Behavioral Ecology and Sociobiology (2020) 74:52

https://doi.org/10.1007/500265-020-2823-4

ORIGINAL ARTICLE @

Check for
updates

Refrigeration or anti-theft? Food-caching behavior of wolverines
(Gulo gulo) in Scandinavia

Bert van der Veen'? . Jenny Mattisson>(® - Barbara Zimmermann" - John Odden* - Jens Persson®

Received: 21 October 2019 /Revised: 23 February 2020 / Accepted: 3 March 2020
© The Author(s) 2020

Abstract

Food-caching animals can gain nutritional advantages by buffering seasonality in food availability, especially during times of scarcity.
The wolverine (Gulo gulo) is a facultative predator that occupies environments of low productivity. As an adaptation to fluctuating food
availability, wolverines cache perishable food in snow, boulders, and bogs for short- and long-term storage. We studied caching
behavior of 38 GPS-collared wolverines in four study areas in Scandinavia. By investigating clusters of GPS locations, we identified
atotal of 303 food caches from 17 male and 21 female wolverines. Wolverines cached food all year around, from both scavenging and
predation events, and spaced their caches widely within their home range. Wolverines cached food items on average 1.1 km from the
food source and made between 1 and 6 caches per source. Wolverines cached closer to the source when scavenging carcasses killed by
other large carivores; this might be a strategy to optimize food gain when under pressure of interspecific competition. When caching,
wolverines selected for steep and rugged terrain in unproductive habitat types or in forest, indicating a preference for less-exposed sites
that can provide cold storage and/or protection against pilferage. The observed year-round investment in caching by wolverines
underlines the importance of food predictability for survival and reproductive success in this species. Increasing temperatures as a
consequence of climate change may provide new challenges for wolverines by negatively affecting the preservation of cached food and
by increasing competition from pilferers that benefit from a warmer climate. It is however still not fully understood which consequences
this may have for the demography and behavior of the wolverine.

Significance statement

Food caching is a behavioral strategy used by a wide range of animals to store food for future use. Choosing appropriate caching
sites appears important for slowing down decomposition rates and minimizes competition. In this study, we demonstrate that the
wolverine, an opportunistic predator and scavenger, utilizes available carrion to create caches all year around. By following
wolverines with GPS collars, we registered that they carried food far away to cache it in secluded and cold places, which are often
located on steep slopes or in forest. However, when scavenging other carnivores’ prey, they move food in shorter distances,
possibly to be able to quickly return for more. The observed efficiency in wolverine caching behavior is likely vital for their
survival and reproductive success in the harsh and highly seasonal environment in which they live.
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Introduction

Food caching is a widespread behavior in mammals, birds, and
arthropods (Vander Wall 1990; Sutton et al. 2016). Food-caching
animals can gain a nutritional or energetic advantage through this
behavior, as it can buffer seasonality in food availability and
increase the spatial distribution of their food supply in times of
scarcity (Vander Wall 1990). Access to cached food may be
crucial, especially during periods of high energy demands, such
as lactation and the rearing of young (Gittleman and Thompson
1988; Persson 2005; Inman et al. 2012a; Derbyshire et al. 2015).
Food-caching behavior involves the following: (1) the storage of
food before consumption, through transport, placement, and con-
cealment; and (2) the recovery and consumption of the cache
food (Vander Wall 1990).

For caching behavior to be advantageous, the gain from
storage and recovery should outweigh the cost of caching
(Andersson and Krebs 1978; Alpern et al. 2012). Animals
have evolved several strategies to maximize the benefits of
caching, such as preventing or minimizing competition
through cache placement, concealment, and dispersion, by
optimizing transport distance (Stapanian and Smith 1978;
Rong et al. 2013), and through varying recovery strategies.
Recovery can occur through olfactory or visual senses, spatial
memory, or in opportunistic manner (Kamil and Balda 1985;
Vander Wall 1990; Phillips et al. 1991; Vander Wall and
Jenkins 2003). Food items can be either stored closely togeth-
er (larder hoarding; Jenkins and Breck 1998) or as dispersed
caches (scatter hoarding; Brodin 2010), and for short-term
(hours to days) or long-term periods (weeks to months,
Vander Wall 1990; or even years, Smith 1968). Long-term
caching of seeds and nuts is a common behavior of several
bird species (Clayton and Krebs 1995) and rodents (Aleksiuk
1970; Wauters et al. 1995). Short-term caching has been ob-
served in several large northern predators such as bears (Ursus
spp.; Elgmork 1982) and the Eurasian lynx (Lynx lynx;
Jedrzejewski et al. 1993; @vrum 2000), who cover their prey
with snow, earth, or plant material when temporarily leaving
the carcass (Vander Wall 1990).

Many mustelid species are known to cache food, e.g., the
least weasel (Mustela nivalis; Criddle 1947), the Eurasian ot-
ter (Lutra lutra; Lanszki et al. 2006), the American mink
(Neovision vision; Yeager 1943), the American marten
(Martes americana; Henry et al. 1990), the Tayra (Eira
barbara; Soley and Alvarado-Diaz 2011), and the American
badger (Taxidae taxus; Michener 2000). The world’s largest
terrestrial mustelid, the wolverine (Gulo gulo), inhabits unpro-
ductive and highly seasonal environments in boreal forests
and alpine tundra in the northern hemisphere (Inman et al.
2012a). As a facultative predator and scavenger, the wolverine
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benefits from an opportunistic food acquisition strategy
(Lofroth et al. 2007; Van Dijk et al. 2008; Inman et al.
2012a; Mattisson et al. 2016). Morphologically and behavior-
ally, the wolverine is well adapted to roam large areas in
search of carcasses (Banci 1994). Ungulates are an important
part of the wolverine’s diet in most areas, although diet com-
position shifts according to available resources (Van Dijk et al.
2008; Dalerum et al. 2009; Mattisson et al. 2016). While it is
generally accepted that wolverines cache food for later con-
sumption (Krott 1960; Haglund 1966; Inman et al. 2012a),
few studies have described their food-caching behavior (but
see Magoun 1987; Samelius et al. 2002; Wright and Ernst
2004). Caching facilitates the occupancy of unproductive hab-
itat by improving food predictability and by allowing wolver-
ines to take advantage of sudden food bonanzas (Vander Wall
1990; Inman et al. 2012a). Wolverine food caches are mostly
located in secluded and cold microhabitats (e.g., snow,
swamps, and cavities under boulders), referred to as “natural
refrigerators” in the literature (Haglund 1966; Bevanger 1992;
Inman et al. 2012a). Food degradation by insects and bacteria
can be slowed down by caching food in cold and dark envi-
ronments (Sutton et al. 2016). As wolverines cache highly
perishable food (i.e., meat) for long-term storage, the wolver-
ine is predicted to be one of the caching vertebrates most
susceptible to climate change (Sutton et al. 2016). Caching
structures that function as natural refrigerators can also reduce
competition from other scavengers (Hopewell et al. 2008) by
decreasing pilfering (Vander Wall and Jenkins 2003). The
cache site can protect food from degradation and from pil-
ferers that rely on visual or olfactory senses. Wolverine cach-
ing behavior can thus fit two, in literature proposed, hypothe-
ses: the habitat structure hypothesis (i.e., careful cache
placement in specific habitat, to decrease the probability of
losing large quantities of food to pilferers; Steele et al. 2013)
and the refrigeration hypothesis (i.c., storage in caches that
preserve food well; Inman et al. 2012a), but these might be
difficult to disentangle in practice.

The goal of this study was to describe different spatial
components of the wolverine’s caching behavior. We discuss
our findings in the perspective of the habitat structure hypoth-
esis and the refrigeration hypothesis. First, we aimed to assess
whether wolverines are scatter hoarders or larder hoarders.
Spreading caches across space can reduce the risk of pilferage
(Vander Wall 1990) but requires more sophisticated spatial
cognition for cache recovery. Scattered hoarding fits well
within the territorial defense behavior displayed by wolverines
(Mattisson et al. 2011b). Secondly, we investigated selection
of caching locations by wolverines. We expected wolverines
to select locations with favorable conditions for both preser-
vation of food (i.e., cold, dark places) and protection from
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chemically and visually orientated pilferers. In winter, snow
coverage provides plentiful opportunities for caching. For
long-term storage (after snowmelt), we expected underlying
structures (e.g., secluded cavities in-between boulders) to be
important. Boulder structures are most common in steep and
rugged terrain, offering many potential microhabitat structures
suitable for caching year around. North- and east-facing
slopes retain snow longer in spring and remain cooler in sum-
mer due to shorter sun exposure and can therefore be expected
to preserve cached food longer. Selection of specific locations
for caching may be more critical in summer than in winter
because of the lack of snow in summer. Thirdly, we estimated
the distance at which wolverines transported food items from
a food source to a caching site. It has been suggested that
caching should occur quickly and in close proximity to the
source (Clarkson et al. 1986), as caching at long distances
reduces the available time for removing food at the source,
especially if other competitors are present (Hopewell et al.
2008). Long distances will also increase traveling costs but
might, on the other hand, offer better caching habitat for long-
term storage, as well as better food dispersion within a terri-
tory. To maximize food gain under competition pressure, we
expect wolverines to transport food shorter distances when
scavenging from ungulate carcasses that were killed by anoth-
er carnivore than if killed by the wolverine itself. Similar,
when scavenging on ungulates that died of natural causes,
competition is excepted to be high as other scavengers most
likely are present before, or at the same time as the wolverine.
Additionally, wolverines might cache at far distances when
competition is low to optimize suitability of caching site hab-
itat or to increase resource dispersion.

Materials and methods
Study area

The study was carried out in four areas on the Scandinavian
Peninsula Finnmark (70°10’ N, 24°70" E), Troms (69°00" N,
19°90" E), and Nord-Trendelag (64°30" N, 12°50" E) counties
in Norway, and the Sarek region (67°00' N, 17°40" E) in
Sweden (Fig. 1). The climate in Nord-Trendelag and Sarek
is continental while Troms and Finnmark have a coastal alpine
climate. All areas are generally covered with snow from
November to May. Sarek, Troms, and Finnmark are dominat-
ed by alpine tundra, where mountain birch forest (Betula
pubescens) forms the treeline. Patches of pine forest (Pinus
sylvestris) can be found in Finnmark and Troms, while north-
ern boreal forest, dominated by conifer (Pinus sylvestris,
Picea abies), interspersed with bogs and mires, is common
in Nord-Trendelag and at lower elevations in Sarek. Sarek
and Troms are characterized by steep alpine topography with
peaks up to ~2000 m.a.s.l. The topography in Finnmark and
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Fig. 1 The four study areas in Scandinavia. NT Nord-Trendelag, S Sarek,
T Troms, and F Finnmark

Nord-Trendelag is more open and gentler than in Sarek and
Troms, and with elevations ranging up to ~ 1100 and
1500 m.a.s.l. Free-ranging semi-domestic reindeer (Rangifer
tarandus) and moose (Alces alces) are the main sources of
carrion in all areas. In the Norwegian areas, free-ranging do-
mestic sheep (Ovis aries) are also a potential source of carrion
during summer in most areas. Other large carnivores present at
varying densities in the study areas were Eurasian lynx and
brown bears (Ursus arctos).

Study animals

Between 2008 and 2014, wolverines were anesthetized by
darting from helicopter and equipped with either a GSM or
UHF communication type GPS collar (GPS plus mini,
Vectronic Aerospace GmbH, Berlin, Germany). Capture and
handling followed existing protocols (Arnemo et al. 2012).
GPS collars were originally programmed to take one to eight
locations per day. Collars were reprogrammed to take between
19 and 48 locations per day in the Norwegian areas, and 38
and 96 locations per day in the Sarek area, during pre-set
intensive periods of three to 8 weeks, with the aim to study
diet and predation by wolverines (see Mattisson et al. 2016).
Due to collar failure, some periods were shorter than planned
(minimum 1 week). Age (subadult 1-2 years or adult >
2 years), sex and reproductive status (male, single female, or
female with cubs) of the wolverine, whether the wolverine had
established a territory (stationary) or not (dispersing), and sea-
son (winter, October—April; summer, May—September) were
assigned to each intensive monitoring period. Wolverine es-
tablishment was determined by visually studying all available
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GPS locations for each individual. If the GPS locations indi-
cated a steady home range with no long-range movements, we
considered the wolverine as stationary.

Detecting food caches and food sources

Diet studies were carried out on 38 wolverines, including
2090 monitoring days spread out over 33 intensive monitoring
periods in summer and 33 periods in winter (1-4 per individ-
ual). During the intensive periods, clusters of GPS locations,
defined as > two locations within 100 m of each other, were
identified and investigated in the field (see Mattisson et al.
2016). Initially, we visited all clusters that were possible to
reach, but as our experience grew, clusters with patterns char-
acteristic of daybeds (i.e., >2 daytime-only consecutive loca-
tions within a very limited area, with no revisits) were given
less priority. In winter, avalanche risk sometimes prohibited
visits to clusters in steep terrain. Although the primary objec-
tive was to document predation events, we registered findings
at all clusters. A cluster was classified as a food cache when
only parts of a carcass (e.g., a leg or a head) were found, which
had clearly been carried away from the site where the ungulate
had died, and which had been stored by the wolverine. Holes
with signs of digging, interpreted as an attempt to store or
retrieve food, were also identified as food caches. We assumed
that signs of caching or digging, observed at the site of the
GPS locations in a cluster, were caused by the focal wolverine.
A cluster was defined as a food source when we found a
relatively complete carcass (from predation, natural, or un-
known cause of death) or an anthropogenic food deposit such
as bait stations and slaughter remains. The cause of death for
ungulate carcasses was determined following the
methodology in Mattisson et al. (2016) appendix S1. When
we only found food remains (chewed bones and hairs) with no
indication that anything had been hidden, the cluster was de-
fined as a feeding place and thus separated from caches.

The definition of a food cache was consistent throughout
the study, but the focus on caches specifically developed over
time. Therefore, the registration of caches intensified in later
years. It is likely that we have underestimated the number of
caches by wolverines in the beginning of the study.
Additionally, when a cluster was registered as a cache, we
did not always register details such as microhabitat (e.g., boul-
der cavities, bogs, or snow) or species of the stored food item.
It was also harder to document caches in winter, as we did not
want to cause unnecessary disturbance by digging out holes
found in the snow to document potential food items.
Additionally, we may have failed to detect well-hidden caches
with no signs of activity, for example, in bogs, or during win-
ter when the wind in combination with snowfall can rapidly
cover signs of food caching. Consequently, we were unable to
analyze seasonal and individual differences in the number of
created and utilized caches.

@ Springer

When possible, food caches were linked with a food source
using wolverine GPS locations. Wolverines often displayed a
repeated track between the food source and various cache
locations (Supplementary material Fig. S1, S2). This linkage
was occasionally confirmed in the field by snow tracking or
by linking the species and age of cached food to the source.
We often found prey items of very different age at the same
caching site indicating that the caching site had been reused by
the wolverine. This makes it difficult to determine whether a
cache that could not be linked to a food source was newly
created when discovered (i.e., the wolverine just moved a food
item there) or utilized (i.e., the wolverine visited the cache to
either eat, control, or restock it). If a wolverine only passed a
carcass to take a single food item and did not stop or return, no
cluster would have been formed (>2 GPS locations), and we
would not have detected the food source.

It was not possible to record data blindly because our study
only involved focal animals in the field.

Cache dispersion

We visualized the cache dispersion pattern per intensive peri-
od for wolverines with > 10 food caches, including six inten-
sive periods (summer only) from five wolverines
(Supplementary material Table S1). Two dispersing individ-
uals with sufficient sample sizes were excluded, as they did
not maintain a home range, and the lack of a territory is likely
to influence cache dispersion.

We created separate 100% minimum convex polygons
(MCPs) for the areas utilized by the wolverines during each
of the intensive periods, and plotted these together with the
associated caches and food sources, to illustrate the spatial
spreading of the caches and whether the location of the cache
was influenced by the location of the source. Additionally, to
compare how the utilized area and caching pattern related to
individual home ranges, we estimated and plotted home
ranges (100% MCP) based on all available GPS locations
for each wolverine. The duration of periods used to estimate
individual home ranges differed between individuals
(Supplementary material Table S1). However, wolverines
use >75% of their entire multi-year home range within a
month (Inman et al. 2012b); thus, home ranges calculated
for short-term periods (3 months) should still give a represen-
tative reflection of their complete home range. We additional-
ly calculated the Euclidean distance between all caches per
stationary individual as an attempt to further describe the spac-
ing of caches.

Selection of habitat for caching sites
Selection of habitat for caching sites occurs when the cache is

created, i.e., when a food item is moved there. Therefore, to
characterize habitats that were chosen as caching sites by
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wolverines, we only included caches that we could link to a
food source (86 in summer and 42 in winter). By doing this,
we could safely assume that food was cached at these sites
when the cluster of GPS locations was formed (and not during
a recovery attempt). To determine habitat availability near the
food source, we created 20 random locations inside a buffer
zone around the source, with a radius equal to the 90th per-
centile of the distance between sources and caches in this
study (2638 m).

As the microhabitat at food caches was only registered in
the field for 46% of the caches, and was not available for
random locations, we used environmental maps to retrieve
the habitat for all locations. These maps poorly represent the
microhabitat used by wolverines for caching, but rather reflect
the general habitat at the caching site. We intersected the cache
and random locations with the following environmental raster
maps: vegetation (Swedish Corine land cover map
Lantméteriet, 25 x 25 m merged with Northern Research
Institute’s vegetation map, Norway, 30 x 30 m into a 25 X
25 m raster), elevation, slope, aspect, and ruggedness, all de-
rived from DEM 50 x 50 m (Norge digital Statens kartverk,
Geographical data Sweden, Lantméteriet). Ruggedness was
calculated from the elevation map as vector ruggedness mea-
sure index (Sappington et al. 2007) with neighborhood size
three (to include all neighboring cells) in GRASS GIS 7
(GRASS Development Team 2017). Due to the relatively
small sample size of caches, we grouped the original vegeta-
tion classes into four classes: barren areas, forest, open areas
with vegetation, and snow-patch vegetation (Supplementary
material Table S2). However, a very low sample size in barren
areas in winter forced us to pool this class with snow-patch
vegetation in winter. One cache was excluded as it was located
outside available environmental maps. All spatial analyses
were performed in R 3.1.1 (R Development Core Team
2017) with the packages sp (Pebesma and Bivand 2005) and
raster (Hijmans 2016), or in QGIS 2.14-Essen (QGIS
Development Team 2016).

We applied a conditional logistic regression to analyze selec-
tion of habitat for caching, because it allows each cache to be
linked with its random locations (thus conditioning use on avail-
ability) by including a stratum. Additionally, we included animal
ID in the models as a cluster term to account for autocorrelation
issues. To detect potential seasonal differences, we performed
this analysis separately for summer and winter. To account for
circularity in aspect, we converted degrees to radians and includ-
ed the aspect as both eastness (sine) and northness (cosine) trans-
formation. We used a pairwise Pearson rank correlation to test for
collinearity among the explanatory variables (> 0.60), though
none of the variables was collinear. We performed model selec-
tion with the use of Akaike’s information criterion corrected for
small sample sizes (AIC,) and considered models to fit the data
equally well if AAIC, were smaller than or equal to two
(Burnham and Anderson 2002). All continuous explanatory

variables were initially evaluated to determine if a non-linear
second order polynomial generated a better fit, according to
AIC,, than a linear. Only the best fit of the two was kept for
further model selection. Ruggedness was transformed by taking
its natural logarithm before entering the models, to limit the
influence of outliers.

Caching distance

To study the mechanisms influencing transport distance between
a food source and a cache, we calculated the Euclidean distance
between linked caches and food sources. Because some caches
were linked to two or three sources, our sample size was greater
than in the habitat selection analysis. It was possible to identify
149 linked food sources and caches, 70 by females (n;,q, = 16)
and 79 by males (nj,q = 16). To test if the habitat quality for
caching was an important motivator for wolverines to cache far
away from the source, we created a Ahabitat variable where we
estimated the differences in habitat quality between the cache and
its source. Habitat quality was estimated by predicting the odds
ratio using the top-ranked habitat selection model from above. A
positive Ahabitat indicates that the wolverine moved to a better
habitat for caching than the one available at the food source (and
the converse for a negative Ahabitat). In addition, we tested if the
distance was related to the habitat quality at the caching site
directly, i.e., unrelated to the habitat at the source. Transport
distance may also be influenced by potential competition at the
food source. To test for this, we grouped the food sources into (1)
ungulates killed by the focal wolverine (z=156), (2) ungulates
killed by other carnivores (n =27), or (3) ungulates dying from
other causes or from anthropogenic sources (n =46). Among the
wolverine-killed ungulates, interpretation of GPS data suggested
seven ungulates to have been communally killed by two (female,
male) or three (female, male, yearling male) GPS-collared wol-
verines. These were treated similar as when only one GPS-
collared wolverine had been involved in the killing. We excluded
two caches made by a GPS-collared wolverine that were linked
to an ungulate killed by an uncollared wolverine. The transport
distance might, in these two cases, be different as the caching
wolverine was not first on site. Caching distance will be restricted
by home range size (which is larger for males than for females;
Mattisson et al. 2011b) and can potentially be influenced by the
presence of cubs; thus, we also tested for sex and reproductive
status in the models.

Caching distance was analyzed using linear models. As the
response variable was right-skewed, we log transformed the
variable before entering it to the model. To correct for poten-
tial autocorrelation of data from the same wolverine and/or
study area, we first fitted a full linear mixed-effects model
(LMER) with individual wolverine and study area (combined
and separately) as random factors. However, as very little of
the variance were explained by the random effects (i.e., no
evidence of pseudo replication), we continued with a simpler
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model excluding random factors (LM). Model selection was
performed using AIC.. All continuous explanatory variables
were initially included as both linear and quadratic terms, but
only the term generating the model with the lowest AIC, value
was kept in further model selection. As the variable Ahabitat
was derived using the variable habitat quality at the caching
site, these could not be combined in the same model.
Similarly, reproductive status could not be combined with
sex as only females fit the family category. Therefore, we first
set up competing models with these variables as single pre-
dictors. We continued the model selection including the vari-
ables Ahabitat and sex as they performed better than models
with habitat quality at the caching site and reproductive status,
according to AIC,.. Vegetation type was not available for either
the cache or the source for five-linked caches and food
sources; thus, we excluded these from the analysis. All statis-
tical analyses were done in R 3.1.1 with the package Ime4
(Bates et al. 2015).

Results

We identified 303 food caches, 146 by males (n;,q. = 17), 117 by
single females (n;,q = 16), and 40 by females with cubs (n;,q = 8),
of which 215 were found in summer and 88 in winter. The most
common microhabitats of caching sites in summer were boulder
cavities (n=72), excavated holes in bogs (n=14), and in

“we A
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Photo: John Ivar Larsen

Photo: Zea Walton '_

Fig. 2 Photos of caching sites in winter and late spring (a—d) and in
summer (e—i). a A hole in the snow with hair of a reindeer spread
around. b Parts of a reindeer found in a cavity between the snow and a
cliff. ¢, d Remains of a reindeer becoming visible after the beginning of
the snowmelt in late spring. The holes continue deep down into the
remaining snow. e A hoof of a moose buried into vegetation (the hole
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Photo: Jenny Mattisson

persistent snow patches (n =9). Some caches were covered un-
derneath moss or vegetation (n="7) or completely submerged
under water (n=1). In winter, the ground was mostly covered
with snow, and for 20 caches, we only found holes in the snow,
but for an additional 14 snow-covered caches, we detected boul-
der cavities as the underlying microhabitat structure. For two
caches, vegetation or soil was found around the holes in the
snow, indicating caching below the snow cover. One cache was
submerged under “non-frozen” water. Example photos of cach-
ing sites are shown in Fig. 2 and in supplementary material Fig.
S3. For 72% of all caches, it was possible to identify the species
of the food item. Reindeer was by far the most cached prey
(84%; n=177). Other identified species were moose (n=25),
sheep (n=5), unknown ungulate (n=2), and red fox (n=2).
On average, we found 0.16 caches per wolverine monitoring
day, ranging from none to 0.96 caches/day among all wolverine
individuals. This should be regarded as a minimum estimate of
caching as we did not register all caches (see methods).

In total, we found 460 food sources during the study, of
which 161 were wolverine-killed ungulates (157 reindeer and
4 sheep). Other carnivores provided an additional 140 sources,
mostly reindeer (n = 129), where lynx was the primary preda-
tor (n=121). The remaining 159 sources were either ungu-
lates that died from natural or unknown causes (106 reindeer,
33 moose, and 1 sheep), or of anthropogenic origin (11
slaughter remains and 8 bait stations). We could link 149 of
all food sources to caches (32%). These food sources were

s
-

__Photo: Jénny Mattisson

Photo: Geir Rune Rauset

has been exposed by us). f Part of a reindeer skull found in a hole in a high
alpine mire. g A cache in a bog. h Well-reused caching site in boulders
containing prey remains of different ages. Note the dark green moss
indicating a cold and dark micro-environment. i A reindeer skull found
hidden in a boulder field (now exposed)
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ungulates killed by wolverines (n =63), by other carnivores
(n =35, including 25 known lynx-killed reindeer), or by other
causes (n=51).

In 14 caches, wolverines had gathered food items from
more than one food source (12 caches had 2 sources and 4
had 3 sources). Furthermore, 11% of the linked food sources
were the origin of more than one-documented cache (10
sources with 2 caches, 3 with 3 caches, 1 with 4 caches, and
2 with 6 caches). We documented that 21% of the food sources
were visited by more than one wolverine.

Cache dispersion

Both caches and food sources were distributed across wolver-
ine home ranges (Fig. 3), and caches were often spatially
clustered around the food sources. The median distance be-
tween caches for 16 stationary females was 7.1 km (n = 446,
mean = 7.2 km, SD =5.98) and 10.9 km for 8 stationary males
(n=192, mean=13.9 km, SD =7.83). This approaches the
approximate radius of an average home range size (females
7.9 km, males 15.3 km; Mattisson et al. 2011b).

Fig. 3 Plots of home ranges a
(dashed black lines), with food
caches (0) and food sources (x)
documented during periods of in-
tensive monitoring of wolverines
in summer. Area use restricted to
the intensive period is shown as
solid gray lines. Durations of the
intensive periods and the home
ranges differ between individuals

7445000

7430000 A

Selection of habitat for caching sites

The best model for habitat selection for caching sites in both
summer and winter included the polynomial term of slope and
ruggedness (Table 1, Supplementary material Table S3, S4). In
summer, the best model additionally included vegetation type. In
both seasons, wolverines selected habitat with slopes steeper than
approximately 9° for caching (Fig. 4a), indicating low seasonal
differentiation. Flat terrain was avoided by caching wolverines in
both summer and winter, while highly rugged terrain was select-
ed stronger in summer than in winter (Fig. 4b). In summer,
wolverines selected for forest habitat and against open areas with
vegetation when caching (Fig. 4c).

In summer, there were no other models within two AIC,
units (Supplementary material Table S3). In winter, the sepa-
rate addition of northness, eastness, or elevation to the top
model increased AIC. by 1.2, 1.7, and 1.7, respectively
(Supplementary material Table S4). However, the estimates
for elevation and eastness had larger standard errors than their
estimates. Northness explained some variation, indicating that
wolverines selected for more south-facing slopes.
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Table 1 Estimates from the best

ranked conditional logistic Summer Winter

regression models, for habitat

selection at caching sites by B* CI2.5% CI197.5% p* CI2.5% CI197.5%

wolverines (based on 86 food- N

caching sites in summer and 42 in Vegetation type - forest 0.38 —-0.47 1.22

winter) in Scandinavia Vegetation type - open® -0.74 -1.50 0.03
Vegetation type - snow-patch® 0.11 —0.61 0.83
Slope 34.26 14.86 53.65 16.63 3.12 30.15
Slope? —8.62 —18.05 7.26 —4.04 —12.03 3.95
In(ruggedness) 27.76 10.69 44.84 35.61 14.30 56.92
In(ruggedness)® —5.40 —18.05 7.26 —20.40 -31.34 —945

B is on the logit-scale

b .
The reference category is barren areas

Caching distance

The median distance between food sources and food caches
was 499 m (mean=1120 m, SD=1673 m, range = 35—
9329 m, n=149). Of all distances, 90% were shorter than
2500 m (Supplementary material Fig. S4). The longest dis-
tance was 9.3 km. Based on model selection, distances be-
tween caches and sources were best explained by the origin
of the food source and Ahabitat (Supplementary material
Table S5). Wolverines cached food items closer to the source
if the ungulate was killed by another carnivore than if it was
killed by a wolverine (Fig. 5a, 3 =0.59, CI 95%=0.11—
1.108) or if the ungulate died from other causes (Fig. Sa,
3 =0.49, CI 95% = 0.005-0.99). Distance between the cache
and the source increased when Ahabitat increased, suggesting
that wolverines transported food further away from the source
to find more suitable habitat (Fig. 5b, 3 =0.16, CI 95% =
0.06-0.25). In 98 cases (68%), the habitat at the cache was
superior to that at the source; in 45 cases (31%), it was worse,
and for one the same. However, the best model only explained
about 12% of the observed variation (R*>=0.12), and five
other models were within two AAIC, (Supplementary

material Table S5). All these models included Ahabitat but
with different combinations of the variable food source origin,
sex, and season. Sex, included in the second, fourth, and sixth
ranked models, showed slightly longer caching distances for
males than for females in all models where it was included
(2nd model 3 =0.22, C1 95% =—0.15-0.59). Season, includ-
ed in the third, fourth, fifth, and sixth ranked models, showed
shorter caching distance in winter than in summer (3rd model
p=-0.22,CI95%=-0.62-0.18).

Discussion

Wolverines visited food caches at a rate of at least one per
6 days in both winter and summer, suggesting that cached
food is an important part of wolverine foraging behavior
throughout the whole year. Wolverines generally inhabit un-
productive and highly seasonal environments and are there-
fore likely to take advantage of any abundance of food re-
sources regardless of whether it occurs in winter or in summer
(Magoun 1987; Mattisson et al. 2016). Sudden food bonanzas,
such as ungulates killed by avalanches, and predictable

a b c
41 Summer
2 44
3
3
e}
OII """"
=
3
5}
T T T T T T T T T T -4-
0 10 20 30 40 50 0.00 0.02 0.04 0.06 B F o) S
Slope Ruggedness Habitat

Fig. 4 Predicted log-odds with 95% confidence intervals (shaded area
and error bars) for informative variables included in the model that best
explain habitat selection of wolverines for caching in Scandinavia in
summer (top row) and in winter (bottom row). Slope (a), ruggedness

@ Springer

(b), and vegetation type in summer (c¢; B barren areas, F forest, O open
areas with vegetation, S snow-patch vegetation). The dashed line indi-
cates a threshold where log-odds below the line show avoidance and
above it show selection
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Fig. 5 Mean distance between food sources and wolverine caching sites
depending on (a) the origin of the food source: ungulates killed by the
wolverine (n = 60), ungulates killed by another carnivore species (1 =33,
of which 23 were known to be killed by lynx), or ungulates that died from
other causes (7 = 55); and (b) increasing habitat quality from the source to
the cache location (A habitat). Estimates are obtained from the highest
ranked GLMM model and are shown with 95% confidence intervals

seasonal occurrences, such as ungulate calving periods, pro-
vide opportunities for caching that can buffer against periods
of food shortage. Food shortage is expected to be most com-
mon in winter (Inman et al. 2012a), but as wolverines in
northern Scandinavia largely rely on migratory semi-
domestic reindeer (Mattisson et al. 2016), food shortage may
occur also during summer, as wolverines do not follow rein-
deer on their migration (Walton 2015). Most of the intensive
periods included in this study were conducted during the sea-
sons when the focal wolverine overlapped with the grazing
areas of semi-domestic reindeer (Mattisson et al. 2016), but
not all wolverines had access to reindeer year around (Walton
2015). The overall pattern that wolverines cache food across

seasons presumably facilitates optimal exploitation of tempo-
rary availability of reindeer.

The distance between caches found in this study suggests
that wolverines spread food caches across their home range.
The observed cache dispersion pattern suggests that the wol-
verine is a scatter hoarder (Vander Wall 1990). This seems to
be an efficient cache defense strategy that combines well with
the overall high activity pattern (Mattisson et al. 2010; Inman
et al. 2012b) and territoriality (Persson et al. 2010; Mattisson
et al. 2011b) of wolverines. The defense of a territory reduces
the risk of conspecifics consuming resources or robbing
caches (Vander Wall 1990), thus increasing the benefits from
food caching (Alpern et al. 2012). The spatial pattern we ob-
served is likely a result of food caches being linked to where
the food item becomes available and the distance the wolver-
ine is willing to transport a food item. Scattering caches de-
creases the likelihood of losing large quantities of food to
pilfering (Stapanian and Smith 1978; Vander Wall 2000;
Leaver 2004), but increases the cost related to caching
(Alpern et al. 2012) through handling, re-caching, and even-
tual recovery of numerous food items. As territory holders,
wolverines need an extensive spatial memory of their range,
aiding cache placement and recovery (Sherry 1984).

On some occasions, we observed more than one wolverine
using the same caching site at the same time, or at different
times. Whether these interactions at caches between overlap-
ping territory holders (Mattisson et al. 2011b) suggest com-
munal caching or pilferage is not known. Sharing resources
may be a beneficial strategy among breeding adults with com-
mon offspring, or between parents and offspring, while unre-
lated individuals are mostly excluded by territorial behavior.
However, young dispersing conspecifics may take the risk
involved in pilfering when food is scarce.

Wolverines selected caching sites in steep and rugged ter-
rain and preferred to cache in forest vegetation in summer,
when available. However, in areas with limited forest cover,
wolverines also cached in open alpine habitat with boulder
structures or bogs. These habitats possibly provide a larger
quantity of secluded, cold, and dark microhabitat structures
that may be better suited for preserving and disguise food
items when compared with flat open areas, rich in low alpine
vegetation. In addition, selection of steep and rugged terrain is
in accordance with general habitat selections of wolverines
(Rauset et al. 2013). Contrary to our expectations, caching
wolverines did not select for shaded slopes, i.e., north- or
cast-facing slopes. This may, however, be less important for
cached food preservation when the microhabitat (i.e., snow,
boulder cavities, or bogs) shields food items from the sun.
Caching under forest cover and other visually occluded places
might prevent avian scavengers from locating the caches.
Corvid and eagle species (Aquila chrysaetos, Haliaeetus
albicilla) are common in our study areas and are important
competitors of wolverines at carcasses (Mattisson et al. 2011a;
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Henden et al. 2014; Gomo et al. 2017), and at least, corvids
have the potential to be pilferers of wolverine caches. For
example, ravens (Corvus corax) have been observed robbing
caches of arctic foxes (Vulpes lagopus; Careau et al. 2007b).
Caching in bogs and water can be an efficient strategy to
disguise food smells from potential terrestrial pilferers, such
as the red fox which is one of the most common terrestrial
competitors in our study system.

Contrary to our expectations, we did not find a clear sea-
sonal difference in habitat selection for caching sites. The lack
of a seasonal selection pattern may be due to the relatively
small sample size of caching sites in winter, in combination
with the use of coarse-scale environmental maps that may not
sufficiently describe microhabitat. In both seasons, we docu-
mented cached food items in boulder cavities, snow, water,
and bogs. These structures provide cold and secluded environ-
ments that can act as natural refrigerators that delay decompo-
sition rates of cached food by bacteria and insects (Kruuk
1972; DeVault et al. 2004; Parmenter and MacMahon 2009)
and/or protect caches by masking visual and chemical clues
that can attract pilferers. In winter, when microhabitat struc-
tures are covered by snow, wolverines likely rely on their
spatial memory to locate suitable caching locations under-
neath the snow. Persistent snow cover offers ample opportu-
nities to cache food, and selecting caching locations in snow-
bed habitat with late spring snow cover could prove important
for food predictability during spring and earlier summer. A
study that mimicked caching by cougar (Puma concolor,
Bischoff-Mattson and Mattson 2009) showed that caching
served to reduce competition from arthropods and mi-
crobes, in addition to lowering detection rates of other
scavenging carnivores. Wolverines are known to cache
in trees (Krott 1960; Haglund 1966), which does not de-
lay decomposition of cached food, but may allow for
short-term storage in areas where terrestrial scavengers
form the main source of competition.

Food sources (e.g., a large ungulate carcass) used by wol-
verines usually contain more food than a wolverine can trans-
port and cache in a single trip, and thus provide opportunities
to cache multiple items. Caching close to the source mini-
mizes costs associated with transport and allows wolverines
to secure as much food as possible before the arrival of com-
petitors. It is common for wolverines to scavenge from car-
casses killed by other carnivores, such as lynx (Mattisson et al.
2011a), wolves (Van Dijk et al. 2008), and brown bears
(Mattisson et al. 2016). However, this may involve a risk if
the other carnivore defends its kill (Inman et al. 2007; Kortello
et al. 2007; Jimenez et al. 2008). Wolverines reduce this risk
by mainly utilizing lynx-killed carcasses after they were aban-
doned by the lynx (Mattisson et al. 2011a), or while the lynx
was temporarily away (Lopez-Bao et al. 2016). If we assume
that wolverines are not able to know when, or if, the predator
is coming back to a carcass, the shorter transport distance we
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observed at kills from other carnivores is a favorable strategy
to quickly secure as much food as possible. However, caching
in close vicinity to the carcass may increase the risk of cache
pilferage (Tamura et al. 1999); also, the habitat near the car-
cass might not be optimal for long-term storage. When cach-
ing close to a carcass, wolverines may move caches to a more
suitable site at a later time, as observed in arctic foxes whilst
caching goose eggs (Careau et al. 2007a) and for other species
including rodents (Waite and Reeve 1992; Rong et al. 2013)
and birds (Moore et al. 2007). We found indications that wol-
verines cached food further away from the carcass to find
more preferred habitat than the one available at the carcass.
Habitat has been shown to be an important motivator to hoard
further away from the source in various rodent species, likely
because preferred habitat decrease cache pilferage (Wang and
Corlett 2017). It is likely that other scavengers may detect
carcasses prior to the wolverine, which will increase compe-
tition at the food source (Selva and Fortuna 2007; Gomo et al.
2017). High numbers of birds can consume large quantities of
animal biomass over short periods of time (Selva 2004,
Wikenros et al. 2013). We found that wolverines transported
food items further distances when the food source was a
wolverine-killed ungulate. Presumably, the wolverine was
first on site and consequently had more time to find suitable
caching sites and spread them further away from the carcass.

The potential influence of climate change on various as-
pects of wolverine ecology (e.g., denning and caching) has
received increasing attention in recent years (Aubry et al.
2007; Schwartz et al. 2009; Copeland et al. 2010; McKelvey
et al. 2011; Peacock 2011; Inman et al. 2012a; Webb et al.
2016; Aronsson and Persson 2017; Magoun et al. 2017).
Inman et al. (2012a) proposed a “refrigeration-zone” hypoth-
esis as a food and competition-based explanation for the ob-
served correlation between wolverine distribution and the area
encompassed by persistent spring snow cover (Copeland et al.
2010). Accordingly, the wolverine is suggested to be more
susceptible to climate change than most caching vertebrates
(Sutton et al. 2016). In this study, we confirm that caching is
common in wolverines of both sexes all year round and that
they seem to invest considerably in finding suitable caching
sites. Caching in steep and rugged terrain in unproductive
habitat types indicates a preference for less exposed sites that
can function as natural refrigerators and minimize pilfering.
The effort wolverines put into improving food predictability
and increasing their food supplies underlines the importance
of caching behavior for their survival and reproduction (Inman
et al. 2012a). Increasing temperatures as a consequence of
climate change may provide new challenges for wolverines
as it affects both the preservation of cached food (Sutton et al.
2016) and may increase occurrence of potential pilferers such
as the red fox (Elmhagen et al. 2015). It is however still not
fully understood which consequences this may have for the
demography and behavior of the wolverines.
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