


Figure 1. A map depicting the approximate current distribution of the Arctic fox in blue [10]. The dashed black line indicates
the median sea ice maximum for the period 1979–2000 [16].
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population structure is the propensity for long-distance

migration during periods of nutritional stress [10,13].

Adult foxes of both sexes are known to habitually travel

thousands of kilometres in a single year while spending

substantial periods on arctic pack ice [14,15].

High mobility across both land and sea ice is believed

to have had an important influence on the distribution

and maintenance of genetic diversity of the arctic fox

across its range (figure 1). Previous studies using both

mitochondrial and microsatellite markers have demon-

strated that the presence of sea ice is the most

important factor in explaining arctic fox global population

structure [17–19]. Genetic differentiation between North

America, north Greenland and Svalbard is low, implying

extensive movement across the sea ice between these areas

[17,20]. In fact, the genetic proximity of these areas to

Siberia has prompted suggestions that Svalbard may act

as a central junction for gene flow across the entire

Arctic, mediated by sea ice [17,18].

Islands surrounded by open water year round, such as

the Commander Islands, Pribilof Islands and Iceland,

show a distinct pattern of genetic isolation [19]. Unlike

the small islands of the Bering Sea, however, Iceland

may have been connected to the rest of the Arctic more

frequently during the last millennium than at present, a

possibility reflected in the presence of both indigenous

mitochondrial haplotypes (I1 and I2) and Holarctic

haplotypes (H2, H5 and H8) that have been observed

in specimens from regions across the circumpolar

distribution of the arctic fox [21].

Records dating from the Little Ice Age cooling event

(approx. sixteenth to nineteenth century [22,23]) suggest
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that grounding of Arctic sea ice on Iceland’s northern

shore may have been a relatively common occurrence,

thus connecting Iceland and Greenland for several

months per year [23]. Such a sea ice bridge, though tran-

sient, may have persisted for sufficient time to enable gene

flow into Iceland, resulting in an influx of genetic diversity

during the last millennium [19].

In order to test this hypothesis, we generated mitochon-

drial DNA sequences from archaeological specimens dated

to the ninth to twelfth century AD and compared them

with contemporary Icelandic foxes. We then employed an

approximate Bayesian computation approach to assess

whether the shift in haplotype frequencies through time

was larger than would be expected from genetic drift

alone, or whether it was necessary to invoke sea-ice-mediated

gene flow to explain the genetic variation in modern

Icelandic foxes.
2. MATERIAL AND METHODS
We analysed 25 adult arctic fox specimens obtained from

different areas of 12 stratigraphic units from six archaeological

sites. The deposits span the chronological sequences of the

sites and comprise extensive sheet middens accumulated over

generations of human occupation. Even those specimens

from the same stratigraphic units (see the electronic supple-

mentary material, table S1) were derived from individual,

non-articulated bones representing the discard of single

bones from single kills into the midden. As a result, the

bones are unlikely to be derived from related individuals and

do not represent a group kill of a family unit. Nineteen of

the specimens were derived from six extensive stratigraphic
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Figure 2. A map of Iceland showing the sample locations and
sizes for both the modern and ancient datasets. Pie charts

show the proportion of individuals at each locality assigned
to each haplotype shown at the bottom of the figure.
Median-joining networks to the right of the maps depict
the relationships between the ancient and modern haplotypes
present on Iceland. Black circles indicate the absence of

modern haplotypes in the ancient population. White circles
represent inferred haplotypes.
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units at Sveigakot, an abandoned farm dwelling containing

numerous zooarchaeologically rich midden deposits. Specimens

were also acquired from other sites in the Lake Mývatn region in

northeast Iceland, including two from Hofstaðir and single

bones from Hrı́sheimar and Skútustaðir (figure 2). Collectively,

these sites possess multiple phases of occupation which together

have been dated using radiocarbon and tephrochronology to

between the late ninth to twelfth centuries AD [24].

We successfully extracted and amplified an approximately

330 bp fragment of the mitochondrial control region [7] from

17 bones excavated at Sveigakot and Hofstaðir in the Mývatn

region of northeast Iceland (see the electronic supplementary

material, table S1). Sequences were assigned haplotypes

based on comparison with data encompassing the modern

and Late Pleistocene mitochondrial variation (GenBank

accession numbers AY321123–AY321148; DQ500881–

DQ630747; EF95220–EF95229). The data were compared

against a previously published set of 23 mitochondrial

sequences obtained from modern Icelandic fox specimens

[21] (see the electronic supplementary material, figure S1).

Further details regarding sample preparation, DNA extraction,

PCR amplification and sequencing are presented in the

electronic supplementary material.

The most parsimonious explanation for temporal change

in observed haplotype frequencies is probably genetic drift

and/or sampling error. To statistically test if the observed

changes in haplotype frequency could be the result of genetic

drift, sampling error or unobserved variation, we employed a

simulation approach described by Sandoval-Castellanos
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[25]. Since the amount of genetic drift is dependent on the

(in this case unknown) effective female population size

(Nef), we executed the test for a range of plausible Nef

values (100–100 000).

The results from this simulation demonstrated that the

observed change in haplotype frequency was unlikely to be

the result of genetic drift alone. We therefore employed an

approximate Bayesian computation approach to account for

the possibility of sea-ice-facilitated immigration to Iceland

during the Little Ice Age. This approach makes use of exten-

sive simulations using prior distributions for key unknown

parameters such as Nef, migration rate and initial haplotype

frequencies. Following the simulations, a rejection approach

was employed in order to select a subset of the simulations

that have summary statistics that are similar to those of the

empirical dataset. Finally, posterior probability distributions

of the unknown parameters (see above) were approximated

from the subset of non-rejected simulations [26,27].

Additional details of the approximate Bayesian computation

analysis are given in the electronic supplementary material.

Our model assumed a lack of mitochondrial phylogeographic

structuring of modern haplotypes in Iceland. In order to test this

assumption, we performed a simulation of one million gener-

ations, assuming either two or three genetically differentiated

populations within Iceland. These two putative population

structures were Northeast versus West (with sample sizes of

7 and 16) and Northeast versus Northwest versus Southwest

(sizes 5, 5 and 10, respectively), which correspond with the

most obvious pattern following the distribution of the modern

haplotypes in Iceland [21] (figure 2). This simulation is equival-

ent to a randomization test, but haplotype frequencies are

simulated from a Dirichlet prior distribution conditioned on

the contemporary haplotype frequencies in Iceland. The Eucli-

dean distances among haplotype frequencies across the

simulations were compared with the Euclidean distances calcu-

lated from the empirical dataset, with the modern samples

grouped according to the hypothesized population structures

outlined above. The proportion of simulated distances equal

to or higher than the observed among the modern samples is

equivalent to the p-value in a statistical test.
3. RESULTS
All 17 samples for which sequence data could be obtained

possessed the identical, previously reported I2 haplotype

(figure 2). This sequence is an Iceland-specific lineage

that makes up 61 per cent of the modern population.

The four remaining haplotypes present in modern Iceland

were not detected, suggesting that each of their frequen-

cies rose from 0 per cent in the ancient sample to 4 per

cent (H5), 9 per cent (H2 and H8) and 17 per cent

(I1). Although I1, like I2, is an Iceland-specific haplo-

type, H2, H5 and H8 are Holarctic haplotypes that

have been observed in specimens from regions across

the circumpolar distribution of the arctic fox [21].

The test for modern-day geographical structure in

Iceland with contemporary haplotypes yielded non-

significant p-values (p ¼ 0.22 for the North–East–South

structure and p ¼ 0.18 for the East–West structure),

suggesting that the contemporary population is not

phylogeographically structured.

The simulation test for temporal changes in haplotype

frequencies, however, demonstrated that the observed

change in haplotype frequencies was unlikely to be due
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Figure 3. (a) A joint density graph showing high (yellow) and low (blue) probability regions for the combination of two par-
ameters: a logarithmic scale of effective female population size (Nef; horizontal axis) and effective number of female immigrants
per generation (NMf; vertical axis). The square and diamond represent median and expected values and the black dashed line
shows the borders of the 95% highest density region (HDR). (b) A depiction of the posterior probability distribution of the
effective female population size (Nef) on a logarithmic scale. (c) A depiction of the posterior probability distribution of the effec-

tive number of female immigrants per generation (NMf). In (b,c), vertical lines correspond to the median (left) and expected
(right) values, and the lighter blue bars encompass the 95% HDR.
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to genetic drift alone (p � 0.009 for all simulated popu-

lation sizes). Assuming some female immigration during

the Little Ice Age, the ABC analysis suggested that the

observed change in haplotype frequencies was consistent

with a long-term effective female population size of

approximately 7000–8000 individuals (figure 3), with a

95 per cent credible interval (CI) ranging from 610 to

18 600 effective females (table 1). The estimate for immi-

gration was approximately 4.0 with a 95 per cent CI of

0.5–9.5 (figure 3). The estimated approximately 4.0

Bayes factor suggested that the Little Ice Age-mediated

immigration hypothesis was more strongly supported

than the drift hypothesis.
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4. DISCUSSION
The genetic composition of the ancient samples indicates

that the Icelandic fox population approximately 1000–

1100 years ago was genetically homogeneous relative to

the modern population (figure 2). There are three possible

explanations for the presence of just a single haplotype in

the ancient population, but five haplotypes, including

three found across the Holarctic, in the modern population.

First, because all of the successfully amplified ancient

samples were excavated from two sites in close proximity

to each other in the Lake Mývatn region of northeast

Iceland, it is possible that the lack of haplotype variation

in the ancient samples is the result of our regionally






