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Food-niche overlap between arctic and red foxes

Bodil EImhagen, Magnus Tannerfeldt, and Anders Angerbjorn -

Abstract: Arctic foxes (Alopex lagopus) in Fennoscandia have retreated to higher altitudes on the mountain tundra,
possibly because of increased competition with red foxes (Vulpes vulpes) at lower altitudes. In this study we compare
summer food niches of the two species in mountain tundra habitat. Arctic foxes consumed lemmings more often than
red foxes did, while red foxes consumed field voles and birds more often. Yet despite substantial variation in the diet
of each species among summers, food-niche overlaps between the species were consistently high in most summers, as
arctic and red foxes responded similarly to temporal changes in prey availability. Occurrences of field voles and birds
in fox scats were negatively correlated with altitude, while the occurrences of lemmings tended to increase with alti-
tude. Since arctic foxes bred at higher altitudes than red foxes, the differences between arctic and red fox diets were
better explained by altitudinal segregation than by differences between their fundamental food niches. Arctic foxes
should therefore endeavour to use the more productive hunting grounds at the lower altitudes of their former range, but
interference competition with red foxes might decrease their access to these areas, and consequently cause a decrease
in the size of in their realised niche.

Résumé : En Fennoscandie, les renards arctiques (Alopex lagopus) se sont réfugiés a des altitudes plus élevées dans la
toundra de montagne, probablement & cause de la compétition plus grande des renards roux (Vulpes vulpes) aux altitu-
des plus faibles. Nous comparons ici les niches alimentaires des deux espices en été dans la toundra montagneuse. Les
renards arctiques consomment plus de lemmings que les renards roux, alors que les renards roux capturent plus de
campagnols des champs et d’oiseaux. Pourtant, en dépit de la variation importante dans le régime alimentaire des deux
especes d’un été a 1’autre, les miches alimentaires des deux espéces se chevauchent considérablement la plupart des
étés, alors que les animaux des deux espéces ont des réactions semblables aux variations temporelles dans la disponibi-
lité des proies. La présence de campagnols des champs ou d’oiseaux dans les feces des renards est en corrélation néga-
tive avec ’altitude, alors que la présence des lemmings a tendance & augmenter avec I’altitude. Etant donné que les
renards arctiques se reproduisent a des altitudes plus élevées que les renards roux, les différences entre les régimes ali-
mentaires des deux espéces s’expliquent plutdt par la ségrégation spatiale que par des différences dans les niches ali-
mentaires fondamentales. Les renards arctiques auraient donc intérét a chercher 2 utiliser les zones productives de
chasse aux altitudes plus basses qu’ils occupaient auparavant, mais la compétition d’interférence avec les renards roux
pourrait limiter leur accés & ces zones, et conséquemment, causer une diminution de leur niche réalisée.

[Traduit par la Rédaction]

introduction

Competition is usually classified as either exploitative or
interference (Park 1962). Interspecific competition can influ-
ence habitat use and a superior species may exclude an infe-
rior one from parts of its fundamental niche or, in extreme
cases, make it go extinct. The arctic fox (Alopex lagopus)
has a circumpolar distribution covering the arctic tundra of
North America and Eurasia, the Fennoscandian mountain
tundra, Greenland, and Iceland (Macpherson 1969). The red
fox (Vulpes vulpes) is distributed through North America,
Europe, and Russia, but does not penetrate the High Arctic
(Lariviere and Pasitschniak-Arts 1996). Consequently, arctic
and red foxes are sympatric in a relatively narrow overlap
zone in the Low Arctic. The red fox is larger than the arctic
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fox and the northern distribution limit of the red fox could
be determined by resource availability, while the southern
distribution limit of the arctic fox could be determined by
interspecific competition with the red fox (Hersteinsson and
Macdonald 1982, 1992).

During the last century, the red fox spread northwards in
North America and Russia (Marsh 1938; Macpherson 1964;
Chirkova 1968), and the number of red foxes increased on
the mountain tundra in Fennoscandia (@stbye et al. 1978;
Kaikusalo and Angerbjorn 1995). In Fennoscandia there is
also evidence of a concurrent redistribution of the arctic fox.
It has retreated to peripheral areas and dens at higher alti-
tudes within its former range (@stbye et al. 1978; Linnell et
al. 1999; Dalerum et al. 2002; Tannerfeldt et al. 2002). At
the beginning of the 20th century the Fennoscandian arctic
fox population declined drastically as a result of hunting
(Lonnberg 1927). The population has not recovered, despite
complete protection since 1940, and increased competition
with red foxes might have contributed to the non-recovery
(Hersteinsson et al. 1989). However, niche overlap is a pre-
requisite for competition. If arctic and red foxes have differ-
ent habitat or prey preferences, the redistribution could have
resulted instead from changes in the distribution of prey or
other changes in the environment (Chirkova 1968; Linnell et
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al. 1999). To assess the importance of competition between
arctic and red foxes, it is therefore necessary to study their
niche overlap, and food niche is one dimension.

Arctic foxes in Fennoscandia and other inland habitats
typically use lemmings as their primary prey, but they also
include voles, birds, eggs, hares, insects, berries, and car-
casses of reindeer or caribou (Rangifer tarandus) in their
diet (Macpherson 1969; Angerbjorn et al. 1999; Strand et al.
1999; Dalerum and Angerbjorn 2000; Elmhagen et al. 2000).
Voles are usually the most important prey for red foxes
in Sweden and northern Europe, but birds, eggs, roe deer
(Capreolus capreolus), lagomorphs, insects, fruit, and berries
are also fed upon (Englund 1965; Lindstrtom 1989; Goszczynski
1974: Leckie et al. 1998; O’Mahony et al. 1999). In a re-
view, Hersteinsson and Macdonald (1982) concluded that
both arctic and red foxes are highly opportunistic, and sug-
gested that the more limited prey base in arctic areas is the
only reason why arctic fox populations often have a less var-
ied diet than red fox populations. This assumption is sup-
ported by the results of a feeding experiment in which foxes
could choose between already dead prey of different species:
neither red foxes nor arctic foxes showed a preference for
voles or lemmings (Barth et al. 2000). On the contrary, three
dietary studies involving sympatric arctic and red foxes showed
that arctic foxes generally eat more lemmings and fewer
voles than red foxes do, and it was suggested that red foxes
could be more generalistic feeders (Smits et al. 1989; Frafjord
1995; Frafjord 2000). However, the samples in the two ear-
lier studies were very small and none of the studies provided
any data on prey availability. Thus, it is not possible to de-
termine with certainty what causes the observed dietary dif-
ferences. Either arctic and red foxes could have different
hunting behaviours that result in different prey preferences,
or they could be segregated on a small spatial scale and
therefore have access to different prey bases in areas where
they are regarded as sympatric. Differences in prey prefer-
ences indicate that there is food-niche separation between
the fox species and that competition may be of less impor-
tance. However, if there are no fundamental food-niche dif-
ferences, spatial segregation could result from interspecific
competition.

The best way to determine if two species compete is to
compare “actual” and “virtual” niche overlaps, these being
the local population equivalents of the realised and funda-
mental niches of an entire species (Colwell and Futuyma
1970). For example, food competition between mink (Mustela
vision) and otter (Lutra lutra) was investigated through
comparisons of food-niche breadths and food-niche overlaps
under sympatric and allopatric conditions (Clode and Mac-
donald 1995). In Fennoscandia there are no areas of moun-
tain tundra where red foxes are absent to the extent that we
could study the “virtual diet” of the arctic fox. However, we
can test whether there is small-scale spatial segregation be-
tween the species with respect to altitude, an important habi-
tat variable. Further, lemming and vole populations fluctuate
over time and relative abundances change from year to year
at all altitudes (Oksanen et al. 1999). Thus, we can also
study how arctic and red foxes respond to differences in prey
species composition. If there are species-specific differences
in prey preferences, i.e., if arctic and red foxes have different
hunting behaviours, they will respond differently to changes
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in the composition of the prey community. Consequently,
the degree of niche overlap will vary between years. If, in-
stead, they use prey similarly, niche overlaps should be rela-
tively constant in time. There are four possible scenarios
depending on the existence of spatial segregation and (or)
species-specific prey use: (1) No spatial segregation, no dif-
ferences in prey preferences: arctic and red foxes have the
same diets, i.e., food-niche overlap is 100%. (2) No spatial
segregation, different prey preferences: arctic and red foxes
have different diets and the degree of food-niche overlap
changes between years. (3) Spatial segregation, no differ-
ences in prey preferences: arctic and red foxes have different
diets, owing to differences in the composition of the prey
community at different altitudes, but the degree of food-
niche overlap is consistent between years. (4) Spatial segre-
gation, different prey preferences: arctic and red foxes have
different diets and the degree of food-niche overlap changes
between years.

In this study we investigated the summer diets of sympatric
arctic and red foxes over 4 years to find out which scenario
is enacted on the Fennoscandian mountain tundra. We test
for dietary differences between arctic and red foxes, for
altitudinal segregation between these species, and for an ef-
fect of altitude on the occurrence of different prey species in
their diets. We also study whether food-niche overlap and
food-niche breadth change between years. Finally, we dis-
cuss the implications of arctic and red fox food niches for
the degree of interspecific competition.

Materials and methods

Study area

The study area covered 1300 km? of mountain tundra in
the Vindelfjillen Nature Reserve in Swedish Lapland (66°N,
16°E). The main vegetation types were dry heath, grass heath,
and dry fen. Plant-species diversity was low, except for some
relatively rich patches (Rune 1981). Arctic foxes bred only
above the tree line, which was situated at 750 m asl. Most
red foxes breed below the tree line, in birch and coniferous
forests, but all red foxes included in this study inhabited for-
mer arctic fox dens on the mountain tundra. These dens are
hereinafter referred to as red fox dens. Prey species available
to the foxes were Norwegian lemming (Lemmus lemmus), field
vole (Microtus agrestis), bank vole (Clethrionomys glareolus),
grey-sided vole (Clethrionomys rufocanus), shrews (Sorex spp.),
mountain hare (Lepus timidus), reindeer, rock ptarmigan
(Lagopus mutus), willow ptarmigan (Lagopus lagopus), passeri-
nes (Passeriformes), ducks (Anseriformes), gulls, and waders
(Charadriiformes).

Lemming and vole populations are generally cyclic in arc-
tic and mountain tundra areas (Elton 1924; Hanski et al.
1991; Angerbjorn et al. 2001), but there have been occa-
sional prolonged interruptions in the cycle in Fennoscandia
(Angerbjorn et al. 2001). During these, lemming populations
fluctuate with a periodicity resembling the normal cycle, but
the amplitude is smaller than usual. The interruptions have
therefore been described as periods without peak years, since
the highest lemming densities are about 10 times lower than
during “real” peaks (Angerbjorn et al. 2001; Tannerfeldt et
al. 2002). The last lemming peak in Sweden occurred in
1982, consequently our study was carried out during one of
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these periods. However, trapping data from our study area
showed that lemming abundance fluctuated between years
and the highest summer density was at least 20 times higher
than during population low phases (Ecke et al. 2001). The
abundance of nesting birds does not change significantly be-
tween years, although nesting success can vary (Svensson et
al. 1984). We have no information on fluctuations in the
reindeer and hare populations. Other predators in the area
that could interact with the fox species were wolverines
(Gulo gulo) and golden eagles (Aquila chrysaétos).

Collection of scats and scat analysis

We have surveyed arctic fox dens in our study area since
1985. We regard a den as inhabited when we observe fox
cubs and (or) adult foxes regularly returning to and staying
at it. We also regard a den as inhabited when the amount of
fresh scats, prey remains, recently excavated openings, and
wear and tear on the vegetation surrounding the openings in-
dicates that the den is used to this extent, even though no
foxes are seen. Arctic and red fox families occasionally move
during summer (Tannerfeldt et al. 2002). In such cases we
only used scats from one of the dens in our analyses. Thus,
within the same summer, scats collected at different dens
represent different foxes.

In the summers of 1993 and 1996-1998, we collected
scats from all dens inhabited by arctic or red foxes. Lem-
ming nest counts and snap-trapping data showed that the
lemming population was in the low phase in 1993, increased
in 1996, decreased (crashed) in 1997, and remained low in
1998 (Ecke et al. 2001; Tannerfeldt et al. 2002). Scats were
also collected in 1994 and 1995, but most were unfortu-
nately lost during storage, owing to a non-understanding
mother. Most of the arctic fox scats collected in 1996 and
1997 were also included in an earlier study on arctic fox diet
(Elmhagen et al. 2000).

We separated fresh scats, i.e., collected during the current
summer, from older ones by their colour, position in the veg-
etation, and smell (Macpherson 1969; Birks and Penford
1990). We made visual observations of foxes at all arctic fox
dens but at only 6 of 10 red fox dens. When we did not see
any foxes, we relied on the presence of tracks and fur and
the size of openings of newly excavated dens to determine
which species used the den. We collected scats only at in-
habited dens, so there was little risk of confusing arctic and
red fox scats. There were cubs in all dens where we saw
foxes, except in 1997, when the lemming population was in
the crash phase. In that year, one cub that died early was
seen at one of three dens inhabited by arctic foxes, while
there were cubs at one of two dens inhabited by red foxes.
There can be differences between the prey eaten by adult
foxes themselves and those they bring to their cubs (Lindstrém
1994). However, Frafjord (2000) found only one significant
difference in foxes’ diets between dens with and without
cubs: insects occurred more often in scats from red fox dens
with cubs, though insects were not an important prey item.
We therefore assumed that the scats from each den gave a
fair representation of the prey caught by the adult foxes, in-
dependently of the proportion of adult to juvenile scats.

Scats were dried at 105°C prior to analysis. Small or frag-
mented scats were combined, so the analysed volume of
each sample was approximately that of one medium-sized
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scat. Such samples are hereinafter referred to as single scats.
When more than 20 scats had been collected from a den, we
randomly picked 20 for analysis. The total sample consisted
of 293 arctic fox scats and 177 red fox scats from 15 and 9
dens, respectively.

We fragmented individual scats by hand under a magnify-
ing glass. We noted occurrences of different prey items and
estimated the percent dry volume of mammal fur and bones,
feathers, eggshells, insects, and vegetation by eye. We con-
verted these volume estimates to “whole-scat equivalents” as
described by Angerbjorn et al. (1999). We summarized the
percent volumes of each food category in the scats collected
at the same den.

Fur was identified as reindeer, hare, fox, or small mammal
by means of a reference collection and microscopic charac-
ters described by Day (1966). We ignored single fox hairs
and small tufts of fox hair that probably resulted from groom-
ing. We determined lemming and vole species using descrip-
tions of molars in Niethammer and Krapp (1982). We did
not distinguish between bank vole and grey-sided vole, but
used the category Clethrionomys spp. Shrews were also iden-
tified by the presence of teeth, but we did not discriminate
between species. When teeth from more than one small-
mammal species were found in the same scat, we used the
number of teeth from each species to partition the volumes
of fur and small-mammal bones among them. When there
were no teeth in a scat, small-mammal fur was classified as
“unidentified small mammals” (Tables 1 and 3). For estimat-
ing volume, calculating niche overlap and niche breadth, and
correlating the frequencies of occurrence of different prey
items with altitude, we assumed that the total volumes of
unidentified small mammals in the scats were in the same
proportions as the total volumes of small-mammal species
which had been identified at each den (Figs. 1 and 2, Ta-
ble 4). Consequently, unidentified small mammals were dis-
tributed in these categories accordingly.

During the analyses we noted that teeth from small mam-
mals occurred less frequently relative to the presence of
small-mammal fur in some years, and generally less often in
red fox scats than in arctic fox scats (Tables 1 and 3). This
appeared to be related to the proportion of voles to lem-
mings. If foxes handle lemmings differently from voles, the
use of teeth for estimating proportions of different small
mammals in the scats could result in a bias. However, if it is
appropriate to use this method, the estimated proportions of
lemmings, voles, and shrews should be approximately the
same if fur is used for identification. The fur of the Norwe-
gian lemming is largely black and yellow, while the fur of
voles and shrews is brown or greyish. We made coarse esti-
mates of the proportions of lemming and vole/shrew fur in
25% steps from 0 to 100% for each scat. We compared the
results obtained through identifying teeth (where unidenti-
fied small mammals were distributed in the categories of
identified small-mammal species) with the estimates obtained
from fur using Spearman’s rank-correlation tests, where each
den was treated as one unit. The two methods gave very sim-
ilar results, with significant correlations for both arctic foxes
(lemmings: p < 0.001, rg = 0.85, n = 15; voles/shrews: p <
0.001, rg = 0.78, n = 15) and red foxes (lemmings: p =
0.006, rg = 0.82, n = 9; voles/shrews: p < 0.001, g = 0.98, n =
9). The result suggests that different small-mammal species
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Table 2. Food-niche overlaps and food-niche breadths for 1993
and 1996-1998, calculated from the volumes of prey items in the
scats (see Fig. 1).

1993 1996 1997 1998
Food-niche overlap
Percent overlap 79.6 79.6 44.2 75.1
Horn’s index 0.93 0.92 0.63 0.93
Food-niche breadth
Arctic fox 0.41 0.026 0.023 0.33
Red fox 0.33 0.12 0.20 0.29
Lemming phase Low Increase Crash Low
Lemming index — 0.94 0.25 0.01
Field vole index — 0.88 0.41 0.22

Note: Lemming and vole indices show the number of animals trapped
per 100 trap-nights in our study area (data from Ecke et al. 2001).

are eaten in the same way by the foxes and that the numbers
of teeth in the scats are proportional to the ingested propor-
tions of voles and lemmings. This assumption is also sup-
ported by Lockie’s (1959) feeding experiment with red
foxes, where the number of teeth of different small-mammal
species in the scats was proportional to the ingested proportion
of each species. Thus, the method described above should
not yield a biased result.

We identified bird feathers to the orders Passeriformes,
Galliformes, and Anseriformes using the keys of Brom (1986)
and Day (1966). According to these keys, Charadriiformes
can be identified through the absence of some characters that
distinguish Passeriformes. However, the number of feathers
in the scats was generally low and the feathers were in poor
condition. Absence of characters could be caused by degra-
dation of the feathers during digestion, therefore we did not
attempt to identify Charadriiformes. We did not include mi-
croscopic fragments when we estimated percent dry volume
for each prey category, but we sometimes used them to iden-
tify bird orders when macroscopic remains were present. We
did not attempt to further classify eggshells, insects, or plant
material.

We used log-linear likelihood tests on frequency of occur-
rence data to test for dietary differences between arctic and
red foxes, as recommended by Reynolds and Aebischer (1991).
We could test thereby the separate effects of fox species and
year on each dietary category. Owing to the large number of
comparisons (12 dietary categories), we adjusted the level of
significance to 0.0042 with a Bonferroni correction. We pooled
the scats from each species and year. In years when more
than one den was represented in the sample, there were al-
ways 19 or 20 scats from each den. Thus, there was no bias
towards any particular den.

Food-niche overlap and food-niche breadth

There has been much controversy over how to measure
niche overlap (Abrams 1980; Krebs 1989). Percent overlap
(Schoener’s measure) is the most commonly used (Schoener
1970; Krebs 1989) and is recommended by Abrams (1980).
However, Schoener’s measure is sensitive to unequal sample
sizes and Horn’s index may be a better alternative in such
cases (Krebs 1989). To estimate food-niche overlap, we there-
fore calculated both percent overlap (pj), and Horn’s index
(Ry), i.e., the overlaps between species j and k, where p;; and

Can. J. Zool. Vol. 80, 2002

Py are the proportions of resource i in the diets of the spe-
cies, and there are n different resources.

P = [2 (minimum py, py )}OO

X py + pi) log(py + pa) = Y. pylog py — > py log py

R
0 2 log?2

For each year we calculated food-niche overlap from the
average volumes of prey remains in the scats. Three prey
categories, eggs, insects, and vegetation, were present only
in trace amounts and other studies have shown that they are
of negligible importance in fox diets in this area (Elmhagen
et al. 2000; Frafjord 2000). If there are many resource states,
niche overlaps become biased (Smith and Zaret 1982). For
these two reasons we excluded eggs, insects, and vegetation
from the calculations. Fox was also excluded. Large volumes
of fox hairs were found in scats at one red and one arctic fox
den, but the hair colours indicated that they had resulted
from cannibalism. Consumption of already dead cubs has
been observed earlier in arctic foxes (Frafjord 1993; Dalerum
and Angerbjorn 2000). Dead cubs are a food resource for
surviving siblings and their parents, but they are not prey in
the same sense as other species are.

To compare the dietary variation between species with the
variation within species each summer, we did pairwise cal-
culations of food-niche overlap between dens inhabited by
arctic and red foxes. Only years with more than one den in
the sample could be included. Because sample sizes were
the same at each den, we calculated only percent overlap.
We then calculated the average food-niche overlap within
each species each year. We also did pairwise calculations of
food-niche overlap between years within and between spe-
cies. Sample sizes varied among years, so we calculated
both percent overlap and Horn’s index.

Niche breadth is a measure of the degree of specialization
of a species, and to estimate food-niche breadth, we used
Levin’s measure, B,, standardized on a scale from 0 to 1,
where p; is the proportion of resource { in a diet consisting
of n resources (Hurlbert 1978; Krebs 1989):

By =|| < |-1] fn -1

Zpi

For each year we calculated food-niche breadth from the
average volumes of prey remains in the scats. We included
the same prey categories as for calculations of food-niche
overlap.

Effect of altitude

We tested for a difference in altitude between the arctic
and red fox dens included in this study (logistic regression).
We also performed Spearman’s rank-correlation tests to com-
pare the frequencies of occurrence of the most important
prey species with altitude.

Results

Small mammals, particularly lemmings and field voles,
were the most important prey of both arctic and red foxes,
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Table 3. The separate effects (partial associations) of fox species and year on the occur-
rence of different prey categories in a log-linear likelihood test.

1279

Prey category Effect df 1 P
Small mammals (total) Year 3 21.7 <0.001
Species 1 33 0.067
Three-way association 3 5.9 0.12
Lemmus lemmus Year 3 80.0 <0.001
Species 1 39.9 <0.001
Three-way association 3 8.4 0.039
Microtus agrestis Year 3 65.1 <0.001
Species 1 14.9 <0.001
Three-way association 3 26.4 <0.001
Clethrionomus spp. Year 3 5.2 0.16
Species 1 5.0 0.026
Three-way association 3 54 0.15
Sorex spp. Year 3 6.8 0.080
Species 1 3.1 0.079
Three-way association 3 35 0.32
Unidentified Year 3 40.0 <0.001
Species 1 25.1 <0.001
Three-way association 3 6.3 0.096
Reindeer Year 3 39.7 <0.001
Species 1 0.2 0.67
Three-way association 3 3.3 0.35
Hare Year 3 2.7 0.44
Species 1 1.2 0.27
Three-way association 3 0.3 0.95
Birds (total) Year 3 34.9 <0.001
Species 1 17.4 <0.001
Three-way association 3 20.4 <0.001
Passeriformes Year 3 10.7 0.013
Species 1 0.7 0.39
Three-way association 3 30.8 <0.001
Galliformes Year 3 11.1 0.011
Species 1 2.8 0.094
Three-way association 3 6.1 0.10
Anseriformes Year 3 2.2 0.53
Species 1 0.6 0.42
Three-way association 3 35 0.33

Note: The association between species and year was trivial, as it was caused by the design, and is
not shown. Three-way associations are shown only when significant. We adjusted the level of
significance with a Bonferroni correction. Thus, only interactions with p < 0.0042 are regarded as

significant.

occurring in 80-100% of scats each year. Of the small-
mammal species in arctic fox scats in all summers, lem-
mings occurred most frequently, while field voles occurred
more often than lemmings in red fox scats in two summers
(Table 1). The frequencies of occurrence of lemmings and
field voles varied significantly among years and between fox
species. Lemmings occurred more often in the scats of arctic
foxes than in those of red foxes, while field voles occurred
more often in the scats of red foxes than in those of arctic
foxes (Tables 1 and 3). However, there was also a signifi-
cant three-way interaction between field voles, year, and
species (Table 3). This implies that although the average oc-
currence of field voles was significantly lower in arctic fox
scats than in red fox scats, the degree of difference was in-
consistent between years. Clethrionomys spp. and shrews
occurred infrequently in scats and there were no significant

differences in the frequency of occurrence of these species
between years or fox species (Tables 1 and 3).

Two species of larger mammals, reindeer and arctic hare,
were utilized as prey by the foxes. Reindeer occurred equally
often in the scats of arctic foxes and red foxes. The impor-
tance of reindeer was highest in 1993 for both fox species,
and changed significantly between years (Tables 1 and 3,
Fig. 1). Hares occured twice in the scats of red foxes, but
never in those of artic foxes. Since they were so rare, there
were no significant differences between the fox species or
between years in the occurence of hares (Tables 1 and 3).

The frequency of occurrence of birds varied significantly
among years and between fox species. On average, red foxes
consumed more birds than arctic foxes did. However, a sig-
nificant three-way interaction showed that the degree of dif-
ference varied between years and birds were found more
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Fig. 1. The diets of arctic foxes (Alopex lagopus) (a) and red foxes (Vulpes vulpes) (b) in different summers. Unidentified remains of
small mammals (see Table 1) are distributed among categories of identified small-mammal species according to the distribution of

those species in the scats.
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often in arctic fox scats than in red fox scats in 1993, while
the reverse was true in other years (Tables 1 and 3). Passer-
ines, ptarmigans, and ducks were all utilized by both fox
species. Passerines were consumed most often, while ducks
were eaten on only a few occasions. On average, red and
arctic foxes ate passerines equally often. However, red foxes
ate passerines more often than arctic foxes did in 2 years,
while the reverse was true in the other 2 years. Therefore,
the three-way interaction between year, species, and passer-
ines was significant, although there were no significant two-
way interactions. There were no effects of fox species or
year on the occurrence of ptarmigan and ducks in the scats
(Tables 1 and 3).

There were no effects of fox species or year on the occur-
rence of eggshells, insects, or vegetation in the scats (p >

1997 1998

0.28). Eggshells and insects occurred infrequently and in
negligible volumes. Vegetation occurred frequently in the
scats, but only in trace amounts (Table 1).

To summarize, there were three important differences be-
tween arctic and red fox diets: lemmings occurred more of-
ten in the diet of arctic foxes, while field voles and birds
occurred more often in the diet of red foxes. However, the
summer diets of both species varied over time and the fre-
quencies of occurrence of lemmings, field voles, reindeer,
and birds in the diets varied significantly among years.

Food-niche breadth and food-niche overlap

The diets of both fox species varied considerably among
years and this was reflected by large variations in food-niche
overlap within species among years. The average percent
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Fig. 2. Frequencies of occurrence of different prey species at
arctic and red fox dens at different altitudes. Solid symbols de-
note dens inhabited by arctic foxes and open symbols denote
dens inhabited by red foxes. For the two species and all years
combined, there was a tendency towards a positive correlation
between altitude and occurrence of lemmings (a), but there were
significant negative correlations between altitude and occurrence
of field voles (b) and birds (c¢).
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overlap between summers was 60.8% for arctic foxes and
58.5% for red foxes (Table 4). Using Horn’s index, the aver-
age for arctic foxes was 0.79 (range 0.68-0.98). The average
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for red foxes was also 0.79 (range 0.68-0.93). Nevertheless,
food-niche overlap between arctic and red foxes was consis-
tently high in three out of four summers (percent overlap
75.1-79.6%; Horn’s index 0.92-0.93), with a smaller over-
lap in 1997 (44.2% and 0.63, respectively; Fig. 1, Tables 2
and 4). In 1997, however, food-niche overlap was smaller
within red foxes than between arctic and red foxes. The
overlap within arctic foxes seemed to be higher than be-
tween species when the lemming population was in the in-
crease and crash phases, while overlaps within and between
species were similar during the lemming low phase in 1998
(Table 4).

Arctic foxes had narrower food-niche breadths than red
foxes during the lemming increase and crash phases (1996—
1997), while both fox species were relatively generalistic
when the lemming population was in the low phase (1993,
1998; Fig. 1, Table 2).

Effect of altitude

We found small-scale spatial segregation between the fox
species. Dens inhabited by arctic foxes were situated at higher
altitudes than those inhabited by red foxes (logistic regres-
sion, p < 0.001, XZ = 18.7, df = 1, n = 24). Dens used exclu-
sively by red foxes were found between 800 and 900 m asl,
while those used solely by arctic foxes were found at 880—
1100 m asl. Two dens situated at 900 and 920 m asl were
used alternately by both fox species. However, red foxes
were never found at higher altitudes than arctic foxes during
the same summer (Fig. 2).

For arctic and red foxes combined, there were significant
negative relationships between altitude and the occurrence of
field voles (p = 0.013, rg = —0.50, Fig. 2b) and birds (p =
0.024, rg = —0.57; Fig. 2¢) in the diets. There was also a ten-
dency towards a positive relationship between the occurrence
of lemmings and altitude (p = 0.057, rg = 0.39; Fig. 2a).
None of the relationships were significant if the fox species
were treated separately. There was no relationship between
the occurrence of reindeer in the diets and altitude (p = 0.41,
rg = 0.18)

Discussion

Lemmings, field voles, birds, and reindeer were the essential
prey species for both arctic and red foxes in the Vindelfjéllen
Nature Reserve. However, lemmings occurred more frequently
in arctic fox scats than in red fox scats, while field voles and
birds occurred more often in red fox scats than in arctic fox
scats. Reindeer occurred equally often in the scats of both
fox species. Other prey items, i.e., Clethrionomys spp., shrews,
mountain hare, eggs, and insects, occurred infrequently and
were probably of little importance to either fox species. Shrews
occurred only in the scats of arctic foxes, but both arctic and
red foxes generally dislike and avoid eating shrews (Lockie
1959; Chesemore 1968; Barth et al. 2000). Hares occurred
only in the scats of red foxes, but other studies have shown
that arctic foxes sometimes include hares in their diet
(Macpherson 1969; Birks and Penford 1990; Strand et al.
1999; Frafjord 2000). Thus, the absence of shrews in red fox
scats and hares in arctic fox scats may not be related to fox
species, but to random occurrences of rare prey.
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Table 4. Percent overlaps between and within fox species in different summers.

Within species

Lemming
Year phase Between species Arctic fox Red fox
1993 Low 79.6 — —
1996 Increase 79.6 91.9 (83-100) —
1997 Crash 442 90.6 (88-94) 28.7
1998 Low 75.1 79.3 (71-85) 75.9 (54-92)
Between summers 54.7 (28.8-84.2) 60.8 (46-97) 58.5 (45-83)

Note: For years when there were scats from more than one den, food-niche overlaps within species
are shown as the average from pairwise calculations of overlap between the dens. The last row shows
the average of pairwise calculations of overlap between summers. Numbers in parentheses are ranges.

There was spatial segregation between the fox species
with respect to altitude. Our dataset is therefore representative
of what appears to be the general pattern on the mountain
tundra in Fennoscandia: arctic foxes use dens at relatively
high altitudes, while red foxes occupy dens at lower altitudes
(Dstbye et al. 1978; Linnell et al. 1999; Dalerum et al. 2002).
For the two species combined, consumption of field voles
and birds decreased with increasing altitude, while consump-
tion of lemmings increased with altitude. These results are
consistent with those of Frafjord (2000). Field voles prefer
productive tundra habitats and are generally more abundant
at lower altitudes, while lemmings are more common in un-
productive habitats and at relatively higher altitudes (Oksanen
and Oksanen 1992; Oksanen et al. 1999). Birds are far less
abundant in unproductive than in productive tundra habitat
(Svensson et al. 1984). Productivity generally decreases with
increasing altitude, so the observed relationships probably
reflect changes in prey abundance.

Two dens were used alternately by arctic and red foxes.
Although a small number of individuals were involved, their
diets are interesting, since the species hunted in approxi-
mately the same territories, i.e., at the same altitude. The
first den, at 900 m asl, was inhabited by arctic foxes during
the year of the lemming increase phase (1996) and by red
foxes during a lemming low phase (1998). Lemmings oc-
curred more often in arctic fox scats than in red fox scats,
while the reverse was true for field voles and birds (Fig. 2).
The second den, at 920 m asl, was inhabited by arctic foxes
in 1996-1998 and by red foxes during the lemming low
phase in 1993. Lemmings occurred frequently in arctic fox
scats during the lemming increase- and crash-phase years
(1996-1997), while occurrences of lemmings dropped mark-
edly during the low-phase years, 1998 and 1993, when the
den was inhabited by arctic and red foxes, respectively. Field
voles rarely occurred in the scats of either species, except
for 1998, when there was a marked increase in the occur-
rence of field voles in arctic fox scats (Fig. 2).

For each year, occurrences of different prey in scats at
these dens were similar to those that would be expected
based on the general patterns of diet composition and prey
availability in these years. This indicates that interspecific
differences in diet can be predicted on the basis of prey
availability only, and do not require differences in prey pref-
erence to explain them.

Since arctic and red foxes were spatially segregated, nei-
ther scenario 1 nor 2, described in the Introduction, explains
the differences between arctic and red fox diets. However,

we found significant temporal differences in foxes’ diets and
this variation was reflected in relatively low average food-
niche overlap between years within each species (60.8 and
58.5% for arctic and red foxes, respectively). Despite this,
food-niche overlap between the species was consistently high
in 3 out of 4 years (75.1-79.6%). During the lemming increase
phase, arctic and red foxes mainly consumed lemmings.
During lemming low phases, food-niche overlap remained
high, owing to increased consumption of the same alterna-
tive prey: reindeer, voles, and birds in 1993 and voles and
birds in 1998. In one year, 1997, foxes deviated from this
pattern, but the variation within red foxes was larger than
the variation between the species. This may indicate that den
was a more important factor for diet than species. Either
way, the dominant pattern was that arctic and red foxes re-
sponded similarly to changes in prey availability, and niche
overlap was relatively constant between years, which sup-
ports scenario 3. Thus, arctic and red foxes have similar
prey preferences, while the spatial segregation between them
could have caused the observed differences in diets.

Our samples were larger than that in two earlier compari-
sons of arctic and red fox diets (Smits et al. 1989; Frafjord
1995), but were still small in some years. There are several
reasons why samples were small despite our large study
area. The arctic fox in Sweden is threatened with extinction.
Further, since arctic foxes’ reproduction depends heavily on
lemming availability (Strand et al. 1999; Elmhagen et al.
2000), only a few dens were inhabited in years when lem-
ming density was low. On the other hand, the number of
dens inhabited by red foxes on the mountain tundra is inde-
pendent of lemming phase but positively correlated with
vole availability in surrounding forests (unpublished data).
This is also reflected in our sample sizes. The numerical re-
sponses of arctic and red foxes to lemming and vole avail-
ability led to skewed samples between both years and fox
species. However, since arctic and red fox diets are affected
by temporal variation in lemming and vole availability, the
temporal aspect should be included in comparisons of their
diets. Frafjord’s (2000) study on arctic and red fox diets in
Fennoscandia over 5 years involved a large sample but was
skewed between years and fox species. He did not consider
variation in prey availability. He concluded that environmen-
tal factors explained most of the differences between red and
arctic fox diets in Fennoscandia, but suggested that arctic
foxes depended more on lemmings than red foxes at the
same altitude did. Thus, he suggested that arctic and red
foxes would use similar prey bases differently. Although our

© 2002 NRC Canada




Elmhagen et al.

sample was small in some years, the overall pattern indicates
that arctic and red foxes would use similar prey bases simi-
larly. Differences between the species at the same altitudes
were more likely due to temporal variations in prey avail-
ability, since they were never found at the same altitude in
the same year.

Food-niche breadths varied substantially among years for
both species. Arctic foxes showed a higher degree of spe-
cialization than red foxes when the lemming population was
in the increase and crash phases. During lemming low phases,
both fox species were relatively generalistic. These varia-
tions in food-niche breadth are probably consequences of
opportunistic feeding behaviours. When lemmings are abun-
dant, both species use them to a large extent, but when lem-
ming densities are low they find other prey. Since arctic
foxes were found at altitudes where lemmings should make
up a relatively larger proportion of the prey community, they
showed more pronounced shifts between specialized and
generalized feeding strategies.

The opportunistic feeding behaviour of arctic foxes is well
documented. Arctic foxes in coastal habitats have access to
more types of prey than inland foxes do, and have a more di-
versified diet (Chesemore 1968; Fay and Stephenson 1989;
Birks and Penford 1990; Hersteinsson and Macdonald 1996;
Kapel 1999; Anthony et al. 2000). Foxes near bird colonies
increase their consumption of birds and eggs upon the arrival
of migrating birds (Stickney 1991; Bantle and Alisauskas
1998), while foxes in areas where prey are locally abundant
adjust their use of habitat according to seasonal changes in
prey distribution (Jepsen et al. 2002).

Red foxes in southern Sweden have more diversified diets
than those in northern Sweden (Englund 1965; Lindstrém
1982). Red fox populations are also relatively stable in the
south. No direct relationship has been demonstrated between
reproduction and the availability of any particular prey species,
and southern red fox populations are likely to be socially
regulated. In contrast, the sizes of northern populations vary
markedly with the vole cycle (Englund 1970; Lindstrém 1989).
Thus, just as arctic foxes in inland and coastal habitats have
different feeding strategies, there appears to be a south—
north gradient in the feeding strategies of red foxes. Along
the gradient of decreasing productivity in Sweden, from north-
ern forests to low-production mountain tundra, red foxes
should have progressively less varied diets. This is supported
by Englund’s (1965) finding that red foxes on the mountain
tundra consumed fewer birds than those in the forest.

Because of their larger body size, red foxes require higher
prey densities to sustain themselves than arctic foxes do
(Hersteinsson and Macdonald 1992), and red foxes are usu-
ally found in dens at lower altitudes, i.e., in more productive
areas. However, if arctic and red foxes are equally opportu-
nistic and there are no differences between their virtual food
niches, it is difficult to see why arctic foxes would not
endeavour to use the lower parts of their former range. Further,
avoidance of lower altitudes, which has also been indicated
by radio-tracking of arctic foxes in Fennoscandia (Landa et
al. 1998), is the opposite of the behaviour of arctic foxes on
Svalbard, where productive habitats are favoured and more
barren areas avoided (Jepsen et al. 2002). Instead, competi-
tion with red foxes may explain why arctic foxes have re-
treated to higher altitudes, and the high degree of food-niche
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overlap indicates that arctic and red foxes should compete
for the same areas, as suggested by Hersteinsson and Mac-
donald (1982, 1992).

What competitive mechanisms, then, may be important?
Arctic and red foxes are territorial towards each other
(Tannerfeldt et al. 2002) and it is unlikely that red foxes se-
verely reduce prey densities in areas outside their territorial
borders. Exploitative competition should therefore be of lit-
tle consequence on a larger scale. Instead, observations in
the wild and experiments involving penned individuals have
shown that red foxes predominate over arctic foxes and can
kill both adults and juveniles (Rudzinski et al. 1982; Schamel
and Tracy 1986; Frafjord et al. 1989; Korhonen et al. 1997;
Tannerfeldt et al. 2002). Arctic foxes also seem to avoid re-
producing in dens near reproducing red foxes, which indi-
cates that there is a competitive mechanism by which red
foxes can influence the distribution pattern of arctic foxes
(Tannerfeldt et al. 2002). Interference competition, mediated
through territorial and encounter competition (Schoener 1983),
could therefore be a mechanism of habitat segregation, with
red foxes occupying the more productive habitats. The re-
stricted prey base in unproductive habitat will make arctic
foxes more dependent on lemmings than red foxes are.
Therefore, competition between red and arctic foxes must be
considered in efforts to conserve the arctic fox population in
Fennoscandia (Lofgren and Angerbjorn 1998).

We conclude that arctic and red foxes on the Swedish
mountain tundra have similar virtual food niches. Observed
differences in arctic and red fox diets appear to be conse-
quences of spatial segregation that may, in turn, be caused
by interference competition. The red fox is the stronger
competitor and might exclude the arctic fox from more pro-
ductive areas. Thus, an expansion of the range of the red fox
during the 20th century might have led to a reduction in the
actual niche of the arctic fox.
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