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FIG. 5. Correlations between population-specific FST values and inferred growth rates in African farmer (A) and hunter-gatherer (B) populations,
Eurasian farmer populations (C), and Central Asian farmer (D) and herder populations (E). Population-specific FST values were computed with
ARLEQUIN v3.11 (Excoffier et al. 2005). The growth rates were inferred under the best-fitting model from the parametric method using BEAST
(Drummond and Rambaut 2007). When the best-fitting model was the constant model, we assumed a growth rate of 0. Note that we did not represent
Eurasian herder populations as the constant model best-fitted the data for all of them. Plots and correlation tests were performed using R v2.14.1
(R Development Core Team 2011).
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negative correlation between FST values and inferred growth
rates for sedentary farmers in Eurasia (�=�0.673; P value =
0.028) (fig. 5C) and Central Asia (�=�0.773; P value = 0.003)
(fig. 5D), thus meaning that less isolated populations showed
higher inferred growth rates. There was no significant corre-
lation for Central Asian herders (�=�0.092; P value = 0.736)
(fig. 5E). Note that this analysis could not be performed for
the other Eurasian herder populations, as the constant model
best fitted the data with the parametric method.

The estimation of the proportion of immigrants did not
converge for 11 Eurasian populations (Han Chinese, Liaoning,
Qingdao, Palestinians, Pathans, Mongols, as well as three
Central Asian farmer populations and two Central Asian
herder populations). Regarding the other populations, we
showed no significant difference in the proportion of immi-
grants between farmers and herders, both in Central Asia
(mean[farmers] = 82.868; mean[herders] = 260.265; P value = 0.12)
and in the rest of Eurasia (mean[farmers] = 576,757; mean-

[herders] = 201,311; P value = 0.51) (supplementary table S10,
Supplementary Material online). We also found no significant
correlation between this proportion and the inferred growth
rates for Eurasian farmers (�=�0.238; P value = 0.48), Central
Asians farmers (�= 0.386; P value = 0.30), and Central Asian
herders (�=�0.42; P value = 0.139) (supplementary fig. S2,
Supplementary Material online).

Discussion
In this study, using a large set of populations from distant
geographic areas, we report contrasted demographic histories
that correlate with lifestyle. Moreover, the inferred expansion
signals in both African and Eurasian farmer and herder pop-
ulations predated the Neolithic transition and the sedentar-
ization of these populations.

Contrasted Demographic Histories in Sedentary and
Nomadic Populations

For Africa, both mtDNA and autosomal data revealed expan-
sion patterns in most sedentary farmer populations, as indi-
cated by neutrality tests and the parametric and
nonparametric BEAST methods. Conversely, we found con-
stant effective population sizes (or possibly contraction
events) for all hunter-gatherer populations. Among the farm-
ers, results were least clear for the Yoruba and the Ewondo
populations, as no neutrality test was significant for these
populations, whereas they showed evidence of expansion
events when analyzed with BEAST. This indicates that these
populations may have undergone weaker expansion dynam-
ics (i.e., lower growth rates and Ne) than the others. These
remarkable results are of particular importance for the
Yoruba, as it is a reference population in many databases
(HapMap, 1000 genomes). This also demonstrates the
higher sensitivity of MCMC methods such as BEAST to
detect expansions, in comparison to neutrality tests.

The contrasted patterns inferred between sedentary and
nomadic populations in Africa suggest strong differences be-
tween the demographic histories of these two groups of pop-
ulations. The question is whether this pattern results mostly

from differences in local expansion dynamics or whether spa-
tial expansion processes at a larger scale were also involved. As
shown by Ray et al. (2003), negative values for the neutrality
tests will be observed in a spatial expansion process if the rate
of migrants (Nm) is high enough (at least 20), but not other-
wise. As in previous studies (e.g., Verdu et al. 2013), we report
a higher degree of isolation (higher population-specific FST

values) in hunter-gatherer populations than in farmer popu-
lations. Using the spatial expansion model of Excoffier (2004)
also leads to higher estimates of the number of immigrants
into farmer populations. Thus, both farmers and hunter-gath-
erers may have been subject to a spatial expansion process,
but the limited number of migrants among hunter-gatherers
may have resulted in an absence of expansion signals for
them. This would be consistent with the positive correlation
that we observe between the growth rates estimated with
BEAST and the inferred number of immigrants in the seden-
tary farmer populations. However, this spatial expansion pro-
cess seems unlikely to completely explain the strong
association that we observed between lifestyle and expansion
patterns, as some farmer populations (Teke, Gabonese Fang)
displayed FST values similar to those of hunter-gatherers but a
clear signal of expansion with relatively high growth rates. This
suggests that even rather isolated farmer populations show
substantial level of expansions. Moreover, FST values and in-
ferred growth rates in farmer populations were not signifi-
cantly correlated. Therefore, our results suggest that the
expansion patterns observed in sedentary populations
result not only from a spatial expansion pattern. In addition,
local dynamics connected with the higher capacity of food
production by farmers also explain their much stronger
expansion signatures, relative to their neighboring hunter-
gatherer populations.

For Eurasia, when considering the mtDNA data, all three
methods (neutrality tests, parametric BEAST analyses, and
EBSPs) yielded expansion signals for all sedentary farmer pop-
ulations except Koreans. Conversely, only EBSPs and Fu’s Fs
test showed expansion signals for nomadic herders, but not
the parametric BEAST method nor other neutrality tests. This
result points toward weaker expansion dynamics in herders
than in farmers, as supported also by the tendency for lower
growth rates and Ne in herder populations than in farmer
populations on the EBSP graphs (fig. 2C and D). It thus seems
that the flexibility and nonparametric nature of EBSP analyses
allows one to detect weaker expansion events than the para-
metric method. Moreover, Fu’s Fs is known to be more sen-
sitive than the other neutrality tests to detect expansions
(Ramos-Onsins and Rozas 2002). Again, these inferred expan-
sions may result at least in part from spatial expansion pro-
cesses. The population-specific FST values are indeed rather
low in Eurasia. Moreover, we found a significant negative
correlation between FST values and inferred growth rates for
the sedentary farmers, indicating that less isolated popula-
tions showed stronger expansion signals. However, although
we inferred much stronger expansion patterns for the farmers
than for the herders, we did not observe any differences in
Eurasia between the farmers and the herders in the popula-
tion-specific FST values or in the estimated number of

2637

Demographic Patterns between Sedentary and Nomadic Populations . doi:10.1093/molbev/mst156 MBE
D

ow
nloaded from

 https://academ
ic.oup.com

/m
be/article/30/12/2629/1013982 by guest on 08 O

ctober 2021

-
-
-
-
-
-
``
''
-
-
-
(
)
(
)
-
(
)
)
j
-
found 
-
-
-
-
-
-
-
-
.
-
il
-
s
,
2
-
while


immigrants, suggesting that spatial processes alone cannot
explain the strong difference that we observed between the
expansion patterns of these two groups of populations. This
indicates that the intrinsic demographic growth patterns are
different between these two kinds of populations, the farmers
showing much higher growth rates than the herders.

To our knowledge, although other studies have found dif-
ferent patterns between hunter-gatherers and farmers (e.g.,
Verdu et al. 2009), our study is the first to show differences
between farmers and herders, the two major post-Neolithic
human groups. A plausible explanation could be that no-
madic herders and hunter-gatherers share several of the con-
straints of a nomadic way of life. For instance, birth intervals
are generally longer (at least 4 years) in nomadic populations
than in sedentary populations (e.g., Short 1982). According to
Bocquet-Appel (2011), these longer birth intervals may be
mainly determined by diet differences. Indeed, Valeggia and
Ellison (2009) demonstrated that birth interval is mainly de-
termined by the rapidity of postpartum energy recovery,
which may be increased by high carbohydrate food (like ce-
reals) consumption. Moreover, the nomadic herder way of life
may offer less food security than sedentary farming, the latter
facilitating efficient long-term food storage.

However, unlike in Africa, we did not find systematically
consistent patterns between the autosomal and mtDNA data
in Eurasia. The possible contraction events that our results
suggest for two sedentary populations (Japanese and Danes)
with autosomes appeared concomitant with historical events
that could have led to bottleneck processes. For the Japanese
population, this contraction signal could indeed result from a
founder effect due to the Paleolithic colonization of Japan by a
subset of the Northern Asiatic people (especially from Korea;
Nei 1995). Similarly, a bottleneck process may also have oc-
curred in the Danish population, linked with the last glacial
maximum occurring between 26,500 and 19,500 YBP (Clark
et al. 2009). Reasons why these processes impacted the auto-
somes but not the mtDNA data remain to be determined, for
instance through simulation studies. In any case, our study
clearly emphasizes the utility of combining mtDNA and au-
tosomal sequences, as they allow access to different aspects of
human history. A recent study on harbor porpoises has sim-
ilarly shown that nuclear markers were sensitive to a recent
contraction event, whereas mtDNA allowed inferring a more
ancient expansion (Fontaine et al. 2012).

Interestingly, Central Asia displayed a distinct pattern from
the rest of Eurasia. Indeed, we did not infer higher expansion
rates for sedentary farmers than for nomadic herders in that
area. It could result from harsh local environmental condi-
tions due to the arid continental climate in this area. Indeed,
using pollen records, Dirksen and van Geel (2004) showed
that the paleoclimate in Central Asia was very arid from at
least 12,000 to 3,000 YBP, which could have limited the
amount of suitable areas for farming and impacted human
demography. Spatial expansion processes may also have
played a role in this difference, as population-specific FST

values were higher for the farmers than for the herders.
This may indicate that more migrants were involved in the
spatial expansion process for the herders than for the farmers,

yielding a weaker expansion signal (i.e., lower inferred growth
rate) for the latter (Ray et al. 2003). This is supported by the
negative correlation between the FST values and the inferred
growth rates in the farmer populations. The Korean popula-
tion also stood out as an exception in Eurasia. Even though it
is a population of sedentary farmers, it showed no significant
expansion signal with both the parametric and nonparamet-
ric methods with HVS-I. This could be explained by a later
sedentarization of this population. The Korean Neolithic is
notably defined by the introduction of Jeulmun ware ce-
ramics about 8,000 YBP, but the people of the Jeulmun
period were still predominantly semi-nomadic fishers and
hunter-gatherers until about 3,000 YBP, when Koreans started
an intensive crop production implying a sedentary lifestyle
(Nelson 1993).

Inferred Expansion Signals Predate the Emergence of
Farming

EBSP analyses revealed that the inferred expansion events in
farmers and herder populations were more ancient than the
emergence of farming and herding. Therefore, the differences
in demographic patterns between farmers and herders seem
to predate their divergence in lifestyle, which raises the ques-
tion of the chronology of demographic expansions and the
Neolithic transition. These findings appear to be quite robust
to the choice of the scaling parameters. We used here both
the lower and the higher mutation rate estimates in humans
for autosomes (Pluzhnikov et al. 2002; Conrad et al. 2011) and
for the HVS-I sequence (Forster et al. 1996; Howell et al. 1996).
Despite this uncertainty in mutation rates, which lead to a 2-
fold uncertainty in our time estimates, the inferred expansion
signals predated the emergence of agriculture in both cases
for all populations. Similarly, using a generation time of 29
years (Tremblay and Vezina 2000) instead of 25 years lead to
slightly more ancient estimates, thus do not change our con-
clusions (data not shown). However, note that for HVS-I,
using the higher bound of the credibility interval for the high-
est estimated mutation rate (2.75� 10�5/generation/site;
Heyer et al. 2001) instead of the mean value (i.e., 10�5/gen-
eration/site) leads to expansion time estimates consistent
with the Neolithic transition in Eurasian populations (supple-
mentary table S11, Supplementary Material online).
Nevertheless, these estimates still clearly predated the
Neolithic for the African populations. However, 10�5/gener-
ation/site is by far the highest estimation of mutation rate in
the literature (Howell et al. 1996). To infer Neolithic expan-
sions in most Eurasian populations, one needs to assume a
mutation rate of at least 2� 10�5/generation/site, much
higher than other estimates from the literature, and is thus
probably unrealistic. Moreover, our method for determining
the expansion onset time using EBSP graph is very conserva-
tive and also tends to favor the lower bound of expansion
onset times. Finally, for autosomes, using similarly
4.74� 10�8/generation/site instead of 2.5� 10�8/genera-
tion/site (Pluzhnikov et al. 2002) lead to an inferred expansion
onset time that is not compatible with the Neolithic transi-
tion for all Eurasian and African populations, except for one
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African population, the Yoruba (supplementary table S12,
Supplementary Material online). Consequently, it seems
very likely that the expansions inferred in this study corre-
spond to Paleolithic rather than Neolithic demographic
events, in agreement also with most previous studies, as de-
tailed later.

In Africa, the emergence of agriculture has been dated
between 5,000 and 4,000 YBP in the Western part of
Central Africa and subsequently rapidly expanded to the
rest of sub-Saharan Africa (Phillipson 1993). However, using
HVS-I, we showed expansion events in farmer populations
since about 30,000 or 60,000 YBP, thus largely predating the
emergence of agriculture in the area. Similarly, using auto-
somes, especially in Eastern African populations, we inferred
expansion signals that clearly predated the Neolithic. Notably,
we inferred an expansion signal for Mozambicans since at
least 80,000 YBP. Several genetic studies have already high-
lighted that expansion events occurred in African farmers
before the Neolithic transition (e.g., Atkinson et al. 2009;
Laval et al. 2010; Batini et al. 2011). This finding is also con-
sistent with paleoanthropological data (i.e., radiocarbon
dating), suggesting an expansion event in Africa 60,000–
80,000 YBP (Mellars 2006a). This Paleolithic demographic
expansion could be linked to a rapid environmental change
toward a dryer climate (Partridge et al. 1997) and/or to the
emergence of new hunting technologies (Mellars 2006a).

According to Mellars (2006a), this period corresponds to a
major increase in the complexity of the technological, eco-
nomic, social, and cognitive behavior of certain African
groups. It corresponds in particular to the emergence of pro-
jectile technologies (Shea 2009), which was probably part of a
broader pattern of ecological diversification of early Homo
sapiens populations. These changes could have been decisive
for the human spread “Out of Africa” during the same period
and could have ultimately also led to the sedentarization of
the remaining populations. This inference is consistent with
Sauer’s (1952) demographic theory, which stated that late
Paleolithic demographic expansions could have favored the
sedentarization and the emergence of agriculture in some
human populations. In the case of Central Africa, the
period of 60,000 YBP corresponds to the separation between
hunter-gatherers and farmers ancestors (Patin et al. 2009;
Verdu et al. 2009). Thus, these two groups may have pre-
sented contrasting demographic patterns since their diver-
gence. Much later, higher expansion rates and larger
population sizes among farmers’ ancestors may have induced
the emergence of agriculture and sedentarization.

With respect to Eurasia, the expansion profiles inferred
with HVS-I for all populations and with autosomes for the
Han Chinese population also seem to have begun during the
Paleolithic, thus before the Neolithic transition. Some genetic
studies already reported pre-Neolithic expansions in Asia and
Europe (e.g., Chaix et al. 2008). Notably, using mismatch and
intermatch distributions, Chaix et al. (2008) showed an east-
to-west Paleolithic expansion wave in Eurasia. We found a
similar pattern here, as the inferred expansions of East-Asian
populations were earlier than those of Central Asian popula-
tions, themselves earlier than those of European populations.

Moreover, we found this pattern in both sedentary farmer
and nomadic herder populations. Thus, the ancestors of cur-
rently nomadic herder populations also experienced these
Paleolithic expansions. However, Paleolithic expansion signals
in nomadic populations seem lower than in sedentary pop-
ulations. This is again compatible with the demographic
theory of the Neolithic sedentarization (Sauer 1952): some
populations may have experienced more intense Paleolithic
expansions, which may have led ultimately to their
sedentarization.

The inferred Paleolithic expansion signals might result
partly from spatial expansions out of some refuge areas
after the Last Glacial Maximum (LGM, 26,500–19,500 YBP;
Clark et al. 2009), as this time interval matches with our in-
ferred dating for expansion onsets in East Asia with HVS-I
using the pedigree-based mutation rate and in Europe and
Middle East using the transitional mutation rate. Some of the
earlier date estimates might also be consistent with the out-
of-Africa expansion of H. sapiens. However, the time radiocar-
bon-based estimates of the spread of H. sapiens in Eurasia are
generally more ancient than our inferred expansion onset
timings. For instance, Mellars (2006b) dated the colonization
of Middle East by H. sapiens at 47,000–49,000 YBP and of
Europe at 41,000–42,000 YBP. Pavlov et al. (2001) report
traces of modern human occupation nearly 40,000 years
old in Siberia. Finally, Liu et al. (2010) described modern
human fossils from South China, dated to at least 60,000
YBP. Moreover out-of-Africa or post-LGM expansions
would not explain our finding of an east-to-west gradient
of expansion onset timing, which rather supports the hypoth-
esis of a demographic expansion diffused from east to west in
Eurasia in a demic (i.e., migrations of individuals) or cultural
(favored by the diffusion of new technologies).

Possible Confounding Factors

Our approach makes the assumption that populations are
isolated and panmictic, which is questionable for human pop-
ulations. However, we analyzed a large set of populations
sampled in very distant geographical regions (i.e., Central
Africa, East Africa, Europe, Middle East, Central Asia, Pamir,
Siberia, and East Asia). The main conclusions of this study rely
on consistent patterns between most of these areas, and it
seems unlikely that processes such as admixture could have
biased the estimates similarly everywhere. Moreover, in
Central Africa, several studies have shown that hunter-gath-
erer populations show signals of admixture, whereas it is not
the case for farmer populations (Patin et al. 2009; Verdu et al.
2009, 2013). If this introgression had been strong enough, this
may have yielded a spurious expansion signal in the hunter-
gatherer populations, which is not what we observed here. In
Europe, spatial expansion processes during the Neolithic may
have led to admixture with Paleolithic populations. As
pointed out by a simulation study (Arenas et al. 2013), this
may lead to a predominance of the Paleolithic gene pool. This
may be one of the factors explaining why we observed mostly
Paleolithic expansions here.
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Similarly, potential selection occurring on the whole mito-
chondrial genome (e.g., Pakendorf and Stoneking 2005) seems
unlikely to have impacted in the same way all the studied
populations within each group (e.g., stronger positive selec-
tion on sedentary than on nomadic populations), as we an-
alyzed different nomadic and sedentary populations living
near each other, in several geographically distant areas.

Regarding the potential effects of recombination on the
inferences from autosomal data, we found that neutrality
tests gave similar results on the whole sequences, when
using a simulation procedure that was taking the known re-
combination rate of each sequence into account (table 1),
and on the largest non-recombining blocks as inferred with
IMgc, without taking recombination into account in the sim-
ulation process (supplementary table S12, Supplementary
Material online). It thus appears unlikely that the BEAST anal-
yses that can only handle the largest inferred non-recombin-
ing blocks are biased because of this.

Finally, note that the effective population sizes inferred
using BEAST correspond to the Ne of the populations
during their recent history, rather than a value of Ne averaged
over the history of the population. It explains the finding that,
for most populations, we inferred Ne estimates much higher
than generally assumed for humans by population geneticists
(about 10,000).

Material and Methods

Genetic Markers
Autosomal Sequences
We used data from 20 noncoding, a priori neutral, and un-
linked autosomal regions selected by Patin et al. (2009) to be
at least 200 kb away from any known or predicted gene, to
not be in linkage disequilibrium (LD) neither with each other
nor with any known or predicted gene, and to have a region
of homology with the chimpanzee genome. These regions are
on average 1,253 bp long. Using the four-gamete test (Hudson
and Kaplan 1985) as implemented in IMgc online (Woerner
et al. 2007), we identified recombination events for 6 of these
20 regions. As some methods used in this study cannot
handle recombination, we retained for these six sequences
the largest non-recombining block inferred by IMgc. Because
of this reduction, the 20 regions used were on average
1,228 bp long. To identify potential bias related to this
method (e.g., some recombination events may not be
detected using the four-gamete test; larger blocks of non-
recombining sequence may select for gene trees that are
shorter than expected), we computed the summary statistics
and performed neutrality tests (discussed later) both on the
whole sequences (table 1) and on the largest non-recombin-
ing blocks (supplementary table S12, Supplementary Material
online).

Mitochondrial Sequences
We used the first hypervariable segment of the mitochondrial
control region (HVS-I), sequenced between positions 16067
and 16383, excluding the hypervariable poly-C region (sites
16179–16195). The total length of the sequence was thus of
300 bp.

Population Panel

For Africa, we used the autosomal sequences data set of Patin
et al. (2009), which consists of five farmer populations
(N = 118 individuals) and five Pygmy hunter-gatherer popu-
lations (N = 95). In addition, we used the HVS-I data set from
Quintana-Murci et al. (2008), which consists of nine Central
African farmer populations (N = 486) and seven Central
African hunter-gatherer populations (N = 318) (supplemen-
tary table S1, Supplementary Material online).

For Eurasia, we used the autosomal sequences data set of
Laval et al. (2010), consisting of 48 individuals from two East-
Asian populations (Han Chinese and Japanese) and 47 indi-
viduals from two European populations (Chuvash and
Danes). We also used the data from 48 individuals from
one sedentary Central Asian population (Tajik farmers) and
48 individuals from one nomadic Central Asian population
(Kyrgyz herders) of Ségurel et al. (2013). For HVS-I, we ana-
lyzed data from 17 Eurasian populations (N = 494 in total)
located from Eastern to Western Eurasia, belonging to several
published data sets (Derenko et al. 2000; Richards et al. 2000;
Bermisheva et al. 2002; Imaizumi et al. 2002; Yao et al. 2002;
Kong et al. 2003; Quintana-Murci et al. 2004; supplementary
table S1, Supplementary Material online).

For our detailed study of Central Asia, we used HVS-I se-
quences from 12 farmer populations (N = 408 in total) and 16
herder populations (N = 567 in total). These data come from
the studies by Chaix et al. (2007) and Heyer et al. (2009) for 25
populations (supplementary table S1, Supplementary
Material online). The other populations (KIB, TAB, and
TKY) were sequenced for this study. As in Chaix et al.
(2007) and Heyer et al. (2009), DNA was extracted from
blood samples using standard protocols, and the sequence
quality was ensured as follows: each base pair was determined
once with a forward and once with a reverse primer; any
ambiguous base call was checked by additional and indepen-
dent PCR and sequencing reactions; all sequences were ex-
amined by two independent investigators. All sampled
individuals were healthy donors from whom informed con-
sent was obtained. The study was approved by appropriate
Ethic Committees and scientific organizations in all countries
where samples have been collected.

Demographic Inferences from Sequences Analysis
Summary Statistics and Neutrality Tests
We computed classical summary statistics (number of poly-
morphic sites S, number of haplotypes K) and four neutrality
tests (Tajima’s [1989] D, Fu and Li’s [1993] D* and F*, and Fu’s
[1997] Fs) on both mitochondrial and autosomal sequences.
Although neutrality tests were originally designed to detect
selective events, they also give information about demo-
graphic processes, especially when applied to neutral markers.
Indeed, expansion events lead to more negative values than
expected in the absence of selective and demographic pro-
cesses. Conversely, contraction events lead to more positive
values of the neutrality tests. For HVS-I sequences, we com-
puted all summary statistics and neutrality tests and tested
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Aimé et al. . doi:10.1093/molbev/mst156 MBE
D

ow
nloaded from

 https://academ
ic.oup.com

/m
be/article/30/12/2629/1013982 by guest on 08 O

ctober 2021

-
six
.
see
 below
-
 to 
-
-
-
-
-
,


their departure from neutrality using the coalescent-based
tests provided in DnaSP (Librado and Rozas 2009).

For the autosomal sequences, we used the procedure de-
veloped in Laval et al. (2010), which combines all autosomal
sequences into a single test. This procedure consists in com-
puting the mean value of each summary statistics across the
20 loci and in testing whether this mean value departs signif-
icantly from its expectation under neutrality in a constant-
size population model using a simulation procedure. For a
given population with sample size n, we produced 105 simu-
lated samples of the same size n, under a constant population
size model, using the generation-per-generation coalescent-
based algorithm implemented in SIMCOAL v2 (Laval and
Excoffier 2004). Each simulated individual was constituted
by 20 independent sequences of 1,253 bp (the average se-
quence length for the real data).Then, we used ARLEQUIN v3
(Excoffier et al. 2005) as modified by Laval et al. (2010) to
compute the summary statistics on these simulated samples.
We assessed whether the observed statistics differed signifi-
cantly from the constant population model under neutrality
by comparing these statistics with their null distribution ob-
tained from the simulated data. We used gamma distributed
mutation rates with a mean value of 2.5� 10�8/generation/
site (95% confidence interval: 1.476� 10�8

� 4.036� 10�8),
in agreement with previous studies (Pluzhnikov et al. 2002;
Voight et al. 2005). This procedure yielded a P value for the
significance of the departure from a constant size model. We
performed this procedure both on the whole sequences and
on the largest non-recombining blocks. For the whole se-
quences (i.e., including recombination), we performed the
data simulation under a coalescent model with recombina-
tion, using for each locus the recombination rate provided by
the HapMap build GRCh37 genetic map (International
HapMap Consortium 2003) (supplementary table S8,
Supplementary Material online), whereas for the largest
non-recombining blocks we used a coalescent model without
recombination.

Both for autosomes and for HVS-I sequences, we adjusted
the obtained P values for each neutrality test using a false
discovery rate (FDR) correction (Benjamini and Hochberg
1995) in R v2.14.1 (R Development Core Team 2011), in
order to take into account the increased error probability in
the case of multiple testing.

MCMC Estimations of Demographic Parameters
We used the MCMC algorithm implemented in BEAST v1.6
(Drummond and Rambaut 2007). We tested the four demo-
graphic models implemented in this software: constant effec-
tive population size (N0) (constant model), population
expansion with an increasing growth rate (g) (exponential
model), population expansion with an decreasing growth
rate (g) (logistic model), and the expansion model, in which
N0 is the present day population size, N1 the population size
that the model asymptotes to going into the distant past, and
g the exponential growth rate that determines how fast the
transition is from near the N1 population size to N0 popula-
tion size. In fact, BEAST estimates composite parameters for
each model, namely N0� and g/�, where N0 is the current

effective population size, g the growth rate, and � the muta-
tion rate. In addition, for the expansion model, the ratio be-
tween the current (N0) and ancestral (N1) effective
population size is also estimated. To infer N0 and g from
these composite parameters, we needed to assume a value
for the mutation rate �. However, there is no consensus for
mutation rates in humans in the literature, as different meth-
ods lead to different estimations. For autosomes, the most
commonly used value is the phylogenetic rate of
�= 2.5� 10�8/generation/site (Pluzhnikov et al. 2002).
However, recent studies based on the 1,000 genome project
(1000 Genomes Project Consortium 2012) have found a
2-fold lower rate (�= 1.2� 10�8/generation/site) by directly
comparing genome-wide sequences from children and their
parents (Conrad et al. 2011; Scally and Durbin 2012). We used
here both mutation rates. Similarly, for HVS-I, estimated mu-
tation rates are highly dependent on methodologies and
modes of calibration (Endicott et al. 2009). We used both
the lower and the higher estimated mutation rates: the tran-
sitional changes mutation rate of �= 5� 10�6/generation/
site (Forster et al. 1996) and the pedigree-based rate of
�= 10�5/generation/site (Howell et al. 1996; Heyer et al.
2001). We used a general time-reversible substitution model
(Rodriguez et al. 1990). We assumed a generation time of 25
years, permitting the comparison with previous human pop-
ulation genetics studies (e.g., Chaix et al. 2008; Patin et al. 2009;
Laval et al. 2010). As BEAST cannot handle recombination
events, we used the largest nonrecombining block within
each sequence (discussed earlier).

We performed three runs of 107 steps per population and
per demographic model for the HVS-I sequence and three
runs of 2� 108 steps (which corresponded to three runs of
107 steps per locus) for the autosomal sequences. We re-
corded one tree every 1,000 steps, which thus implied a
total of 105 trees per locus and per run. We then removed
the first 10% steps of each run (burn-in period) and combined
the runs to obtain acceptable effective sample sizes (ESSs of
100 or above). The convergence of these runs was assessed
using two methods: visual inspection of traces using Tracer
v1.5 (Rambaut and Drummond 2007) to check for concor-
dance between runs and computation of Gelman and Rubin’s
(1992) convergence diagnostic using R v2.14.1 (R
Development Core Team 2011) with the function gelman.
diag available in the package coda (Plummer et al. 2006).

To facilitate a large exploration of the parameter space, for
the autosomal sequences, we chose uniform priors between 0
and 0.05 for 2N0� and between �109 and 109 for g/�. For
HVS-I sequences, we chose uniform priors for N0� between 0
and 10 and for g/m between�2.5� 106 and 2.5� 106, result-
ing for the same priors on N0 and g than for autosomal
sequences if we assumed �= 10�5/generation/site (i.e.,
N0 constrained between 0 and 106 and g constrained between
�1 and 1 per year). Conversely, if we assumed �= 5� 10�6/
generation/site, it meant that N0 was constrained between 0
and 2� 106 and g was constrained between�0.5 and 0.5 per
year.

For each population and model, we obtained the
mode and the 95% HPD of N0 and g, inferred from their
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posterior distributions (supplementary tables S4 and S7,
Supplementary Material online) using the add-on package
Locfit (Loader 1999) in R v2.14.1. We selected the best-fitting
model among the four tested demographic models by esti-
mating marginal likelihoods using two methods: path sam-
pling and stepping-stone sampling (Baele et al. 2012). The
model with the greater marginal likelihood (supplementary
table S3, Supplementary Material online) was considered as
the best-fitting model.

Extended Bayesian Skyline Plots
EBSPs (Heled and Drummond 2010), also implemented in
BEAST, estimate demographic changes occurring continu-
ously through time in a population, using the time intervals
between successive coalescent events. This method allows a
visualization of the evolution of Ne through time. As above,
we combined three runs of 107 steps for mitochondrial se-
quences and three runs of 2� 108 steps for autosomal se-
quences to obtain acceptable ESS values. We assumed the
same mutation rates as above and a generation time of 25
years. Outputs were analyzed with Tracer v1.5 to visually
check for convergence and ESS, also to obtain the 95% HPD
interval for the number of demographic changes that oc-
curred in the population (supplementary table S5,
Supplementary Material online). A constant population size
could be rejected when the 95% HPD of the number of
change points excluded 0 but included 1 (Heled and
Drummond 2010). Then, we used R v2.14.1 to compute
Gelman and Rubin’s (1992) convergence diagnostic as
above, as well as to compute skyline plots. Finally, we used
the population growth curves generated from BEAST to
assess the time at which populations began to expand.
Each Skyline plot consisted of smoothed data points at
&10–20 generation intervals. We consider that the popula-
tion increased (or decreased) when both the median and 95%
HPD values for Ne increased (or decreased) between more
than two successive data points. Although this method did
not provide a 95% HPD interval for the inferred expansion
timings, this conservative approach ensured that we consid-
ered only relevant expansion signals.

Correlation Tests of Inferred Growth Rates and
Isolation/Immigration Patterns

To test how isolation degrees and migration patterns differ-
ences could have impacted our demographic inferences, we
used ARLEQUIN v3.11 (Excoffier et al. 2005) to compute pop-
ulation-specific FST values (Weir and Hill 2002) from HVS-I
data for Central Africa, Eurasia, and Central Asia (supplemen-
tary table S9, Supplementary Material online) and estimate
immigration rates from mismatch distributions under a spa-
tially explicit model (Excoffier 2004) (supplementary table
S10, Supplementary Material online). We performed then
Spearman tests using R v2.14.1 to investigate for each
region how the inferred parametric growth rates were corre-
lated with those FST values and immigration rates. We used a
value of 0 for the growth rate when the constant model best
fitted the data.

Supplementary Material
Supplementary figures S1 and S2 and tables S1–S12 are avail-
able at Molecular Biology and Evolution online (http://www.
mbe.oxfordjournals.org/).
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