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Figure 1 Map of the North Atlantic region. The blackened area represents regions where Norse cultural and linguistic dominance was
complete during the Viking period. The dark speckled areas in the British Isles provide an indication of the core areas of Viking exploits, on
the basis of archaeological sites, place names of Norse origin, and raided monasteries and towns (Bjarnason et al. 1973; Graham-Campbell
and Batey 1998; Corráin 1999; Keynes 1999). The arrows show some of the main sailing routes of the Vikings in the North Atlantic.

though Norn, the Norse dialect of Orkney and Shetland,
survived until the 19th century). Figure 1 shows the
geographic location of the North Atlantic islands, the
sailing routes of the Vikings, and the areas of Norse
influence in the North Atlantic region.

A number of previous studies have attempted to shed
light on the genetic affinities of the North Atlantic is-
landers using classical allozyme genetic markers, but
their results have been difficult to interpret. Most studies
have focused on the Icelanders, with the aim of calcu-
lating the contributions to admixture of the Norse and
Gaelic ancestral populations. Estimates have varied
considerably—from a 93%–98% Gaelic contribution
(Thompson 1973) to an 86% Norse contribution (Wijs-
man 1984). More recent analyses of mtDNA and Y-
chromosome variation in the Icelanders suggests that a
majority of the female settlers may have originated from
the British Isles, whereas ∼80% of male settlers were
Scandinavian (Helgason et al. 2000b, 2000c). Fewer
studies have dealt with the other island populations in
the North Atlantic. An analysis of classical allozyme
markers in a Western Isles population from Lewis found
that allele frequencies showed substantial differences
from neighboring European populations (Clegg et al.
1985). Natural selection or genetic drift in the Lewis

gene pool or gene flow among the other European pop-
ulations were suggested as possible causes of these dif-
ferences. In similar studies of Orkney and Shetland,
Roberts reported (1985, 1990) that both island popu-
lations diverged considerably in allele frequencies from
neighboring populations. Although not ruling out se-
lection or drift as potential causes for this divergence,
Roberts concluded that the islanders of Orkney and
Shetland most likely represented remnants of an abo-
riginal gene pool that had changed on the British main-
land because of later population movements. None of
these studies of allozyme variation in the Scottish Is-
lands reported estimates of Norse admixture.

In this study, we examined mtDNA control-region
sequences in the North Atlantic island populations of
Orkney, the Western Isles, the Isle of Skye, and Iceland,
and we compared them to those observed in the rest of
the British Isles, Scandinavia, and other regions of Eu-
rope. The primary aims were to assess the relative mag-
nitude of diversity and levels of Gaelic and Scandinavian
admixture in the mtDNA pools of the North Atlantic
island populations and individuals from the northwest
coast of Scotland. mtDNA lineages sampled from con-
temporary populations provide us with direct links to
matrilineal ancestors from the Viking age, and thus en-
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ables us to examine the extent to which Scandinavian
females were involved in Norse settlements on the
North Atlantic islands. Many historians believe that the
Norse expansion of the Viking Age was primarily a male
enterprise (Clover 1988). If this were the case, one
would not expect to find close links between mtDNA
lineages found in the North Atlantic island populations
and Scandinavia. On the basis of available historical,
archaeological, and linguistic information (Graham-
Campbell and Batey 1998; Corráin 1999; Davies 1999),
we would expect that the largest proportion of mtDNA
lineages inherited from Norse matrilineal ancestors
would be found (in descending order of magnitude) in
Iceland, Orkney, the Western Isles, the Isle of Skye, and
the coastal region of northwest Scotland. To achieve
these aims, we sequenced the mtDNA hypervariable seg-
ment 1 (HVS1) from 1,664 individuals from the Scottish
islands, the Scottish mainland, England, and Norway.
These new data were added to an existing data set of
3,444 Eurasian HVS1 sequences, for a detailed study
of mtDNA variation in the North Atlantic region.

Material and Methods

Population Samples

DNA from 891 individuals from all regions of main-
land Scotland, 181 from the Western Isles, 49 from the
Isle of Skye, and 142 individuals of English matrilineal
descent (representing most regions of England) was ex-
tracted from blood collected at Blood Transfusion Ser-
vice donor sessions throughout Scotland. Information
about the birth place of the maternal grandmother was
sought from each individual. Similarly, DNA from 323
Norwegians was extracted from blood collected at do-
nor sessions at Ullevål hospital in Oslo. Again, the birth
place of the maternal grandmother was recorded for
each individual, showing the samples to be representa-
tive of all geographic areas of Norway. In all cases in-
dividuals gave informed consent. Samples from 78 Ork-
ney Islanders were kindly supplied by Dr. J. Bodmer (see
Bodmer et al. 1996). The data produced for this study
were deposited in GenBank and are available on request
from the corresponding author.

The comparative data set from Europe consisted of
3,444 mtDNA HVS1 sequences from the following pop-
ulations and sources: Iceland (394 from Helgason et al.
2000b, 20 from the Mitochondrial DNA Concordance,
14 from Richards et al. 1996, and 39 from Sajantila et
al. 1995), Ireland (23 from the Mitochondrial DNA
Concordance and 105 from Richards et al. 2000), Ork-
ney (74 from the Mitochondrial DNA Concordance),
the Western Isles (16 from the Mitochondrial DNA Con-
cordance), England and Wales (160 from Richards et al.
1996, 29 from the Mitochondrial DNA Concordance,

and 97 from Piercy et al. 1993), Finland (74 from Kittles
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or on a 377 DNA sequencer (Perkin-Elmer). In most
cases, sequences were obtained between sites 16010 and
16400. The mtDNA site numbers referred to in this
study are those of Anderson et al. (1981). To maximize
the number of sequences available for analysis from the
North Atlantic region, all analyses were restricted to the
235 nucleotides between positions 16090 and 16324.
Recent studies have indicated that European mtDNA
pools contain an extensive array of different mtDNA
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Figure 2 Schematic phylogenetic representation of mtDNA lineage clusters found in European populations, reconstructed on the basis of
information obtained from Torroni et al. (1996), Richards et al. (1998), Macaulay et al. (1999), Quintana-Murci et al. (1999), and Helgason
et al. (2000b
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means of a multidimensional scaling (MDS) analysis,
using the SPSS software package.

r Distances

Using the full sequences between sites 16090 and
16324, we estimated the mutational divergence of the
North Atlantic mtDNA pools from other European pop-
ulations using the index r. The r index is defined as the
average number of substitutions between the sequences
of one population and the closest founder sequences ob-
served in another population (Forster et al. 1996), and
it effectively summarizes the overlap between one
mtDNA pool and a potential source mtDNA pool. Un-
like an analysis of molecular variance (AMOVA) dis-
tance, which summarizes the average mutational dis-
tance between all pairs of sequences from two
populations (Excoffier et al. 1992), r is insensitive to the
fact that the divergence between European populations,
as measured in mutations at the mtDNA locus, is small
relative to the overall mutational time-depth of the Eu-
ropean mtDNA phylogeny (see Richards et al. 1998;
Simoni et al. 2000a). Thus, an AMOVA analysis shows
that !2% of the variance in mutational divergence be-
tween all pairs of European mtDNA HVS1 sequences
are accounted for by their distribution among different
populations (Helgason et al. 2000b).

Admixture Method

To estimate the level of Scandinavian ancestry in the
island populations of the North Atlantic and the coastal
population of northwest Scotland, we employ a heuristic
approach to estimate the admixture proportion that best
fits the observed lineage distribution in the admixed and
parental populations (see Helgason et al. 2000c). This
estimator, designated , is obtained as follows. Givenmr

a prior probability of admixture, h, the probability that
a randomly chosen lineage observed in the admixed sam-
ple is derived from the first source population is given
by , where and are the fre-hp /{hp 1 (1 2 h)p } p p1 1 2 1 2
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Table 1

Summary Statistics for HVS1 Sequences from European Populations

Population N K S GD vk v
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Figure 3 Scatterplot of values and the percentage of private lineages. The least-squares regression line, where , is shown. Thev r p 0.77k

curved lines show the 95% confidence region around the regression line.

Isle of Skye and the northwest coast of Scotland and is
greatest for the Icelanders. The least difference between
Scandinavians and Gaels is observed for Iceland and
then, in descending order, for Orkney, the Western Isles,
the northwest coast of Scotland, and the Isle of Skye.
Interpreted as a rough indicator of Norse admixture, the
relative differences between r distances to Gaels and
Scandinavians accord with historical evidence of the dif-
andiTsial impact of Norse settlemiTs on each of the
North Atlantic island populations. However, according
to these results, it appears that the Gaelic contribution
to the Icelandic mtDNA pool may have been at least as
large as that from Scandinavia.

The small r distances to the Germans in all five cases
are surprising, as there are no known accounts of recent
anmale gene flow from Germany into the North Atlantic
region. This may be accounted for by Germany’s central
position in Europe and by the fact that many ancient
population movemiTss into the British Isles and Scan-
dinavia originated from or passed through this territory
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Table 2

Pattern of Lineage Sharing between North Atlantic Islands and Source
Populations

POPULATION Ka

LINEAGES SHARED WITH

(%)

Gaels
Onlyb

Scandinavians
Onlyb Both Neither

Iceland 114 11.4 (.62) 7.0 (.38) 26.3 55.3
Orkney 68 16.2 (.65) 8.8 (.35) 38.2 36.8
Western Isles 79 16.5 (.81) 3.8 (.19) 35.4 44.3
Isle of Skye 23 30.4 (.78) 8.7 (.22) 39.1 21.7
NW Scottish coast 91 24.2 (.88) 3.3 (.12) 39.6 33.0
Scottish Islands 138 18.8 (.74) 6.5 (.26) 27.5 47.1
North Atlantic islands 214 14.0 (.67) 7.0 (.33) 21.0 57.9

a K p number of distinct lineages.
b The number in parentheses represents the proportion of lineages shared ex-

clusively with either the Gaels or Scandinavians out of the total number of
exclusively shared lineages.

strength and significance of the apparent geographic
structure observed in figure 5. Geographic distances were
calculated as geodesic distances, using the following co-
ordinates for each population: Austria/Swiss (15712′E,
48742′N), European Russia (35742′E, 5770′N), Finland/
Estonia (25712′E, 6076′N), France/Italy (7724′E, 4476′N),
Germany (10712′E, 5170′N), Iceland (18724′W, 64742′N),
Ireland (7742′W, 53723′N), Orkney (2754′W, 59717′N),
Scandinavia (11718′E, 59730′N), Scotland (4718′W,
56730′N), Bulgaria/Turkey (29748′E, 39717′N), Spain/
Portugal (307W, 39742′N), England/Wales (276′W,
52742′N), and the Western Isles/ Isle of Skye (776′W,
57717′N). The product moment correlation between ge-
netic and geographic distances for all the groups in figure
5 was , and, of 10,000 random permutationsr p 0.717
of the distance matrices, none yielded values >0.717.
When the North Atlantic island populations are omitted
from the matrices used in the Mantel test, we obtain

, with the same high degree of significance.r p 0.713

Estimates of Admixture

In this section, we apply the heuristic approach to
estimation of the relative contributions of the Gaelic and
Scandinavian source populations to the mtDNA pools
of the island and coastal populations of the North At-
lantic. Table 4 shows the estimated ancestral proportions
for each of the five admixed populations, along with
95% confidence intervals.

The estimate of Scandinavian ancestry ranges from
11.5% in the Western Isles to 37.5% in the Icelanders.
For the Scottish island and coastal populations, these
findings are consistent with historical, archaeological,
and linguistic evidence of Norse settlements in the North
Atlantic region. Of the Scottish populations, Orkney ev-
idently has the closest matrilineal links with Scandinavia.
The Western Isles, the Isle of Skye, and the coastal pop-

ulation of northwest Scotland all exhibit similarly low
levels of Scandinavian mtDNA ancestry. In contrast to
expectations based on historical records, the Icelanders
have a similar proportion of Scandinavian mtDNA an-
cestry to that of the Orkney islanders, indicating that
the majority of Icelandic matrilines originated from the
British Isles.

Discussion

This study of mtDNA variation in the North Atlantic
demonstrates the utility of uniparental loci in contrib-
uting to the understanding of the origins of human pop-
ulations not only in broad terms over millennia but also
in regional studies well within the historical period. The
analysis has revealed important details of the relation-
ships and demographic histories of the North Atlantic
island populations. The islanders of Skye are clearly
identified as the least diverse of the North Atlantic island
populations. The populations of Iceland, Orkney, and
the Western Isles exhibit greater levels of genetic diver-
sity, and judging from values, had similar female ef-vk
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Figure 4 r distances between the mtDNA pools of five North Atlantic populations and those of potential European source populations.
r distances to the Saami were excluded to maximize clarity in the representation of distances to the other populations. In all cases, the r distance
to the Saami was ∼1.5.

in earlier centuries. Thus, the reported values do seemvk

to reflect recent historical female effective population
sizes for all three islands.

On the basis of an expected positive association be-
tween values and the proportion of private lineagesvk

across populations, we observed a relative excess of pri-
vate lineages in the Icelanders compared with the Scot-
tish island populations. Although this may be explained
partially by greater sampling saturation in Iceland, it is
also likely to reflect the geographic isolation of the Ice-
landers, which will have hindered gene flow to and from
the island. The relative lack of private lineages in the
Scottish islands suggests higher levels of gene flow and
accords with the recorded depopulation of the last 200
years, which would have brought many private island
lineages to the Scottish mainland.

As is the case with most European populations, there
is some overlap between the mtDNA pools of the Scan-
dinavians and Gaels. Of a total of 416 lineages found
in these two populations, 73 (17.5%) were shared. Be-
tween 35% and 40% of lineages found in the Scottish
islands and 26% of those found in Iceland are shared
with both the Scandinavian and Gaelic populations.
However, there are differences between these mtDNA
pools that can be exploited to shed light on the genetic
history of the North Atlantic island populations. The
inhabitants of the Scottish islands share two to seven
times more of their lineages exclusively with Gaels than

they do with Scandinavians. This difference is smaller
for the Icelanders, but nonetheless indicates a closer link
to Gaels.

The pattern of lineage sharing is also informative
about interrelationships among the North Atlantic is-
land mtDNA pools. Of the lineages whose distribution
is restricted to the North Atlantic islands, only two are
not private lineages (one belongs to haplogroup V and
has the substitution motif 16124C 16298C 16362C; the
other belongs to subcluster T2, with the motif 16093C
16126C 16153A 16294T). In both cases, the lineages
are shared between Icelanders and the Western Island-
ers. Intriguingly, the medieval record of the settlement
of Iceland (The Book of Settlements 1972) indicates that
the Western Isles were frequently the place of departure
for settlement voyages to Iceland and that a number of
indigenous Western Islanders accompanied such voy-
ages. In all, the Western Isles are mentioned 22 times
in The Book of Settlements, Orkney is mentioned 7
times, the Faroe Islands are mentioned 3 times, and
Shetland is mentioned 2 times. Although anecdotal, this
apparent link between Iceland and the Western Isles
suggests that mtDNA lineages can be used to identify
recent migration contributions from closely related
populations.

The different estimates of Scandinavian ancestry for
mtDNA lineages in Orkney, the Western Isles, the Isle
of Skye, and the northwest coastal region of Scotland
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Figure 5 Multidimensional scaling plot of genetic distances on the basis of haplogroup frequencies. The fourteen dimensions of the genetic
distance matrix were reduced to two dimensions, which account for 85% of the genetic variation defined by the original distance matrix.

are consistent with the intensity of Norse activities. Al-
though Norse influence extended to all these places, the
Earldom of Orkney (established by the Norwegian king
in 900 A.D.) was the political and strategic hub of Norse
activities in the North Atlantic region. The sheer num-
ber of Norse archaeological sites in Orkney and his-
torical accounts in medieval texts, such as Orkneyinga
Saga, testify to the thorough Norse occupation of this
island group. Clover (1988) has pointed out that, like
many human range expansions, the movement of Norse
people during the Viking period was male dominated.
Thus, it is recorded that initial Viking activities in the
British Isles involved raiding parties of Norse men (Da-
vies 1999; Sawyer 1999). After these early raids and for
150 years before Iceland was discovered and colonized,
many of the same Viking men settled and intermarried
with existing populations in Shetland, Orkney, the
Western Isles, the Isle of Man, and coastal regions of
Ireland, Scotland, and northern England (Jones 1984;
Davies 1999; Sawyer 1999). In Orkney, it would have
been natural for whole families to move from Scandi-
navia—those of the Earl, his kinsfolk, and their retain-
ers. However, most of the Norse who raided, traded,
and settled elsewhere in the British Isles were young and



Table 3

Haplogroup and Subcluster Frequencies for European Populations

FREQUENCY FOR POPULATION

(%)

HAPLOGROUP

Austria/
Switzerland
( )N p 187

European
Russia

( )N p 215

Finland/
Estonia

( )N p 202

France/
Italy

( )N p 248
Germany

( )N p 527
Iceland

( )N p 467
Ireland

( )N p 128
Orkney

( )N p 152
Scandinavia
( )N p 645

Scotland
( )N p 891

Bulgaria/
Turkey

( )N p 102

Spain/
Portugal

( )N p 352

England/
Wales

( )N p 429

Western
Isles/Isle
of Skye

( )N p 246
Saami

( )N p 176

A 0 0 0 0 0 0 0 0 .16 0 0 .85 .23 .41 0
B 0 0 0 0 0 0 0 0 0 .11 0 0 0 0 0
C 0 1.86 .50 .40 .19 .43 0 0 0 0 1.96 1.14 0 0 0
D 0 1.86 0 .40 .38 0 0 0 .16 0 4.90 .28 0 0 5.11
H 47.06 33.49 36.63 45.16 38.33 28.27 41.41 40.79 39.69 38.38 31.37 50.28 40.79 27.24 1.70
H1 3.74 5.58 2.97 2.82 4.36 8.35 2.34 6.58 3.41 3.03 1.96 2.56 4.43 1.22 1.14
H3 .53 0 0 .40 1.14 .43 1.56 0 .62 .56 0 0 .93 1.22 0
H4 1.60 0 1.49 1.61 1.52 9.64 2.34 .66 2.33 1.23 3.92 3.41 3.03 3.25 0
H5 1.07 0 0 2.82 .76 .43 0 0 .62 .11 0 1.99 1.63 0 0
H8 0 3.26 2.97 .81 2.85 .43 0 2.63 1.86 2.36 .98 .28 1.40 1.63 2.84
I 2.14 1.40 2.48 .81 2.28 4.71 2.34 3.29 1.86 4.38 1.96 .57 3.03 6.50 0
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Table 4

Scandinavian and Gaelic Mitochondrial Ancestry in the
North Atlantic Islanders and the Coastal Population of
Northwest Scotland

POPULATION

mr (95% CI) FOR ANCESTRY

Scandinavian Gaelic

Iceland .375 (.215–.570) .625 (.430–.785)
Orkney .355 (.130–.645) .645 (.355–.870)
Western Isles .115 (.025–.355) .885 (.645–.975)
Skye .125 (.025–.405) .875 (.595–.975)
NW Scottish coast .135 (.035–.355) .865 (.645–.965)

tended to be biased towards including genealogical links
to high-ranking Norse ancestors is reflected in the fol-
lowing passage from the medieval text’s introduction:
“People often say that writing about the Settlements is
irrelevant learning, but we think we can better meet the
criticism of foreigners when they accuse us of being
descended from slaves or scoundrels, if we know for
certain the truth about our ancestry” (The Book of Set-
tlements 1972, p. 6). According to the mitochondrial
data, the truth seems to be that a sizeable portion of
Icelandic lines of descent are traced back 1,100 years
to females whose ancestry was firmly anchored in the
British Isles.

In general, our findings indicate a good agreement
between mtDNA variation and geography in Europe.
In the case of the North Atlantic islands, r distances
demonstrate that the most closely related mtDNA pools
are geographic neighbors from the British Isles and
Scandinavia. Genetic distances based on lineage-cluster
frequencies demonstrate an even more marked and
highly significant geographic structure of European
mtDNA variation. These findings contrast with those
of Simoni et al. (2000a), who detected only very limited
geographic patterns in European mtDNA variation us-
ing spatial autocorrelation statistics (but see a different
interpretation by Torroni et al. 2000). Although the
methods are not strictly comparable, the very different
conclusions reached by Simoni et al. (2000a) suggests
the need for further examination of this problem. One
potentially important difference between the two stud-
ies is that the average sample size in Simoni et al.’s
(2000a) study was 73 (minimum 15 and maximum
249), whereas, in our analysis of genetic and geographic
distances, the average sample size was 352 (minimum
128 and maximum 891). As shown in table 1, sampling
saturation varies considerably among populations. Even
for populations in which the sample size is
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