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Abstract

In a series of highly influential publications, Cavalli-Sforza and colleagues used principal component (PC) analysis to
produce maps depicting how human genetic diversity varies across geographic space. Within Europe, the first axis of
variation (PC1) was interpreted as evidence for the demic diffusion model of agriculture, in which farmers expanded from
the Near East ;10,000 years ago and replaced the resident hunter-gatherer populations with little or no interbreeding.
These interpretations of the PC maps have been recently questioned as the original results can be reproduced under
models of spatially covarying allele frequencies without any expansion. Here, we study PC maps for data simulated under
models of range expansion and admixture. Our simulations include a spatially realistic model of Neolithic farmer expansion
and assume various levels of interbreeding between farmer and resident hunter-gatherer populations. An important result
is that under a broad range of conditions, the gradients in PC1 maps are oriented along a direction perpendicular to the
axis of the expansion, rather than along the same axis as the expansion. We propose that this surprising pattern is an
outcome of the ‘‘allele surfing’’ phenomenon, which creates sectors of high allele-frequency differentiation that align
perpendicular to the direction of the expansion.
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Introduction
Since its earliest uses (Cavalli-Sforza and Edwards 1963;
Harpending and Jenkins 1973; Menozzi et al. 1978), princi-
pal component analysis (PCA) has become a popular tool
for exploring multilocus population genetic data (Menozzi
et al. 1978; Rendine et al. 1986; Cavalli-Sforza et al. 1993;
Cavalli-Sforza et al. 1994; Patterson et al. 2006; Novembre
and Stephens 2008). PCA is a general method for represent-
ing high-dimensional data, for example, individuals or pop-
ulations, in a smaller number of dimensions. It has recently
regained popularity as a tool to summarize large-scale ge-
nomic surveys, by providing covariates that might correct
for population structure in genomewide association stud-
ies (Patterson et al. 2006; Price et al. 2006) and by unveiling
the main factors explaining the structure of genetic varia-
tion in large samples (Jakobsson et al. 2008; Li et al. 2008;
Novembre et al. 2008).

One way to explain PCA is as an algorithm that itera-
tively searches for orthogonal axes, described as linear com-
binations of multivariate observations, along which

projected objects show the highest variance, and then re-
turns the positions of objects along those axes (the prin-
cipal components [PCs]). For many data sets, the relative
position of these objects (e.g., individuals) along the first
few PCs provides a reasonable approximation of the covari-
ance pattern among individuals in the larger data set. As
a result, the first few PC values are often used to explore the
structure of variation in the sample.

In one of the largest applications of PCA prior to the
advent of large-scale single-nucleotide polymorphism
(SNP) data, PCA was used to summarize allele-frequency
data collected from worldwide populations of humans
(Cavalli-Sforza et al. 1994). The results of the PCA were vi-
sualized using ‘‘synthetic maps’’ or ‘‘PC maps’’ depicting
how the PC values for each sampled population vary across
geographic space (with each PC being displayed on a sep-
arate map). Notably, in many of the maps generated from
their data, gradients and wave-like patterns were observed.

The interpretation of these gradient and wave-like pat-
terns has been somewhat controversial (Sokal et al. 1999;
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Novembre and Stephens 2008). In their original formulation,
Cavalli-Sforza et al. (1994) favored explanations inwhich the
gradients and wave-like shapes were signatures of past ex-
pansion events. For example, Menozzi et al. (1978) observed
a large southeast (SE) to northwest (NW) gradient for PC1
across Europe and concluded that this gradient was the out-
comeof aSE-to-NWexpansionof agriculturalist populations
during the Neolithic era. In this ‘‘demic diffusion’’ model,
farmers expanded into Europe from the Near East
;10,000 years ago, replacing Paleolithic populations of
hunter-gatherers with little or no admixture (Ammerman
and Cavalli-Sforza 1984; see also Davies 1998; Diamond
and Bellwood 2003). The model implies that agriculture
spreads more by the migration of farming populations than
by the cultural diffusion of the agricultural technologies.

One complication of this interpretation is that gradient
and wave-like shapes arise quite generally in synthetic maps
for data that are spatially structured (Novembre and
Stephens 2008). In simple scenarios where samples are
spaced evenly and covariance decays exponentially with
distance, PC maps are expected to show regular patterns
where typically the first map is of a gradient, the second is
a gradient perpendicular to the first, and the third and
fourth PC maps are ‘‘saddle’’- and ‘‘mound’’-like wave
shapes. Novembre and Stephens (2008) review mathemat-
ical arguments that explain these patterns and demon-
strate their presence using simulations from simple
population genetic models (symmetric migration between
populations arranged on a square lattice and mutation–
migration–drift equilibrium). Simulations in more compli-
cated scenarios of spatial structure (unequal migration,
irregular habitat shape, irregular sampling) evidenced dis-
tortions of these basic patterns, but the patterns generally
included gradients and wave-like shapes. Thus, the obser-
vation of sinusoidal functions in PCmaps, such as gradients
or waves, is not strong evidence for specific past expansion
events because a large range of models inducing spatial
structure will give rise to similar patterns.

An unanswered question is to ‘‘what extent do sinusoi-
dal patterns and gradients arise if a spatial expansion has
occurred?.’’ Novembre and Stephens (2008) do not present
simulations of range expansions, nor show, for instance,
that observing a SE-to-NW gradient in PC1 is consistent
or inconsistent with the Neolithic expansion. One might
expect that recent expansions will result in spatially struc-
tured data, and thus based on the results of Novembre and
Stephens (2008) that some sinusoidal patterns should ap-
pear. However, if the patterns appear, is there a systematic
distortion of the sinusoidal shapes as a signature of an ex-
pansion? For example, all else being equal, one might ex-
pect that the largest axis of genetic differentiation would
be along the direction of the expansion, and thus if there is
a gradient in PC1, its direction would be indicative of the
direction of the historical expansion, as supposed in the
classic interpretations of PC gradients.

Addressing these questions is particularly relevant to the
contentious debate over the Neolithic expansion in Europe.
Although it is unlikely that lower PC maps are indicative of

unique historical expansions, the direction of the gradient in
PC1 in theMenozzi et al. (1978) analysis and in more recent
analyses (Lao et al. 2008; Novembre et al. 2008; see also
Heath et al. 2008) might be consistent with a recent Neo-
lithic expansion from the southeast toward the northwest.

To address the issue of how PCA behaves on samples of
genetic variation obtained after range expansions, we ex-
plored a variety of spatial expansion scenarios using com-
puter simulations to mimic massive migration from one
or two sources. Previous simulations have been conducted
byRendine et al. (1986), but due to computational advances,
we are able to explore a wider range of scenarios. To specif-
ically address theNeolithic expansion inEurope,wemodeled
an expansionusing a spatialmodel of Europe, parameterized
in such a way that migration rates vary according to topog-
raphy, and incorporating archaeological information about
the timing of the arrival ofmodern humans in Europe aswell
as start of the Neolithic expansion. In order to get a broader
perspective on the problem, we also explored a wide spec-
trum of other scenarios including more ancient expansions,
multiple sources, and expansion on simple regular lattices.

A surprising result of our simulation study is that the
gradients observed in the first PC map often are found
to be, contrary to most often formulated expectations, per-
pendicular to the main direction of expansion. We found
this to be true for parameters representative of hypothe-
sized Neolithic demic expansions into Europe from the
Near East. To explore the robustness of this result, we con-
sidered various introgression rates in our model of a Euro-
pean Neolithic expansion. We confirmed that the direction
of greatest differentiation is perpendicular to the expan-
sion by plotting how genetic differentiation increases with
geographic distance along both geographic axes and by ap-
plying assignment methods (AM). For example, when K5

2, we observed a gradient of assignment probabilities run-
ning perpendicular to the expansion. One possible mech-
anistic explanation for these results is that it is an outcome
of the genetic surfing phenomenon (Edmonds et al. 2004;
Klopfstein et al. 2006; Currat et al. 2008). We discuss the
implications of these findings for the analysis of population
structure with PCA and assignment algorithms.

Material and Methods

Spatial Simulations
Spatial simulations of sampled molecular diversity were per-
formed with a modified version of the computer program
SPLATCHE, which uses a two-stage coalescent model of mi-
gration incorporating topographic information (Currat et al.
2004). Forward in time, the demographic history of a popu-
lation is simulated in a nonequilibrium stepping-stone
model defined on a lattice of regularly spaced subpopula-
tions or demes (fig. 1A). In this simulation, spatial informa-
tion is encoded into a friction value for each deme (fig. 1B),
and each deme sends migrants to its nearest neighbors at
rate m with directional probabilities inversely proportional
to the neighbors’ friction values. Once a deme is colonized,
its population size starts growing according to a standard
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logistic model with rate r and carrying capacity C. The model
results in a wave-of-advance of the population, as shown in
figure 1C–D. The shape and speed of the wave-of-advance
depend on the parameters of the model, r, C, and m. Back-
ward in time, the demographic parameters are used to gen-
erate gene genealogies for samples taken at different
geographic locations under a coalescent framework. The
population size Ct of a given deme at any time t is used
to compute the probability of coalescence for a pair of genes
from that deme; backward migration probabilities are calcu-
lated using the number ofmigrants arriving fromneighboring
demes in the forward step. We used SPLATCHE to simulate
various types of genetic markers including short tandem
repeats (microsatellite data) and DNA sequence data.

Simulating Neolithic Expansion in Europe
Range expansion occurred in 64 � 42 lattices covering
Europe from latitude 38�N to 65�N and from longitude
10�W to 40�E (2,688 cells; fig. 1B). In order to enable migra-
tion to and from the British Isles and Scandinavia, these re-
gions were connected to the mainland by two narrow
bridges associated with friction values 10-fold higher than
in plains. The settlement of Europe was fixed at 1,600 gen-
erations before the present (Mellars 2006). Regarding this
Paleolithic expansion, we used a simplified single-origin
model, assuming that modern humans replaced archaic
populations without genetic introgression as they arrived
in Europe (Currat and Excoffier 2004). Technically, this ex-
pansion occurred on a first layer of demes representing
hunter-gatherers. The carrying capacity of each deme in this

first layer was set to C 5 50, corresponding to a density of
;0.05 individual per km2 (Steele et al. 1998). The population
size at the onset of the expansionwas of 100 individuals (The
‘‘density overflow’’ option was used to spread the ancestral
population over patches of up to ;20 demes). Four hun-
dred generations before the present, a second range expan-
sion started from the southeast (Anatolia). This occurred in
a second layer of demes representing Neolithic farmer pop-
ulations who could potentially interbreed with the resident
populations. The carrying capacity of Neolithic demes and
the size of the ancestral population were set to values 10-
fold larger than for hunter-gatherers (Ammerman and
Cavalli-Sforza 1984). Hunter-gatherers ultimately disap-
peared due to density-dependent competition with the
farmers (for further details about the competition model
used, see Currat and Excoffier 2005). Migration and growth
rates have been calibrated to obtain amaximumof 500 gen-
erations for the duration of the Paleolithic settlement
(Mellars 2004) and around 300 generations for the Neolithic
transition (Pinhasi et al. 2005). These scenarios correspond
to the following values:migration ratesm5 0.4 growth rates
r5 0.5 (Paleolithic) or r5 0.4 (Neolithic). Two distinct sour-
ces for the Paleolithic expansionwere considered:One in the
Near-East, representing a starting point for the arrival of
modern humans in Europe about 40,000 years ago (Mellars
2004) and one in the center of the Iberian peninsula repre-
senting an hypothetical expansion from a glacial refugium
20,000 years ago. Four different values for the rate of inter-
breeding, c, have been chosen in order to reproduce ex-
treme as well as intermediate scenarios: i) c 5 0 is

FIG. 1. Illustration of the simulated demographic processes. (A) A schematic representation of how Europe is modeled as an irregular array of
demes. To simulate genetic data, multilocus genotypes are sampled at uniformly distributed locations, taking 20 individuals at each sampling
site (crosses). (B) The friction map that encodes the inverse migration rates used in the demographic simulations. Dark values indicate low
migration rates. (C–D) Picture of the wave-of-advance model at a fixed simulation time. Range expansion starts from the bottom-right corner
of the area. Demes with the light gray colors are saturated at their carrying capacities (white demes are empty), whereas the dark gray colors
indicate lower densities in particular at the front of the expansion.
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a pure Neolithic demic diffusion or replacement scenario
(100% of Neolithic ancestry in the final European genetic
pool); ii) c5 0.0075 corresponds to about 80% of Neolithic
ancestry in the final genetic pool; iii) c5 0.04 corresponds
to about 20% of Neolithic ancestry in the final genetic pool;
iv) c 5 0.068 corresponds to less than 10% of Neolithic
ancestry in the final genetic pool. These values are similar
to the rates of acculturation considered by Cavalli-Sforza
and Ammerman (1984) and Barbujani et al. (1995). Allelic
states were simulated under a strict stepwise mutation
model using L5 100 unlinkedmicrosatellite loci, and amu-
tation rate of 5�10�4 per generation per locus. 200 bpDNA
sequences were also generated at 2,000 unlinked loci, with
a mutation rate of 10�7 per bp per generation. To minimize
the potentially confounding effect of using an irregular sam-
pling design (McVean 2009), samples of 20 (haploid) indi-
viduals were simulated in 60 randomly selected cells (note:
the same sampling is used in all simulations of Europe,
shown in fig. 2A).

Simulation on a Regular Lattice
Additional simulations of demic expansions without ad-
mixture were performed on the same lattice as for prehis-
toric scenarios, using a uniform friction map and sampling
10 individuals in every deme (26,880 individuals simulated
for L 5 100 unlinked loci). For these simpler simulations,
we explored a wide range of demographic parameters. Ex-
pansions started from the southeast T5 500, T5 1,000, or
T 5 2,000 generations ago; migration rates took three dis-
tinct values m 5 0.2, m 5 0.5 and m 5 0.8; growth rates
took two values r5 0.5 and r5 1.0; and carrying capacities
were set to either C5 500 or C5 1,000, that were equal to
the ancestral population size.

PCA and Assignment Algorithms
PCA was performed on a data set of multilocus genotypes
(individuals) to mimic the approaches used in the latest
analyses of population genetic variation. The genotype ma-
trix was normalized by subtracting the mean and dividing
the resulting quantity by the standard deviation of the jth
column (as in Patterson et al. 2006; Novembre and
Stephens 2008). Given the renormalized matrix, M, we
computed the eigenvalues and eigenvectors of the sample
covariance matrix, X 5 MM#/n, by applying the ‘‘prcomp’’
function of the R statistical package. Note that the original
analyses of Menozzi et al. (1978) applied PCA on a popula-
tion level. For a fraction of the simulations performed here,
we used the population-based approach and we replicated
ourmain results (results not shown). In addition to exploring
the behavior of PCA on expansion simulations, we also ap-
plied AM to each of the simulated scenarios. These methods
are commonly used computational tools for inferring
population genetic structure, and the connection between
PCA and admixture estimation methods (which are closely
related to AM) has been recently investigated by Patterson
et al. (2006). In contrast to PCA, AM are model-based meth-
ods, whichmeans that they use explicit model definitions for
their likelihood function (Beaumont and Rannala 2004). AM

programs use assignment of individuals to K putative pop-
ulations also termed ‘‘genetic clusters.’’ The assignment of
each individual genotype into each genetic cluster is carried
out probabilistically by using Markov chain Monte Carlo
methods. AM analyses were carried out by using the com-
puter programs STRUCTURE (Pritchard et al. 2000) and TESS
(Chen et al. 2007; Durand et al. 2009) under their default
options. Although they used distinct prior distributions,
these programs were grouped under a common terminology
because their outputs displayed only minor differences for
the data sets in our study.

Both the kth PC and membership probabilities in cluster
k are vectors of length n with one entry for each individual.
Each vector entry is associated with two geographic coor-
dinates. To visualize how these vector values vary across
geographical space, we performed spatial interpolation
at a set of locations on a regular grid using the kriging
method (exponential covariance model; Cressie 1993)
and we displayed heat maps for the interpolated values
of the PCs and assignment probabilities.

Results
We applied PCA and AM to simulated data sets generated
under several demographic models of expansion of the
Neolithic farmers in Europe. In these simulations, we mod-
eled demic or cultural diffusion of agriculture with and
without admixture between early farmers and resident
hunter-gatherers.

Demic Diffusion: Models without Interbreeding
We began our study with spatial scenarios of Neolithic
demic expansion in Europe in which there was no admix-
ture between the expanding population and the resident
population. Under these conditions, visual inspection of
the results reveals that the PC1 maps exhibit continuous
gradients for a large majority of the simulated data sets.
Remarkably, in 19 of the 20 simulations that ended with
100% of Neolithic ancestry in the European gene pool (full
replacement), the gradients are oriented along an axis that
starts from the southwest and ends in the northeast of
Europe (SW–NE axis, fig. 2A and pattern 1 in table 1). This
axis is perpendicular to the direction of expansion that runs
along a southeast-to-northwest axis. In order to see if this
unexpected result was due to the contours of the European
continent, we simulated expansions from the southwest
of Europe (source in the center of Spain). We chose south-
west Europe not because it is a likely origin for the settle-
ment of Europe but to see how in simulations, the origin of
an expansion affects resultant PCA patterns. In this case, we
find NW-to-SE gradients in the PC1 map, which are again
perpendicular to the main direction of the expansion (SW
to NE, 10 of 10 simulations; fig. 2C). For both sources of
expansion, PC2 maps generally highlight the regions
of Scandinavia (figs. 1C and 2A) and PC3 the British Isles,
which presumably reflects their geographic isolation in our
simulated habitat (see below for further discussion).

When we ran the AM for K5 2 clusters, the resulting as-
signmentprobabilitymapsshowedpatternsthatarestrongly
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similar to those observed in PC1 maps, with membership
probability in one of the two clusters decreasing along
a SW–NEaxis (supplementary fig. S1A andB, Supplementary
Material online). AMmaps forK5 3 clusters exhibit features
similar to the PC1 and PC2maps, showing one cluster either
in Scandinavia or in the British Isles and two other partition-
ing the European mainland along the SW–NE axis (supple-
mentary fig. S1C and D, Supplementary Material online).

One concernmight be that the unexpected result is influ-
enced by the specific set of 60 sampling locations or by the
habitat shape and friction surfaces used for the simulations.
To investigate this possibility, we ran additional simulations
on a lattice of the same size as implemented in our spatial
simulations for expansions starting from the southeast but
with uniform migration rates and regular sampling across
space. In addition, we sampled the complete set of 2,688
demes, with 10 individuals per deme. For a majority of
the tested combinations of the model parameters, the first

PC separates southwestern populations from northeastern
ones. Again, this direction is perpendicular to the main axis
of expansion. An example of this typical pattern is shown in
figure 2B, form5 0.2, r5 0.5, C5 100, and T5 1,000 (C is
the carrying capacity of each deme, T is the number of gen-
erations since the onset of the expansion). In all the 36 sim-
ulations, PC2 showed a gradient running in the direction
orthogonal to that apparent in the PC1 map. The pattern
visible in PC1 consistently changed over all replicates from
a SW–NE to an EW gradient when T increased, and the gra-
dients in the maps of PC1 and PC2 become weaker and
eventually nonexistent as genetic variation homogenizes
across the habitat with time (example replicates shown
in supplementary fig. S2, Supplementary Material online).
For example, this happens when the age of the expansion
is set to T5 1,000 generations, and when themigration rate
is simultaneously increased to m 5 0.5 implying that Cm
was greater than 50 (supplementary fig. S2, Supplementary

FIG. 2. PC1 and PC2 maps. (A) Data set simulated under a spatially realistic scenario of demic diffusion of Neolithic farmers in Europe without
interbreeding with Paleolithic residents (100% of Neolithic ancestry in current genomes). (B) Range expansion on a regular lattice starting from
the bottom-right corner. Ten individuals are sampled in each of the 64 � 42 demes. The average values of the first two eigenvectors are
displayed for each deme. (C) Data set simulated under a scenario of an hypothetic demic expansion originating in the center of the Iberian
Peninsula. Time of origin T 5 400 generations ago, migration rate m 5 0.5, growth rate r 5 0.5, carrying capacity N 5 500, no admixture with
resident populations. The arrows indicate the origin of the expansion.
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Material online). For the lowest values of T, m, and C (T 5

500,m5 0.2, and C5 100), we find that the direction of the
PC1 gradient is variable from replicate to replicate—aligning
with the expansion;50% of the time. This phenomenon is
reminiscent of variation in the direction of PC1 observed
amongst replicate simulations from equilibrium stepping-
stone models in which there is no directional spatial pattern
in the data (see supplementary fig. S1, Supplementary Ma-
terial online, of Novembre and Stephens 2008) and was not
observed after restoring the European habitat shape for
the same demographic parameters or after increasing the
carrying capacities to C 5 500.

For these simulations, we also simulated sequence data
sets consisting of 2,000 loci of 200 bp each. The mutation
rate, equal to 10�7/bp/generation, is a comparable rate of
novel mutant alleles as having a more realistic mutation
rate of 10�8/bp distributed in 2,000 nonrecombining se-
quences of 2 kb. We measured the extent of isolation-
by-distance for m 5 0.2, r 5 0.5, C 5 100, and T 5

1,000. Isolation-by-distance was assessed by regressing
the logarithm of genetic distances [measured as FST/(1 �
FST)] between pairs of samples on the logarithm of their
geographic distances (Slatkin 1993), where FST was obtained
according to the definition of Hudson et al. (1992). Figure 3
provides evidence that genetic distances increased signifi-
cantly faster with geographic distances along the transect
perpendicular to the expansion than along the direction of
the expansion (P , 10�9).

Admixture Models: Interbreeding with Paleolithic
Residents
We next examined what would happen if there was any
interbreeding between an expanding Neolithic population
from the southeast and a resident Paleolithic population.

To this aim, we reproduced the framework and the choice
of parameters of Currat and Excoffier (2005) to simulate
the genetic impact of the Neolithic transition. Briefly,
the first expansion started around 1,500 generations ago
from the Near East on a first layer of demes representing
Paleolithic hunter-gatherer populations and covering all
Europe. We specified levels of local gene flow between
the resident and the invading populations so that the Pa-
leolithic genes represented ;20%, 80% or more than 90%
of the current European gene pool. These proportions were
computed by the program SPLATCHE at each sampling lo-
cation and then averaged over the sampling area. In
;77.5% (31 of 40) of the simulations ending with 20%
or 80% of Paleolithic ancestry, we observe patterns similar
to those obtained under a pure Neolithic demic diffusion
model (table 1 and fig. 4A). In other words, PC1 exhibits
a gradient along the SW–NE axis that runs perpendicular
to the Neolithic expansion axis. As previous simulations
have revealed the existence of gradients of admixture along
the Neolithic expansion axis (Currat and Excoffier 2005), we
computedmaps of the fraction of Neolithic ancestry in cur-
rent populations (fig. 5). These maps represent the local
proportions of Neolithic genes in the European genetic
pool. In the examples with 20% and 80% of final Paleolithic
ancestry, we obtain a gradient of introgression along the
direction of Neolithic expansion (see fig. 5 for the case
of a final Paleolithic contribution equal to 80%). Thus, this
pattern can occur at the same time as a PC gradient is run-
ning perpendicular to the same axis. We also observed
a similar behavior for genetic diversity, computed as the
(average) variance in microsatellite allele size, which dis-
plays a gradient running along the recent expansion axis
(supplementary fig. S3, Supplementary Material online).
In conclusion, if the proportion of ancient lineages in
the current genetic pool is not very high (,80%), the di-
rection of PC1 gradient is found to be perpendicular to the
most recent (Neolithic) expansion.

When the local levels of interbreeding are higher than c
;6–7%, we get two categories of patterns that depend on

Table 1. Frequency of observed patterns in PC1 maps for
simulations of Neolithic range expansions from the southeast
(80 replicates).

Final Levels
of Neolithic
Ancestry (%)

Pattern 1
(SW–NE
gradient)

Pattern 2
(W–E

gradient)

Pattern 3
(SE–NW
gradient)

Other
Patterns

Paleolithic expansions from the southeast
100 9/10 1/10
80 8/10 2/10
20 9/10 1/10
10 1/10 9/10

Paleolithic expansions from the southwest
100 10/10
80 7/10 1/10 2/10
20 7/10 2/10 1/10
10 10/10

NOTE.—The top panel of results is for the case where Paleolithic expansions were
modeled from the southeast and the bottom panel for the case with expansions
from the southwest. The first row within each panel (100% Neolithic ancestry)
corresponds to demic Neolithic expansions without admixture with resident
Paleolithic populations. Subsequent rows (,100% final Neolithic ancestry) are for
Neolithic expansions in which there was admixture with resident Paleolithic
populations. Pattern 1 displays a SW–NE gradient. Pattern 2 displays an east–west
gradient. Pattern 3 exhibits a gradient from the SE to the NW. A summary of the
three patterns can be found in figure 4. The other patterns observed in PC1
represent clusters in Scandinavia or in the British Isles. The bolded values
represent the number of simulation replicates exhibiting one of 3 typical patterns.

2.8 3.0 3.2 3.4 3.6

FIG. 3. Isolation by distance. Regression of genetic distance,
computed as FST/(1�FST), on the logarithm of geographic distance
for a simulation of range expansion on a regular lattice (start from
the bottom-right corner, no admixture). Dashed line: demes in the
direction of expansion (main diagonal of the habitat). Solid line:
demes in the direction perpendicular to expansion (second
diagonal).
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where the Paleolithic expansion took place: 1) Assuming
a Paleolithic expansion that starts from the SW at the
onset of the last glacial maximum (;20,000 years ago)
and a Neolithic expansion that starts from the SE, the gra-
dients in the PC1 map align with the main direction of
Neolithic expansion (SE–NW axis; table 1 and fig. 4C);
2) When both the ancient and the recent expansions start
from the SE (arrival of modern humans followed by the
Neolithics), then the direction of PC1 gradients is along
the east–west axis in most simulations (9 of 10 simula-
tions; table 1 and fig. 4B). For these simulations with

proportions of Paleolithic ancestry in current genome an-
cestry reaching values ;90%, the patterns of genetic var-
iation in the current populations are more influenced by
the Paleolithic population and where it expanded from
than by Neolithic movements. In agreement with this,
in cases where the Paleolithic expansion is from the SE,
the PC gradients along the EW axis are similar to those
obtained under an ancient expansion from the SE (sup-
plementary fig. S4, Supplementary Material online). Like-
wise, the gradients of genetic diversity do not run parallel
to the direction of the most recent expansion, but in the
direction of the most ancient one (supplementary fig. S3,
Supplementary Material online).

Discussion

Gradients in PC1 Are Often Perpendicular to the
Main Direction of Expansion
In our computer simulations of the colonization of Europe
by southeastern populations of early farmers, we observe
gradients in PC1 maps in agreement with a spatial struc-
turing of genetic variation across the continent. An impor-
tant and striking result is that when the local rates of
admixture between Neolithic colonists and Paleolithic res-
idents are low, these gradients are consistently oriented in
a direction perpendicular to the axis of the Neolithic ex-
pansion, rather than along the same axis as the expansion.
Another important result is that when the final genetic
pool is highly introgressed by the ancient (Paleolithic) pop-
ulation (.80% introgression), we found the PC1 gradient
to be perpendicular to the direction of the Paleolithic ex-
pansion and as a result can in some cases be parallel to the
direction of the most recent (Neolithic) expansion. For ex-
ample, if there has been an ancient expansion from a south-
western refugium and the level of Neolithic ancestry in the
current gene pool is less than 20%, our results show that
PC1 evidences a SE-to-NW gradient.

To confirm these results, we ran simulations of expan-
sions in a homogeneous environment and found that PC1
maps again showed a gradient running perpendicular to
the expansion front, just as in simulations including

FIG. 4. The three main patterns observed in PC1 maps under spatially
realistic models of the demic expansion of Neolithic farmers in
Europe with admixture with resident hunter-gatherer populations.
(A) Simulations with more than 20% of Neolithic ancestry in current
genomes (Paleolithic expansions starting either from the SE or from
the SW). (B) Simulations with less than 20% of Neolithic ancestry in
current genomes (Paleolithic expansion from the southeast). (C)
Simulations with less than 20% of Neolithic ancestry in current
genomes (Paleolithic expansion from the southwest). The black
arrows indicate the origin of the Neolithic expansion, and the white
arrows indicate the origin of the Paleolithic expansion.

FIG. 5. Proportions of Neolithic ancestry in current genomes.
Simulation with 20% of Neolithic average contribution. Similar maps
were obtained regardless of the Paleolithic origin of the residents.
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realistic environmental features. The results suggest that
PC1 map patterns are due to the process of expansion,
rather than being an artifact of the geographical con-
straints we simulated. Assignment programs with K 5 2
clusters also inferred gradients of probability that run per-
pendicular to the expansion axis, validating the PC1 gradi-
ent as an important axis of differentiation. Finally, by
measuring the extent of genetic differentiation as function
of distance, we found a stronger extent of genetic differ-
entiation on an axis perpendicular rather than along the
expansion axis. It thus seems that a gradient perpendicular
to the expansion is not an artifact of a given method but
that it rather reflects a true main underlying axis of differ-
entiation among the populations. The question arises as to
why differentiation would be perpendicular to the direc-
tion of expansion.

The Surfing Phenomenon
One possible explanation for the direction of the gradients
we observed is the ‘‘allele surfing phenomenon’’ (Edmonds
et al. 2004; Klopfstein et al. 2006; Excoffier and Ray 2008). In
the surfing phenomenon, the repeated founder effects that
occur at the edge of an expansion wave create conditions
for low-frequency alleles to ‘‘surf’’ to higher frequencies and
even to fixation at the wave front. As the wave moves for-
ward, large patches of habitat become colonized with the
‘‘surfing’’ allele and form ‘‘sectors’’ of low genetic diversity
at a given locus (Hallatschek et al. 2007). These sectors are
often fixed for an allele that has low frequency elsewhere in
the habitat, leading to strong differentiation between sec-
tors (Hallatschek et al. 2007; Hallatschek and Nelson 2008).
Because these sectors are aligned along the direction of ex-
pansion, there is actually the potential for substantial dif-
ferentiation ‘‘perpendicular’’ to the axis of expansion (as
illustrated in fig. 6; see also Excoffier and Ray 2008).

Common Allele–Frequency Distributions
To investigate whether common alleles show patterns con-
sistent with surfing, we examined a particular data set from
our geographic simulations (1,200 individuals, 60 samples, no
interbreeding). In these simulations, we generated sequence
data (400 kb per individual distributed evenly over 2,000
independent loci, mutation rate 5 10�7/bp/generation).
For these data, we obtained 10,581 segregating sites with
a frequency spectrum highly skewed toward low-frequency
alleles (fig. 7A). The high frequency of singletons (ca. 80%)
indicates a strong departure from the constant-size neutral
frequency spectrum, for which the expected value is around
0:14 : ð

P600
1

1
i Þ

�1. When PC1 was computed from the loci
with minimum allele frequency (MAF) .10, the synthetic
map was not different from the result obtained with all
the data, although these high-frequency mutations occur
only at a small fraction of the polymorphic sites (108 sites;
fig. 7B–C). In contrast, when PC1 was computed from the
sites with MAF less than 10, a strikingly distinct picture
emerged, displaying an optimum at the center of the area
(fig. 7D). This suggests that the PC1 gradient is driven
strongly by the geographic distribution of the common al-
leles, many of which are likely to have become common due
to allele surfing (Currat and Excoffier 2005; Excoffier and Ray
2008). To study the common alleles in more detail, we gen-
erated allele-frequency maps for the most common muta-
tions (MAF. 30). We found that their spatial distributions
exhibit regions where one allele was nearly absent and others
where the same allele was completely fixed (supplementary
fig. S5, Supplementary Material online). These regions have
approximately conic shapes, and they approximate the sec-
tors described by Hallatschek et al. In geographically explicit
simulations, sectors of high frequencies were also observed in
areas accessible only through the narrow bridges in Scandi-
navia and in the British Isles, where spatial bottlenecks might
have reinforced genetic drift.

How Likely Is Allele Surfing to Be a Determinant
of Genetic Structure?
The question arises of whether allele surfing is an excep-
tional phenomenon that only occurs due to our specific
simulated parameter values or if it is expected to play a role
in real populations. The probability of surfing alleles de-
pends on many factors, including the amount of local di-
versity (Edmonds et al. 2004), the demographic parameters
(Klopfstein et al. 2006), potential admixture with resident
populations during the expansion phase (Currat et al.
2008), and geographical heterogeneity (Burton and Travis
2008). For conditions approximating a mutation rate of
10�8/bp/generation, we find that about one mutation
per 100 kb has a chance to reach a final frequency over
20% (fig. 7A). Although these surfing mutations represent
less than 1% of the total number of all mutations, this small
fraction of high-frequency mutations seems to dominate
the variability represented by PC1. Although a rare phe-
nomenon in our simulations, surfing indeed deeply influ-
ences the patterns uncovered in PC or AM maps. In

Origin of Expansion

Expansion

Gre
at

es
t

va
ria

tio
n

Locations of allele surfing events

Sectors where surfed allele is fixed

FIG. 6. Recurrent founder effects during range expansions create
sectors where one allele is completely fixed, whereas the same allele
is absent elsewhere. These regions have approximately conic shapes,
and they increase genetic differentiation along the axis perpendic-
ular to the direction of expansion.
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addition, as surfing is not restricted to mutations arising
during the expansion phase, rare alleles present in the gene
pool of the expanding population, and those introduced
via introgression also have the possibility to produce surf-
ing patterns. Further, as the size of the population at the
source of the expansion is rather small (C 5 100 for the
hunter-gatherers and C5 1,000 for the farmers), most mu-
tations have occurred during or after the expansion in our
simulations, whereas a large fraction of the mutations pres-
ent in current European populations originated in Africa
and were therefore already present in the populations hav-
ing initially colonized Europe. It follows that the surfing of
standing variants has probably been underestimated in our
simulations.

Effects of Geographic Constraints
When a realistic geography of Europe is taken into account
in the simulation, PC maps often reveal strong differenti-
ation at the edge of the range of the expansion, typically in
Scandinavia, or less frequently in the British Isles and in the
Iberian Peninsula. The very common Scandinavian cluster
does not persist when geographic constraints are removed
and when simulations are performed into a uniform envi-
ronment. Clusters arising at the edge of the continental
area might be interpretable as a combination of the effects
of isolation-by-distance and the effects of geographic bot-
tlenecks, like land-bridges across seas or corridors in moun-
tain ranges (Burton and Travis 2008). The narrow land

bridge we have introduced to connect the south of Sweden
to Denmark is likely to lead to increased genetic drift and
founder effects and thus to differentiation between popu-
lations on opposite sides of the Baltic Sea. Note that the
Scandinavian and the British populations were also identi-
fied in separate clusters by the AM programs. A second
point is that we do not expect our results to hold in long
rectangular (approximately one dimensional) habitats. In-
deed, in expansions into linear habitats, the wave front is
necessarily very narrow, and it will be difficult for sectors to
form, and so alleles that surf will likely not be distributed in
patches perpendicular to the axis expansion.

Criticisms of the Simulation Model
Although our simulation model realistically accounts for
contours and geographic barriers in Europe, it is not meant
to be a very detailed model of European prehistory. First of
all, there is unavoidable uncertainty about the parameters
used for characterizing population densities, rates of expan-
sion, and rates of migration (see Rowley-Conwy 2009).
Events that occurred at small geographic scales, like fluc-
tuations in carrying capacities due to variation in resource
availability or due to local changes in the environment, are
ignored. Thus, it is possible that the model fails to repro-
duce every particular aspect of local genetic diversity. How-
ever, the simulation model is still useful for giving
interesting insights as it captures large-scale temporal
and spatial aspects of European prehistory, including, for

FIG. 7. Common alleles carry out population structure. Sequence data including 2,000 unlinked sequences of length 200 bp simulated under
a regular lattice (1,200 individuals, 60 samples, mutation rate5 10�7/bp/generation). (A) Folded frequency spectrum computed frommore than
10,000 polymorphic sites. (B) PC1 map for all polymorphic sites. (C) PC1 map for sites with MAF , 10. (D) PC1 map for sites with MAF . 10.
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example, the timing of the spread of agriculture, the rela-
tive densities of hunter-gatherer and farmer populations,
and admixture between hunter-gatherer and farmer pop-
ulations. Previous work has shown how expansions with
admixture produce clines in the proportion of Neolithic
ancestry that sensibly follow the direction of expansion
(Currat and Excoffier 2005), and we show here how diver-
sity decreases as one moves along the direction of the ex-
pansion. Both these patterns are expected in expansion
models, and they suggest that the simulations, which also
reproduce observed patterns (Chiaroni et al. 2009), are
meaningful. In this framework, the PC maps described in
this study are robustly observed under a wide range of
model parameters.

Implications for the Interpretation of Human
Genetic Variation in European Populations
For some time, population geneticists have been attempt-
ing to reconstruct the ancient demographic history of the
Europeans, and it has been the source of considerable de-
bate (e.g., Barbujani and Goldstein 2004; Jobling et al. 2004).
Major ancestral processes that have been suggested are an
initial Paleolithic colonization, later re-expansions from
southern refugia, the Neolithic dispersal of early farmers,
or trans-Mediterranean gene flow. The relative importance
of these events for explaining standing patterns of genetic
variation is however difficult to assess from archaeological
data. As a result, a variety of genetic data sets and analysis
methods have been used to study this problem. Our goal
here has been to clarify how to best interpret results pro-
duced by PCA analysis, one particular exploratory tool used
in this long debate. We found that at odds with conven-
tional wisdom, the gradient in PC1 can orient perpendic-
ular to the direction of an expansion under a wide range of
conditions. It thus appears that NW–SE gradients previ-
ously observed in PC1 plots of Europe are inconsistent with
many simple models of Paleolithic or Neolithic expansions
from the Near East. The simulation results might suggest
a role of expansions from southwestern refugia after the
last glacial maximum. However, Heath et al. (2008) found
PC1 to align with an E–W gradient in Europe, Lao et al.
(2008) found a PC1 gradient that ran N–S, NW–SE gra-
dients were observed by Menozzi et al. (1978) and by
Cavalli-Sforza et al. (1994), and a NNW–SSE gradient
was observed by Novembre et al. (2008). The direction
of PC gradients is difficult to interpret due to the influence
of the sampling scheme (Novembre and Stephens 2008;
McVean 2009). Because of these uncertainties, we withhold
making conclusions and suggest that future progress will
occur by more directly looking at spatial patterns of vari-
ation in Europe (such as potential sector patterns) in place
of methods such as PCA.

The simulation study we conducted here gives two gen-
eral insights about spatial patterns of variation that might
be observed under models of population expansions: 1)
Spatial patterns of genetic variation (gradients/clines)
can arise under a broad range of expansion scenarios, just
as they do in equilibrium isolation-by-distance models; 2)

There can be substantial differentiation along an axis per-
pendicular to the direction of an expansion, presumably
due to allele surfing. Many studies have shown that gra-
dients in variation exist across Europe (Menozzi et al.
1978; Sokal and Menozzi 1982; Sokal et al. 1989; Barbujani
and Pilastro 1993; Chikhi et al. 1998; Rosser et al. 2000;
Chikhi et al. 2002; Dupanloup et al. 2004), most recently
finding that such gradients even exist at spatial scales
on the order of hundreds of kilometers (Bauchet et al.
2007; Heath et al. 2008; Lao et al. 2008; Novembre et al.
2008; Tian et al. 2008; Price et al. 2009; Sabatti et al. 2009).

Evidence for the directionality of spatial patterns is more
difficult to summarize as substantial differences exist across
studies, and one needs to be specific about exactly what
aspect of variation is being observed. Using directional cor-
relograms, Sokal et al. (1989) show many loci consistent
with NW–SE clines (particularly human leukocyte antigen
loci), but other loci show evidence for other directional
clines. Inferences of the proportion of Neolithic ancestry
have shown both patterns that decay with distance from
the Near East using Y-chromosome markers (Chikhi et al.
2002) as well as East–West patterns using eight loci
(Dupanloup et al. 2004). The recent availability of large-scale
SNP data helps alleviate concerns about making inferences
from a small number of loci and promises to reveal more
consistent genomewide patterns. In this vein, two more re-
cent large-scale SNP-based studies (Lao et al. 2008; Auton
et al. 2009) have both observed a gradient in levels of hap-
lotype diversity and linkage disequilibrium that are roughly
north–south and with high levels of diversity in the Italian
and Iberian Peninsulas. Notably, these patterns seem un-
expected under a demic diffusion model from the Near
East and are more consistent with an impact of trans-
Mediterranean gene flow (Auton et al. 2009), larger pop-
ulation sizes in the southwest (Lao et al. 2008) or with
hypotheses of southern glacial refugia. However, the anal-
ysis of high-throughput SNP data from European popula-
tions is still in an exploratory phase. Further work, for
instance, looking specifically for patterns of variation consis-
tent with sectors generated by surfing alleles, will likely shed
more light on the genetic history of Europeanpopulations. As
always, the results will need to be integrated with other
approaches, and an additional promising avenue of work
is ancient DNA analyses. Comparing mitochondrial DNA se-
quences from 20 hunter-gatherer skeletons with those from
modern Europeans, Bramanti et al. (2009) found thatmost of
the ancient hunter-gatherers in Central Europe share haplo-
types that are rare in Europeans today, perhaps pointing
toward a highly dynamic history of humanpopulationmove-
ments in Europe.

Conclusions
A previous study showed that the original patterns ob-
served in PCA might not reflect any expansion events
(Novembre and Stephens 2008). Here, we find that under
very general conditions, the pattern of molecular diversity
produced by an expansion may be different than what was
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expected in the literature. In particular, we find conditions
where an expansion of Neolithic farmers from the southeast
produces a greatest axis of differentiation running from the
southwest to the northeast. This surprising result is seem-
ingly due to allele surfing leading to sectors that create dif-
ferentiation perpendicular to the expansion axis. Although
a lot of our results can be explained by the surfing phenom-
enon, some interesting questions remain open. For example,
the phase transition observed for relatively small admixture
rates between Paleolithic resident and Neolithic migrant
populations occurs at a value that is dependent on our sim-
ulation settings, and further investigations would be needed
to better characterize this critical value as a function of all
the model parameters. Another unsolved question is to
know why the patterns generally observed in PC2 maps
for our simulation settings sometimes arise in PC1 maps in-
stead. These unexplained examples remind us that PCA is
summarizing patterns of variation in the sample due tomul-
tiple factors (ancestral expansions and admixture, ongoing
limited migration, habitat boundary effects, and the spatial
distribution of samples). In complex models such as our ex-
pansionmodelswith admixture in Europe, itmay be difficult
to tease apart what processes give rise to any particular PCA
pattern. Our study emphasizes that PC (and AM) should be
viewed as tools for exploring the data but that the reverse
process of interpreting PC and AM maps in terms of past
routes of migration remains a complicated exercise. Addi-
tional analyses—with more explicit demographic model-
s—are more than ever essential to discriminate between
multiple explanations available for the patterns observed
in PC and AMmaps. We speculate that methods exploiting
the signature of alleles that have undergone surfing may be
a powerful approach to study range expansions.

Supplementary Material
Supplementary figures S1–S5 are available at Molecular
Biology and Evolution online (http://www.mbe
.oxfordjournals.org/).
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