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Abstract
Background: Despite several thousands of years of close contacts, there are genetic differences
between the neighbouring countries of Finland and Sweden. Within Finland, signs of an east-west
duality have been observed, whereas the population structure within Sweden has been suggested
to be more subtle. With a fine-scale substructure like this, inferring the cluster membership of
individuals requires a large number of markers. However, some studies have suggested that this
number could be reduced if the individual spatial coordinates are taken into account in the analysis.

Results: We genotyped 34 unlinked autosomal single nucleotide polymorphisms (SNPs), originally
designed for zygosity testing, from 2044 samples from Sweden and 657 samples from Finland, and
30 short tandem repeats (STRs) from 465 Finnish samples. We saw significant population structure
within Finland but not between the countries or within Sweden, and isolation by distance within
Finland and between the countries. In Sweden, we found a deficit of heterozygotes that we could
explain by simulation studies to be due to both a small non-random genotyping error and hidden
substructure caused by immigration. Geneland, a model-based Bayesian clustering algorithm,
clustered the individuals into groups that corresponded to Sweden and Eastern and Western
Finland when spatial coordinates were used, whereas in the absence of spatial information, only
one cluster was inferred.

Conclusion: We show that the power to cluster individuals based on their genetic similarity is
increased when including information about the spatial coordinates. We also demonstrate the
importance of estimating the size and effect of genotyping error in population genetics in order to
strengthen the validity of the results.

Published: 19 August 2008

BMC Genetics 2008, 9:54 doi:10.1186/1471-2156-9-54

Received: 13 March 2008
Accepted: 19 August 2008

This article is available from: http://www.biomedcentral.com/1471-2156/9/54

© 2008 Hannelius et al; licensee BioMed Central Ltd. 
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/2.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
Page 1 of 12
(page number not for citation purposes)

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18713460
http://www.biomedcentral.com/1471-2156/9/54
http://creativecommons.org/licenses/by/2.0
http://www.biomedcentral.com/
http://www.biomedcentral.com/info/about/charter/


BMC Genetics 2008, 9:54 http://www.biomedcentral.com/1471-2156/9/54
Background
The neighbouring countries of Sweden and Finland repre-
sent two modern societies with a population history of
about 12,000 years and several millennia of close contacts
[1]. Due to the geographical and political situation, the
countries have been shaped differently by epidemics, wars
and migratory waves [2]. The northern and eastern parts
of Finland remained mostly uninhabited until the 16th

century, and even after that the population size remained
small. This has led to extensive genetic drift, pronounced
differences between Eastern and Western Finns observed
in the Y-chromosomal as well as autosomal variation, and
local or regional enrichment of several monogenic dis-
eases in Finns [3-7], (Salmela et al. submitted). The
genetic variation of the Swedish population appears clinal
in Y-chromosomal and mtDNA analyses of the same sam-
ple set used in this study (Lappalainen et al. submitted),
as well as in a previous Y-chromosomal study [8]; how-
ever, local genetic isolates have been detected in the
northern part of Sweden [9].

During the past few years, it has been shown that individ-
uals can be clustered based on genetic similarity, and that
these clusters correspond closely to ancestral place of ori-
gin [10-12]. It has been estimated that to predict the
ancestry of individuals, up to a thousand random single
nucleotide polymorphisms (SNPs) or short tandem
repeats (STRs) might be needed [13]. By using markers
that exhibit large differences in allele frequency between
the populations of interest, this number can be reduced
[14-16]. Still, such ancestry informative markers (AIMs)
are very dependent on the populations used for defining
them and may be too specific when used for identifying
fine-scale structure [16]. Interestingly, a recent study was
able to accurately predict ancestral continent of origin of
individuals from two independent data sets by using only
a small number of arbitrarily chosen SNPs from the Inter-
national HapMap Project [17]. The authors concluded,
however, that the amount of genotype data would have to
be increased in order to make predictions of more fine-
scale geographic structures.

The aim of this study was to investigate if the known
genetic substructures could be identified within Finland
and Sweden by using 34 unlinked autosomal SNPs origi-
nally designed for zygosity testing [18]. To compare two
different kinds of marker sets and to gain further resolu-
tion of the population genetic structure within Finland,
we genotyped 30 STRs on a subset of the Finnish samples.
Based on the SNP data and by including spatial coordi-
nates in the model-based Bayesian Geneland algorithm
we were able to cluster individuals into groups that corre-
spond to previously observed population structure. This
demonstrates the benefit of including geographic coordi-
nates to increase the power of inferring clusters in the

presence of low genetic differentiation. By simple simula-
tion studies, we also show the importance of estimating
the size and effect of genotype errors when lower quality
DNA is used.

Methods
Samples
In total, 2,044 anonymized samples from Sweden were
genotyped. They were collected through the Swedish new-
born screening registry as blood on filter paper. The sam-
ple set represents all newborns in Sweden from one week
in December 2003, with 89 extra samples from the north-
ern part of Sweden. Thus, the samples include native
Swedes as well as immigrants. Sample collection and
DNA extraction details are described elsewhere [19]. The
samples were divided into counties and regions based on
the information of birth hospital.

DNA from 627 unrelated Finnish male blood donors
(465 for the STR analyses) who had given informed con-
sent were collected through the Finnish Red Cross. The
subjects represented a single generation with ages between
40 and 55 years, and were considered eligible when the
birthplaces of their four grandparents clustered in the
same geographical area, mostly in the same province of
Finland.

Geographical coordinates for the Swedish birth hospitals
and Finnish counties were identified using Google Earth
v4.2. The Swedish county coordinates were calculated as
the average coordinates weighted according to the
number of samples over all birth hospitals in each county.
For the Finnish counties, the coordinates of the geograph-
ical centre of the whole county were used, except for the
Mantel tests where the coordinates were calculated as the
average of individual coordinates of the samples repre-
senting each county. Individual coordinates of the Finnish
samples were calculated as an average of the coordinates
of their grandparental places of birth from Google Maps.

A map of the locations of the Finnish and Swedish coun-
ties is presented in Figure 1 [for sample sizes see Addi-
tional file 1]. For county-level analyses, the Swedish
counties of Gotland and Kalmar, as well as Kronoberg and
Blekinge were pooled in order to reach adequate sample
sizes, and 13 Finnish samples were excluded from the
analyses due to lacking county-level information of ori-
gin. Since the cities of Malmö and Gothenburg harbour
large immigrant populations (in 2003, 33% and 26% of
inhabitants had a foreign background, respectively; Statis-
tics Sweden, http://www.scb.se), some analyses, as indi-
cated in the text, were performed also on a data set where
these cities were excluded, in order to investigate whether
the large percentage of immigrants affected the results.
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The study was approved by the ethics committees of Karo-
linska Institutet, Stockholm and the Finnish Red Cross.

Genotyping
Prior to genotyping, 30 μl (15–30 ng) of each extracted
DNA from the Swedish Guthrie cards was amplified using
improved primer preamplification (I-PEP-L). Three μl of
each whole genome amplified DNA sample was used for
SNP genotyping. Of the Finnish samples, 10 ng of
genomic DNA was used for both SNP and STR genotyp-
ing. 43 SNPs, originally designed for zygosity testing [18],
were assayed using the Sequenom MALDI-TOF platform
and the iPLEX Gold chemistry (Sequenom, San Diego,
California, USA). In order to minimize possible batch
effects, the SNP genotyping was performed in parallel for
both sample sets using the same primer and reagent mix-

tures. The Spectro Typer 3.4 software was used for auto-
matic allele calling with two persons independently
checking the genotype clusters. 31 STRs that were known
to have rare alleles (frequency < 5%) in the Finnish popu-
lation (Finnish Genome Center, unpublished data) were
genotyped on a MegaBACE 1000 96-capillary electro-
phoresis instrument and called using the Genetic Profiler
1.1 software (Amersham Biosciences, Sunnyvale, Califor-
nia, USA). The genotypes were checked manually twice,
blind to province information.

Sample, SNP and STR marker specific data are summa-
rized in Additional files 1, 2 and 3, respectively. SNP-spe-
cific call and error rates are reported in Additional file 4.
Samples with more than 20% missing data (445/2044
Swedish and 55/627 Finnish samples in the SNP data set,

Geographic location of the Swedish and Finnish countiesFigure 1
Geographic location of the Swedish and Finnish counties. The division of counties into five regions is denoted by their 
colour. Sample sizes are given in Additional file 1.
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and 25/465 samples in the STR data set), X-linked markers
(4 SNPs) and markers with more than 20% missing data
in Finland or Sweden (5 SNPs, 1 STR) were excluded from
the final data set. SNP genotyping error was estimated by
356 Swedish samples and 89 Finnish samples that were
genotyped twice for each SNP marker. The whole genome
amplification error rate was estimated by genotyping a set
of 89 Swedish samples that had been whole genome
amplified in two independent WGA reactions. The error
rate for STR genotyping was estimated to be 0.025%,
based on 1 observed discrepancy among 4,014 STR geno-
types obtained in duplicate from independent MegaBACE
runs.

Data extractions, filtering and calculation of basic sum-
mary statistics as well as genotype reports for Power-
Marker and Geneland were done in Qlikview 7.5
(Qliktech, Sweden). Summary statistics and HWE calcula-
tions were performed in PowerMarker v3.5 [20]. Power-
Marker and CONVERT v1.31 (Glaubitz JC, unpublished)
were used for exporting genotype reports compatible with
STRUCTURE, Arlequin, and PCA analysis.

Analysis of molecular variance (AMOVA)
The genetic variation in Sweden and Finland was hierar-
chically partitioned into measures of genetic variation in
individual, county, region and country levels by using F-
statistics as implemented in R package Hierfstat [21] and
Arlequin v3.1 [22] for Findividual/country and Findividual/total.
We also performed an analysis of molecular variance
(AMOVA) within and between countries, regions and
counties using Arlequin v3.1. The significance levels for F-
statistics and AMOVA results were based on 10,000 repli-
cations and 20,000 permutations, respectively.

Isolation by distance (IBD)
Isolation by distance was investigated within and between
Finland and Sweden by comparing matrices of pairwise F-
statistics and great circle distances between counties using
a Mantel test. The pairwise great circle distances were cal-
culated in R package fields [23], and the pairwise F-statis-
tics in Arlequin v3.1. The Mantel test was performed in R
package ade4 [24], with the p-values based on 10,000 per-
mutations.

Identity by descent (IBS)
Population diversity was estimated as the identity by state
between all the pairs of individuals within the countries
and regions in R package GenABEL 1.3–5 [25]. The statis-
tical significance of the differences between the IBS distri-
butions of countries or regions was tested with a Mann-
Whitney U test in R [26].

Marker variance
The mean of marker variances was calculated from the
Finnish dataset for SNP and STR markers in R [26].

Principal components analysis (PCA)
Data were summarized in R [26] with principal compo-
nent analysis on a covariance matrix of SNP and STR allele
frequencies calculated over counties and regions for Fin-
land and Sweden separately and combined.

Chi-square tests
The allele frequency distributions between counties and
between regions within Sweden and Finland were com-
pared for each marker using a chi-square test. Nominal
significancies were calculated in the chi-square test of R
based on 100,000 replications. The overall significance of
the findings of the multiple tests (34 for SNPs, 30 for
STRs) was assessed by calculating the false discovery rate
(FDR) as the ratio of expected to observed number of sig-
nificants at the p < 0.01 level.

Simulations of genotyping error and hidden population 
structure
The potential effect of genotyping errors and hidden pop-
ulation structure on the heterozygote deficiency and the
HWE deviations observed in the Swedish dataset was
studied with simulations. Genotypes of Swedish, Euro-
pean and non-European individuals were simulated
assuming Hardy-Weinberg equilibrium within each
group. Swedish and European allele frequencies were
based on the Swedish and Finnish frequencies in our data,
respectively; the non-European frequencies were based on
HapMap data (YRI and CHB, HapMap data release #21).
The effect of hidden population structure was then mod-
elled by mixing the Swedish with 0–20% of either Euro-
pean or non-European individuals to form a sample of
1,599 individuals (corresponding to the size of our Swed-
ish dataset). Genotyping errors were imposed on their
genotypes, according to the whole-genome amplification
error rates observed in the Swedish data [see Additional
file 4]. The errors were either random or non-random in
direction: in random errors, a homozygous genotype is
called as a heterozygote and a heterozygote as either
homozygote; in non-random errors, a heterozygote is
called as a homozygote but homozygotes are called cor-
rectly, mimicking the phenomenon of allelic dropout
where one of the heterozygote alleles fails to amplify. The
total inbreeding coefficient FIT (corresponding to Findivid-

ual/country of the real data) and the number of markers in
Hardy-Weinberg disequilibrium (with p < 0.05 in a χ2

test) were calculated from 1,000 such samples for each
combination of genotyping error type and degree of hid-
den structure.
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Model-based clustering using Geneland
Clusters of individuals were inferred with the software
Geneland http://folk.uio.no/gillesg/Geneland.html[27-
29]. This software implements an algorithm attempting to
cluster samples on the basis of both genetic and geo-
graphic information. The geographic information is
accounted for at the Bayesian prior level in such a way that
clusters corresponding to spatially organized groups are
considered more likely than those corresponding to com-
pletely random spatial patterns. The benefit of using a spa-
tial prior (presumably more informative than a non-
spatial prior) is to get more accurate inferences and to
explicitly infer the spatial borders between inferred clus-
ters.

Five datasets were studied: SNPs from the total data, Fin-
land, Sweden with and without the cities of Malmö and
Gothenburg, and STRs from Finland. We used the corre-
lated frequency model treating the number of clusters as
unknown. This was made possible through a substantial
model improvement of the algorithm, which will soon be
released as Geneland 3.0.0. We placed an independent
Gamma prior on the drift coefficients with parameters
(1,20). Geneland was then run 50 times for each dataset
with 100,000 iterations and a burnin of 60,000 iterations.
The runs were then sorted according to their mean poste-
rior density and only the best ten runs were considered in
the analysis.

Model-based clustering using STRUCTURE
For comparison with Geneland, individuals were clus-
tered with the Structure algorithm v2.2 [10,12] that does
not use a spatial prior. Structure was run using a mini-
mum of 10,000 burnins and iterations under both the
non-admixture and admixture models assuming either
correlated or non-correlated allele frequencies for values
of K ranging from 1 to 5. Each parameter combination
was run 5 times for each of the datasets described in the
previous section to check the consistency of the clustering
results.

Results and discussion
Observed east-western duality within Finland
Out of an initial 627 individual DNA samples genotyped
for the SNPs, 572 passed our quality criteria. This equals
90% of samples from Eastern Finland and 92% from
Western Finland [see Additional file 1]. Within Finland,
the Eastern and Western regions accounted for a small but
significant portion (0.42%, p < 0.0001) of the genetic var-
iation (Table 1); when the genetic structure was analysed
between four hierarchical levels (Table 2), both Fregion/coun-

try and Fcounty/region were significant (p < 0.01). This could
suggest that in these subpopulations, genetic drift has had
a greater impact than migration. The Mantel test for isola-
tion by distance was significant (r = 0.32, p = 0.046; how-

ever, the exact significance seemed sensitive to the choice
of county coordinates), indicating at least some clinal pat-
tern of genetic variation within Finland. In the chi-square
test, 6 SNPs (FDR = 0.06) showed significance between
regions and 2 SNPs (FDR = 0.17) between counties at p <
0.01 level (see Additional file 5). The mean IBS was higher
in Eastern than in Western Finland (0.656 and 0.649,
respectively; p < 10-66), indicating higher homogeneity in
the East. The first two components in the PCA loosely sep-
arated the eastern counties from the western (Figure 2A).
The model-based Bayesian clustering algorithm imple-
mented in Geneland inferred two clusters that corre-
sponded, with the exception of a few samples, to East and
West (Figure 3A). It is noteworthy, though, that the border
between these two clusters runs somewhat further east
than the regional division into East Finland and West Fin-
land used in our data. The results are in agreement with
previous studies that have identified a genetic border
between the eastern and western parts of Finland that
roughly coincides with several historical and anthropo-
logical borders as well as with regional differences in dis-
ease incidence [6].

In the STR dataset, 440 of the 465 samples (95%; 94%
from east and 96% from west) passed our quality control.
The division into Eastern and Western Finland accounted
for a significant Fregion/country (Table 2), and the chi-
square test showed 10 (FDR = 0.03) and 6 (FDR = 0.05)
significants (p < 0.01) in the region and county level anal-
yses, respectively [see Additional file 6]. Conversely, the
Geneland algorithm inferred only a single cluster (data
not shown), suggesting that the regional substructure was
too weak to be detected even with the aid of the spatial
prior, possibly due to lower sample size. The Mantel test
for IBD was not significant (r = 0.01, p = 0.49). The first
PC showed an east-west gradient and the second PC sepa-
rated the two counties with smallest sample size from the
others (Figure 2B). Although the F-statistic and Geneland
analyses suggested a weaker structure in the STR than SNP
data, the marker variances of the two datasets were rather
similar (mean 0.133 for STRs and 0.136 for SNPs), and
the numbers of chi-square significants were higher in STR
than in SNP data [see Additional file 5 and 6], likely due
to the larger number of alleles.

No observed substructure but increased homozygosity in 
Sweden
A large portion, 445 out of 2,044, of the Swedish samples
failed our quality controls [see Additional file 1], as
expected due to the low DNA quality and the whole
genome amplification. However, the amount of missing
data was geographically non-differential, corresponding
to 23%, 21% and 20% of samples from Götaland, Svea-
land and Norrland, respectively. The genetic variation
between counties and regions in Sweden was non-signifi-
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cant and explained 0.15% and 0.03% respectively of the
total variation (Table 1). Findividual/country and Findividual/

county were significantly inflated (0.027 and 0.025 respec-
tively, P < 0.0001, Table 2), and variation among individ-
uals within counties and regions explained 2.5%.2.7% of
the total variation (Table 1). IBS distributions differed sig-
nificantly between regions (mean for Norrland 0.637,
Svealand 0.639, Götaland 0.640; p < 10-7 in all pairwise
comparisons). The chi-square analysis [see Additional file

5] showed excess significants only between the counties
(3 significants with p < 0.01, FDR = 0.11; 0 significants
between regions), and some of this excess could be due to
the genotyping errors.

The Mantel test for isolation by distance was non-signifi-
cant (r = -0.014, p = 0.54), and the PCA lacked clear geo-
graphical patterns (data not shown), suggesting the
absence of strong substructure within Sweden. However,

Principal component analysisFigure 2
Principal component analysis. The principal components were extracted from covariance matrices based on frequencies of 
A) SNP minor alleles in Finnish counties, B) STR alleles in Finnish counties, C) SNP minor alleles in Finnish and Swedish regions 
and D) SNP minor alleles in Finnish and Swedish counties. The proportion of variance explained by each PC is shown on the 
axis. Abbreviations: Götaland (GOT), Svealand (SVE), Norrland (NOR), Western Finland (WF), Eastern Finland (EF); county 
abbreviations as in Figure 1.
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many of the most deviating populations showed signs of
drift also in the mtDNA and Y-chromosomal analysis
(Lappalainen et al. 2008, submitted). Geneland consist-
ently inferred a single cluster, regardless of inclusion or
exclusion of the cities of Gothenburg and Malmö (data
not shown). This suggests that higher levels of immigrant
populations do not affect the observed results. As Gene-
land is able to account for null alleles [29], the presence of
genotyping errors should not have a significant effect on
the performance of the algorithm.

Despite the lack of clear substructure within Sweden, the
Swedish dataset showed a heterozygote deficit (in terms
of inflated Findividual/country and Findividual/county), and devia-
tions from HWE in several markers [see Additional file 4].
It is known that the whole genome amplification or low-
grade DNA can lead to allelic imbalances with a heterozy-
gote deficit [30,31]. On the other hand, the observed devi-
ations might be caused by hidden population structure,
since our sampling includes both native Swedes and
immigrants without any data on ethnicity.

Geneland clustering resultsFigure 3
Geneland clustering results. The most likely cluster membership according to the Geneland algorithm using geographic 
coordinates as a prior and assuming correlated allele frequencies and no admixture between populations. A) Individual coordi-
nates were used for the within-Finland analysis and B) county coordinates for the joint analysis between Sweden and Finland.

Table 1: Results of the analysis of molecular variance (AMOVA) for SNP data indicating the distribution of genetic variation (in %) into 
the different hierarchical levels.

Dataset 
Subpopulationa

Total data county Finland county Finland region Sweden county Sweden region

subpopulation/total % 0.43 0.42 0.42 0.15 0.03
p < 0.0001 ns < 0.0001 ns ns

individual/subpopulation % 1.9 -0.53 -0.37 2.54 2.65
p < 0.0001 ns ns < 0.0001 < 0.0001

within individuals % 97.68 100.11 99.96 97.32 97.32
p < 0.0001 ns ns < 0.0001 < 0.0001

The significance levels for the variance components were based on 20,000 permutations. ns = nonsignificant.
a denotes the intermediate level of hierarchy used in the analysis
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To estimate the relative role of these factors, we performed
a simulation modeling the effect of immigration (Euro-
pean or non-European) or genotyping error (random or

non-random) on F-statistic inflation and HWE deviations.
The results (Figure 4) showed that random error and
European immigration, either alone or in combination,
could not account for the observed amount of deviations
(Figure 4D), and that the observations fit best with a com-
bination of both genotyping error and non-European
ancestry (4% when the error is non-random and 10%
when random) (Figure 4A–B). These levels of immigra-
tion correspond well to the situation in Sweden, where in
2003 approximately 16% of the inhabitants had a foreign
background [see Additional file 7], and of them about
40% were non-Europeans (Statistics Sweden, http://
www.scb.se).

In the simulations, however, the level of genotyping error
may be underestimated, since if the error is heterozygote-
specific, the rates should be estimated relative to the
number of heterozygotes in each marker. This would
approximately double the error rates, in which case the
non-random genotyping error could on its own explain
the observed degree of deviations (data not shown).

Table 2: F-statistics and their significances for the total data and 
Sweden and Finland separately.

F-statistic Total data Finland SNP Finland STR Sweden

Fcountry/total F 0.00371 - - -
p ns

Fregion/country F 0.00057 0.00323 0.00216 -0.00016
p < 0.01 < 0.01 < 0.05 ns

Fcounty/region F 0.00177 0.00236 0.00119 0.00157
p < 0.01 < 0.01 ns ns

Findividual/county F 0.01734 -0.00529 -0.00022 0.02542
p < 0.0001 ns ns < 0.0001

Findividual/country F 0.01905 -0.00108 0.00209 0.02680
p < 0.0001 ns ns < 0.0001

Findividual/total F 0.02320 - - -
p < 0.0001

The significance levels for F-statistics were based on 10,000 
bootstraps. ns = nonsignificant.

Simulations of genotyping error and hidden population structure in SwedenFigure 4
Simulations of genotyping error and hidden population structure in Sweden. The simulated effect of genotyping 
error and hidden population structure on the total fixation index Findividual/country (FIT) and the number of markers deviating from 
HWE in the Swedish data. The 95% confidence bounds are based on 1,000 simulations. A) Non-random error and non-Euro-
pean substructure, B) random error and non-European substructure, C) non-random error and European substructure, D) 
random error and European substructure.
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Whether or not these factors could mask a modest popu-
lation structure remains unclear, but this kind of an error
estimation approach would certainly be useful in contexts
where it is known that the quality of the DNA may lead to
informatively missing genotypes and consequent false
positive associations [32,33].

Genetic differences between Swedes and Finns
In the total data, the hierarchical F-statistics were signifi-
cant except for Fcountry/total (Table 2), and the Mantel test
for IBD was significant (r = 0.39, p < 0.0003). The mean
IBS was significantly lower in Sweden than in Finland
(0.641 and 0.650, respectively; p << 10-100), indicating
higher heterogeneity in Sweden. The principal compo-
nent analysis clearly separated the Finnish regions and
Eastern and Western counties from the Swedish as well as
the Finnish regions and counties from each other (Figure
2C and 2D). Geneland showed three clusters (Figure 3B),
roughly corresponding to Sweden, Eastern Finland and
Western Finland. Thus, Geneland was able to correctly
identify the country of origin of the individuals despite
the lower quality of the Swedish data. Interestingly, the
county-level PCA (Figure 2D) and Geneland (Figure 3B)
placed the Finnish subpopulation of Swedish-speaking
Ostrobothnia closest to Sweden. This minority popula-
tion originates from the 13th century, when Swedish set-
tlers inhabited areas of coastal Finland [34]. Our result is
in congruence with earlier studies where intermediate
allele frequencies between Finns and Swedes have been
observed in the Swedish speaking Finns [35].

Comparison of methods for clustering of individuals
As described above, Geneland was able to infer two clus-
ters in the Finns and three clusters in the total data when
using a spatial prior. In contrast, the Structure software,
which does not use a spatial prior, consistently found one
cluster regardless of the data set and model used, as is
expected from comparisons to earlier studies [36].

Geneland, in contrast with Structure, assumes that popu-
lation membership is structured across space. If this
assumption is correct, the power of inferring clusters
increases; if the assumption is incorrect, it will lead to a
loss of power but generally not to inference of spurious
clusters (in the case of weak spatial organization, Gene-
land tends to perform like Structure in terms of inferred
clusters [27]). Besides, in previous studies with similar
goals it has been estimated that Structure needs a mini-
mum of 65 to 100 random markers to separate continen-
tal groups and that the number of markers rather than
samples is the most important parameter determining sta-
tistical power [13,37]. The differences between and within
the neighbouring countries studied here are presumably
smaller than those between continents and not large
enough to be detected by Structure.

The detection of three clusters by Geneland versus one
single cluster by Structure can thus be interpreted as an
example of increased power in spatially structured popu-
lations. We however conjecture that on other human data-
sets, still with spatial structure but lower differentiation,
Geneland would require a larger number of markers to
uncover population structure.

From a methodological point of view it should be men-
tioned that PCA is mostly descriptive and performs no for-
mal estimation or testing of the presence of groups. Also,
even if PCA detects structure in the form of clusters, noth-
ing can be said about the genetic features of these. In con-
trast, Geneland tries to find and estimate the number of
clusters displaying HWE and linkage equilibrium. Also,
since no population labels or predefined groups are used
in the Geneland analyses, the results are more objective
and should consequently be more representative of the
real genetic substructure than when a clustering method is
used on predefined populations, as in the PCA analysis of
allele frequencies in this paper.

Internal and external validity of the study
The difference in genotyping quality and sampling
between the Finnish and Swedish samples may affect the
external validity of the study, and the validity of compari-
sons between Sweden and Finland. The ancestry of the
Finnish samples is well ascertained through grandparental
places of birth, although the coverage of the central part of
the country is suboptimal. Also, since the Finnish samples
represent the rural communities, they probably underesti-
mate the effect of recent migration within Finland. These
factors might exaggerate the sharpness of the observed
genetic border, and the true pattern of contemporary var-
iation may be more clinal. For the Swedes, we only have
information about the birth hospital of each individual. It
is an imperfect proxy for home county, but should be
highly correlated with it and therefore applicable for the
purpose of investigating the modern population structure.
However, these samples are not appropriate for drawing
conclusions about the historical population structure
since the sample set is affected by immigration and recent
migration within Sweden. Likewise, the observed geno-
typing error probably contributes at least partly to the het-
erozygote deficit observed in Sweden, and while the error
is geographically non-differential, it may obscure some
existing substructure. This study therefore also empha-
sizes the importance of trying to estimate the effect, type
and size of genotyping errors in population genetics
[38,39].

Population genetic measures are affected by the marker
discovery approach, as has been shown for both SNPs and
the dominant amplified fragment length polymorphisms
(AFLP) [40,41]. In our study, the SNPs have been chosen
Page 9 of 12
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from the HapMap data to maximize the observed differ-
ence between individuals, and are thus more hetero-
zygous than random SNPs [18,42]. This should increase
their power to detect structure in our closely related pop-
ulations [43]. However, our SNPs probably underestimate
the differences between continents, which may have
affected the simulations of immigrant contribution. The
STR markers have been selected to have a high number of
rare alleles within Finland, and in combination with the
lower sample size, this can explain why the STR analyses
appeared less efficient than SNPs in detecting substructure
within Finland.

Conclusion
Using 34 unlinked autosomal SNPs, we detected a small
but significant structure within Finland, especially
between the eastern and western region, supporting the
previously documented east-west duality in Finland [3,4].
In the Swedish data we did not detect similar patterns,
which suggests a lack of geographic population structure
within the country, but can also be compatible with a
modest substructure. The Swedish data showed a hetero-
zygote deficiency, which led us to show that it is impor-
tant to estimate the effect of genotyping error that may
otherwise distort the conclusions drawn from the data.
Our results from the Geneland algorithm demonstrate the
benefit of including spatial information in clustering indi-
viduals according to their genetic similarity, particularly at
low levels of differentiation. Although Geneland has suc-
cessfully clustered individuals into groups with low or
moderate FSTin ecological studies [44-46], to the best of
our knowledge, this is the first time the algorithm has
been used for human or SNP data.

List of abbreviations
AIM: Ancestry informative marker; AMOVA: Analysis of
molecular variance; FDR: False discovery rate; HWE:
Hardy-Weinberg equilibrium; IBD: Isolation by distance;
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STR: Short tandem repeat; WGA: Whole genome amplifi-
cation.
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