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Abstract

1.

Large carnivores influence ecosystem dynamics in multiple ways, for example, by
suppressing meso-carnivores and providing carrions for smaller scavengers. Loss
of large carnivores is suggested to cause meso-carnivore increase and expansion.
Moreover, competition between meso-carnivores may be modified by the pres-
ence of larger carnivores. In tundra ecosystems, the smallest meso-carnivore, the
Arctic fox, has experienced regional declines, whereas its larger and competi-
tively superior congener, the red fox, has increased, potentially due to changes in

the abundance of apex predators.

2. We explored if variation in the occurrence of wolverine and golden eagle im-
Funding information pacted the occurrence and co-occurrence of the Arctic fox and red fox in relation
I2nc:§ggség;ri:itlj/xi\ift::::t),egrant/ to varying abundances of small rodents within the Scandinavian tundra.
Award Number: 20087419; Norges 3. We applied multi-species occupancy models to an extensive wildlife camera
;Zf:;?Eer;dﬁﬁjrjgitrﬁvtvfrr:tstflgzr{ / dataset from 2011-2020 covering 98 sites. Daily detection/non-detection of
Award Number: 20047035 each species per camera trap site and study period (late winter; March-May) was
Handling Editor: Ainhoa Magrach stacked across years, and species occupancy was related to small rodent abun-

dance while accounting for time of the year and status of simulated carcass.

4. The Arctic fox was more likely to co-occur with the red fox when the wolverine
was present and less likely to co-occur with the red fox when golden eagles were
present and the wolverine was absent. Red foxes increased in occupancy when
co-occurring with the larger predators. The Arctic fox responded more strongly
to small rodent abundance than the red fox and co-occurred more often with the
other species at carcasses when rodent abundance was low.

5. Our findings suggest that the interspecific interactions within this tundra preda-

tor guild appear to be surprisingly intricate, driven by facets of fear of preda-
tion, interspecific mediation and facilitation, and food resource dynamics. These
dynamics of intraguild interactions may dictate where and when conservation

actions targeted towards the Arctic fox should be implemented.
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provided the original work is properly cited.
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1 | INTRODUCTION

Terrestrial carnivore communities are among the most susceptible
to change in the Anthropocene (Estes et al., 2011). From a global
perspective, many large carnivore populations have declined over
the past century (Ripple et al., 2014), although recently some have
started to recover following protection and conservation-orientated
action plans (Chapron et al., 2014; Miller et al., 2013). Large pred-
ators have several important ecosystem functions, one of which
is the top-down structuring of the carnivore guild by suppressing
meso-carnivores, either by killing them or instilling fear (Ritchie &
Johnson, 2009). A decline in large predator populations may, thus,
allow meso-carnivores to increase in abundance and extend their
range (Hellmann et al., 2008; Ritchie & Johnson, 2009), which could
impose cascading negative effects on smaller carnivores through
changes in both intra-guild predation and interspecific competition
(Elmhagen et al., 2010; Polis et al., 1989; Prugh et al., 2009).

An important driver of interspecific interactions is resource
availability, which constrains species' distributions, particularly in
marginal ecosystems such as the alpine and Arctic tundra. Many
tundra ecosystems are characterized by relatively low primary
productivity and cyclicity in primary consumer populations within
simple tri-trophic food webs (Ims & Fuglei, 2005; Killengreen
et al.,, 2007; Legagneux et al., 2012). The ecological context char-
acteristics of Arctic-alpine tundra are, however, rapidly changing
due to climate warming (IPCC, 2018; Post et al., 2009). Increasing
frequency of rain-on-snow and icing events in winter (Peeters
et al., 2019) disrupt cyclicity and reduce the abundance of small
rodents (Kausrud et al., 2008) and cause increased reindeer mor-
tality (Hansen et al., 2019; Sokolov et al., 2016). While the former
phenomenon poses a challenge for carnivores that are specialized
in rodent prey (Ims et al., 2017), the latter poses an opportunity
for generalist carnivores, in particular scavengers (Killengreen
et al., 2011). Consequently, while rodent specialists have been
declining in alpine, sub-Arctic and low-Arctic tundra ecosystems
(EImhagen et al., 2017; Ims & Fuglei, 2005), boreal scavengers have
experienced range expansions, likely facilitated by increased access
to carcasses in winter (ElImhagen et al., 2015; Henden et al., 2014;
Killengreen et al., 2012).

The Arctic fox Vulpes lagopus has been considered critically
endangered for the past 90years in Fennoscandia (Henriksen &
Hilmo, 2015), struggling to recover from an extinction-critical event
in the early 20th century from overharvest. Conservation efforts
(supplemental feeding, red fox culling and release of captive-bred
foxes) were initiated in 2000 to increase the population (Angerbjérn
etal., 2013; Hemphill et al., 2020; Ims et al., 2017; Landa et al., 2017),
and the population has since started to recover (Ulvund et al., 2021;
Wallén et al., 2021).

Expansion of the red fox Vulpes vulpes has been identified as
the most important limitation to Arctic fox recovery (Elmhagen
et al., 2017). Interference competition between the fox species
favours the larger red fox, and several cases of intraguild preda-
tion on Arctic foxes have been documented (Pamperin et al., 2006;
Tannerfeldt et al., 2002). The presence of larger predators could in-
fluence interactions between the two fox species, thus impacting
Arctic fox conservation efforts. In the Fennoscandian tundra, the
wolverine Gulo gulo and golden eagle Aquila chrysaetos are the most
commonly occurring large predators, although at varying densities
(Chapron et al., 2014). The wolverine is considered a facultative
scavenger and predator that uses carrion to a large extent, notably in
winter (Mattisson, Persson, et al., 2011), but may kill both Arctic and
red fox (Frafjord et al., 1989). Wolverine populations have recovered
from low densities, but are strongly regulated through political man-
agement in Norway, whereas the wolverine population in Sweden
is fully protected (Gervasi et al., 2015). After being protected for
half a century, the abundance of golden eagle has also increased
in both countries, becoming common in alpine and Arctic tundra
(Dahl et al., 2015; Linnell & Tveraa, 2015). Although the golden
eagle within tundra habitats mainly prey on grouse Tetraonidae spp.
and mountain hare Lepus timidus, they can kill and consume both
red and Arctic fox (Nystrom et al., 2006; Sulkava et al., 1999). Since
the Arctic fox is small and restricted to habitats without vegetation
cover, they may be more vulnerable to predation from eagles than
red foxes. Little is however known about the functional role of these
apex carnivores in tundra ecosystems, and their impact on meso-
carnivores is not fully explored. Understanding the complex rela-
tionships between species in the broader context of the food webs
is imperative for successful ecosystem-wide management.

Here, we investigate the patterns of species co-occurrence
within the tundra carnivore guild in alpine and Arctic Norway. We
used a spatially and temporally extensive dataset derived from cam-
era traps placed on simulated carcasses, focusing on how species co-
occurrence may be conditionally dependent on local guild structure
and fluctuating resource availability (density of small rodents). We
were particularly interested in assessing whether the presence of
the two larger predators (wolverine and golden eagle) impacted the
occurrence of the meso-carnivores (red fox and Arctic fox), and the
impact of the occurrence of the red fox on the occurrence of
the Arctic fox. We expect the Arctic fox to respond most strongly
to changes in small rodent density, being the smallest and poten-
tially most vulnerable member of the guild, and also a specialist on
small rodents (EImhagen et al., 2000). We predict a relatively higher
dominance of the larger carnivores and lower occurrence of meso-
carnivores at carcasses when rodents are abundant, as the foxes
could then afford to avoid the risky encounters with the larger car-
nivores at the simulated carcasses. Conversely, due to an increased
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willingness to risk predation, or to accept competition, we predict to
find a higher level of co-occurrence between the species on simu-

lated carcasses when rodent abundance is low.

2 | MATERIALS AND METHODS

2.1 | Study areas

We conducted camera trap studies from 2011 to 2020 during late
winter (March-May) within four alpine tundra areas (Snghetta, Kjgali,
Lierne and Bgrgefjell (63-66°N)) and in one low-Arctic tundra area
(eastern Finnmark, 70-71°N) in Norway (Figure 1). The alpine tun-
dra areas, predominantly within the lower to mid-alpine vegetation
zones with a continental climate, are dominated by willow shrubs
Salix spp., juniper Juniperus communis and dwarf birch Betula nana
(Moen, 1998). The low-Arctic tundra area covers coastal lowlands
and tundra highlands (Ims et al., 2017), dominated by dwarf-shrub
heath (Killengreen et al., 2007).

0 5'E

Most of the alpine and Arctic tundra in Fennoscandia represents
historical breeding grounds for Arctic fox, though the current popu-
lation is highly fragmented into small and fairly isolated subpopula-
tions (Herfindal et al., 2010). The Snghetta population (Figure 1) was
functionally extinct at the start of the 21st century but has recov-
ered due to the release of captive-bred foxes (Landa et al., 2017). In
Kjali and Lierne, the population is recovering through natural immi-
gration, supplemental feeding and culling of red foxes (Angerbjorn
et al., 2013; Hemphill et al., 2020). In Bgrgefjell, the Norwegian part
of the population has remained stable without conservation actions.
The northernmost population in eastern Finnmark (Varanger pen-
insula) has decreased over the past decades (Ims et al., 2017), but
has from 2018 started to recover through the release of captive-
bred foxes and supplemental feeding. Culling of red foxes has been
conducted here since 2005 in the eastern part of the study area. In
2021, the total population size within the alpine tundra study areas
has been estimated to 178-188 individuals, with 22-26 individuals
in the Arctic tundra study area (minimum estimates based on genetic
identification; Ulvund et al., 2021).
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FIGURE 1 Location of the five study
areas in Norway. Blue areas represent

areas above the forest line. Orange points 55'N

represent camera trap locations. The four
southernmost areas belong to the alpine
tundra region, while the northernmost
area belongs to the Arctic region.
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The current densities of red foxes are unknown, although likely
lower in the alpine than in the Arctic regions (Ims et al., 2017). The
abundance of wolverine and golden eagle is fairly similar between
the two regions (Bischof et al., 2019; Dahl et al., 2015). Common
prey species for the carnivore guild include Norwegian lemming
Lemmus lemmus, vole Microtus spp. and Myodes spp., mountain hare,
ptarmigan Lagopus spp. and reindeer Rangifer tarandus. Population
dynamics of both the Arctic fox and red fox are influenced by the
abundance of small rodents (lemmings and voles), and both use car-
rion, in particular reindeer carrion in the Arctic tundra, to a large
extent in winter (Angerbjérn et al., 2013; Henden et al., 2009;
Killengreen etal.,2011). Lemmings and voles exhibit inter-specifically
synchronous 3-5-year population cycles in alpine and Arctic tundra
in Fennoscandia (Ehrich et al., 2020; Henden et al., 2009). However,
the small rodent cycles are often spatially asynchronous between the
two regions, as the Arctic cycle length tends to be on average longer
(4-5-year) than the alpine cycles (3-4-year) (Henden et al., 2009).

The availability of carrion in tundra regions is closely linked to
the abundance of reindeer (Henden et al., 2014). In the alpine tun-
dra region, wild reindeer occur in Snghetta (approximately 2500),
whereas semi-domesticated reindeer migrate into Kjgli, Lierne and
Bgrgefjell in summer (approximately 20,000) (Norwegian Agriculture
Agency, 2019; Solberg et al., 2017). In the low-Arctic tundra study
area, there are approximately 40,000 semi-domesticated reindeer
present in summer, with a varying number in winter due to partial mi-
gration (Henden et al., 2014; Norwegian Agriculture Agency, 2019).

Since the alpine and Arctic areas are different in terms of avail-
ability and temporal dynamics of resources (small rodents and rein-
deer), the abundance of species within the carnivore guild, as well
as varying intensity of conservation actions directed towards the
recovery of the Arctic fox, we chose to treat them as two separate

regions in our analysis.

2.2 | Camera trapping

We used a total of 98 camera trap sites (Reconyx HyperFire PC800;
Reconyx, Inc.), with 18 at Snghetta (2011-2013), 7 at Kjali (2011-
2019), 10 at Lierne (2011-2020), 18 at Bargefjell (2011-2020) and 44
in eastern Finnmark (2011-2020), with some variation between years
inthe number of sites used. Camera traps were placed semi-randomly
(adjusted for topography) above the tree line within each mountain
area, with an average of 10 kilometres between cameras, and on the
same locations in subsequent years. Necessary permits for the place-
ment of baited camera traps were acquired from landowners and
local management authorities for the study period (2014/602-432.3,
2010/9302-432.2, 2008/875/6/K45, 2014/2107-432.3). The study
followed guidelines provided by the Norwegian Data Protection
Authority regarding remote sensing and the Norwegian Food Safety
Authority regarding the use of locally procured and certified baits, in
addition to current Norwegian legislation.

Data were collected during March, April and May, when both the
red and Arctic fox increase their activity due to mating and foraging

prior to denning (Landa et al., 1998; Lindstrém, 1989), thus increas-
ing the probability of detection. We used the camera trapping pro-
tocol developed by Hamel et al. (2013). Each camera trap site was
baited with scraps and trimmings from locally slaughtered reindeer,
frozen into blocks weighing 15-20kg, simulating a carcass. The bait,
batteries and memory cards were replaced once after approximately
3weeks. Camera traps were mounted approximately 1 m above the
snow, tilted slightly towards the bait at a distance of 5-6 m. The
cameras were set to a time lapse of 5min (10 min in eastern Finnmark
2011-2014), and photos from all the camera traps were manually
processed according to a predefined template, ensuring the uniform
recording of metadata.

2.3 | Explanatory variables

As the population dynamics of fox species are influenced by the cy-
clicity of small rodent abundances, we included relative rodent abun-
dance as our main predictor for estimating occupancy, using rodent
indices (number of trapped rodents per 100 trap days) obtained from
the Terrestrial Monitoring Program in Norway (TOV) for the alpine
region (index range 0-33.9; Framstad & Eide, 2021) and the Climate-
ecological Observatory for Arctic Tundra (COAT) for the low-Arctic
region (index range 0-15; Ims et al., 2017). To control for geographic
variation in the probability of occupancy within regions, we included
the product of longitude and latitude for each site as a covariate for
the marginal occupancy, that is, species-specific occupancy uncon-
ditional on the presence or absence of other species. We included
carcass availability, coded as either present (1) or absent (0), as a
detection covariate for all species, as empirical observations indi-
cated a decrease in species detections when the bait was absent or
unavailable (i.e. consumed or buried in snow). Similarly, we included
day of the year as a detection covariate for all species to account for

temporal variation in detection throughout each study period.

2.4 | Statistical analysis

Atotal of 6,472,453 images were included in the dataset. From these,
we removed 727,753 images that were of too poor quality due to
ice/snow on the camera lens or technical failure. Camera traps were
active at a median of 45days in the alpine region (range 1-78) and
33days in the Arctic region (range 2-58; short activity periods were
due to technical failures) per year. To balance the data, the detection
period replicates were limited to the 75% quantile of active camera
trap days, that is, the first 54 days in the alpine region and the first
37 days in the Arctic region, which would ensure the capture of elu-
sive species (c.f. Hamel et al., 2013; Kays et al., 2020). This resulted
in 3,403,116 images included in the analysis for the alpine region,
and 2,031,706 images for the Arctic region. As our data consisted
of binary detection/non-detection (0/1) events for each species, we
used a multi-species occupancy model (Rota et al., 2016) to investi-
gate the co-occurrence of >2 species, using the function ‘occuMulti’
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in package ‘UNMARKED' in R version 4.0.3 (Fiske & Chandler, 2011; R
Core Team, 2021). This type of model, extended on the occupancy
modelling framework proposed by MacKenzie et al. (2003), was
designed to analyse spatial co-occurrence of multiple species at a
large geographical scale using detection/non-detection data while
accounting for imperfect detection (c.f. Rota et al., 2016).

The main aim of our study was to investigate co-occurrence
probabilities and not, for instance, temporal trends or estimating
colonization or extinction. Thus, we stacked all sites and years in
our analysis for a total of 314 site-years, that is, the number of active
camera trap sites x active camera trap years, in the alpine region and
354 site-years in the Arctic region. Each stack was constructed as a
matrix (x x y) of daily detection (1) and non-detection (0) of each spe-
cies (x) per site-year (y). We assumed that each year and camera sta-
tion represented an independent replicate of species assemblages.

Multi-species occupancy models can be complex as they require
the specification of detection (p) and occupancy (y) parameters for
each species, as well as parameters associated with the interactions
between species. Our data, although including a fairly long time
series, only included 98 distinct camera trap sites, which provided
a challenge in estimating co-occurrence while simultaneously cor-
recting for environmental noise and avoiding overparameterization.
Hence, we defined six models for multi-species occupancy in re-
sponse to our predictions (two models for each prediction; with and
without rodent abundance), each of which included all four of our
species of interest (Table 1). All models included latitude x longitude
as a covariate on the marginal occupancy of each species, and car-
cass availability and day of the year as covariates on the probability of
detection for each species. The first model (1) included no additional
covariates on the marginal occupancy of each individual species
and assumed no interaction between species (all species interaction
terms were fixed at 0). The second model (2) was identical to the
first but included rodent abundance as a covariate on the marginal
occupancy probability of each species. The third model (3) included
no covariates on the marginal occupancy of each individual species
and assumed interactions between each pair of species (no covari-
ates, and higher-level interaction terms fixed at 0). The fourth model
(4) was identical to the third but included rodent abundance as a
covariate on the pairwise interactions between species. The fifth
model (5) included no covariates on marginal occupancy and no co-
variates on the pairwise or higher-level interactions between species
(all interaction terms at intercept). The sixth model (6) was identical
to the fifth but included rodent abundance as a covariate on the in-
teraction between three and four species. Each model was validated
with a fivefold cross-validation process with a holdout of 25%, as-
sessing how close the simulated (predicted) and observed data are to
each other. From this validation process, we provide two measures
of model accuracy, the root mean square error and the mean ab-
solute error, where values closer to zero indicate a better fit to the
observed data. In addition, we inspected parameter estimates and
confidence limits to avoid the effects of overparameterization. 95%
confidence limits for predicted probabilities were estimated using
parametric bootstrapping with 5000 samples. Model parameters

TABLE 1 A simplistic definition of the six models for multi-species occupancy, along with a goodness-of-fit test for each model from a fivefold cross-validation. Species are represented by

letters (R

golden eagle), where a combination of letters represents species interactions. a is the marginal intercept,  and y are slope parameters

red fox, A = Arctic fox, W = wolverine, G =

for longitude x latitude and rodent index, respectively. § and ¢ are the conditional intercepts for pairwise and three- and four-way interactions, respectively, whereas 7 is the slope parameter for

rodent index. RMSE is the root mean square error and MAE is the mean absolute error

Arctic

Alpine

MAE +SD

RMSE + SD

MAE +SD

RMSE + SD

Conditional

Marginal

Model

0.142+0.006
0.140+0.004
0.141+0.004
0.142+0.005
0.140+0.007
0.140+0.003

0.269+0.010
0.269+0.009
0.267+0.015

0.160+0.004 0.270+0.005

0.159+0.010
0.160+0.004 0.268+0.009

0.160+0.009 0.271+0.012

0.161+0.002
0.157+0.006

0.291+0.012
0.291+0.004
0.286+0.008
0.289+0.008
0.288+0.016
0.289+0.007

SRA RW,RG, AW, AGWG T ERAW,RAG RWG, AWG,RAWG T TRAW,RAG RWG, AWG RAWGTOdENtS

ORARW,RG,AW,AG WG
SRARW,RG, AW,AGWG T TRA RW,RG,AW,AG WG Odents
ORARW,RG,AW,AGWG T ERAW,RAG,RWG, AWG, RAWG

0
0

AR AWG +ﬁR,A,w,G|°”g|at+YR,A,W,GrOdentS

AR AWG +ﬁR,A,W,G|0ng|at
AR AWG +ﬂR,A,W,G|0ng|at
AR AWG +ﬁRYA‘WYG|ongIat
ag awcHPrawgclonglat
AR AWG +ﬁRYA‘WYG|ongIat

< N ™o < un 0O
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and confidence intervals were estimated as log-odds ratio and back-
transformed to probabilities presented as a proportion (0-1) with

associated lower 2.5% and upper 97.5% confidence limits.

3 | RESULTS

Of the combined 12,914 camera trap days in the alpine region, Arctic
foxes were detected on 1395days and at 48% of the combined site-
years. Red foxes were detected on 1938days and 75% of the site-
years, wolverines on 726days and 60% of site-years, and golden
eagles on 650days and 54% of site-years. In the Arctic region, Arctic
foxes were detected on 399 days out of a combined 10,558 camera
trap days, and at 24% of the site-years. Red foxes were detected on
2162 days and at 84% of the site-years, wolverines on 418 days and
at 41% of the site-years and golden eagles on 530days and at 40%
of the site-years.

3.1 | Probability of detection and marginal
occupancy covariates

The predicted average probability of detection (model 1 in Table 1;
Table S1a,b) varied between species within both regions, where the
Arctic and red fox had an overall higher probability of detection than
wolverine and golden eagle (Table 2). The predicted probability of
detection in both regions was higher when the carcass was present
compared with absent, and increased throughout the study period,
except for golden eagle in the Arctic region (Figure S1a,b). In the
alpine region, the predicted average marginal occupancy probability
(model 1) of the Arctic fox increased from the southwestern parts
of the study area towards the northeastern parts, with an opposite
pattern for the other species (Figure S2a). In the Arctic region, the
predicted average marginal probability of occupancy of the Arctic
fox increased from west to east, but with no clear pattern for the
other species (Figure S2b).

3.2 | Single-species response to rodent abundance

Based on the marginal occupancy analysis including rodents (model
2 in Table 1; Table S2a,b), the Arctic fox responded, as we predicted,

more strongly than the other species to rodent abundance, which was
particularly evident in the alpine region where occupancy of Arctic
fox declined steeply with increasing rodent abundance (Figure 2a). In
the Arctic region, occupancy of both the Arctic and red fox declined
slightly with increasing abundance of small rodents (Figure 3a). For
both regions, wolverine showed no clear response to rodent abun-
dance, whereas the occupancy of golden eagle increased slightly with

increasing abundance of small rodents (Table S2a,b).

3.3 | Pairwise co-occurrence

The conditional pairwise analysis (model 3 in Table 1; Table S3a,b)
in the alpine region revealed that the mean probability of Arctic fox
occupancy was similar with both the presence and absence of red
fox and wolverine, respectively, but was lower with presence com-
pared with the absence of golden eagle (Table 3a). When including
rodents (model 4 in Table 1; Table S4a,b), the probability of Arctic fox
occupancy in the alpine region declined with increasing rodent abun-
dance in the presence of red fox and wolverine, respectively, and
was consistently lower in the presence of golden eagle (Figure 2a).
Red fox occupancy was higher when co-occurring with golden eagle,
independent of rodent abundance (Table 3a; Figure 2a).

In the Arctic region, the mean probability of occupancy was
higher for Arctic foxes in co-occurrence with wolverine (Table 3b).
This relationship was relatively constant with increasing rodent
abundance. Occupancy of Arctic foxes declined with increasing ro-
dent abundance when co-occurring with the red fox (Figure 3a). Red
fox occupancy was consistently high, independent of the absence or
presence of larger predators (Table 3b; Figure 3a).

3.4 | Multi-species co-occurrence

In both regions, the mean predicted probability of occupancy (model
5 in Table 1; Table S5a,b) of Arctic fox was relatively higher in co-
occurrence with the larger predators when the red fox was absent
compared with when all four species were present (Table 4). The ab-
sence of wolverine lowered the probability of occupancy of Arctic
fox when co-occurring with red fox and golden eagle, compared with
when wolverine was present and either red fox or golden eagle was
absent (Table 4). The mean predicted probability of occupancy for

TABLE 2 Predicted average probabilities of detection and marginal occupancy from the marginal occupancy analysis (model 1 in Table 1)
for each species within the alpine and Arctic regions. Site-years refers to the number of camera trap sites x years where each species was

detected. Numbers in brackets are the 95% confidence interval

Alpine Arctic
Species Site-years Detection Occupancy Site-years Detection Occupancy
Arctic fox 149 0.22[0.20,0.23] 0.48[0.38,0.58] 85 0.13[0.11,0.14] 0.25[0.18,0.35]
Red fox 236 0.19 [0.18, 0.20] 0.77 [0.66, 0.84] 296 0.24[0.23, 0.26] 0.84[0.75, 0.90]
Wolverine 189 0.09 [0.08, 0.10] 0.64[0.53, 0.74] 146 0.08[0.07,0.10] 0.48[0.37,0.60]
Golden eagle 170 0.09 [0.08, 0.10] 0.58 [0.46, 0.68] 141 0.12[0.10, 0.13] 0.42[0.32,0.53]
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FIGURE 2 Alpine. Predicted marginal and conditional occupancy probability in relation to the abundance of small rodents (rodents per

100 trap days); (a) predicted marginal occupancy of Arctic fox and red fox (grey panels; model 2 in Table 1), with white panels showing the
predicted probability of occupancy of the species in each row conditional on the presence and absence of the species in each column, based on
the conditional pairwise analysis (model 4 in Table 1); (b, c) predicted probability of Arctic fox (b) and red fox (c) occupancy conditional on the
presence and absence of Arctic/red fox, wolverine and golden eagle, based on the three- and four-way conditional occupancy analysis (model
6 in Table 1). Panel strip labels indicate which species are present. For all panels, solid lines indicate the predicted probability of occupancy, and
shaded areas represent 95% confidence limits. Predictions were made with longitude x latitude fixed at the observed median. Circles show the
mean naive occupancy for single species (grey panels) and co-occurrences, grouped by rodent index at intervals 0, 0-2, 2-5, 5-10, 10-20 and
20-35. Error bars represent 2 x standard error. The size of the circles indicates the relative number of site-years occupied per group.

red fox was slightly lower in co-occurrence with Arctic fox and wol-
verine when golden eagle was absent, compared with when all spe-
cies were present (Table 4).

When including rodents (model 6 in Table 1; Table Séa,b), Arctic
fox occupancy in the alpine region declined with increasing rodent
abundance for all predator assemblages and was highest at low ro-
dent abundance in the absence of red fox and golden eagle, respec-
tively (Figure 2b). The Arctic fox showed an overall similar pattern

in the Arctic region, although occupancy increased with increasing
rodent abundance in co-occurrence with wolverine and golden eagle
when the red fox was absent (Figure 3b). In both regions, red fox
occupancy declined with increasing rodent abundance when the
golden eagle was absent, with a steeper decline in the alpine region
(Figures 2c and 3c). In other species assemblages, red fox occu-
pancy was relatively high and to a lesser degree affected by rodent
abundance.
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FIGURE 3 Arctic. Predicted marginal and conditional occupancy probability in relation to the abundance of small rodents (rodents per
100 trap days); (a) predicted marginal occupancy of Arctic fox and red fox (grey panels; model 2 in Table 1), with white panels showing the
predicted probability of occupancy of the species in each row conditional on the presence and absence of the species in each column, based
on the conditional pairwise analysis (model 4 in Table 1); (b, c) predicted probability of Arctic fox (b) and red fox (c) occupancy conditional on
the presence and absence of Arctic/red fox, wolverine and golden eagle, based on the three- and four-way conditional occupancy analysis
(model 6 in Table 1). Panel strip labels indicate which species are present. For all panels, solid lines indicate the predicted probability of
occupancy, and shaded areas represent 95% confidence limits. Predictions were made with longitude x latitude fixed at the observed median.
Circles show the mean naive occupancy for single species (grey panels) and co-occurrences, grouped by rodent index at intervals 0-2, 2-5,
5-10 and 10-15. Error bars represent 2 x standard error. The size of the circles indicates the relative number of site-years occupied per group.

4 | DISCUSSION

Co-occurrence between the meso-carnivores at simulated carcasses
was impacted both negatively and positively by the occurrence of
larger predators. Interestingly, this contradicts our expectation that
meso-carnivores would overall avoid larger carnivores. Even the

smaller Arctic fox exhibited contrasting patterns in co-occurrence

with larger carnivores. The Arctic fox tended to occupy sites with
golden eagle less often, whereas the presence of wolverine seemed
to some extent to mitigate the negative co-occurrence between
Arctic fox and golden eagle. The degree of co-occurrence between
the two meso-carnivores shifted, as predicted, with prey density,
where the Arctic fox co-occurred more often at sites with the red
fox when rodent abundance was low compared with when rodent
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TABLE 3 Predicted average probabilities of species occupancy in alpine (a) and Arctic (b) study regions. Probabilities are from the
conditional pairwise analysis (model 3 in Table 1) of the species in each row conditional on the presence and absence of the species in each
column. Numbers in brackets are the 95% confidence intervals. Bold cells indicate statistically significant differences between presence and

absence
Pres./Abs. Arctic fox
(a) Alpine

Arctic fox Present
Absent

Red fox Present 0.74 [0.64, 0.81]
Absent 0.79 [0.70, 0.85]

Wolverine Present 0.66 [0.56,0.75]
Absent 0.62[0.51,0.71]

Golden eagle Present 0.41[0.32,0.51]
Absent 0.72[0.62,0.80]

(b) Arctic

Arctic fox Present
Absent

Red fox Present 0.78 [0.65, 0.87]
Absent 0.87[0.79,0.91]

Wolverine Present 0.69 [0.56, 0.80]
Absent 0.40[0.32, 0.50]

Golden eagle Present 0.47 [0.34, 0.59]
Absent 0.41[0.33,0.49]

Red fox

0.46[0.38,0.54]
0.53[0.40, 0.66]

0.68[0.59,0.76]
0.50[0.36, 0.64]
0.67[0.58, 0.75]
0.25[0.15, 0.39]

0.24[0.18,0.31]
0.34[0.22,0.48]

0.49 [0.40, 0.57]
0.44[0.29, 0.60]
0.43[0.35,0.51]
0.40[0.26, 0.55]

Wolverine

0.49 [0.41, 0.58]
0.45[0.35,0.56]
0.81[0.73,0.87]
0.68[0.56, 0.77]

0.59 [0.50, 0.67]
0.55[0.43, 0.65]

0.35[0.27,0.45]
0.16[0.11, 0.24]
0.86[0.77,0.91]
0.83[0.75, 0.89]

0.58[0.47,0.67]
0.28[0.20, 0.38]

Golden eagle

0.35[0.27,0.44]
0.65[0.55,0.75]
0.90[0.82, 0.94]
0.60[0.48, 0.69]
0.66[0.56,0.74]
0.62[0.51,0.71]

0.28[0.20, 0.37]
0.23[0.18,0.31]
0.85[0.76,0.91]
0.84[0.76, 0.89]
0.65[0.54,0.75]
0.35[0.27,0.45]

TABLE 4 Predicted average probabilities of occupancy from the higher-level conditional occupancy analysis (model 5 in Table 1) of the
species in each row conditional on the presence of all other species, except the species in each of the middle columns

All species present, except

Region Species Red fox Arctic fox
Alpine Arctic fox 0.83[0.38,0.98]

Red fox 0.98[0.89,0.99]
Arctic Arctic fox 0.47[0.24,0.71]

Red fox 0.90[0.78,0.96]

abundance was high. Site occupancy of the larger red fox was less
affected by the occurrence of larger predators than the Arctic fox, as
expected. We did, however, not expect that the red fox co-occurred
more often at sites with both wolverine and golden eagle. Our re-
sults confirm that the interactions between species within this tun-
dra predator guild are surprisingly intricate, most likely driven by
facets of fear of predation, interspecific facilitation, and resource
availability.

Resource availability is a major driver of predator abundance
and intraguild interactions in marginal tundra habitats (Henden
et al., 2010; Ims & Fuglei, 2005; Killengreen et al., 2011). For exam-
ple, Stoessel et al. (2019) found that bottom-up constraints were the
main determinant of species interactions during winter in Northern
Sweden, where unpredictable food resources shaped the predator
community structure of the alpine tundra. Many tundra species,
such as the Arctic fox, depend on cyclic rodent peaks for successful
reproduction and survival (Angerbjorn et al., 1999; Ims et al., 2017).

Wolverine Golden eagle All present

0.34[0.22,0.50]
0.94[0.65, 0.99]
0.09 [0.03, 0.27]
0.52[0.15,0.87]

0.67 [0.54, 0.81]
0.68[0.53,0.80]
0.32[0.21, 0.45]
0.72[0.48,0.87]

0.33[0.24,0.45]
0.84[0.68,0.93]
0.34[0.23,0.45]
0.81[0.60, 0.92]

Indeed, the Arctic fox had the most pronounced response to fluc-
tuations in small rodent abundance during our study, with a lower
probability of occupancy at simulated carcasses when rodents were
abundant, thus verifying our predictions. The red fox was ubiquitous
within both our study regions, seemingly independent of small ro-
dent abundance, in contrast with other studies (Henden et al., 2010).
This may indicate that red foxes in our study to a larger degree could
use alternative food sources such as carcasses in late winter in the
tundra, or that the overall abundance of red foxes was possibly sus-
tained by immigration from more productive ecosystems (boreal for-
est or coastlines). Expectedly, the Arctic fox co-occurred more often
with the red fox at carcasses when the abundance of small rodents
was low, likely as they are willing to risk intensified competition with
the red fox for carrion resources. This pattern abated with increasing
rodent abundance, when also co-occurrence with larger predators
decreased, as we predicted. The influence of rodent abundance on
the Arctic fox, and the co-occurrence with the red fox, was not as
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pronounced in the Arctic region as in the alpine region. This could
be related to a low abundance of Arctic foxes and a high abundance
of red foxes within the Arctic region as a result of overall high lev-
els of interspecific competition (ElImhagen et al., 2017), or different
availability of rodents between regions and/or seasons (i.e. the pred-
ators were recorded in late winter, while the rodent data stemmed
from the summer). The Arctic region also has a higher availability
of reindeer carcasses (Henden et al., 2014; Tveraa et al., 2014), and
provides close access to alternative food sources through coastal
and marine habitats (Killengreen et al., 2011), which may particularly
benefit the red fox due to its generalist and opportunistic nature.
Overall, the large predators within our study seemed to exert a
structuring role through interactions with the two meso-carnivores.
Surprisingly, both the red and Arctic fox were to some extent posi-
tively associated with the occurrence of wolverine in our study, par-
ticularly in the Arctic region. Wolverines roam vast areas and use a
broad niche spanning both tundra, subalpine and boreal forest habi-
tats (Landa et al., 1998). They may follow tracks of other species such
as the red fox during foraging activities (van Dijk et al., 2008), and also
scavenge on kills by other predators at lower elevations where they
overlap with lynx Lynx lynx (Mattisson, Andrén, et al., 2011). As such,
wolverines may both provide resources in the form of kills and provide
information on the location of resources for both fox species. Such
interspecific transmission of information on resource locations be-
tween scavenging species is more likely to occur when the availability
of resources is low (Kane & Kendall, 2017; Orr et al., 2019), such as the
winter in our study areas. Furthermore, our results reveal increased
wolverine occupancy in areas with occurrence of golden eagle within
the Arctic region, whereas no significant pattern was observed within
the alpine region. Golden eagles, particularly young birds, roam tundra
areas to a great extent during winter before nesting in March/April
(Dahl et al., 2015). As such, the rate of locating carcasses used by wol-
verines may increase, and wolverines may also use golden eagles as
visual cues for locating food (Orr et al., 2019), benefiting both species.
Although both fox species likely benefit from the interspecific
transfer of information about food resources from golden eagles,
the Arctic fox rarely co-occurred with golden eagles in the alpine
region, whereas red fox occurrence was positively associated with
golden eagles in both regions. There could be several explanations
for these differences. The Arctic fox, being smaller (hare-sized)
compared with the red fox, likely has a stronger fear response to
golden eagles. Its larger body size may allow the red fox to use
carcasses to a greater extent, strengthening the asymmetry be-
tween the two fox species. The more resource-limited red fox
(Hersteinsson & Macdonald, 1992) may also need to take larger
risks than the Arctic fox to cover its daily energy demands for sur-
vival in marginal tundra habitats. Lyly et al. (2015) found a posi-
tive association between red foxes and golden eagles in northern
Finland and suggested that co-occurrence could be explained by
the red fox' access to shelter in the forest, allowing the red fox to
scavenge on golden eagle kills and increase its success in escaping
predation. Occurring in the more open landscapes, the Arctic fox is
likely more at risk of predation from avian predators, thus avoiding

carcasses occupied by golden eagles. This illustrates how an apex
predator has a differential influence on meso-carnivores. In our
case, the occurrence of golden eagles strengthened an already
skewed intraguild competition between the two meso-carnivores
in favour of the red fox.

The marginal occupancy probabilities of red foxes were rel-
atively higher than Arctic foxes within both our study regions,
although more so in the Arctic region. The consistent near-saturated
red fox occupancy in the Arctic region may have had a persistent
region-wide negative impact on the Arctic fox during the study pe-
riod (ElImhagen et al., 2017). In contrast, the slightly lower and more
variable site occupancy of the red fox within the alpine regions, com-
bined with a relatively high site occupancy of the Arctic fox, may
have increased the Arctic fox's access to carrion resources. This
could indicate that the red fox may be a lesser threat to the Arctic
fox when occurring at low densities, consistent with the findings of
Lai et al. (2022) in the Canadian Arctic. When red fox abundance is
relatively low, the Arctic fox may even benefit from following the
red fox to locate carrion resources, especially when the abundance

of rodents is low.

5 | CONCLUSIONS

Overall, our findings suggest that larger carnivores may have a struc-
turing role on meso-carnivores by modifying their relationship through
resource provisioning, but also by imposing a risk of predation. The
relative strength of the interspecific interactions was indeed modified
by resource availability through the natural dynamics of small rodents.
Forecast climate-driven changes in the abundance of rodents may in-
crease the future reliance on alternative food such as carrion for meso-
carnivores, resulting in increased interference and predation risk from
the larger carnivores, particularly for the Arctic fox. Conversely, the re-
covery of larger carnivores might contribute to reestablishing the natu-
ral densities of meso-carnivores, allowing them to co-exist. Although
larger carnivores are slowly recolonizing Fennoscandia (Chapron
et al., 2014), their current densities in many areas are likely too low to
exert a regulating pressure on the meso-carnivores.

This study interestingly indicates that the recovery of one spe-
cies could negatively impact another species. The recovery of the
golden eagle may pose a direct threat to the recovery of the Arctic
fox in Fennoscandia. This negative relationship could be density de-
pendent, and likely less negative when the Arctic fox population oc-
curs at viable densities. The role of the wolverine remains unclear:
its current densities are likely too low to release its full structuring
potential on meso-carnivores within the Scandinavian tundra eco-
system. This is also the case for the grey wolf, likely the most sup-
pressive apex predator in northern ecosystems (Prugh & Sivy, 2020),
however functionally extinct from the tundra biome in Scandinavia.
As our study suggests, larger predators may currently have a low
suppressive population-wide effect on the red fox, and continued
boreal invasion of red fox into tundra habitats (ElImhagen et al., 2015)
may therefore remain a threat to the conservation of the endangered
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Arctic fox in Scandinavia. New insights into the complexity of preda-
tor interactions obtained from this study may contribute to develop-

ing knowledge-based ecosystem management practices.

AUTHOR CONTRIBUTIONS

Lars Rgd-Eriksen and Nina E. Eide conceived the idea. Nina E.
Eide, Siw. T. Killengreen and Rolf A. Ims designed the study. Siw T.
Killengreen, Dorothee Ehrich, Lars Rgd-Eriksen and Nina E. Eide col-
lected and compiled the data. Lars Rgd-Eriksen analysed the data with
input from Ivar Herfindal, Dorothee Ehrich and Siw T. Killengreen.
Lars Rgd-Eriksen led the writing of the manuscript with substantial
input from all authors. All authors gave final approval for publication.

ACKNOWLEDGEMENT

We are grateful to all who administered camera equipment and col-
lected data in the field, and the numerous people who processed
the camera trap images. We are thankful to Brett Sandercock, Vidar
Grgtan and Tim Hofmeester for input on the statistical analysis,
and Craig R. Jackson and three anonymous reviewers for valuable
feedback on the manuscript. This study was part of ECOFUNC,
funded by the Norwegian Research Council (grant no. 244557/
E50). Data collection was funded by the Norwegian Environment
Agency (Ecosystem Bargefjell, grant no. 20087419, and Ecosystem
Finnmark/COAT, grant no. 20047035), and the Scandinavian EU/
InterReg-projects Felles Fjellrev | and Il (grant no. 20200939).

CONFLICT OF INTEREST
The authors have no conflicts of interest.

DATA AVAILABILITY STATEMENT
Data are available from Dryad Digital Repository https://doi.
org/10.5061/dryad.63xsj3v66 (Rgd-Eriksen et al., 2022).

ORCID
Lars Rgd-Eriksen " https://orcid.org/0000-0003-0482-4384
https://orcid.org/0000-0002-5860-9252

https://orcid.org/0000-0002-2533-5179

Ivar Herfindal
Arild M. Landa

REFERENCES

Angerbjorn, A., Eide, N. E., Dalén, L., Elmhagen, B., Hellstrom,
P., Ims, R. A., Killengreen, S. T., Landa, A., Meijer, T., Mela,
M., Niemimaa, J., Norén, K., Tannerfeldt, M., Yoccoz, N. G.,
Henttonen, H., & Pettorelli, N. (2013). Carnivore conservation
in practice: Replicated management actions on a large spa-
tial scale. Journal of Applied Ecology, 50(1), 59-67. https://doi.
org/10.1111/1365-2664.12033

Angerbjorn, A., Tannerfeldt, M., & Erlinge, S. (1999). Predator-prey re-
lationships: Arctic foxes and lemmings. Journal of Animal Ecology,
68(1), 34-49. https://doi.org/10.1046/j.1365-2656.1999.00258.x

Bischof, R., Milleret, C., Dupont, P., Chipperfield, J., Bragseth, H., &
Kindberg, J. (2019). RovQuant: Estimating density, abundance and
population dynamics of bears, wolverines and wolves in Scandinavia.
MINA fagrapport 63. Norwegian University of Life Sciences.
https://hdl.handle.net/11250/2649424

Chapron, G., Kaczensky, P., Linnell, J. D. C., von Arx, M., Huber, D.,
Andrén, H., Lépez-Bao, J. V., Adamec, M., Alvares, F., Anders,

0., Balciauskas, L., Balys, V., Bedo, P., Bego, F., Blanco, J. C,
Breitenmoser, U., Brgseth, H., Bufka, L., Bunikyte, R., ... Boitani, L.
(2014). Recovery of large carnivores in Europe's modern human-
dominated landscapes. Science, 346(6216), 1517-1519. https://doi.
org/10.1126/science.1257553

Dabhl, E. L., Nilsen, E. B., Brgseth, H., & Tovmo, M. (2015). Estimating the
number of breeding pairs of golden eagle based on known occurrence
in Norway for the period 2010-2014. NINA report 1158. Norwegian
Insititute for Nature Research. http://hdl.handle.net/11250/
2371355 (In Norwegian with English summary).

Ehrich, D., Schmidt, N. M., Gauthier, G., Alisauskas, R., Angerbjorn, A.,
Clark, K., Ecke, F.,, Eide, N. E., Framstad, E., Frandsen, J., Franke,
A., Gilg, O., Giroux, M.-A., Henttonen, H., Hornfeldt, B., Ims,
R. A., Kataev, G. D., Kharitonov, S. P., & Solovyeva, D. V. (2020).
Documenting lemming population change in the Arctic: Can we de-
tect trends? Ambio, 49(3), 801-804. https://doi.org/10.1007/51328
0-019-01198-7

Elmhagen, B., Berteaux, D., Burgess, R. M., Ehrich, D., Gallant, D.,
Henttonen, H., Ims, R. A., Killengreen, S. T., Niemimaa, J., Norén,
K., Ollila, T., Rodnikova, A., Sokolov, A. A., Sokolova, N. A., Stickney,
A. A., & Angerbjorn, A. (2017). Homage to Hersteinsson and
Macdonald: Climate warming and resource subsidies cause red fox
range expansion and Arctic fox decline. Polar Research, 36(Supp. 1).
https://doi.org/10.1080/17518369.2017.1319109

Elmhagen, B., Kindberg, J., Hellstrém, P., & Angerbjérn, A. (2015).
A boreal invasion in response to climate change? Range shifts
and community effects in the borderland between forest and
tundra. Ambio, 44(1), 39-50. https://doi.org/10.1007/s1328
0-014-0606-8

Elmhagen, B., Ludwig, G., Rushton, S. P., Helle, P., & Linden, H. (2010).
Top predators, mesopredators and their prey: Interference
ecosystems along bioclimatic productivity gradients. Journal of
Animal Ecology, 79(4), 785-794. https://doi.org/10.1111/j.1365-
2656.2010.01678.x

Elmhagen, B., Tannerfeldt, M., Verucci, P., & Angerbjérn, A. (2000). The
arctic fox (Alopex lagopus): An opportunistic specialist. Journal
of Zoology, 251, 139-149. https://doi.org/10.1017/S095283690
0006014

Estes, J. A., Terborgh, J., Brashares, J. S., Power, M. E., Berger, J., Bond,
W. J,, Carpenter, S. R,, Essington, T. E., Holt, R. D., Jackson, J. B.
C., Marquis, R. J., Oksanen, L., Oksanen, T., Paine, R. T., Pikitch,
E. K., Ripple, W. J,, Sandin, S. A., Scheffer, M., Schoener, T. W., ...
Wardle, D. A.(2011). Trophic downgrading of planet earth. Science,
333(6040), 301-306. https://doi.org/10.1126/science.1205106

Fiske, I. J., & Chandler, R. B. (2011). Unmarked: An R package for fitting
hierarchical models of wildlife occurrence and abundance. Journal
of Statistical Software, 43(10), 1-23. https://doi.org/10.18637/jss.
v043.i10

Frafjord, K., Becker, D., & Angerbjorn, A. (1989). Interactions between
arctic and red foxes in Scandinavia: Predation and aggression.
Arctic, 42(4), 354-356. https://doi.org/10.14430/arctic1677

Framstad, E., & Eide, N. E. (2021). Small rodents. In E. Framstad (Ed.),
Terrestrial ecosystems monitoring in 2020: Ground vegetation,
epiphytes, small rodents and birds. Summary of results. NINA re-
port 1972. Norwegian Institute for Nature Research. http://hdl.
handle.net/11250/2734736 (In Norwegian with English summary).

Gervasi, V., Brgseth, H., Nilsen, E. B., Ellegren, H., Flagstad, @., & Linnell, J.
D. (2015). Compensatory immigration counteracts contrasting con-
servation strategies of wolverines (Gulo gulo) within Scandinavia.
Biological Conservation, 191, 632-639. https://doi.org/10.1016/j.
biocon.2015.07.024

Hamel, S., Killengreen, S. T., Henden, J. A., Eide, N. E., Roed-
Eriksen, L., Ims, R. A., & Yoccoz, N. G. (2013). Towards good
practice guidance in using camera-traps in ecology: Influence
of sampling design on validity of ecological inferences.

85U0|7 SUOWIWIOD BAEa1D 3|dealidde 8y Ag peuienob ae Sspoie YO ‘85N JO s3I 10} A%iq 1 8UIIUO AB|IAN UO (SUOIPUOD-PUR-SLLBY/LICD" A3 | 1M A0 U UO//SANY) SUORIPUOD PUe SWLB | 8L 88S *[£202/T0/0E] U0 ArIqIT8ulUO AB]IM ‘JO ANSIeAlun 9101V 8y L 1IN Ad G/8ET'9592-G9ET/TTTT OT/I0p/W00 A8 im" Are1q 1 jpuljuo'S [euIn0 aq/:sdny Wiouy papeojumod ‘0 ‘9592S9ET


https://doi.org/10.5061/dryad.63xsj3v66
https://doi.org/10.5061/dryad.63xsj3v66
https://orcid.org/0000-0003-0482-4384
https://orcid.org/0000-0003-0482-4384
https://orcid.org/0000-0002-5860-9252
https://orcid.org/0000-0002-5860-9252
https://orcid.org/0000-0002-2533-5179
https://orcid.org/0000-0002-2533-5179
https://doi.org/10.1111/1365-2664.12033
https://doi.org/10.1111/1365-2664.12033
https://doi.org/10.1046/j.1365-2656.1999.00258.x
https://hdl.handle.net/11250/2649424
https://doi.org/10.1126/science.1257553
https://doi.org/10.1126/science.1257553
http://hdl.handle.net/11250/2371355
http://hdl.handle.net/11250/2371355
https://doi.org/10.1007/s13280-019-01198-7
https://doi.org/10.1007/s13280-019-01198-7
https://doi.org/10.1080/17518369.2017.1319109
https://doi.org/10.1007/s13280-014-0606-8
https://doi.org/10.1007/s13280-014-0606-8
https://doi.org/10.1111/j.1365-2656.2010.01678.x
https://doi.org/10.1111/j.1365-2656.2010.01678.x
https://doi.org/10.1017/S0952836900006014
https://doi.org/10.1017/S0952836900006014
https://doi.org/10.1126/science.1205106
https://doi.org/10.18637/jss.v043.i10
https://doi.org/10.18637/jss.v043.i10
https://doi.org/10.14430/arctic1677
http://hdl.handle.net/11250/2734736
http://hdl.handle.net/11250/2734736
https://doi.org/10.1016/j.biocon.2015.07.024
https://doi.org/10.1016/j.biocon.2015.07.024

12 Journal of Animal Ecology

R@D-ERIKSEN ET AL.

Methods in Ecology and Evolution, 4(2), 105-113. https://doi.
org/10.1111/j.2041-210x.2012.00262.x

Hansen, B. B., Pedersen, A. @., Peeters, B., Le Moullec, M., Albon, S. D.,
Herfindal, 1., Saether, B.-E., Grgtan, V., & Aanes, R. (2019). Spatial
heterogeneity in climate change effects decouples the long-term dy-
namics of wild reindeer populations in the high Arctic. Global Change
Biology, 25(11), 3656-3668. https://doi.org/10.1111/gcb.14761

Hellmann, J. J., Byers, J. E., Bierwagen, B. G., & Dukes, J. S. (2008).
Five potential consequences of climate change for invasive
species. Conservation Biology, 22(3), 534-543. https://doi.
org/10.1111/j.1523-1739.2008.00951.x

Hemphill, E. J. K., Flagstad, O., Jensen, H., Norén, K., Wallén, J. F., Landa,
A., Angerbjorn, A., & Eide, N. E. (2020). Genetic consequences of
conservation action: Restoring the arctic fox (Vulpes lagopus) popu-
lation in Scandinavia. Biological Conservation, 248, 108534. https://
doi.org/10.1016/j.biocon.2020.108534

Henden, J.-A., Ims, R. A., & Yoccoz, N. G. (2009). Nonstationary
spatio-temporal small rodent dynamics: Evidence from long-term
Norwegian fox bounty data. Journal of Animal Ecology, 78(3), 636-
645. https://doi.org/10.1111/j.1365-2656.2008.01510.x

Henden, J.-A., Ims, R. A, Yoccoz, N. G., Hellstrém, P., & Angerbjorn,
A. (2010). Strength of asymmetric competition between
predators in food webs ruled by fluctuating prey: The
case of foxes in tundra. Oikos, 119(1), 27-34. https://doi.
org/10.1111/j.1600-0706.2009.17604.x

Henden, J.-A., Stien, A., Bardsen, B.-J., Yoccoz, N. G, Ims, R. A, &
Hayward, M. (2014). Community-wide mesocarnivore response to
partial ungulate migration. Journal of Applied Ecology, 51(6), 1525-
1533. https://doi.org/10.1111/1365-2664.12328

Henriksen, S., & Hilmo, O. (2015). The 2015 Norwegian red list for species.
Norwegian Biodiversity Information Centre.

Herfindal, 1., Linnell, J. D. C., Elmhagen, B., Andersen, R., Eide, N. E.,
Frafjord, K., Henttonen, H., Kaikusalo, A., Mela, M., Tannerfeldt, M.,
Dalén, L., Strand, O., Landa, A., & Angerbjorn, A. (2010). Population
persistence in a landscape context: The case of endangered arc-
tic fox populations in Fennoscandia. Ecography, 33(5), 932-941.
https://doi.org/10.1111/j.1600-0587.2009.05971.x

Hersteinsson, P., & Macdonald, D. W. (1992). Interspecific competition
and the geographical distribution of red and arctic foxes Vulpes
vulpes and Alopex lagopus. Oikos, 64(3), 505-515. https://doi.
org/10.2307/3545168

Ims, R. A., & Fuglei, E. (2005). Trophic interaction cycles in tundra eco-
systems and the impact of climate change. BioScience, 55(4), 311-
322. https://doi.org/10.1641/0006-3568(2005)055[0311:TICIT
E]2.0.CO;2

Ims, R. A, Killengreen, S. T., Ehrich, D., Flagstad, O., Hamel, S., Henden,
J.-A., Jensvoll, I., & Yoccoz, N. G. (2017). Ecosystem drivers of an
Arctic fox population at the western fringe of the Eurasian Arctic.
Polar Research, 36(Supp. 1), 8. https://doi.org/10.1080/17518
369.2017.1323621

IPCC. (2018). Summary for policymakers. In V. Masson-Delmotte, et al.
(Eds.), Global warming of 1.5°C. An IPCC special report on the impacts
of global warming 1.5°C above pre-industrial levels and related global
greenhouse gas emission pathways, in the context of strengthening the
global response to the threat of climate change, sustainable develop-
ment, and efforts to eradicate poverty. IPCC Secretariat.

Kane, A., & Kendall, C. J. (2017). Understanding how mammalian
scavengers use information from avian scavengers: Cue from
above. Journal of Animal Ecology, 86(4), 837-846. https://doi.
org/10.1111/1365-2656.12663

Kausrud, K. L., Mysterud, A., Steen, H., Vik, J. O., @stbye, E., Cazelles,
B., Framstad, E., Eikeset, A. M., Mysterud, |., Solhgy, T., & Stenseth,
N. C. (2008). Linking climate change to lemming cycles. Nature,
456(7218), 93-97. https://doi.org/10.1038/nature07442

Kays, R. W., Arbogast, B. S., Baker-Whatton, M., Beirne, C., Boone, H.
M., Bowler, M., Burneo, S. F., Cove, M. V,, Ding, P., Espinosa, S.,

Gongalves, A. L. S., Hansen, C. P, Jansen, P. A., Kolowski, J. M.,
Knowles, T. W., Lima, M. G. M., Millspaugh, J. J., McShea, W. J.,
Pacifici, K., ... Spironello, W. R. (2020). An empirical evaluation
of camera trap study design: How many, how long, and when?
Methods in Ecology and Evolution, 11(6), 700-713. https://doi.
org/10.1111/2041-210X.13370

Killengreen, S. T., Ims, R. A., Yoccoz, N. G., Brathen, K. A., Henden, J.-A.,
& Schott, T. (2007). Structural characteristics of a low Arctic tundra
ecosystem and the retreat of the Arctic fox. Biological Conservation,
135(4), 459-472. https://doi.org/10.1016/j.biocon.2006.10.039

Killengreen, S. T., Lecomte, N., Ehrich, D., Schott, T., Yoccoz, N. G., & Ims,
R. A. (2011). The importance of marine vs. human-induced subsi-
dies in the maintenance of an expanding mesocarnivore in the arc-
tic tundra. Journal of Animal Ecology, 80(5), 1049-1060. https://doi.
org/10.1111/j.1365-2656.2011.01840.x

Killengreen, S. T., Stramseng, E., Yoccoz, N. G., & Ims, R. A. (2012). How
ecological neighbourhoods influence the structure of the scaven-
ger guild in low arctic tundra. Diversity and Distributions, 18(6), 563~
574. https://doi.org/10.1111/j.1472-4642.2011.00861.x

Lai, S., Rodrigues, C. W., Gallant, D., Roth, J. D., & Berteaux, D. (2022).
Red foxes at their northern edge: Competition with the Arctic fox
and winter movements. Journal of Mammalogy, 103(3), 586-597,
512. https://doi.org/10.1093/jmammal/gyab164

Landa, A., Flagstad, O., Areskoug, V., Linnell, J. D. C., Strand, O., Ulvund,
K. R., Thierry, A.-M., Rgd-Eriksen, L., & Eide, N. E. (2017). The en-
dangered Arctic fox in Norway—The failure and success of captive
breeding and reintroduction. Polar Research, 36(Supp. 1), 9. https://
doi.org/10.1080/17518369.2017.1325139

Landa, A., Strand, O, Linnell, J. D. C., & Skogland, T. (1998). Home-range
sizes and altitude selection for arctic foxes and wolverines in an
alpine environment. Canadian Journal of Zoology, 76(3), 448-457.
https://doi.org/10.1139/cjz-76-3-448

Legagneux, P., Gauthier, G., Berteaux, D., Béty, J.,, Cadieux, M.-C,,
Bilodeau, F., Bolduc, E., McKinnon, L., Tarroux, A., Therrien, J.-F,,
Morissette, L., & Krebs, C. J. (2012). Disentangling trophic relation-
ships in a high Arctic tundra ecosystem through food web model-
ing. Ecology, 93(7), 1707-1716. https://doi.org/10.1890/11-1973.1

Lindstrom, E. R. (1989). Food limitation and social regulation in a red
fox population. Ecography, 12(1), 70-79. https://doi.org/10.1111/
j.1600-0587.1989.tb00824.x

Linnell, J. D. C., & Tveraa, T. (2015). State of knowledge and knowledge
needs for management of large predators in Norway. NINA report
1195. Norwegian Insitute for Nature Research. http://hdl.handle.
net/11250/2368337 (In Norwegian with English summary).

Lyly, M. S., Villers, A., Koivisto, E., Helle, P., Ollila, T., & Korpimaki, E.
(2015). Avian top predator and the landscape of fear: Responses
of mammalian mesopredators to risk imposed by the golden eagle.
Ecology and Evolution, 5(2), 503-514. https://doi.org/10.1002/
ece3.1370

MacKenzie, D. I., Nichols, J. D., Hines, J. E., Knutson, M. G., & Franklin, A.
B. (2003). Estimating site occupancy, colonization, and local extinc-
tion when a species is detected imperfectly. Ecology, 84(8), 2200-
2207. https://doi.org/10.1890/02-3090

Mattisson, J., Andrén, H., Persson, J., & Segerstrom, P. (2011). Influence
of intraguild interactions on resource use by wolverines and
Eurasian lynx. Journal of Mammalogy, 92(6), 1321-1330. https://doi.
org/10.1644/11-Mamm-a-099.1

Mattisson, J., Persson, J., Andren, H., & Segerstrom, P. (2011). Temporal
and spatial interactions between an obligate predator, the Eurasian
lynx (Lynx lynx), and a facultative scavenger, the wolverine (Gulo
gulo). Canadian Journal of Zoology, 89(2), 79-89. https://doi.
org/10.1139/Z210-097

Miller, S. D., McLellan, B. N., & Derocher, A. E. (2013). Conservation and
management of large carnivores in North America. International
Journal of Environmental Studies, 70(3), 383-398. https://doi.
org/10.1080/00207233.2013.801628

85U0|7 SUOWIWIOD BAEa1D 3|dealidde 8y Ag peuienob ae Sspoie YO ‘85N JO s3I 10} A%iq 1 8UIIUO AB|IAN UO (SUOIPUOD-PUR-SLLBY/LICD" A3 | 1M A0 U UO//SANY) SUORIPUOD PUe SWLB | 8L 88S *[£202/T0/0E] U0 ArIqIT8ulUO AB]IM ‘JO ANSIeAlun 9101V 8y L 1IN Ad G/8ET'9592-G9ET/TTTT OT/I0p/W00 A8 im" Are1q 1 jpuljuo'S [euIn0 aq/:sdny Wiouy papeojumod ‘0 ‘9592S9ET


https://doi.org/10.1111/j.2041-210x.2012.00262.x
https://doi.org/10.1111/j.2041-210x.2012.00262.x
https://doi.org/10.1111/gcb.14761
https://doi.org/10.1111/j.1523-1739.2008.00951.x
https://doi.org/10.1111/j.1523-1739.2008.00951.x
https://doi.org/10.1016/j.biocon.2020.108534
https://doi.org/10.1016/j.biocon.2020.108534
https://doi.org/10.1111/j.1365-2656.2008.01510.x
https://doi.org/10.1111/j.1600-0706.2009.17604.x
https://doi.org/10.1111/j.1600-0706.2009.17604.x
https://doi.org/10.1111/1365-2664.12328
https://doi.org/10.1111/j.1600-0587.2009.05971.x
https://doi.org/10.2307/3545168
https://doi.org/10.2307/3545168
https://doi.org/10.1641/0006-3568(2005)055%5B0311:TICITE%5D2.0.CO;2
https://doi.org/10.1641/0006-3568(2005)055%5B0311:TICITE%5D2.0.CO;2
https://doi.org/10.1080/17518369.2017.1323621
https://doi.org/10.1080/17518369.2017.1323621
https://doi.org/10.1111/1365-2656.12663
https://doi.org/10.1111/1365-2656.12663
https://doi.org/10.1038/nature07442
https://doi.org/10.1111/2041-210X.13370
https://doi.org/10.1111/2041-210X.13370
https://doi.org/10.1016/j.biocon.2006.10.039
https://doi.org/10.1111/j.1365-2656.2011.01840.x
https://doi.org/10.1111/j.1365-2656.2011.01840.x
https://doi.org/10.1111/j.1472-4642.2011.00861.x
https://doi.org/10.1093/jmammal/gyab164
https://doi.org/10.1080/17518369.2017.1325139
https://doi.org/10.1080/17518369.2017.1325139
https://doi.org/10.1139/cjz-76-3-448
https://doi.org/10.1890/11-1973.1
https://doi.org/10.1111/j.1600-0587.1989.tb00824.x
https://doi.org/10.1111/j.1600-0587.1989.tb00824.x
http://hdl.handle.net/11250/2368337
http://hdl.handle.net/11250/2368337
https://doi.org/10.1002/ece3.1370
https://doi.org/10.1002/ece3.1370
https://doi.org/10.1890/02-3090
https://doi.org/10.1644/11-Mamm-a-099.1
https://doi.org/10.1644/11-Mamm-a-099.1
https://doi.org/10.1139/Z10-097
https://doi.org/10.1139/Z10-097
https://doi.org/10.1080/00207233.2013.801628
https://doi.org/10.1080/00207233.2013.801628

R@D-ERIKSEN €T AL.

Journal of Animal Ecology | 13

Moen, A. (1998). National Atlas for Norway: Vegetation. Norwegian
Mapping Authority, Hgnefoss.

Norwegian Agriculture Agency. (2019). Ressursregnskap for reindrifts-
naringen: For reindriftsdret 1. April 2018-31. Mars 2019 (34/2019).
https://www.landbruksdirektoratet.no/ (In Norwegian).

Nystrém, J., Ekenstedt, J., Angerbjérn, A., Thulin, L., Hellstrom, P., &
Dalén, L. (2006). Golden eagles on the Swedish mountain tundra-
diet and breeding success in relation to prey fluctuations. Ornis
Fennica, 83(4), 145-152.

Orr, M. R., Nelson, J. D., & Watson, J. W. (2019). Heterospecific informa-
tion supports a foraging mutualism between corvids and raptors.
Animal Behaviour, 153, 105-113. https://doi.org/10.1016/j.anbeh
av.2019.05.007

Pamperin, N. J., Follmann, E. H., & Petersen, B. (2006). Interspecific kill-
ing of an arctic fox by a red fox at Prudhoe Bay, Alaska. Arctic, 59(4),
361-364. https://doi.org/10.14430/arctic284

Peeters, B., Pedersen, A. O,, Loe, L. E., Isaksen, K., Veiberg, V., Stien,
A., Kohler, J., Gallet, J.-C., Aanes, R., & Hansen, B. B. (2019).
Spatiotemporal patterns of rain-on-snow and basal ice in high
Arctic Svalbard: Detection of a climate-cryosphere regime
shift. Environmental Research Letters, 14(1), 015002. https://doi.
org/10.1088/1748-9326/aaefb3

Polis, G. A., Myers, C. A, & Holt, R. D. (1989). The ecology and evolution
of intraguild predation - potential competitors that eat each other.
Annual Review of Ecology and Systematics, 20, 297-330. https://doi.
org/10.1146/annurev.es.20.110189.001501

Post, E., Forchhammer, M. C., Bret-Harte, M. S., Callaghan, T. V.,
Christensen, T. R., Elberling, B., Fox, A. D., Gilg, O., Hik, D. S., Haye,
T. T., Ims, R. A., Jeppesen, E., Klein, D. R., Madsen, J., McGuire,
A. D., Rysgaard, S., Schindler, D. E., Stirling, I., Tamstorf, M. P,, ...
Aastrup, P. (2009). Ecological dynamics across the Arctic associ-
ated with recent climate change. Science, 325(5946), 1355-1358.
https://doi.org/10.1126/science.1173113

Prugh, L. R., & Sivy, K. J. (2020). Enemies with benefits: Integrating posi-
tive and negative interactions among terrestrial carnivores. Ecology
Letters, 23(5), 902-918. https://doi.org/10.1111/ele. 13489

Prugh, L. R, Stoner, C. J,, Epps, C. W., Bean, W. T., Ripple, W. J,, Laliberte,
A. S., & Brashares, J. S. (2009). The rise of the Mesopredator.
BioScience, 59(9),779-791. https://doi.org/10.1525/bi0.2009.59.9.9

R Core Team. (2021). R: A language and environment for statistical comput-
ing. Version 4.0.3. R Foundation for Statistical Computing. https://
www.R-project.org/

Ripple, W. J., Estes, J. A., Beschta, R. L., Wilmers, C. C., Ritchie, E. G.,
Hebblewhite, M., Berger, J., Elmhagen, B., Letnic, M., Nelson, M. P,,
Schmitz, O. J., Smith, D. W., Wallach, A. D., & Wirsing, A. J. (2014).
Status and ecological effects of the World's largest carnivores. Science,
343(6167), 1241484. https://doi.org/10.1126/science.1241484

Ritchie, E. G., & Johnson, C. N. (2009). Predator interactions, mesopreda-
tor release and biodiversity conservation. Ecology Letters, 12(9),
982-998. https://doi.org/10.1111/j.1461-0248.2009.01347.x

Rad-Eriksen, L., Killengreen, S. T., Ehrich, D., Ims, R. A., Herfindal, 1.,
Landa, A., & Eide, N. E. (2022). Data from: Predator co-occurrence
in alpine and Arctic tundra in relation to fluctuating prey. Dryad
Digital Repository, https://doi.org/10.5061/dryad.63xsj3v66

Rota, C. T., Ferreira, M. A. R, Kays, R. W,, Forrester, T. D., Kalies, E. L.,
McShea, W. J., Parsons, A. W., & Millspaugh, J. J. (2016). A mul-
tispecies occupancy model for two or more interacting species.
Methods in Ecology and Evolution, 7(10), 1164-1173. https://doi.
org/10.1111/2041-210x.12587

Sokolov, A. A., Sokolova, N. A., Ims, R. A., Brucker, L., & Ehrich, D. (2016).
Emergent rainy winter warm spells May promote boreal preda-
tor expansion into the Arctic. Arctic, 69(2), 121-129. https://doi.
org/10.14430/arctic4559

Solberg, E. J., Strand, O., Veiberg, V., Andersen, R., Heim, M., Rolandsen,
C. M., Solem, M. I., Holmstrgm, F. H., Jordhgy, P., Nilsen, E. B.,
Granhus, A., & Eriksen, R. (2017). Cervids 1991-2016: Summary

report from the National Monitoring Program for Wild Cervids. NINA
report 1388. Norwegian Institute for Nature Research. http://hdl.
handle.net/11250/2453679 (In Norwegian with English summary).

Stoessel, M., Elmhagen, B., Vinka, M., Hellstrom, P., & Angerbjérn, A.
(2019). The fluctuating world of a tundra predator guild: Bottom-up
constraints overrule top-down species interactions in winter.
Ecography, 42(3), 488-499. https://doi.org/10.1111/ecog.03984

Sulkava, S., Huhtala, K., Rajala, P., & Tornberg, R. (1999). Changes in the
diet of the Golden eagle Aquila chrysaetos and small game popula-
tions in Finland in 1957-96. Ornis Fennica, 76(1), 1-16.

Tannerfeldt, M., Elmhagen, B., & Angerbjérn, A. (2002). Exclusion by in-
terference competition? The relationship between red and arctic
foxes. Oecologia, 132(2), 213-220. https://doi.org/10.1007/s0044
2-002-0967-8

Tveraa, T., Stien, A., Brgseth, H., & Yoccoz, N. G. (2014). The role of pre-
dation and food limitation on claims for compensation, reindeer
demography and population dynamics. Journal of Applied Ecology,
51(5), 1264-1272. https://doi.org/10.1111/1365-2664.12322

Ulvund, K. R., Flagstad, @., Sandercock, B., Kleven, O., & Eide, N. E. (2021).
Arctic fox in Norway 2021. Results from the national monitoring pro-
gramme for Arctic fox. NINA Report 2058. Norwegian Institute for
Nature Research. https://hdl.handle.net/11250/2834508

van Dijk, J., Andersen, T., May, R., Andersen, R., Andersen, R., & Landa,
A. (2008). Foraging strategies of wolverines within a predator
guild. Canadian Journal of Zoology, 86(9), 966-975. https://doi.
org/10.1139/z08-073

Wallén, J., Ulvund, K., Sandercock, B., & Eide, N. E. (2021). Arctic fox mon-
itoring in Sweden and Norway 2021: Population status for the Arctic
fox in Scandinavia. Naturhistoriska riksmuseet (NRM) and Norsk
institutt for naturforskning (NINA), 1-2021, 39. https://hdl.handle.
net/11250/2834940

SUPPORTING INFORMATION

Additional supporting information can be found online in the
Supporting Information section at the end of this article.
Table S1. Alpine.

Table S1b. Arctic.

Figure Sla. Alpine.

Figure S1b. Arctic.

Figure S2a. Alpine.

Figure Séb. Arctic.

Table S2a. Alpine.

Table S2b. Arctic.

Table S3a. Alpine.

Table S3b. Arctic.

Table S4a. Alpine.

Table S4b. Arctic.

Table S5a. Alpine.

Table S5b. Arctic.

Table Séa. Alpine.

Table Sé6b. Arctic.

How to cite this article: Rgd-Eriksen, L., Killengreen, S. T.,
Ehrich, D., Ims, R. A., Herfindal, |., Landa, A. M., & Eide, N. E.
(2023). Predator co-occurrence in alpine and Arctic tundra in
relation to fluctuating prey. Journal of Animal Ecology, 00,
1-13. https://doi.org/10.1111/1365-2656.13875

85U0|7 SUOWIWIOD BAEa1D 3|dealidde 8y Ag peuienob ae Sspoie YO ‘85N JO s3I 10} A%iq 1 8UIIUO AB|IAN UO (SUOIPUOD-PUR-SLLBY/LICD" A3 | 1M A0 U UO//SANY) SUORIPUOD PUe SWLB | 8L 88S *[£202/T0/0E] U0 ArIqIT8ulUO AB]IM ‘JO ANSIeAlun 9101V 8y L 1IN Ad G/8ET'9592-G9ET/TTTT OT/I0p/W00 A8 im" Are1q 1 jpuljuo'S [euIn0 aq/:sdny Wiouy papeojumod ‘0 ‘9592S9ET


https://www.landbruksdirektoratet.no/
https://doi.org/10.1016/j.anbehav.2019.05.007
https://doi.org/10.1016/j.anbehav.2019.05.007
https://doi.org/10.14430/arctic284
https://doi.org/10.1088/1748-9326/aaefb3
https://doi.org/10.1088/1748-9326/aaefb3
https://doi.org/10.1146/annurev.es.20.110189.001501
https://doi.org/10.1146/annurev.es.20.110189.001501
https://doi.org/10.1126/science.1173113
https://doi.org/10.1111/ele.13489
https://doi.org/10.1525/bio.2009.59.9.9
https://www.r-project.org/
https://www.r-project.org/
https://doi.org/10.1126/science.1241484
https://doi.org/10.1111/j.1461-0248.2009.01347.x
https://doi.org/10.5061/dryad.63xsj3v66
https://doi.org/10.1111/2041-210x.12587
https://doi.org/10.1111/2041-210x.12587
https://doi.org/10.14430/arctic4559
https://doi.org/10.14430/arctic4559
http://hdl.handle.net/11250/2453679
http://hdl.handle.net/11250/2453679
https://doi.org/10.1111/ecog.03984
https://doi.org/10.1007/s00442-002-0967-8
https://doi.org/10.1007/s00442-002-0967-8
https://doi.org/10.1111/1365-2664.12322
https://hdl.handle.net/11250/2834508
https://doi.org/10.1139/z08-073
https://doi.org/10.1139/z08-073
https://hdl.handle.net/11250/2834940
https://hdl.handle.net/11250/2834940
https://doi.org/10.1111/1365-2656.13875

	Predator co-­occurrence in alpine and Arctic tundra in relation to fluctuating prey
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Study areas
	2.2|Camera trapping
	2.3|Explanatory variables
	2.4|Statistical analysis

	3|RESULTS
	3.1|Probability of detection and marginal occupancy covariates
	3.2|Single-­species response to rodent abundance
	3.3|Pairwise co-­occurrence
	3.4|Multi-­species co-­occurrence

	4|DISCUSSION
	5|CONCLUSIONS
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENT
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	REFERENCES


