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Recovering the geographic origin of early modern
humans by realistic and spatially explicit simulations
Nicolas Ray,1 Mathias Currat, Pierre Berthier, and Laurent Excoffier
Computational and Molecular Population Genetics Lab, Zoological Institute, University of Bern, 3012 Bern, Switzerland

Most genetic and archeological evidence argue in favor of a recent and unique origin of modern humans in
sub-Saharan Africa, but no attempt has ever been made at quantifying the likelihood of this model, relative to
alternative hypotheses of human evolution. In this paper, we investigate the possibility of using multilocus genetic
data to correctly infer the geographic origin of humans, and to distinguish between a unique origin (UO) and a
multiregional evolution (ME) model. We introduce here an approach based on realistic simulations of the genetic
diversity expected after an expansion process of modern humans into the Old World from different possible areas
and their comparison to observed data. We find that the geographic origin of the expansion can be correctly
recovered provided that a large number of independent markers are used, and that precise information on past
demography and potential places of origins is available. In that case, it is also possible to unambiguously distinguish
between a unique origin and a multiregional model of human evolution. Application to a real human data set of 377
STR markers tested in 22 populations points toward a unique but surprising North African origin of modern
humans. We show that this result could be due to ascertainment bias in favor of markers selected to be polymorphic
in Europeans. A new estimation modeling this bias explicitly reveals that East Africa is the most likely place of origin
for modern humans.

[Supplemental material is available online at www.genome.org.]

The problems of human origins are far from being settled, and no
complete agreement has been reached on the process by which
anatomically modern humans (Homo sapiens sapiens) appeared
and occupied their present range. Current archeological, anthro-
pological, and genetic evidence globally favor a complete re-
placement of previous representatives of the genus Homo by early
modern humans having originated in Africa (the recent African
origin [RAO] model) (see, e.g., Harpending and Rogers 2000;
Kaessmann and Paabo 2002; Stringer 2002; Cavalli-Sforza and
Feldman 2003; Currat and Excoffier 2004). This is mainly based
on the observation of earliest forms of anatomically modern hu-
mans in Africa (White et al. 2003) and a very recent common
ancestry of mitochondrial (Vigilant et al. 1991; Ingman et al.
2000) and Y-chromosome (Donnelly et al. 1996; Pritchard et al.
1999) genes for which the ancestral form is found in Africa. This
view is also supported by the overall larger extent of genetic
diversity (Excoffier 2002; Tishkoff and Williams 2002) and lower
levels of linkage disequilibrium (e.g., Tishkoff et al. 1996; Gabriel
et al. 2002) in Africa, as well as the persistence in Africa of most
ancestral forms of nuclear genes (Takahata et al. 2001; Satta and
Takahata 2004). This RAO model is challenged by the persistence
of morphological characters from Homo erectus to modern hu-
mans on different continents (Wolpoff 1989; Wolpoff et al. 2000;
but see Brauer et al. 2004), by the old ancestry of several nuclear
genes (Hawks et al. 2000), or the inference of pre-H. sapiens range
expansions from current patterns of molecular diversity (e.g.,
Templeton 2002).

While the RAO model or one of its extensions seems the
most likely (Excoffier 2002), it has not been formally tested

against competing models. Alternative models could either be
other locations for a recent and unique origin (UO) of modern
humans, an incomplete replacement of H. erectus individuals by
modern humans, or the multiregional evolution model (ME
model) (see, e.g., Wolpoff 1989; Wolpoff et al. 2000). The latter
model postulates that there was a gradual and simultaneous tran-
sition from H. erectus to modern forms on different continents,
and that this synchronized process was possible because of con-
tinuous migrations between continents. While the exact param-
eters of this model have never been really defined, a very few
attempts have been made to evaluate the relative likelihood of
the UO and the ME models (Takahata et al. 2001; Satta and Ta-
kahata 2004). The observed prevalence of ancestral genes in Af-
rica was found incompatible with the ME model, unless the Af-
rican population size was much larger than that of the other
continents (Takahata et al. 2001). More recently, it was also
shown that a more explicit spatial model would better fit the data
(Satta and Takahata 2004).

In the present study, we introduce a new approach to test
between alternative models of human evolution. It consists of
comparing the observed pattern of genetic diversity between
populations to that expected under various models of human
evolution obtained from spatially explicit simulations taking
into account geographic and/or environmental constraints (Cur-
rat et al. 2004). We thus simulate a range expansion process un-
der the UO model from arbitrary geographic origins or an ME
model assuming various continental sizes, environmental het-
erogeneity, and different rates of exchange between continents,
and see whether the patterns of genetic diversity allow one to
distinguish between UO and ME models. Simulated data are first
used to validate our approach, and we then apply our testing
procedure to a data set of 377 short tandem repeat (STR) loci
(Rosenberg et al. 2002).

1Corresponding author.
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Article and publication are at http://www.genome.org/cgi/doi/10.1101/
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Methods

Population samples

The simulations performed in this paper were designed to match
a previous study of 377 STR markers analyzed in 52 human
worldwide populations (Rosenberg et al. 2002). From this data set
we considered only populations with a sample size of more than
20 individuals in order to avoid potential sample errors for
smaller sample size. The 22 population samples meeting this cri-
terion will be referred to hereafter as the “Rosenberg22 data set,”
and their locations and sizes are reported in Figure 1.

Demographic and environmental simulations

The land surface of a Hammer-Aitoff projection of the Old World
was divided into a grid of 9226 subpopulations (or demes), each
occupying an area of 100 � 100 km2, as shown in Figure 1. Using
the software SPLATCHE (Currat et al. 2004), we performed simu-
lations of a range expansion from 25 different geographic origins
evenly distributed every 2000 km on the surface of the Old
World, as shown in Figure 1. These simulations are based on a
two-step process. Environmental information is first used to
simulate, forward in time, a demographic and spatial expansion
from an initial population. We record, for each generation, the
number of individual genes present in a deme, as well as the
number of immigrant genes coming from each of the four near-
est-neighboring demes on the grid. This demographic and mi-
gration history is stored in a database, which is then used to
generate, backward in time, the genealogy and the diversity of
genes sampled at given locations. The details of the demographic

implementation can be found in Currat et al. (2004), but we
describe below the specificities of the present simulations.

Unless specified otherwise, the origin of each expansion
consisted in a single deme assumed to have an initial size of 50
diploid individuals (100 nuclear genes). The onset of the expan-
sion was set to 4000 generations, which corresponds to 120,000
yr ago assuming a generation time of 30 yr for modern humans
(Tremblay and Vezina 2000). Note that this latter estimate is
larger than the commonly used values of 20–25 yr, but genera-
tion times larger than 28 yr have now been reported in a series of
modern societies (Gage 1998; Tremblay and Vezina 2000; Helga-
son et al. 2003), and generation times of 27 yr have also been
estimated for prehistoric societies (Gage 1998), which is only
slightly more than the estimates available for chimpanzees (23
yr) (Gage 1998). Each generation, the occupied demes are subject
to a growth phase followed by an emigration phase. The growth
phase is logistic with a constant growth rate of r = 0.3 (Cavalli-
Sforza et al. 1994; Steele et al. 1998), and a carrying capacity (K)
that depends on the environment in which the deme is located
(see below). The emigration phase consisted in sending a total of
0.05Nt emigrants distributed among the four nearest-
neighboring demes, where Nt is the size of the deme at time t. The
exact number of emigrants sent to each neighboring deme i (Ei)
was controlled through friction values (Fi) assigned to each
neighboring deme. Friction here expresses the relative difficulty
of moving through a deme, and is kept within a range of 0.1
(lowest friction, easiest migration) to 1 (highest friction, most
difficult migration). Ei is computed from a multinomial distribu-
tion, with directional probabilities Pi proportional to the relative
frictions Fi of four neighboring demes obtained as

Pi = �Fi � �
j =1

4 1
Fj
�−1

.

This formula implies that the number of
emigrants sent to any deme is inversely
proportional to its relative friction. A sea
was considered here as a complete bar-
rier to migration.

Environmental heterogeneity

We considered environmental heteroge-
neity by relating the type of vegetation
associated to each deme to carrying ca-
pacity and friction values (see Supple-
mental Table 1). A digital map of present
potential vegetation (around 4000 yr
ago) (Ray 2003) was used to that end.
The relative carrying capacity and fric-
tion maps are shown in Figure 1, C
and D.

Genetic simulations

Each genetic simulation consisted in
generating the molecular diversity at a
given number of STR loci for each of the
22 population samples shown in Figure
1. A spatially explicit coalescent ap-
proach was used to simulate the gene
genealogies of the 22 samples and their
molecular diversity at STR loci with a

Figure 1. (A) Location, name, and size (within parentheses) of the 22 populations drawn from
Rosenberg et al. (2002) for which genetic diversity was simulated. Arrows indicate the location of the
four land bridges introduced to allow the complete colonization of the Old World and Oceania, since
four samples (Orcadian, Sardinian, Japanese, and Papuan) are localized in islands. We imposed a low
carrying capacity (K = 10) for demes located on these bridges to simulate a likely Founder Effect
associated with the settlement of these islands. (B) Location of the 25 simulated origins (black dots).
Open squares indicate the location of the 14 pseudo-observed origins. The four genetic regions defined
in Rosenberg et al. (2002) are defined by the straight black lines. (C) Representation of relative carrying
capacity values. (D) Representation of relative friction values. In C and D, darker colors indicate relatively
higher carrying capacity or friction values.
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modified version of the SPLATCHE program (Currat et al. 2004).
For each of the 25 geographic origins and each evolutionary sce-
nario described below, we performed 10,000 coalescent simula-
tions of the genetic diversity of the 22 samples at a single STR
locus under a strict stepwise mutation model. Multilocus data at
L independent STR loci (L = 1, 20, or 377, as reported below) were
obtained by sampling (with replacement) L of the 10,000 loci.
This bootstrap procedure was repeated 10,000 times to obtain
10,000 data sets of L loci. For each data set, the index of popu-
lation differentiation RST (Slatkin 1995) was then computed be-
tween all pairs of populations, assuming a strict stepwise muta-
tion model (Michalakis and Excoffier 1996), and using the soft-
ware ARLEQUIN ver. 2.0 (Schneider et al. 2000).

Tested evolutionary scenarios

The UO and ME scenarios that we have simulated are shown and
described in Figure 2. Note that the total time depth of both
evolutionary scenarios was kept identical and set to 30,000 gen-
erations or about 900,000 yr. Under the ME model, we distin-
guished nine possible combinations of population sizes and mi-
gration rates between continental groups, as listed in Table 1, to
represent different scenarios of the ME model. In the first three
scenarios (listed as nos. 26, 27, and 28 in Table 1), continental
groups have a constant size of 2N = 7000, but exchange migrants
at various rates. The next three scenarios (listed as nos. 29, 30,
and 31 in Table 1), the African population was assumed to have
a much larger size (2N = 20,000) than the two other populations
(2N = 1000). Migration rates out of continental groups (m) were
adjusted to keep the absolute number of emigrants (Nm) identi-
cal for each continent. These three scenarios are similar to those
reported in Takahata et al. (2001). Finally, scenarios 32, 33, and

34 listed in Table 1 consider identical emigration probabilities
from all continents, but owing to a large size of the African popu-
lation, Africa is sending 10 times more migrants to the other
continents than it receives from these regions.

Identification of a given geographical origin

If we assume that a given genetic data set is the product of a
particular evolutionary scenario, one would ideally like to esti-
mate the likelihood of all possible scenarios that can possibly
generate the data, and choose the one maximizing this likeli-
hood. Although this approach is not really feasible because of the
large number of potential scenarios and the difficulty in comput-
ing their likelihood, an approximation can be envisioned as fol-
lows: (1) Select a restricted number of scenarios with unique or
multiple origin. (2) For each of them, replace the likelihood by a
measure of goodness of fit of the genetic data to the model. (3)
Finally, select the evolutionary scenario that maximizes the
goodness of fit as a point estimate.

In this study, we use simulations to determine the goodness
of fit between an observed data set and a model as follows: The
Pearson correlation coefficient is first computed between a ma-
trix of pairwise indices RST calculated from observed data and a
matrix of pairwise RSTs calculated from data simulated under a
given model. By repeating this procedure for many simulations
per model, one obtains an empirical distribution of the correla-
tion coefficient under a given model. Based on previous experi-
ence resulting from extensive simulations (Ray 2003), the 90%
quantile value of the distribution was taken as our goodness-of-
fit index, and will be referred to as the R90 statistic in the fol-
lowing.

Results

Finding the geographic origin of an expansion
under the single origin model

Simulations were used to evaluate the possibility to correctly re-
cover the geographic origin of an expansion from multiloci STR
data, assuming that past demographic information was available.
The 10,000 simulations performed for each scenario were divided
into two sets of 5000 simulations. The first 5000 simulations
performed under each scenario were used as pseudo-observed
data and were used for comparison to the second set of 5000
simulations generated under all scenarios. The geographic origin
of the expansion was assigned to the scenario showing the largest
R90 statistic. The frequency of the pseudo-observed simulations
(over a total of 125,000) that were correctly assigned to the true
origin of the range expansion was equal to 0.149 (standard de-
viation over the 25 origins, SD25 = 0.136) for one locus. Although
this frequency is very low, it is still three to four times higher
than a completely random assignment over 25 putative origins.
It suggests that some information on the geographic origin of an
expansion can be extracted from a single locus, despite the high
stochasticity of the coalescent process. When using 20 loci, this
frequency increases substantially to 0.657 (SD25 = 0.230), and
reaches 0.989 (SD25 = 0.035) with 377 loci. In Figure 3, we report
the assignment success rate by geographic location for the three
numbers of loci. It appears that there is a large heterogeneity in
correct assignment across the different geographic origins when
a few loci are available. For instance, with a single locus, the
origins numbered 3, 7, 17, 20, and 23 have a much larger prob-
ability to be correctly assigned than the other origins, which may

Figure 2. Demography and timeline of the different simulated evolu-
tionary models. (A) Unique origin (UO) model. In this model, 30,000
generations ago, a small population (N = 100 genes) went through a
demographic expansion after a first speciation event. Then, 4000 gen-
erations ago, a range expansion followed a bottleneck of 10 generations
to mimic a second speciation event. The large population preceding the
speciation and range expansion can be considered to be a large subdi-
vided population. (B) Multiregional evolution (ME) model. As in A, a small
population went through a speciation event and instantaneously colo-
nized the three continents 30,000 generations ago. For 26,000 genera-
tions the continents harbored relatively large populations and exchanged
occasional migrants (see Table 1 for continent population sizes and mi-
gration rates under different scenarios). Then, 4000 generations ago,
three range expansions were initiated from the three different origins
shown in C.
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be related to their position on continental edges. With 20 loci,
these results are more contrasted. The origins with lowest assign-
ment success are mainly inland origins, with the exceptions of
Australian origins, which are often mistakenly assigned to South-
east Asia.

Distinguishing between the unique origin and the
multiregional evolution models

The same procedure aiming at finding the geographic origin of a
range expansion can be used to distinguish between data sets
generated under a UO or under an ME model. In this context, a
data set is correctly assigned if the scenario chosen on the basis of
the R90 statistic belongs to the same evolutionary model as that
used to generate it, regardless of the location of the origin or the
type of ME scenario. In Table 2, we show the assignment scores
of data sets simulated under the 25 UO scenarios and those simu-
lated under the nine ME scenarios. It clearly appears that the
evolutionary models are extremely well discriminated. With a
single locus, correct assignment is 79.0%, but there is a sharp
difference between the correct assignment of data sets generated
under a single or multiple origins, with a much lower recovery
rate (38.8%) of the ME model compared to 93.5% correct assign-
ment to the UO model. With 20 loci, correct evolutionary model
assignment is around 99% and reaches 100% with 377 loci.

Dealing with unknown origins

We have assumed so far that the potential geographic origins
were known without error, but it is unlikely to be the case in
practice. We investigate here the consequence of assuming an
incorrect geographical origin of the ex-
pansion on the probability of recovering
the source of a spatial expansion. The
locations of 14 alternative and assumed
“true” positions for the origins of an ex-
pansion are reported in Figure 1B as
empty squares. A series of 10,000 simu-
lations was performed from each of these
origins. The 25 potential origins defined
in Figure 1B were used as simulated ori-
gins, and the resulting genetic data sets
were compared to those generated from
“true” origins. Since the true and simu-

lated origins differ, as should be the
case in reality, we measured the
probability to recover the correct
geographic region of origin. We
therefore partitioned the Old
World into four regions according
to the results of Rosenberg et al.
(2002), and as reported in Figure
1B. Note that this spatial partition
in our study does not reflect conti-
nental discontinuities in human ge-
netic variation, but is rather a prac-
tical mean of defining areas of pu-
tative origins. The frequencies of
correct assignment per region be-
tween simulated and “true” origins
were equal to 0.771 with 20 loci,
and 0.852 with 377 loci. These fre-
quencies are much lower than their

equivalents computed when the origins are known (0.882 for 20
loci and 0.999 for 377 loci).

Application to human nuclear STRs

In Figure 4A, we show the R90 goodness-of-fit statistics between
the Rosenberg22 data set and data generated under the various
evolutionary scenarios. The values of the statistics are reported in
Supplemental Table 2. While scenarios assuming a UO overall
better fit the data than multiregional scenarios, we find that mul-
tiregional scenario 26 (three continental groups of equal size and
low Pleistocene migration rates between continents), and mul-
tiregional scenario 29 (much larger African effective size and low
Pleistocene migrations) lead to better fits than Western European
or Central Asian unique origins. However, origins 1 (northwest-
ern Africa) and 9 (Near East) give the best fit, followed by North
African origins. Note that the best values of the R90 statistics are
here much lower than the mean values of these statistics com-
puted from simulated scenarios (0.30 vs. 0.98).

Effect of ascertainment bias

The relatively unexpected results obtained from the analysis of
the Rosenberg22 data sets pointing toward a North African origin
of modern humans have led us to envision the possibility of an
ascertainment bias in the choice of the 377 STRs. Even though it
has been claimed that STRs were free of ascertainment bias be-
cause of their high level of polymorphism (Rogers and Jorde
1996; Harpending and Rogers 2000), the fact that these STRs
have been primarily ascertained on a European CEPH panel (J.
Weber, pers. comm.) makes this hypothesis worth checking. To

Table 1. Description of the nine ME scenarios (nos. 26–34)

Scenario no.

N m (�104)

Africa Europe Asia Africa Europe/Asia

26 Nm = 0.1 (all regions) 7000 7000 7000 0.143 0.143
27 Nm = 1 (all regions) 7000 7000 7000 1.43 1.43
28 Nm = 10 (all regions) 7000 7000 7000 14.3 14.3

29 Nm = 0.1 (all regions) 20,000 1000 1000 0.05 1
30 Nm = 1 (all regions) 20,000 1000 1000 0.5 10
31 Nm = 10 (all regions) 20,000 1000 1000 5 100

32 Nm = 0.1 (in Africa) 20,000 1000 1000 0.05 0.05
33 Nm = 1 (in Africa) 20,000 1000 1000 0.5 0.5
34 Nm = 10 (in Africa) 20,000 1000 1000 5 5

N is the effective number of genes in a continent.
m is the probability of emigration per gene per generation.
Nm is the number of emigrant genes per generation per continent.

Figure 3. Relative frequencies of correct assignment for 25 simulated origins and for different num-
bers of available STR loci. The black area represents the proportion of simulations for which the origin
of demographic expansion was correctly recovered from the R90 statistic. The frequencies of correct
assignment for the complete set of simulations are given in Table 2.
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test whether our results would be affected by an ascertainment
bias, we mimicked such a bias for a set of pseudo-observed simu-
lations. We performed 20,000 simulations from an East African
origin (no. 10 in Fig. 1). For each simulation, we computed the
expected heterozygosity of the five European samples (French,
Basque, Italian, Sardinian, and Orcadian), and we selected the
1000 simulations with the highest heterozygosity for this subset
of samples to constitute a biased set of STR loci. We also ran-
domly selected 1000 simulations to constitute an unbiased set of
STR loci. Both types of loci were sampled with replacement to
produce biased or unbiased data sets of 377 loci. Assignment
scores for region no. 1 (Subsaharan Africa) for simulations from
origin no. 1 were computed for the biased and the unbiased data
sets. We find that the assignment to region no. 1 is correct in
100% of 1000 simulated data sets when using unbiased loci, but
this figure drops to 81% with ascertainment bias, showing that
the use of a biased set of loci can dramatically lower the prob-
ability to infer the correct region of origin of an expansion.

To check if it was possible to remove this bias from our
analyses, we compared biased data sets to pseudo-observed
equally biased simulated data sets, and obtained in that case an
improved assignment score for region no. 1 of 86%. We reana-
lyzed the Rosenberg22 data set using an artificially biased set of
simulations and report the new results in Figure 4B and in
Supplemental Table 2. This time, an East African origin for mod-
ern humans is clearly favored, and the R90 statistic is improved
compared to the previous analysis (Fig. 4A), showing that a se-
lection of STR loci with high diversity in European populations
improves the fit between observed and simulated data.

Discussion
We present here a first attempt at finding the geographic origin
of modern humans from patterns of current worldwide nuclear
genetic diversity, taking explicitly into account the physical con-
straints to dispersion existing for humans. Our present simula-
tion results show that patterns of genetic diversity after a range
expansion in a heterogeneous environment depend on the geo-
graphical origin of the expansion, which is not the case in a
homogeneous and continuous environment (Ray et al. 2003). It
implies that extant patterns of genetic diversity can be used to
recover the place of origin of modern humans, if one assumes
that they speciated at a single and precise location. Assuming
that the pattern of environmental heterogeneity is known to a

certain extent, our results show that this location can only be
well recovered provided that a large number of markers are avail-
able, that these markers do not suffer from ascertainment bias or
that ascertainment bias can be taken into account, and that the
simulated origin is close to the true origin. Our analysis taking
ascertainment bias into account points toward an East African
origin for modern humans, in agreement with another recent
study showing that gene diversity was decreasing linearly with
distance from East Africa, and thus suggesting a progressive range
expansion from this source (Prugnolle et al. 2005). It is also in-
teresting to note that in addition to Europe and Asia as unlikely
sources for modern humans, southern Africa receives surpris-
ingly very little support as the cradle of mankind.

The simulations and comparisons of molecular diversity
stemming from UO and ME models suggest that the two evolu-
tionary scenarios could be clearly distinguished from each other
with as few as 20 loci (Table 2), even when the details of each
model were not perfectly defined (geographic origin for the UO
model, or migration rates and continental effective sizes under
the ME model). The application of our methodology to real data
clearly globally favors a unique origin for modern humans rather
than multiregional evolution, as the proportion of explained
variance in population differentiation is four times higher for the
best UO scenario (R902 = 0.1, origin 10) than for the best ME
scenario (R902 = 0.023, origin 26). Among the ME scenarios, it is
worth noting that the best fit to the data is found for scenarios 26
and 29, which corresponds to cases in which the Pleistocene
migration rates between continents are very limited (Nm = 0.1, or
one migrant gene exchanged every 10 generations). This very
limited amount of gene flow between continents makes it diffi-
cult to understand how humans could have evolved simulta-
neously toward modernity, as advocated by the supporters of the
multiregional evolution hypothesis (Hawks et al. 2000; Wolpoff
et al. 2000). It is also interesting to note that the best supported
ME scenario (no. 26) assumes equal continental sizes, whereas
previous studies (Takahata et al. 2001; Satta and Takahata 2004)

Table 2. Frequencies of correct assignment to the single origin or
multiregional evolution models

Frequencies of correct assignment

Single origin Multiregional Total

1 locus 0.935 (0.438) 0.388 (0.420) 0.790 (0.433)
20 loci 0.995 (0.884) 0.992 (0.877) 0.994 (0.882)

377 loci 1.000 (0.991) 1.000 (0.991) 1.000 (0.991)

Model assignment was declared as correct if a data set generated under
any scenario assuming a single origin was assigned to any geographic
origin under the UO model, or if a data set generated under a ME sce-
nario was assigned to any ME scenario. In all, 125,000 simulated data sets
were generated under the UO model (over all possible geographic ori-
gins), and 45,000 data sets were generated under all considered ME
scenarios. Values within parentheses are the mean values of the R90
statistic computed when the inferred origin is correctly assigned.

Figure 4. Values of the R90 statistic for 25 UO scenarios (nos. 1–25)
and nine ME scenarios (nos. 26–34) computed from the Rosenberg22
data set under the unbiased (A) and biased (B) simulated data sets. Exact
values of the R90 statistics are reported in Supplemental Table 2.
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had found a better support for ME scenarios in which the African
continent would have had a much larger population size than
other continents. It supports the view that the pattern of genetic
differentiation between human populations is more affected by
the geography (migration corridors, contours) of the continents
than by their population densities. Thus, our simulations suggest
that the best alternative to a unique (likely Subsaharan African)
origin would be a multiregional scenario assuming equal conti-
nental densities and very limited but equal gene flow between
continents before the maximum Riss glaciation.

Compared to simulations (see Table 2), the fit of the differ-
ent models to the observed pattern of genetic structure among
populations as measured by the R90 statistic is not very large.
This discrepancy suggests that despite the additional spatial re-
alism of our simulation model, a simple model of population
expansion from a given origin may still be too simplistic to fully
explain the current pattern of human diversity (e.g., Harpending
and Rogers 2000; Przeworski et al. 2000; Yu et al. 2001). Indeed,
human genetic diversity has certainly been affected by factors
that we could not incorporate into our simulation, such as his-
torical events like population admixture, population contrac-
tions, and bottlenecks during the last glacial maximum (Harding
and McVean 2004), a possible earlier appearance of modern hu-
mans (e.g., 160,000 yr ago) (White et al. 2003), subsequent range
expansions like the spread of farmers from Neolithic cradles (e.g.,
Chikhi et al. 2002; Cordaux et al. 2004; Wen et al. 2004), but also
long-distance migrations, which are believed to have an impact
on current diversity (Templeton 2002), or interpopulation com-
petition, which certainly delayed the colonization of Europe by
Neanderthals (Currat and Excoffier 2004; Mellars 2004), or even
differential selection on different continents (e.g., Harpending
and Rogers 2000; Wall and Przeworski 2000; Hammer et al. 2004;
Storz et al. 2004). The fact that the R90 statistic increases after a
correction for ascertainment bias suggests that corrections for
other potential sources of ascertainment or the use of more real-
istic mutation models could also contribute to improve the fit
between observed and simulated data.

Our simulation scheme could theoretically be extended to
incorporate more elaborate demographic and migration patterns,
and one could increase the resolution of the grid such as to come
arbitrarily close to the true origin of potential range expansions.
However, the complexity of the scenarios we could explore is
here mainly limited by computing cost, as well as by the avail-
ability of plausible estimates for the extra parameters that would
need to be incorporated. A possible next step would consist of
integrating our simulations into an Approximate Bayesian Com-
putation (ABC) (Beaumont et al. 2002; Marjoram et al. 2003)
framework, which would enable us to actually estimate param-
eters that were presently considered as fixed (such as the timing
of the expansion, or demes’ carrying capacities, or frictions in
different environments) at the same time as estimating the geo-
graphic origin of the expansion.
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