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Abstract

Apex carnivores that rely primarily on predation play a central but complex role within scavenging ecology by potentially
suppressing intra-guild competitors, but also facilitating them by providing a reliable supply of carrion. We investigated the
competitive relationship between sympatric wolves (Canis lupus) and wolverines (Gulo gulo) in Norway across three seasons.
We deployed remote cameras at fresh wolf kills (n = 29) and built Bayesian generalized linear mixed models (GLMMs) to
explore the use of fresh wolf-killed prey by sympatric wolves and wolverines. Our results showed that wolves facilitated
wolverines by providing scavenging opportunities. Biomass available from wolf kills was influenced by seasonal wolf prey
preference and group size. Wolverines visited 100% of wolf kills in fall and winter, whereas only 18% in summer. We found
that in winter, wolverines visited wolf kills 3.6 and 6.7 times more often than single wolves and wolf groups revisited their
kills, and spent 10 and 25 times as much time at carcasses compared to single wolves and groups of wolves. Thus, wolver-
ines played an important role in the depletion of wolf-killed prey, with potential effects on the scavenging behavior of other
guild members. Understanding how globally threatened top predators may function as key species in scavenging processes
is important to conservation as this may have community-wide cascading effects and support important ecosystem functions
and services.

Significance statement

Large carnivores serve a central role within scavenging ecology through the suppression and facilitation of intraguild competi-
tors. The wolf, as an apex obligate predator, can provide a reliable supply of carrion, that can serve as an important resource
to facultative scavengers. However, while facultative behavior helps to mitigate the effects of limited prey for scavengers, it
can also increase exposure to competition and intraguild predation. Across three seasons, we explored the use of fresh wolf-
killed prey by sympatric wolves and wolverines. Our findings reveal that wolves facilitate wolverines by providing scaveng-
ing opportunities, where biomass available from kills is influenced by wolves’ prey preference and group size. Wolverines,
like wolves, utilized kills heavily during winter, when increased access to food is important to wolverine reproductive rates.
Wolverines exhibited caching behavior, possibly reducing exposure to interspecific competition, while serving an important
role in the depletion of carrion biomass.
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Introduction

Apex carnivores that rely primarily on predation are often
considered keystone species because they can have a dispro-
portionally large impact on the structure and functioning of
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ecological systems relative to their abundance (Paine 1969;
Mills et al. 1993). This includes their central but complex
role in the scavenging community, with their ability to out-
compete and kill interspecific competitors, but also to facili-
tate them by provisioning a reliable source of food (Wilmers
and Post 2006; Schmitz et al. 2008; Allen et al. 2015; Prugh
and Sivy 2020).

Scavenging is an important process by which organ-
isms consume dead organic material, e.g., carrion. This
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ecological phenomenon, often overshadowed by more
conspicuous trophic interactions, like predation, serves an
integral function in ecosystem health by recycling nutrients,
preventing disease vectors, and creating food-web linkages
(Barton et al. 2013; Beasley et al. 2015; Barton and Bump
2019; Vicente and Vercauteren 2019). Almost all predators
are scavengers to some extent, i.e., facultative scavengers,
(DeVault et al. 2003; Wilson and Wolkovich 2011), but scav-
enging differs from predation as it does not involve the act
of killing prey before consumption (Schmitz et al. 2008;
Selva et al. 2019). Facultative scavenging is advantageous
in times or areas of sparse prey availability, but comes with
risks associated with intraguild competition and aggression
when multiple carnivores utilize the same carcasses (Selva
and Fortuna 2007; Ordiz et al. 2020; Prugh and Sivy 2020).
This may be especially relevant for carnivores in seasonal
environments or with unpredictable food resources, as this
may alter the degree of interspecific competition in both
time and space (Polis et al. 1989; Palomares and Caro 1999;
Linnell and Strand 2000; Gomo et al. 2017).

In boreal ecosystems, the wolf (Canis lupus) and the
wolverine (Gulo gulo) make up a species pair consisting of
an apex predator and a facultative scavenger. The wolf is a
cursorial, group-living carnivore whose primary social unit
consists of a territorial, adult breeding pair, forming a pack
when accompanied by offspring from the current or previ-
ous litters (Mech and Boitani 2003). As an apex obligate
predator, the wolf is adapted to predating on ungulate spe-
cies of considerable size and hazard (Peterson and Ciucci
2003), as well as a variety of other prey, while they can
utilize facultative scavenging (Peterson et al. 1984; Selva
et al. 2003; Wikenros et al. 2023). In Scandinavia, wolves
show a strong prey preference for moose calves throughout
the year, with calves’ body size increasing from summer
(13 kg), when calves are newly born, to winter when calves
weigh around 150 kg (Sand et al. 2008; Zimmermann et al.
2015). As successful predators, wolves may offer benefi-
cial scavenging opportunities (Wilmers et al. 2003a, 2003b;
Pereira et al. 2014; Prugh and Sivy 2020). However, as a
dominant carnivore, they have been documented to exhibit
one of the highest degrees of intraguild predation on sym-
patric carnivore species representing a significant source of
risk to subordinate carnivores (Palomares and Caro 1999).

The wolverine is the world’s largest terrestrial mustelid.
The species is territorial and solitary and resides in boreal
forests and tundra in the northern hemisphere (Inman et al.
2012; Mattisson et al. 2016). The wolverine is adapted to
environments with unpredictable food resources, capable of
killing a variety of prey, but also specialized on scaveng-
ing by searching vast areas for carcasses (Banci 1994; van
Dijk et al. 2008a). Ungulate carrion represents an important
food source for wolverines across its range (Magoun 1987,
van Dijk et al. 2008b; Dalerum et al. 2009; Mattisson et al.
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2016). Wolverines also exhibit caching behavior by remov-
ing carrion pieces from carcasses and/or hiding them in dif-
ferent locations, taking advantage of spatial and temporal
resource surpluses to secure food predictability (Vander Wall
1990; Inman et al. 2012; van der Veen et al. 2020). Studies
on interspecific interactions with other guild members show
that wolverines successfully utilize carcasses killed by larger
carnivores, including wolves (van Dijk et al. 2008b; Mat-
tisson et al. 2011; Sivy et al. 2017; Klauder et al. 2021;
Wallace et al. 2021). However, the competitive relationship
between wolves and wolverines is not clear (Prugh and Sivy
2020; Klauder et al. 2021; Wallace et al. 2021).

In this study, we deployed remote cameras at fresh kills
from GPS-collared wolves to explore the competitive rela-
tionships between wolves and wolverines. To better under-
stand the intraguild interactions between these sympatric
large carnivore species, we evaluate to what degree coexist-
ence with wolves provided beneficial scavenging opportuni-
ties to wolverines (Wilmers et al. 2003a, 2003b; Pereira et al.
2014; Prugh and Sivy 2020), and whether these scavenging
opportunities changed with seasonally varying prey biomass.
Furthermore, focusing on winter when wolverines may expe-
rience low food availability (Magoun 1985; Persson 2005),
we looked for evidence that wolverine utilization of wolf
kills may have been hampered by their avoidance of direct
interaction with wolves.

We hypothesized that available carrion biomass and
hence the presence of wolves and wolverines at wolf kills
would follow the seasonal change in prey size (H1), predict-
ing that co-utilization of wolf kills by scavenging wolves
and wolverines would be highest during winter when moose
calves are large and lowest during summer (P1). We further
hypothesized that the utilization of wolf kills by scaveng-
ing wolverines in winter would be negatively influenced by
the risk perceived by wolverines at wolf kills (Zimmermann
et al. 2015; Tallian et al. 2022) (H2). As most Scandinavian
wolf pups dissociate from their natal pack in late winter
(i.e., gradually spending less time with their pack members),
and subsequently disperse from their natal territory in their
first year (Nordli et al. 2023), we expected wolves to appear
at their own kills both alone and in groups. We predicted
that wolverines would exhibit delayed arrival at carcasses
compared to single wolves or wolf groups revisiting the car-
cass, possibly due to the necessity of allocating time for car-
cass detection or to minimize chances of direct encounters
with wolves (P2). Furthermore, we predicted that wolves,
as the larger group-living predator, would visit carcasses
more often (P3), spend more time scavenging (P4), and
consume more of the remaining biomass (P5) when revisit-
ing a carcass than wolverines. For carnivores utilizing the
same food resources, such as when scavenging on carrion,
temporally segregating activity patterns can reduce competi-
tive interactions through lowered risk of encounter with a
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dominant predator (Palomares and Caro 1999; Allen et al.
2015; Karanth et al. 2017). We therefore hypothesized that
wolverines in winter would reduce competition by adjust-
ing their diel activity to avoid time periods when wolves are
more active (H3). Hence, we predicted high diel activity par-
titioning between wolves and wolverines at carcasses (P6).

By examining the intraguild interactions between these
two sympatric carnivores, we provide new insight into the
dynamics of large carnivore guilds and the degree to which
suppression or facilitation occurred between wolves and
wolverines. Our findings offer important information on
how changing carnivore populations may alter these effects
and potentially shape ecological communities through
coexistence.

Methods
Study area

Our study area encompassed a wolf territory of 904 km?
in Innlandet County, southeastern Norway (Fig. 1; 61 °N,
08 °E). We collected data during four study periods in
2014-2015: one summer (June 2015), one fall (August—Sep-
tember 2014), and two late winter periods (March—April
2014 and 2015). The area is one of the few places in Europe
with a complete large carnivore guild of four species: brown
bear (Ursus arctos), lynx (Lynx lynx), wolf, and wolverine
(May et al. 2008; Chapron et al. 2014). Throughout the study
periods, the wolf territory was occupied and defended by
one adult breeding pair, accompanied by their litter of pups,
and one yearling. The total wolf pack size was estimated to
be 8 in winter 2013/2014 and 7 in winter 2014/2015 through
snow tracking and DNA sampling by the Scandinavian wolf
monitoring program (for further detail see: Akesson et al.
2022; Nordli et al. 2023). Based on wolverine monitoring
by identifying active breeding sites (i.e., dens), there were >
3 reproducing female wolverine territories within the wolf
territory (Fig. 1) during the study period (Rovbase 2020), as
resident wolverines have high territorial fidelity (Aronsson
and Persson 2018). The area is characterized by boreal conif-
erous forest dominated by spruce (Picea abies) and pine
(Pinus sylvestris), interspersed with deciduous trees domi-
nated by birch (Betula pubescens, Betula pendula), willow
(Salix caprea), aspen (Populous tremula), and rowan (Sorbus
aucuparia). Elevation ranges from 215 to 1009 m.a.s.1., with
tree line at approximately 800-900 m.a.s.l. The area has a
continental inland climate with dry and cold winters, averag-
ing —9.0 °C mid-winter and 15.0 °C mid-summer, and snow
covered the ground from mid-November to the end of April
(Johnsen et al. 2017). Within the study system, moose were
the largest and most abundant ungulate and represented the
main prey of wolves throughout the year (Sand et al. 2005,

2008). However, moose also have a strong economic and
recreational value and are considered the most important
game species in Norway (Storaas et al. 2001). The average
moose density was estimated to be 1.2 moose/km? during
winter 2002-2003 (Zimmermann et al. 2007). Other poten-
tial prey for wolves were red deer (Cervus elaphus) and roe
deer (Capreolus capreolus), both at low densities of 0.01 per
km? (Zimmermann et al. 2007). The human density within
the study area is low, with the majority of the area being
inhabited with < 1 human per km? (Wabakken et al. 2001)

Carcass identification and camera setup

In winter 2013/2014, we captured and equipped five wolves
in the pack (the adult breeding pair and three 9-month-old
pups) with GPS/GSM collars (Vertex GPS plus, Vectronics
Aerospace, Germany) as part of the long-term Scandina-
vian wolf research project (SKANDULV). All collars were
programmed to take six GPS positions per day (UTC+1
00:00, 04:00, 08:00, 12:00, 16:00, 20:00). In order to iden-
tify wolf-killed ungulate carcass sites, during the four study
periods, wolf GPS/GSM positions were downloaded daily
and entered into ArcGIS (ESRI 2017), where each position
was buffered with 100 m. Overlapping buffers, i.e., positions
within 200 m of each other, were defined as “clusters” (Sand
et al. 2005; Zimmermann et al. 2007), while positions >
200 m from the closest neighbor were termed “single posi-
tions”. Based on knowledge of wolf movement patterns, time
spent at a location and the time of day, we set up a list of
prioritized clusters and single positions likely to be wolf-
killed ungulate carcasses (Zimmermann et al. 2007). All
prioritized clusters were then visited in the field the follow-
ing day(s), depending on the current location of the wolves,
which was verified with a handheld VHF tracker (RX98,
Followit, Sweden). In order to minimize disturbance at car-
casses, we postponed checks of positions if the most recent
wolf position or VHF signal was within 1 km. Postponed
sites were checked once wolf movement away from the area
was verified via GPS or VHF positions. During the sum-
mer period, we also checked single positions in addition
to clusters using a dog on a leash to enhance the detection
of smaller prey (Sand et al. 2008). The inclusion of sin-
gle positions was motivated by wolf preference for killing
neonate moose calves in this period (Sand et al. 2008), and
the extra effort allowed us to identify kill sites with smaller
prey remains. We did not visit positions closer than 1 km
to the wolf natal den in summer. We estimated the time of
death of the ungulate in ArcGIS by identifying the first adult
breeder wolf position within 100 m of the carcass. Moreover,
we estimated the time when wolves first left the carcass by
using a rolling 24-hour (h) time window of adult breeders’
absence within 1 km of the carcass. Wolf carcass occupancy
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Fig.1 The study area defined as 100% minimum convex polygon
(MCP) in black outlines the single wolf territory (904 km?), derived
from all GPS-positions of the breeding pair, during March 2014
to June 2015. Gray dots show the adult-breeder’s GPS positions
throughout the remote camera’s operational times during summer,
fall, and the two winter study periods. The locations of fresh ungu-

was defined as the time difference between the prey time of
death and the time of wolf carcass abandonment.

Cameras were placed at a total of 29 wolf-killed
ungulates, of those 11 neonate moose calves in summer,
5 moose calves in fall, and 12 moose (10 calves and 2
female yearlings) and 1 adult male red deer in winter
(Supplementary: S1 Table 1). At each confirmed wolf-
killed ungulate carcass, we set up a Reconyx HC600
(Reconyx, WI, USA) camera, programmed to take three
motion-triggered pictures with a minute (min) delay, and
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late wolf kills (n = 29) monitored with remote cameras are indicated
with triangles (summer, n = 11), squares (fall, n = 5), and black cir-
cles (winter, n = 13) (Supplementary: S1 Table 1). The bottom left
indicates the wolf territory location in Norway on the Scandinavian
peninsula

a time-lapse picture every fifth minute. All cameras were
placed so that the carcass was within the center point of
the camera’s detection area at a distance not exceeding 12
m (range = 3-9 m). Camera pictures (n = 377,220) were
reviewed using the program Reconyx MapView Profes-
sional (Reconyx, WI, USA). For each picture, we manu-
ally registered the species and the number of individuals
per species. We standardized the camera monitoring to
include only the first 21 days after the wolves first left
the carcass.
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We classified wolves and wolverines into three car-
nivore categories: single wolf, wolf group (> 2 pack
members), and wolverine. A visit was defined as a time
sequence of presence pictures of the species in question;
if more than 30 min elapsed before the next presence
picture, we considered this a new visit. We rounded all
visits to the closest minute. For visits of less than 30
s, we considered the carnivore present for 1 min. We
calculated the duration of a given visit at the carcass by
subtracting the time of the start of the visit from the time
of the end of the visit. When pictures of only one wolf
were interspersed with pictures of a group of wolves dur-
ing a specific wolf visit, all wolf pictures were classified
as belonging to the same wolf group visit. We calculated
the time to the first visit at the carcass as the time from
when the wolves first left the carcass to the first record
of presence. To quantify the visit-specific biomass reduc-
tion, we reviewed each 5-min time-lapse picture before
and after each visit and visually estimated the reduc-
tion of biomass to the closest 5% and attributed that to
the specific visit. For each visit, we also reviewed all
pictures of wolves and wolverines to determine if any
carnivore category showed caching behavior by removing
carrion remains from the carcass site. It was not possible
to record data blind because our study involved focal
animals in the field.

Data analysis

To investigate patterns of foraging behavior at wolf kills
according to our predictions, we set up six models. In
the first model, we included all seasons: summer, fall,
and winter, to estimate the probability of the presence
of wolves and wolverines at carcasses across seasons
(1) (Table 1). Due to sample size constraints (i.e., few
presence pictures of the species in summer and fall), we

Table 1 Description of Bayesian model specifications (models 1-5)
for wolf and wolverine use of wolf kills including response vari-
able, family distribution, link function, predictor variable (carnivore
categories: group of wolves, single wolves, and wolverines), group-

used only carcasses from the winter season (n = 13) for
estimating the time to first revisit/visit (2), number of
visits (3), visit duration (4), and visit specific biomass
reduction (5) (Table 1). Time to first revisit/visit (2)
describes the time until either wolves (single wolf or
wolf group) had returned to the carcass they had pre-
viously left or the time until the initial visit of a wol-
verine. Number of visits (3) presents how many times
single wolves, wolf groups, or wolverines revisited/
visited the carcass and visit duration (4) describes how
much time the carnivores spent at the carcass per visit,
whereas visit-specific biomass reduction (5) details how
much biomass the carnivores ate/removed during each
visit (in %), including caching behavior by carnivore
category. We performed all data analyses in R, ver-
sion 4.0.2 (R Development Core Team 2021). For data
management and data preparation, we used the R pack-
ages “lubridate” (Grolemund and Wickham 2011) and
“tidyverse” (Wickham et al. 2019). We used generalized
linear mixed models (GLMMs) in a Bayesian frame-
work using Stan from the R package “brms” (Biirkner
2017) and fitted all models with a group-level effect for
carcass ID, to account for repeated samples across sites
(Table 1). We checked final model diagnostics by visu-
ally comparing the fit of the posterior distribution to the
observed data (Supplementary: S2 Figs. 1-5), checking
for high effective sample sizes (ESS) > 100 and Rhat
values not exceeding 1.01 (McElreath 2020; Vehtari
et al. 2021). We used the function “add_epred_draws”
from the “tidybayes” package to calculate empirical
predictive draws from each model (Kay 2020). We
expressed all predictions with medians and 95% cred-
ible intervals (CI) (McElreath 2020). To assess differ-
ences between carnivore categories, we used posterior
samples from the estimated marginal means and com-
pared the highest probability density intervals (HPDI)

level effect (random effect), number of Monte Carlo Markov chains
(MCMC), number of iterations, and warmup, associated prior, and
number of observations

Response Family Link Predictor Group-level effect MCMCs Iterations Warmup Prior N
A Summer, BFall, . Winter
Presence/absence at ~ Bernoulli Logit Carnivore category *  Carcass ID 3 10,000 2000 Normal (0,10) 87
carcass (1) Season
@ Winter
Time until first visit ~ Gamma Log Carnivore category Carcass ID 3 10,000 2000 Flat prior 31
@)
Number of visits (3)  Poisson Log Carnivore category Carcass ID 10,000 2000 Flat prior 37
Duration of visit (4)  Gamma Log Carnivore category Carcass ID 10,000 2000 Flat prior 130
Biomass reduction (5) Beta Logit Carnivore category®  Carcass ID 10,000 2000 Flat prior 95

*Four carnivore classes, including presence or absence in wolverine caching behavior
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using the package “emmeans” (Lenth and Lenth 2018).
We considered significant differences between groups
if the 95% HPDI did not include zero (Biirkner 2017).
We used default non-informative uniform (flat) priors
for all models, except for model 1 to estimate the prob-
ability of presence among seasons for which a weakly
informative prior was used (Table 1).

For the last model, to analyze the diel activity patterns
of carcass use and to determine if single wolves, groups
of wolves, and wolverines showed temporal partitioning
of carcass use (6), we used the R package “overlap” (Rid-
out and Linkie 2009; Meredith and Ridout 2021). We
explored the average daily activity pattern of each spe-
cies from the standardized sample of time-lapse pictures
pre-programmed to take pictures every fifth minute. We
transformed the predictor variable time of day to a circu-
lar variable and fitted kernel density curves of activity to
determine the coefficient of overlap (A). We estimated
the mean coefficient of overlap using Dhatl (A;) as sug-
gested for small sample sizes and bootstrapped this to
10,000 replications from the R package “boot” (Canty
2002) for each pairwise combination of carnivore cat-
egories to extract 95% confidence intervals (Ridout and
Linkie 2009). We considered overlap estimates of A; <
0.50 to be a low overlap value (i.e., high temporal parti-
tioning), A; < 0.70 to be moderate, and A; > 0.70 to be
high (i.e., low temporal partitioning) (Monterroso et al.
2014). For all plot visualizations, we used the R package
“ggplot2” (Wickham 2016).

Fig.2 Predicted posterior
distributions with median (black

Results
Carnivore presence across three seasons

We identified 2865 pictures containing either a single
wolf, a group of wolves, or a wolverine. Wolves occupied
a fresh kill for an average of 4.4 h (range = 0-20.0 h) in
summer, 10.0 h (range = 0—40 h) in fall, and 23.5 h (range
= 0-100 h) in winter before leaving the carcass for the first
time. Cameras were set up, on average, 33.6 h (range =
8—100 h) after the time of death of the ungulate and 19.2
h (range = 4-92 h) after wolves had first left the carcass.
Carcass revisits by single wolves and visits by wolverines
had a predicted probability of 100% (CI = 98-100 and
99-100, respectively) in winter, whereas the predicted
probability that wolf groups revisited the carcasses in
winter was 56% (CI = 15-92) (Fig. 2A, Supplementary:
S3Table 1). Carcass revisits by single wolves and wolf
groups were less likely in fall with a predicted probability
of 92% (CI = 38-100%) for single wolves and 0% (CI =
0-12) for wolf groups, whereas carcass visits by wolver-
ines were equally likely in fall compared to winter, with
a predicted probability of 100% (CI = 87-100) (Fig. 1A,
Supplementary: S3 Table 1, S4 Fig. 1). Carcass (re)visits
by all three carnivore categories were less likely in sum-
mer compared to winter with a predicted probability for
wolverines of 18% (CI = 1-61), single wolves 17% (CI =
1-59), and 0% (CI = 0-2) for wolf groups (Fig. 2A, Sup-
plementary: S3 Table 1, S4 Fig. 1A-C).

Season @ Winter 4l Fall # Summer

dot) and associated 95% cred- P A B
ible intervals (CI, black bars) Wolf Group{ B—— 89
of metrics of carcass use by A ————
wolverines, single wolves, and o
group wolves at wolf kills (n = Single Wolf — | | . 9.1
29 for all seasons, and n = 13 A =g e e
for winter) 21 days from initial o
wolf abandonment. A Prob- Wolverine | & —% ... .——.J._—. oo
ability of presence of each car- i - . ] i i i . ' i )
nivore category in each season, 0 25 50 75 100 O 5 10 15 20
B time until first visit/revisit in Probability of presence [%] Time until first visit [days]
winter (days), C number of (re) c b
visits in winter, and D duration
per (re)visit (minutes) in winter Wolf Group] « QO-B. = 20. !
Single Wolf{  J°, . g2
Wolverine | o e =S5 oo i |1 visen s = o« o
0 10 20 3 0 50 100 150

Number of visits
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Carcass utilization in winter
Visits

The predicted time until the first visit of wolverines at a
carcass was 7 days after wolf abandonment (CI =4.2-12.9).
After the wolves had first left the carcass, revisits by sin-
gle wolves and wolf groups were predicted at the carcass
after 9.1 days (CI = 5-17.4) and 8.9 days (CI = 4.5-21.4),
respectively. However, the arrival times of wolverines and
revisiting wolves did not differ (Fig. 2B, Supplementary: S3
Table 2, S4 Fig. 2A).

Number and duration of visits

We recorded a total of 91 visits by wolverines and 39 revisits
by wolves in winter (14 and 25 for wolf groups and single
wolves, respectively). The predicted number of (re)visits
at wolf-killed carcasses was on average 5.4 (CI = 3.2-8.8)
for wolverines, 1.5 (CI = 0.81-2.7) for single wolves, and
0.8 (CI = 0.4-1.6) for wolves in groups (Fig. 2C, Supple-
mentary: S3 Table 3). Wolverine visits at carcasses were
significantly more frequent than single wolf and wolf group
revisits, but no significant difference in the number of revis-
its was detected among single or group of wolves (Supple-
mentary: S4 Fig. 2B). We only observed single wolverines
at carcasses, while wolves revisited carcasses in groups of
up to 4 individuals (Supplementary: S4 Fig. 3), i.e., the total
pack was never recorded during revisit at a kill site. The

longest (re)visit duration was predicted for wolf groups, last-
ing on average 20 min (CI = 9.3-45.9) followed by but not
significantly different from wolverines with 15.3 min (CI =
7.9-26.2) (Fig. 2D, Supplementary: S3 Table 4). The short-
est predicted (re)visit duration, and significantly different to
wolverine and wolf groups, was found among single wolves
with 3.3 min (CI = 1.7-6.4, Fig. 2D) (Supplementary: S3
Table 4, S4 Fig. 2C). Wolverines spent a cuamulative total of
42.6 h scavenging on wolf kills, compared to single wolves
of 1.7 h and group foraging wolves of 4.2 h.

Biomass reduction and caching behavior

In 72 visits by wolverines and 27 revisits by wolves where
we could determine visit-specific biomass reduction and
caching behavior (n = 11 carcasses), caching incidents were
exclusively recorded among wolverines (n = 20, 27.8% of
the wolverine visits). In visits where wolverines exhibited
caching behavior, the predicted biomass reduction was 5.6%
(CI=4.0-7.0, Fig. 3) per visit, which was significantly more
than when wolverines that did not cache (Fig. 4) (reduced
biomass 1.8%, CI = 1.0-2.0, Fig. 3, Supplementary: S3
Table 5, S4 Fig. 4). Biomass reduction per revisit was pre-
dicted to be 2.4% (CI = 2.0-3.0) for single wolves and 10.5%
(CI = 8.0-14) for wolf groups (Fig. 3, Supplementary: S5,
Fig. 1). Multiplying the predicted visit-specific biomass
reduction per carnivore category by accounting for the pro-
portion of caching behaviour in wolverines with the average
predicted number of (re)visits per carcass in each category

Fig.3 Predicted posterior
distributions with median (black
dot) and associated 95% cred-
ible intervals (CI, black bars) of
visit-specific biomass reduction
(%) at wolf-killed carcasses in
winter, 21 days from initial wolf
abandonment
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Fig.4 Examples of wolverines displaying caching behavior by carry-
ing away food from moose carcasses. The pictures are from cameras
mounted at kill sites of GPS-collared wolves in southeast Norway.

For more examples on carcass utliization by wolves and wolverines
see Supplementary: S5 Fig. 1
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Fig.5 Diel activity patterns centered on midnight, and estimated
overlap of paired combinations of wolverine (solid line), single wolf
(dashed line), and wolf group (dotted line) at wolf-killed carcasses in
winter 21 days after initial wolf abandonment (A-C). The rug beneath

yielded a total average biomass reduction per carcass of 12%
for wolves (3.6% for single wolves and 8.4% for wolf groups)
and 15.4% for wolverines.

Temporal activity pattern and overlap

We never observed wolves and wolverines at carcasses
simultaneously, nor within the same unique visit (Supple-
mentary: S5 Fig. 1). The minimum observed time from a
wolf revisit until a wolverine visit was 0.8 h (48 min). The
activity patterns of wolves and wolverines showed moder-
ate to low temporal partitioning, where single wolves and
groups of wolves overlapped with wolverines by A; = 0.74,
and Al = 0.71, respectively (Fig. 5A, B, Table 2). Wolver-
ines showed the most nocturnal activity pattern at carcasses,
with their activity peaking in the darkest hours of the day
(Fig. 5A, B). Single wolf activity peaked during dusk, and

@ Springer

each plot represents presence observations of the carnivore category
from 5-min time-lapse camera trap pictures. The gray-shaded area
represents the estimated activity overlap A; on the circular trans-
formed variable time of day

Table 2 Estimated temporal overlap A; with 95% confidence inter-
vals (CI) of pairwise combinations of wolverine, single wolf, and
group of wolves at wolf-killed carcasses in winter 21 days after initial
wolf abandonment from 5-min time-lapse camera trap pictures on the
circular transformed variable time of day

Combination Overlap A; 95% CI ~ Temporal partitioning
Wolverine-Single 0.74 0.60-0.84 Moderate—low
wolf
Wolverine—Wolf 0.71 0.58-0.75 Moderate—low
group
Wolf group—Single  0.59 0.44-0.67 Moderate-high
wolf

single wolves had generally higher activity during daylight
compared to wolverines and wolves in groups (Fig. SA-C).
Wolf groups showed a bimodal crepuscular activity pattern
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that peaked at both dusk and dawn, and they never appeared
during midday (Fig. 5B, C). The lowest coefficient of over-
lap was estimated between single wolves and wolf groups at
A, =0.59, indicating a moderate to high temporal partition-
ing among wolves (Table 2).

Discussion

Our study shows that wolves facilitated wolverines through
carcass provisioning and that wolverines alongside wolves
may alter carrion persistence from wolf kills, influencing
availability for other scavengers. In this low large carnivore
and high prey density system (Bischof et al. 2020; Wiken-
ros et al. 2020), where human-caused mortality is the pri-
mary driver of moose population dynamics (Solberg et al.
2000; Sand et al. 2012; Ausilio et al. 2022), we suggest that
seasonal variability in available biomass at wolf kills can
be an important predictor influencing wolverine scaveng-
ing behavior where these species coexist. Wolves provided
scavenging opportunities by increasing carrion availability,
but the amount of biomass that could be obtained from wolf
kills was subject to major seasonal fluctuations, ultimately
driven by wolves selecting moose calves as their main prey
year-round and changes in wolf group size.

Consistent with our first hypothesis (H1), the presence of
both wolverines and wolves at wolf kills was highest during
winter (P1), when more biomass was remaining on kills. By
generating resource surpluses, territorial wolves may buffer
the unpredictability of winter carrion available to wolverines
in a changing climate (Wilmers et al. 2003b; Wilmers and
Getz 2005; Wikenros et al. 2013). This may be particularly
important for wolverine demographics because increased
access to food during this time of year has shown a positive
effect on wolverine reproductive rates (Persson 2005; Rauset
et al. 2015). Nevertheless, it is important to recognize that
our study spanned only a limited number of monitored sea-
sons and one wolf territory.

Generalist predators will switch prey as a functional
response to changing prey availability (Holling 1959). Cor-
respondingly, we would expect facultative scavengers to
transition between scavenging and predation depending on
the changing availability of prey or carrion (Pereira et al.
2014; Mattisson et al. 2016). Despite high reported levels of
carcass use by wolves (Klauder et al. 2021), we did not find
support for the hypothesis (H2) that the wolverine utilization
of wolf kills in winter would be negatively influenced by the
risk perceived by wolverines at wolf kills. Contrary to our
expectations, wolverines were the most present at wolf kills
followed by single wolves scavenging at carcasses, while
group foraging wolves revisited only to a limited degree and
only in winter. In winter, we found no significant difference
between time until the first revisit/visit for either wolves or

wolverines (P2). In other words, the wolverines’ initial use of
the carcasses occurred around the same time as the wolves’
revisit of their kills, indicating the potential for concurrent
utilization. However, wolves, both single and in groups, had
significantly fewer revisits at carcasses than wolverines (P3)
suggesting that the risk of encountering wolves at carcasses
may be low. Our prediction for visit duration at carcasses
(P4) was not supported, as wolverines spent as much time
at the carcass as wolf groups during visits and significantly
more than single wolves. Wolverines visited carcasses on
average 3.6 times more often than single wolves, and 6.7
times more often than wolves in a group. Single wolves and
groups of wolves did not differ in the number of visits but
showed differing durations of visits. We found that wolver-
ines cumulatively spent more than 10 times the amount of
time at carcasses in winter compared to groups of wolves,
and 25 times more than single wolves.

Our prediction (P5) that wolves would have a larger
impact on biomass reduction than wolverines was supported
when assessing biomass consumption per visit in winter.
Indeed, on the visit-specific level, wolves in groups exhibited
the highest consumptive rates, followed by single wolves and
wolverines, owing to their extended visit durations, numeri-
cal advantage from social foraging, and body size (Kane
et al. 2017; Gutiérrez-Canovas et al. 2020). However, due
to the lower number of wolf visits compared to wolverines,
the total impact on carcass biomass by wolverines was like
that of wolves combined. Beyond direct consumption at car-
casses, caching was observed in about 28% of the wolverine
visits. Typically, food caching is a behavioral strategy to
buffer unpredictability in food availability by storing away
food for later use (Vander Wall 1990), though it may also
serve as a spatiotemporal strategy to reduce exposure to
interspecific competition (van der Veen et al. 2020). Our
results show that both wolves and wolverines may reduce
carcass biomass after wolf abandonment in winter, but that
wolverines may impact biomass amount disproportionally
relative to their size or numbers. Interestingly, if carcass per-
sistence is substantially altered, this may have community-
wide cascading effects (Cunningham et al. 2018), potentially
changing species composition and trophic interactions.

Scavengers can impact wolf kill rates by interference or
exploitative competition (Tallian et al. 2017) or shape group
foraging behaviors by offsetting costs of intraspecific compe-
tition in food sharing among pack members versus food loss
to interspecific competitors (Vucetich et al. 2004). However,
wolves consumed most biomass from their kills before they
first left the carcass (Supplementary: S1 Table 1). As the
primary predator, wolves may monopolize carcass resources
before leaving unconsumed carcass remains in search of the
next hunting opportunity (Wikenros et al. 2013; Ordiz et al.
2020). The kill rate by adult wolves on moose in Scandina-
via during winter has been estimated to 4.6 days between
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consecutive kills, our study area included (Sand et al. 2008;
Zimmermann et al. 2015). Presumably, unless the next hunt
is unsuccessful (Wikenros et al. 2009), there may be reduced
energetic incentive to return to a previous carcass, at least
for the adult breeding pair, explaining the low visit rate of
wolf groups. While the adult breeding pair remains cohe-
sive, young wolves usually dissociate from their pack in later
winter, while remaining in the natal territory (Nordli et al.
2023), without killing ungulate prey (Zimmermann et al.
2015). Consequently, the young wolves may be considered
more scavengers than obligate predators for as long as they
are provisioned by their parents. The predominance of single
wolves at carcasses and the limited degree to which adult
breeding wolves (i.e., > 2 wolves) visited older kills in win-
ter can support the idea of carcass partitioning, where the
wolves may be occupied handling a fresher kill by the time
a wolverine has had time to locate a carcass. As a result, the
staggered carcass use may indirectly reduce the chances of
direct interactions and promote coexistence.

Similar to sympatric wolves and brown bears feeding
at ungulate kills (Ordiz et al. 2020), we did not observe
wolves and wolverines at carcasses simultaneously, indi-
cating that direct interactions are rare (van Dijk et al.
2008a). However, wolverines have been observed at
carcasses simultaneously with wolves and lynx (Lépez-
Bao et al. 2016; Klauder et al. 2021; Jung et al. 2023).
A strategy of species to avoid interference competition
at a common resource is to shift their diel activity pat-
terns to avoid the activity periods of competitors (H3)
(Zalewska et al. 2021). Wolverines were the most noc-
turnal carcass visitors in winter, with the highest activ-
ity during the darkest hours, corresponding to previous
studies (Mattisson et al. 2010; Thiel et al. 2019). Single
wolves were most active at carcasses during dusk with
relatively higher activity in daytime compared to wolves
in groups and wolverines. Wolf group revisits to carcasses
were never recorded during daytime but followed a crepus-
cular activity pattern with peaks at both dawn and dusk, as
previously reported by Theuerkauf (2009). Contrary to our
expectation (P6), we found only moderate to low temporal
partitioning between wolverine and wolf activity patterns
at carcasses in winter, indicating limited temporal niche
separation. But we found moderate to high temporal par-
titioning between single and groups of wolves, indicating
differences in activity patterns among single and wolves
in groups at carcasses. In general, our findings show that
both species were most active at similar times of the day,
suggesting that differing diel activity patterns are not the
primary cause limiting their direct interactions. Interest-
ingly, Klauder et al. (2021) found that wolverines were the
least vigilant species scavenging at wolf kills and wolver-
ines can escape direct interactions and intraguild preda-
tion from wolves by climbing trees in forested landscapes

@ Springer

(Grinnell 1926) such as our study area. However, follow-
ing their historical persecution and recent recolonization
(Chapron et al. 2014), large carnivores have evolved avoid-
ance towards human activity (Ordiz et al. 2021); thus the
nocturnality exhibited by both species may rather reflect
temporal partitioning with their common diurnal human
predator (Gaynor et al. 2018).

In conclusion, our findings indicate that the wolf, as
an apex predator, can provide a reliable supply of carrion
that can serve as an important resource to facultative scav-
engers such as the wolverine, especially in winter when
wolves’ preferred prey are large and wolverine access to
other food sources may be low. We also found a potential
for, but no observation of, concurrent carcass utilization
by wolverines and re-visiting wolves. Hence, wolverines
seem to avoid direct interactions with wolves at carcasses
without any apparent impact on their overall carcass utili-
zation pattern. In general, large carnivores serve a central
role within scavenging ecology because they can suppress
and facilitate interspecific competitors. A reduction of
large predators and dominant scavengers is expected to
substantially alter the ecosystem functions and services
they provide (Estes et al. 2011; Mateo-Tomas et al. 2017).
Thus, a better understanding of how globally threatened
and rare top predators may function as key species in scav-
enging processes is therefore imperative to future conser-
vation (Ripple et al. 2014; Mateo-Tomas et al. 2017).
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tary material available at https://doi.org/10.1007/s00265-023-03423-6.
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