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Abstract The temporal occurrence, spatial distribution,
spread, and prevalence of rabies in Arctic foxes, Vulpes
lagopus, in Greenland were studied using historical obser-
vations from 1969 to 2011 and survey data collected in
the winters 1992 and 1993. Regionally, the prevalence of
rabies ranged between 0 and 7.1 %. Wavelet analysis was
used to identify periodicities in the abundance of rabies
cases based on the historical observations. No general
length of the cyclic interval of rabies occurrences in
Greenland could be demonstrated. The frequency of out-
breaks was found to be variable but can be grouped as
short (less than 5 years), medium (5–10 years), and long
(more than 10 years). Moreover, rabies outbreaks in
neighboring regions were found to be more closely corre-
lated compared to regions further apart. In West
Greenland, the temporal outbreaks of rabies were found
to occur along a north-south trajectory.
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Introduction

Rabies is a disease considered to be endemic throughout most
parts of the Arctic (WHO 2004; MacDonald et al. 2011). It is
caused by a virus (Lyssavirus, Rhabdoviridae) infecting the
central nervous system causing encephalopathy and is often
fatal for the affected animal. The virus is transmitted via the
saliva through openwounds when being bitten or alternatively
over mucous membranes (Krebs et al. 1995; Hankins and
Rosekrans 2004). Rabies has a wide host spectrum among
mammals, rendering it a severe zoonosis (Leung et al. 2007;
Jackson 2008).

The Arctic fox (Vulpes lagopus) is considered to be the
main vector of rabies in circumpolar Arctic although other
arctic mammals may occasionally become infected (Rausch
1958; Odegaard and Krogsrud 1981;Mørk and Prestrud 2004;
Nadin-Davis et al. 2012). Arctic foxes have a circumpolar
distribution (Angerbjörn et al. 2004) and they live as oppor-
tunistic predators and scavengers in coastal as well as inland
habitats (Kapel 1999; Meinke et al. 2001; Pagh and
Hersteinsson 2008).

In Greenland, rabies has been found in Arctic fox, caribou
Rangifer tarandus, sledge dog and domestic dog Canis
familiaris, sheep Ovis aries (Leisner 2002), horse Equus
caballus (Ann. 2001), and domestic cat Felis catus
(Christensen et al. 2008). A rabies-like outbreak in dogs was
described in 1859/1860 (Tabel et al. 1974; Bjerregaard and
Zoffmann 1986) and although rabies has most likely always
been endemic to Greenland, a clear description in dogs and
Arctic foxes was not done before 1959 (Lassen 1962).
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Studies on rabies virus have shown that the virus strain
found in the Arctic has emerged within the last 200 years
and has spread quickly over a wide area (Nadin-Davis et al.
2012). Prevalence of rabies in Arctic foxes display fluctuating
oscillations reflecting the cyclic nature and abundance in the
Arctic fox populations (Elmhagen et al. 2011). Further, the
high degree of genetic similarity between virus isolates from
Greenland and North America (Mansfield et al. 2006; Kuzmin
et al. 2008) imply that reintroductions of the virus through
migration are possible with Arctic foxes crossing the Baffin
Bay/Davis Strait in winters with covering sea ice (Leisner
2002; Geffen et al. 2007; Nadin-Davis et al. 2012).
Additionally, Arctic foxes might even cross the Greenland
Sea from Svalbard and reinfect foxes in East and Northeast
Greenland (Leisner 2002). This is further supported by genetic
studies of Arctic foxes that imply low degree of genetic diver-
sity between foxes in North America, northern Greenland, and
Svalbard (Geffen et al. 2007; Norén et al. 2011a).

This present paper investigates and contrasts the temporal
occurrence, spatial distribution, and spread of rabies in
Greenlandic Arctic foxes based on historical observations
from 1969 to 2011. Further, it presents the results of a preva-
lence study conducted during the winters of 1992 and 1993.

Materials and methods

The spatial analysis of the occurrence of rabies was based on
samples from seven geographical regions: (1) South
Greenland, (2) Nuuk, (3) Kangerlussuaq-Sisimiut, (4) Disko
Bay, (5) Upernavik, (6) Northwest Greenland, and (7) East
Greenland (Fig. 1). The sampling regions differ in size but
were chosen based on geographic features and in-between
distance that naturally divides them. It should be noted that
regions 1 and 2 are areas where sledge dogs are prohibited by
law, while sledge dogs are present in the remaining five re-
gions (Fig. 1).

The presented data on rabies in Arctic foxes in Greenland
comprises both historical sources and a multi-site prevalence
study conducted over a 2-year period.

Historical sources

The historical data collected in 1969–2011 are based on shot
animals with suspected rabies infection. Thus, local hunters
have shot foxes with abnormal behavior and delivered these to
the local authorities. The animals were shipped frozen to the
Institute of Viral Research, Lindholm, Denmark, for diagno-
sis. The diagnostic results were then provided to the
Veterinary and Food Authority of Greenland, the institution
responsible for maintaining records of rabies in Greenland. In
addition to the diagnostic result, information on location and
species (e.g., Arctic fox or dog) are included in the data. Since

1991, suspected rabid foxes tested negative for rabies have
been included in the records. During this period, the majority
(67 %) of the suspected rabid foxes submitted by hunters
tested positive for rabies. For the purpose of this study, only
Arctic foxes positive for rabies have been included.

Samples collected for a prevalence study (1992–1993).
For the prevalence study, a total of 266 Arctic foxes were

caught in Greenland by local hunters in the years 1992 and
1993. Of these, 245 foxes were caught in traps for subsistence
purposes by the local hunters and 21 as a governmental initia-
tive to manage Arctic fox populations locally (Kapel and
Nansen 1996). Although inexperience of younger foxes and
foxes infected with rabies may eventually predispose them to
be captured, trapping may offer a relatively objective way of
collecting individuals. Shooting tends to favor size or color
depending on the preference of the hunter, but the foxes shot
in the present material were killed without preference for size
or color simply to control populations locally. Therefore, even
though the number of collected Arctic foxes is limited, com-
position of the populations might be represented well. The
Arctic foxes originated from seven different geographical re-
gions as illustrated by Fig. 1 and Table 1 and were caught
during two winter seasons (November–March) in 1992 and
1993. The foxes were transported to the Institute of Viral
Research, Lindholm, Denmark, and kept frozen at −20 °C
for a period of 2–3 months prior to examination for rabies.

The brains of the Arctic foxes were examined for rabies by
a standard fluorescent antibody test, FAT. An anti-rabies virus
nucleocapsid conjugate from the Pasteur Institute (Paris,
France) was used (Robles et al. 1992; Woldehiwet 2005).

Wavelet analysis

Changes in the dominant significant periodicities of the tem-
poral occurrence of foxes with rabies across the seven geo-
graphical regions (the historical data) were examined using
wavelet analysis (Cazelles et al. 2008; Mallat 2008). Awave-
let analysis performs a time/frequency analysis of the signal
(e.g., the number of rabid foxes), providing information on the
periodic components of the signal as time progresses. The
Morlet mother wavelet was utilized permitting extraction of
both time-dependent amplitude and phase of the time series.

�Fig. 1 Spatiotemporal distribution of rabies in seven sampling regions in
Greenland: (1) South Greenland, (2) Nuuk, (3) Kangerlussuaq-Sisimiut,
(4) Disko Bay, (5) Upernavik, (6) Northwest Greenland, and (7) East
Greenland. In addition, periodicity of rabies on a Greenland scale is
presented. For each of the regions, the wavelet power spectrums are
presented (furthest to the left) as period (in years) between cycles as a
function of time (years). The color scale indicates the strength of
periodicity and ranges from blue (weak) to red (strong). Contour lines
indicate statistically significant periodicities (p<0.05). The line plot
depicts the number of rabies-positive Arctic foxes (N) as a function of
time (year)
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This wavelet (the Morlet mother) is often used to describe
ecological time series of similar lengths to ours (Ménard
et al. 2007; Mallat 2008). The visualization of a wavelet anal-
ysis (as in Fig. 1) is based on a colored wavelet power spec-
trum displaying the data (the periodicity of the data as a func-
tion of the time). The colors range from blue to red where blue
is week periodicity and red is strong periodicity. Statistically
significant periodicities are indicated by contour lines
(Ménard et al. 2007; Sundelöf et al. 2013). Wavelet analyses
were performed in PAST version 2.16 (Hammer et al. 2001).

Correlation analyses

To test for correlations in the number of rabies-positive foxes
between neighboring regions and the strength and direction of
the relationship between the number of rabid foxes and the
regions, three correlation analyses were done. First,
Spearman’s coefficient of rank correlations (Sokal and Rohlf
2001) were calculated based on number of foxes tested posi-
tive for rabies during the period 1969–2011. This was done by
correlating the number of foxes from each year with the num-
ber in the other individual regions the same year. Second, the
effect of distance between regions was studied using the re-
sults from the Spearman’s tests when calculating the distance-
dependent correlation coefficient. Data on distance between
geographical midpoints along the shore line of the regions
were used for calculating the linear regression coefficient.
Finally, cross correlation analyses were done on yearly rabies
outbreaks in neighboring regions to further study the direc-
tional spread of the disease. The correlation output (as in
Fig. 3) represents individual cross correlations at different lags
in time (h). Rabies outbreaks in neighboring regions are either
correlated with positive lags (h>0) indicating that outbreaks
of rabies in region x (southernmost region) lags outbreaks in
region y (northernmost region), or correlated with negative
lags (h<0) in which case region y lags region x. More than
one significant (p<0.05) cross correlation in the data are due
to periodicities in the data (Hammer 2015). For the purpose of
the latter two correlation analyses, only regions 1–6 were used

in the calculations due to the low number of rabid foxes re-
ported from East Greenland (region 7).

Results

Prevalence study

Rabies was detected in 8 of 266 Arctic foxes from the field
campaign (1992–1993) resulting in a prevalence ranging be-
tween 0 and 7.1 % in Greenland (Table 1). Large geographic
variation in the prevalence of rabid foxes was evident since no
rabies-positive foxes were caught in traps in the Nuuk area
(region 2) and at the east coast of Greenland (region 7), while
7.1 % of the trapped foxes in the Kangerlussuaq-Sisimiut area
(region 3) were rabid.

Historical data

Over the period 1969–2011, a total of 313 Arctic foxes was
recorded rabid for all seven regions (Fig. 1). The total number
of records within a region ranged from 12 records in East
Greenland (region 7) to 74 in South Greenland (region 1).

Wavelet analyses

The spatial and temporal pattern of recorded rabid foxes in
Greenland is presented in Fig. 1. Eight wavelet analyses were
performed including analyses from the seven regions as well
as one on the overall Greenland scale. Visual examination of
the power spectrograms did not reveal any general trend in the
length of the cyclic interval of rabies occurrences throughout
Greenland at the regional scale. However, the frequency of
outbreaks could generally be grouped within 3 phases: short
(less than 5 years), medium (5–10 years), and long (more than
10 years) (Table 2). Furthermore, a temporal difference in
occurrences of the different phases was observed visually
but again without a general pattern (Fig. 1). In three of the

Table 1 Number of Arctic foxes examined and tested positive for
rabies during the winter field campaign in 1992 and 1993

Region Examined Rabies positive % positive

1 South Greenland 41 1 2.4

2 Nuuk 33 0 0.0

3 Kangerlussuaq-Sisimiut 56 4 7.1

4 Disko Bay 0 – –

5 Upernavik 0 – –

6 Northwest Greenland 116 3 2.6

7 East Greenland 20 0 0.0

Total 266 8 3.0

Table 2 Length (years) of the observed cyclic phases of rabies in the
different regions of Greenland

Region Area Short Medium Long

1 South Greenland 5–6

2 Nuuk 6–14

3 Kangerlussuaq-Sisimiut 2–3 4–7

4 Disko Bay 2–4 4–9

5 Upernavik 3–10

6 Northwest Greenland 3–5 9–15

7 East Greenland 3–17

Greenland, total 5–7 11–14

See Fig. 1 for details
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regions (i.e., 1, 2, and 5), only the medium phase length of
cyclicity occurred. In regions 3, 4, and 6, two phases of vary-
ing lengths were observed. In region 7, East Greenland, only
one cyclic period was observed but the range of the cycle was
large (between 3 and 17 years). However, the number of rabid
foxes recorded from East Greenland was low (Fig. 1, line
plot), and the cyclicity was only present in the very beginning
of the rabies recording period. This early occurrence of rabies
could also be detected in Northwest Greenland (region 6)
where 2 main frequency periods of approximately 4 and
12 yea r s we re dominan t . Rab i e s ou tb r eaks i n
Kangerlussuaq-Sisimiut (region 3) followed a pattern with
two lengths of cyclicity, namely 2–3 years and 4–7 years. In
Upernavik (region 5), only one periodicity was evident
resulting in cyclicity lasting 3–10 years in the late 1980s to
1990s corresponding to the recorded outbreak in 1994. In the
Disko Bay (region 4), the wavelet analysis displayed 2 signif-
icant periods of 2–4 years in the 1980s and 4–9 years during
the remaining of the time. The time series of rabies outbreaks
in foxes in Nuuk was less comparable due to the later obser-
vation of the first rabid fox but had a length of the cyclic phase
of 6–14 years. The South Greenland region (region 1) was
found to be distinctly different from the remaining regions
on the west coast, by transcending from being a region with-
out detectable rabies to having significant cycles of 5–6 years
of rabies outbreaks since the 1990s.

The periodicity of rabies outbreaks based on the wavelet
power spectrogram at the Greenland scale indicates both me-
dium (5–7 years) and long (11–14 years) lengths of cyclicity.
Thus, the trends found at the regional scale correspond well
with the findings at the country scale.

Spread of rabies

The Spearman’s correlation index table (Table 3) and the
distance-dependent rabies correlations (Fig. 2) reveal higher
but nonsignificant (r2=0.2234, p=0.075) overall correlations

of the timing of rabies outbreaks between near neighboring
regions than between geographic locations further apart. South
Greenland (region 1) and Nuuk (region 2), Kangerlussuaq-
Sisimiut (region 3) and Disko Bay (region 4), and Upernavik
(region 5) and Northwest Greenland (region 6) show pairwise
similarities in timing of outbreaks of rabies. The correlation in
rabies outbreaks between regions located closer together is fur-
ther supported by the distance-dependent correlation shown in
Fig. 2. There is a tendency for near neighbors to have temporal
overlap in outbreaks compared to regions further apart.

Visual examination of the results from the wavelet power
spectograms indicates a north-south trajectory in the spread of
rabies. This is supported by the cross correlation analyses
(Fig. 3) which, exempting one region only, describes the out-
breaks of rabies as occurring along a north-south course. The
cross correlations between regions 1 and 2, 2 and 3, and 4 and
5, along with 5 and 6 (Fig. 3a, b, d, e), are all significant with
positive lag values suggesting that the outbreaks occur in the
northern region of the pair before occurrences in the southern
region. The only exception to this is the cross correlation
between regions 3 and 4 (Fig. 3c) where the significant corre-
lations are evident only with negative lag values. This implies
that within these two regions, rabies outbreaks seem to occur
in the southern region (region 3) before they are seen in the
northern region (region 4). Regions 3 and 4 are geographically

Table 3 Spearman’s coefficient
of rank correlation matrix Region 1 Region 2 Region 3 Region 4 Region 5 Region 6 Region 7

Region 1 – 0.0209 0.0568 0.1300 0.7254 0.9841 0.2035

Region 2 0.3513 – 0.0847 0.1409 0.6379 0.7738 0.9546

Region 3 0.2927 0.2660 – 0.0083 0.2755 0.5413 0.2217

Region 4 0.2346 0.2283 0.3974 – 0.8523 0.5578 0.1488

Region 5 0.0552 0.0738 −0.1701 0.0293 – 0.0059 0.5606

Region 6 −0.0031 −0.0451 0.0958 −0.0919 0.4128 – 0.8066

Region 7 −0.1978 −0.0089 0.1903 0.2240 −0.0912 −0.0384 –

The analyses were done on pairwise correlations of number of foxes tested positive for rabies per year during the
period 1969–2011 in the different regions (1–7). Values above the diagonal are p values where numbers in italics
show significant similarities in timing of rabies outbreaks. Values below the diagonal are the coefficients indi-
cating the positive or negative strength of association between the locations. For information on the location of
the different regions, please refer to Fig. 1
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smaller than the neighboring regions, and this has been known
to possibly influence how results should be inferred (Tinline
and MacInnes 2004). Based on the outcome of our results, we
therefore included two additional analyses in which rabies
data from regions 3 and 4 were summed followed by cross
correlations with regions 2 and 5. The results of this analysis
(Fig. 3g, f, respectively) show that with the new regional
boundaries, the cross correlations between regions 2 and B3
+ 4^ and regions B3 + 4^ and 5 are significant with positive
lags indicating that rabies outbreaks along the entire west
coast of Greenland follow a north-south trajectory.

Discussion

There seems to be a general overall trend in the cyclicity of
rabid foxes in Greenland with an average period of 5–10 years
between outbreaks (Table 2, Fig. 1). These are significantly
longer intervals than those observed in both North America
and Svalbard where cyclicity of 3–5 years has been reported
(Tabel et al. 1974; Nadin-Davis et al. 2008) but comparable
with the 6–10 years suggested by Mørk and Prestrud (2004)
for arctic populations in general. The link between the cyclic
occurrence of rabies outbreaks in Arctic fox populations re-
ported here and in related studies is often reported as being
correlated to fox population density, relying in part on cyclic
variations in prey abundance, e.g., rodents (Ballard et al.
2001; Dalén et al. 2005; Norén et al. 2011b). When Arctic
fox populations peak in numbers, the likelihood of encounters
between individuals increases once the foxes disperse (Tabel
et al. 1974; Mørk and Prestrud 2004; Mørk et al. 2011).
Studies on dispersal distances in Canada (Tarroux et al.
2010) and Russia (Goltsman et al. 2005) indicate that move-
ment distances of more than a thousand kilometers are not
uncommon in Arctic foxes. Such movements may effectively
disperse rabies virus to large areas within relatively short time
(Tabel et al. 1974). Since the rabies virus may remain infective
in frozen carcasses, the etiological agent may be transmitted
over extended periods of time. Thus, foxes may become ex-
posed from scavenging on infected carcasses and reinforce a
beginning epizootic (Ballard et al. 2001; Mørk and Prestrud
2004).

Although it is not possible to make definitive conclusions
on the cyclicity of rabies in the Greenlandic Arctic fox popu-
lations, our results indicate that long distance dispersal of ra-
bid foxes as a means of transmission may prevail in
Greenland. The spread of rabies along a north-south gradient
in West Greenland (from region 6 to region 1) will most likely
include foxes dispersing over large distances carrying the vi-
rus to areas further south. Furthermore, the occurrence of ra-
bies appears to be high in region 6 (Northwest Greenland)
based both on the prevalence study and on the historical re-
cords (Fig. 1 and Table 1). The region is only separated by a

narrow strait (30–40 km wide) from the northeast Canadian
archipelago which may represent a transmission route for ra-
bies by invading foxes.

Such migration may be supported by autoregressive anal-
ysis of hunting statistics (1919–1939) which identified a 3-
year time lag between fox population peaks in Canada
(NWT/Nunavut) and Northwest Greenland (pers. comm.
Charlotte Moshøj). The high degree of genetic similarities
between the rabies strains in Greenland and North America
(Mansfield et al. 2006; Kuzmin et al. 2008) further supports
the migration of rabid foxes between the two countries.

East Greenland (region 7) stands out from the remaining
regions because of the seemingly low presence of rabies
(Fig. 1), where only 12 cases have been observed since the
late 1960s. As the region is only sparsely populated, the prob-
ability of close fox-human encounters is low and eventual
cases may not even be reported (Prestrud et al. 1992;
Kuzmin et al. 2008). Furthermore, within fox populations at
low densities, sporadic contacts between individual foxes will
reduce the persistence of the rabies virus in the population. As
rabid foxes are only infrequently reported in the area (last
record 1995), infection is most likely maintained at a low
endemic level by foxes performing longer migrations.

Most reports of rabid foxes are from South Greenland (re-
gion 1). Sheep farming is widespread in the region, which
attracts foxes and possibly increases the number of human-
fox encounters and reporting on rabid foxes.

Within the remaining regions (2–5), the temporal distribu-
tion of rabies is more uniform. The regions are all along the
north-south rabies transmission route and peaks in outbreaks
are delayed in time along this path.

In Greenland, the major concern regarding rabies is its
zoonotic property and the fact that disease may be transmitted
from the fox reservoir to the dog population. Transmission to
man is most common from infected dogs which in Greenland
is either the sledge dogs (in regions 3–7) or sheep dogs (region
1). In order to control the rabies virus, a rabies vaccination
program for dogs was introduced by the government of
Greenland in 1969 (WHO 1990). The program was made
mandatory in 1997 and includes both dogs and cats
(Mansfield et al. 2006). Since both the Greenlandic sledge
dog and the sheep dog are used as working animals, the life
expectancy is approx. 5 years resulting in a fast turnover of
dogs. Compulsory vaccination of dogs (revaccination every
3 years) represents significant expenses for dog owners and
the Greenlandic society in general, and preventivemeasures to
reduce such costs have been explored.

Several studies have indicated the potential for vac-
cination against rabies in wild animals, thus preventing
the infection route to humans, but the long-term effi-
ciency and cost benefits are not obvious (Brochier
et al. 1991; Hanlon et al. 1999). Large-scale eradication
of rabies in Arctic foxes using bait-vaccination has been
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considered for Greenland, but due to vast geographical
area to be covered, it is not economically or practically
feasible (Hansen et al. 1996). Furthermore, the reintro-
duction of rabies via immigrating foxes from northern

Canada would most likely repeatedly compromise any
local prevention programs.

Although the present study identifies some basic character-
istics of the spatiotemporal distribution of Arctic fox rabies in
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Greenland, the transmission principles and timing of the re-
current outbreaks are not known. The severity of the disease,
the reduced hunting pressure of the foxes, and the increasing
human population suggest the need for a new survey (compa-
rable to the study in 1992/1993) which would allow for a more
systematic risk assessment and provide information relevant
for stakeholders in Greenland.
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