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1 Abstract

Red foxes (Vulpes vulpes) are expanding into Arctic regions, altering predator-prey dynamics
and intensifying competition with native species such as the Arctic fox (Vulpes lagopus). This
study examines the activity patterns of red foxes in VVaranger, Norway, at the forefront of their
Arctic range expansion, focusing on the effects of environmental factors (e.g., snow depth,
temperature, precipitation) and human influence on their behavior. Using GPS and
accelerometry data (Overall Dynamic Body Acceleration, ODBA), integrated with
environmental variables, we analyzed red fox activity across 1,085 fox-days from four

individuals.

Results revealed that snow presence significantly reduced overall daily activity but did not
affect the proportion of time spent active, indicating behavioral adjustments to energy
conservation during winter. Vegetation biomass consistently correlated with increased
activity, highlighting its role as both a resource and a sheltering habitat. Human land-use
intensity influenced activity patterns, with foxes exhibiting reduced activity near human
infrastructure during snow-free periods but increased presence in these areas during winter,

likely due to resource availability.

These findings underscore the complex interplay between environmental factors and
anthropogenic influences in shaping red fox behavior. The results also have implications for
conservation management, suggesting that targeted vegetation control and reductions in
human-mediated food subsidies could mitigate the red fox's impact on Arctic ecosystems. By
improving our understanding of red fox behavioral adaptations, this study contributes to
broader efforts to balance species management and ecosystem conservation in dynamic,

climate-affected landscapes.



2 Background

2.1 Introduction to Wildlife Movement

Animal movement is a dynamic and multifaceted phenomenon shaped by an interplay of
intrinsic and extrinsic factors. Understanding animal movement offers insights into the
ecology of individual behavior and landscape dynamics. Movement ecology, an emerging
paradigm, integrates four core components—internal state, external factors, motion capacity,
and navigation capacity—that collectively drive animal movement decisions (Nathan et al.,
2008). This approach considers diverse determinants of behavior, from environmental
gradients like topography, vegetation (Bailey et al., 1996), and the adaptive behaviors of
animals in heterogeneous or dangerous landscapes (Morales et al., 2005; Fortin et al., 2005),
to cognitive aspects of spatial memory and path integration mechanisms within the brain
(McNaughton et al., 2006). Additionally, individual-specific behaviors can shape activity
patterns and responses to environmental variability (Tang & Bennett, 2010). By considering
these perspectives, researchers can investigate broad determinates forming a comprehensive

framework for understanding animal movement ecology (Turner & Gardner, 2015).

Advances in bio-logging technologies, such as GPS tracking and accelerometry, have
revolutionized ecological research and enable researchers to explore diverse hypotheses by
tracking real-world animal movements, energy expenditures, and interactions across multiple
scales (Gleiss et al., 2011; Wilmers et al., 2015). By capturing movement along three axes (X,
Y, and Z), accelerometers generate a metric called Overall Dynamic Body Acceleration
(ODBA), a unitless, directionless index that effectively proxies for activity level and energy
expenditure (Nathan et al., 2012; Qasem et al., 2012; Wilson et al., 2020). Accelerometry and
ODBA have been validated across various species and habitats enabling continuous data
collection on animal activity levels with and without direct observation, demonstrating
reliability as a generalizable measure for assessing energy costs and activity in free-ranging
animals (Ropert-Coudert and Wilson 2005; Brown et al., 2013; Patterson et al., 2018).

These methods allow researchers to deduce behavioral states and energy expenditure,
providing valuable insights into how environmental factors influence activity levels and
movement strategies in species such as polar bears (Ursus maritimus) (Pagano et al., 2019),
mountain lions (Puma concolor) (Dunford et al., 2020), and dingoes (Canis lupus dingo)

(Tatler et al., 2021) even with limited sample sizes. In Germany, machine learning algorithms
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applied to datasets including ODBA accelerometry successfully classified behaviors in red
foxes (Vulpes vulpes), linking specific activity patterns to energy expenditure in wild subjects
(Rast et al., 2020).

Combining accelerometry with Geographic Information Systems (GIS) and meteorological
data deepens our understanding of animal-habitat interactions, enabling models that reveal
climate-driven adaptations in activity and energy use. GPS biologging of beluga whales
(Delphinapterus leucas) shows for instance that climate-driven delays in sea-ice formation
shift migration timing with implications for marine traffic (Hauser et al., 2016). Similarly,
arctic ground squirrels (Urocitellus parryii) equipped with body temperature loggers
demonstrate behavioral flexibility by prolonging hibernation during late snow events
(Williams et al., 2011). Accelerometry data from giant pandas (Ailuropoda melanoleuca)
revealed seasonal adjustments: increased movement in spring for nutrient-rich bamboo and
frequent rest-foraging cycles in winter to conserve energy (Zhang et al., 2018). These
examples illustrate how tracking environmental and physiological responses contributes
valuable insights for predicting and mitigating climate impacts on biodiversity and ecosystem
health—insights that are increasingly relevant in highly seasonally dynamic ecosystems like

the Arctic, where species face accelerating ecological changes.
2.2 The Arctic Ecosystem: A Changing Landscape

In the Arctic, climate-driven ecological changes occur faster than in other biomes, severely
impacting species at population and community levels (Post et al., 2009). These
transformations are characterized by habitat alterations such as tundra greening: warming
temperatures promoting growth of grasses and mosses in the tundra (Myers-Smith et al.,
2011); shrubification: shrubs like willow (Salix spp.) and birch (Betula spp.) spreading into
tundra areas, altering soils and snow cover (Tape, Sturm, & Racine, 2006); and borealization:
the northward expansion of boreal species like spruce (Picea spp.) and red foxes into Arctic
ecosystems, introducing new competitive dynamics (Elmhagen et al., 2015). Arctic
amplification exacerbates these issues with warming at twice the global average (Serreze &
Francis, 2006), driving widespread species' range shifts poleward at an average rate of 6.1 km
per decade, with spring seasonal events advancing by 2.3 days per decade (Parmesan & Yohe,
2003).
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These shifts are altering habitats, resource availability, and seasonal cycles, forcing animals to
adapt their foraging and activity strategies to survive. This is particularly true for animals at
the leading edge of an expanding range, like the red fox in the circumpolar north, which may
experience more challenging periods with harsher climates and lower resource availability
despite conditions having become more benign, requiring adaptation to activity patterns. For
instance, red foxes in the High Canadian Arctic have been observed to expand their home
ranges and venture onto sea ice during winter, untypical behaviors for the species likely
driven by the need to meet energetic demands in a resource-scarce environment (Lai et al.,
2022).

These habitat alterations can create and/or alter bottom-up effects in Arctic food webs, as
vegetation shifts impact habitat quality for primary consumers like rodents (Rodentia spp.)
and ungulates (Alces spp.; Rangifer spp.), with cascading effects on multiple trophic levels
(Elmhagen et al., 2000; Killengreen et al., 2007).

2.3 Red Fox Expansion in the Arctic: Interspecific Competition and

Predatory Dynamics

The red fox, one of the most widespread carnivorous species in the Northern Hemisphere, is
renowned for its remarkable adaptability and opportunistic behavior (Hersteinsson &
Macdonald, 1992). Its northward expansion across the circumpolar region is facilitated by
various factors, including behavioral flexibility in response to changing resource availability
(Baker et al., 2000), and physical adaptations like larger feet for better mobility in deep snow
and elongated snouts for efficient prey capture in the subnivean zone (Murray & Lariviére,
2006; Yuk et al., 2024). Additionally, anthropogenic food subsidies, such as reindeer
(Rangifer tarandus) carcasses and waste from human settlements, have further facilitated this
expansion by providing consistent food sources in both European and North American Arctic
landscapes (Killengreen et al., 2007; Gallant et al., 2019). While temperature has been
considered a limiting factor for red fox expansion in Eurasia (Pasanen-Mortensen et al.,
2007), shifts in circumpolar conditions and global climate patterns (Parmesan & Yohe, 2003;
Gallant et al., 2019) have weakened this constraint, allowing red foxes to thrive in
traditionally Arctic fox-dominated areas such as the Varanger peninsula and other areas of
arctic tundra. The red fox is now found on every continent except Antarctica. This exceptional

range size, adaptability, and broad generalized niche makes the species an excellent candidate
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for studying climatic and landscape factors in movement ecology across many ecosystems
(lossa et al., 2008).

The red fox is now present year-round on the Varanger Peninsula, marking the Arctic’s
southern and western edge in Europe. While red foxes have long existed in Varanger, their
numbers and inland presence have increased (Ims et al,. 2017) This expansion carries
significant ecological consequences, particularly intensifying competition with the native
Acrctic fox, with which the red fox shares some aspects of its ecological niche (EImhagen et
al., 2017). The red fox’s larger size provides a competitive advantage over Arctic foxes in
direct encounters, often excluding them from productive territories or central foraging sites
like carcasses. Red foxes may also predate adult Arctic foxes, though predation on pups at

dens is more common (Tannerfeldt et al., 2002; Rodnikova et al., 2011; Hamel et al., 2013).

However, Arctic foxes have evolved to thrive in the resource scarcity of low-productive
Arctic winters, even in years with low rodent abundance, giving them an indirect competitive
edge in such conditions. However, the broader prey range of the red fox, especially in years of
lower lemming numbers, enables it to adapt more flexibly to changing food conditions. If
food availability increases at a landscape scale, red fox dominance could intensify further,
disrupting the region's predator-prey dynamics (ElImhagen et al., 2002; Hamel et al., 2013).

Research by Killengreen et al. (2011) illustrates this possibility, showing that concentrated
food sources—such as seabirds, marine mammals, and reindeer carrion—provide marine and
terrestrial (anthropogenic) subsidies that disproportionately benefit red foxes. Even low
densities of red foxes significantly hinder Arctic fox recolonization (Hamel et al., 2013),
posing a serious threat to the survival of the critically endangered Arctic fox in Fennoscandia
for which considerable conservation efforts, including captive breeding, reintroduction
programs, supplementary feeding, and red fox culling, are underway (Landa et al., 2017).

Managing red fox populations can thus directly support Arctic fox conservation.

This research aims to reveal how red foxes adjust their activity during energetically
challenging periods as well as periods of higher production on the northern edge of their
range expansion in Europe. This information may also reveal areas where interventions may
be more effective at controlling further increases in the VVaranger red fox population to aid in
the Arctic fox's recovery (Hamel et al., 2013; Ims et al. 2017). Modern tracking technologies,

such as GPS and GIS, provide essential tools for understanding movement ecology and
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informing management strategies. For example, they allow researchers to assess effectiveness
in control measures like sterilization, relocation, and targeted culling (Dunford et al., 2020;

Wilson et al., 2020), enabling an adaptive management approach.
2.4 Research Questions and Hypotheses

Effective and humane management of red fox populations in Varanger requires a detailed
understanding of their behavior. This study examines how environmental and human
pressures influence red fox activity in Varanger, specifically addressing three key questions:
How do daily changes in temperature, snow depth, and precipitation affect red fox activity?
How does vegetation productivity correlate with activity? And how does human use intensity

influence red fox activity in Varanger’s varied landscape?

Studies on other carnivoran species provide insights into potential drivers of red fox behavior.
Research on coyotes indicates that temperature and prey availability shape activity and
foraging strategies (Gese et al., 1996a, 1996b), while findings on raccoon dogs in Finland
show reduced activity with increasing snow depth and colder temperatures (Selonen et al.,
2024), pointing to snow depth as a key factor in mesopredator behavior. Additionally, studies
in Svalbard reveal that human disturbances, such as snowmobile traffic, increase nocturnal
activity in Arctic foxes (Fuglei et al., 2017), suggesting that human factors can also impact

daily and seasonal activity patterns.

I hypothesize that these environmental factors will influence red fox activity in complex
ways. Regarding daily weather impacts, colder temperatures may increase activity due to
higher thermoregulatory demands, while deep snow could hinder activity and limit foraging
efficiency. Precipitation might have varying effects: light rain may not significantly alter

activity, but heavy precipitation could reduce activity by limiting travel ease and foraging..

Seasonal and photoperiod factors may add further complexity to red fox behavior. During the
polar day, which coincides with the breeding season, red foxes may exhibit reduced activity
levels and shorter activity periods, potentially due to extended daylight limiting hunting cover
and/or the demands of pup rearing. Conversely, during the polar night, red foxes may increase
both the intensity and duration of activity as they shift to foraging and survival-focused

behaviors; the extended low-light conditions may further support their nocturnal habits.
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I hypothesize that higher vegetation density will correlate with increased activity, offering
cover and hunting resources. In contrast, low-vegetation areas could either function as travel
corridors, thereby increasing activity, or limit foraging opportunities, potentially resulting in

lower activity levels.

Research indicates that high human footprint areas correlate with reduced mammal movement
(Tucker et al., 2018), suggesting that red foxes in Varanger may similarly adapt to human
disturbance. The Varanger Peninsula, with its high recreational use and national park
designation, highlights the need to consider human impact on red fox behavior. I hypothesize
that red foxes will exhibit higher activity periods in low human-use areas but lower activity

intensity near cabins or settlements where human subsidies ease energy demands.

These hypotheses collectively aim to illuminate red fox behavioral adaptations to the
changing landscape in Varanger. This study combines zoo and field data to address red fox
activity. ODBA values were calibrated using accelerometer data from a captive fox. These
thresholds were then applied to GPS and ODBA data from wild foxes, integrated with climate

and environmental data, to examine activity using acceleration as a proxy.
3 Materials and Methods

253.1 Study site

The Varanger Peninsula (70-71°N, 28-31°E)
in Northern Norway lies at the western fringe
of the Eurasian Arctic tundra, at the transition
between the sub-Arctic and bioclimate
subzone E (Walker et al. 2005). Coastal
areas, influenced by the North Atlantic
current, experience relatively mild winters
(mean temperatures around -6°C in January)
and cool summers (averaging 10°C), while
inland highlands, reaching up to 600 meters,

endure harsher conditions with annual

Figur 1 Varanger peinsula with tcks for three foxes Biret (red),
Thorsen (green), and Reinart(yellow). Purple points are trap

sporadic permafrost (Farbrot et al., 2008; Ims '°cations.
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et al., 2017). Annual precipitation varies between 400 and 1000 mm, with significant snowfall
during the extended winter months (COAT, 2023). Spatial heterogeneity is high, and the

snowpack is strongly affected by wind.

Vegetation in Varanger is characterized by strong altitudinal gradients. Heaths of dwarf shrub
extend through the low alpine tundra zone giving way to alpine vegetation and snow beds
with mosses, graminoids, and lichen at higher elevations. Steep, fertile, river valley riparian
zones are interspersed throughout the peninsula composed of lush forbes and graminoid rich
meadows and willow thickets around 2-3 meters high (COAT science plan, willow thickets,
and scattered birch forests in the warmer southwestern lowlands (July temperatures 11-13°C)
(Walker et al., 2005; Killengreen et al., 2007). The region serves as summer pasture for Sami
reindeer herding, with some reindeer remaining in winter, providing vital carrion for
mesopredators (Killengreen et al., 2011) . In addition to VVarangerhalveya national park and
outdoor recreation activities; hiking, hunting, and holiday homes, other human uses in the
area include sheep and cattle farming, permanent roads, windfarms, and human settlements
and industry; notably fishing and fish processing along the coast. Key wild fauna includes
small rodents—grey-sided voles (Myodes rufocanus), tundra voles (Microtus oeconomus),
and Norwegian lemmings (Lemmus lemmus)—mountain hair (Lepus timidus) — mammalian
mesopredators such as the red fox, Arctic fox — a single large predator, the wolverine (Gulo
gulo); other large predators, brown bears (Ursus arctos), wolves (Canis lupus), and lynx
(Lynx lynx) being absent by management decisions. Diverse bird species including
ptarmigans (Lagopus spp.), waders, corvids, skuas, and raptors— and ungulates; semi-
domestic reindeer (Rangifer tarandus), and moose (Alces alces) are also present (Killengreen
et al. 2007; Killengreen et al. 2011; Ims et al. 2017).

Varanger serves as a key site for ongoing Arctic fox conservation efforts, notably intensive
hunting, and culling efforts for the last 20 years (Ims et al., 2017; Fjellrevmodul COAT
Finnmark: Rapport for 2023).

2.63.2 Lotek collars and ODBA

Lotek Iridium Litetrack 150 collars (170g); hereafter “collar”, have been used to monitor red
foxes on the Varanger Peninsula since 2021. Collars were programed record GPS fixes every
three hours, plus every 20 minutes for three hours approximately every other day (14 bursts

per month) distributed to cover all periods of the day, and capture acceleration data every 10
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seconds as overall dynamic body acceleration (ODBA). An onboard accelerometer converts
tri-axial (X, Y, Z) readings into ODBA values, providing an index of activity.

ODBA formula:
ODBA = |Ax — Ax| + |4y — Ay| + 14z — 4y
Where:

e Ay, Ay, A, represent the acceleration along the respective axes as spot samples
e Ay, Ay, Az represent the acceleration
along the respective axes averaged

over the previous 2 seconds.

GPS positions are transmitted over the iridium
satellite network and can be downloaded from
Lotek, but acceleration data must be retrieved
from the collar by euthanizing the animal.
Acceleration data is retrieved from the collar

using Lotek software PinPoint Host version

A SN

2.15.17.0 Figure 2: Thorsen with collar. Photo: Svein Johannessen

2-+3.3 Zoo Observations and Ground-Truthing

To validate collar-based ODBA measurements against specific activity states, | conducted a
lab to field ground-truthing study at Tangen Dyrpark in Tangen, Norway. The park houses a
skulk of four red foxes in a spacious enclosure surrounded by a chain-link fence. The
enclosure features an S-shaped slope with mixed terrain, including dirt, rocky areas, and
vegetation. It also contains large boulders, medium-sized trees, and small dog houses that
serve as dens for the foxes.

For this study, park staff selected two foxes, Johnny, and Franky, based on their accessibility.
Johnny, a melanistic morph and the most habituated fox at the park, was prioritized due to his
easily distinguishable appearance. Franky, a typical red morph, was more challenging to
sedate safely, so | proceeded with collaring Johnny only. At approximately eleven years old,
Johnny was sedated with an oral dose of acepromazine (21 mg at 2.5 mg/kg) and
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dexmedetomidine (0.15 mg at 0.018 mg/kg) to facilitate collar placement. After securing the
collar, I administered atipamezole (1.5 mg intramuscularly) as a reversal agent. Johnny’s
recovery was monitored for 30 minutes, during which he exhibited normal behavior and
movement without any signs of discomfort. He was then given an overnight acclimation
period before data collection began. All animal handling procedures were conducted in

collaboration with the park’s veterinarian to ensure safety and animal welfare.

Data were collected using a collar programmed with the same settings as those used for wild
foxes. | positioned stationary cameras outside the enclosure in high-traffic areas, identified
based on fox activity patterns and recommendations from the animal keepers. To ensure
accurate synchronization of observational data with ODBA readings, | displayed a
synchronized timestamp at the start of each filming session using the AtomicClock app linked

to the time.nist.gov server.

I scored the footage using DaVinci Resolve software (version 18.6.2), embedding timestamps
to align with ODBA readings. Whenever Johnny was visible, | categorized his behavior into
one of five categories: Resting, Standing/Sitting/Shifting, Walking, Running, or Other, based
on 10-second intervals. Initially, ODBA readings were classified into four activity levels:
Resting, Standing/Sitting/Shifting, Walking, and Running. However, due to significant
overlap between Walking and Standing/Sitting/Shifting, | combined them into a single Low
Active category, resulting in three final activity levels: Inactive, Low Active, and High
Active.

Because ODBA is meant to be a broad characterization of body movement there can be high
variability and overlap between behavioral categories as well as between study species. To
address this, | developed a decision tree model using the rpart package (Therneau et al., 2023)
in R (R Core Team, 2024), with RStudio (Version 2024.04.2+764; RStudio Team, 2024), to
classify these activity levels based on ODBA values. The model identified an ODBA
threshold of 94.5 to distinguish Inactive from Active states; see results section for more

information.

283.4 Fox trapping

Wild red foxes were trapped using large wooden double-entry traps (Varmlandsk tunnelfelle)

baited with a variety of baits. Seven traps were situated near the coast between Vadsg and
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Vardg with an additional three traps situated inland in the northwest of the peninsula. The
traps were left on the study sight permanently with the doors locked open outside of the
trapping season to habituate foxes to their presence. The traps were monitored remotely by
cameras triggered automatically by motion or manually by SMS command. Traps were
checked at least every six hours by SMS. Trapped red foxes were fitted with a collar without
the use of sedation using an
established protocol. Other
animals found in the trap were
released. All animal handling
procedures were approved by
Mattilsynet (FOTS ID 30085)

Between May of 2021 and

November of 2023, a total of nine

foxes were fitted with tracking
. . Figur 3 Red fox at trap

collars. As of this study, six

collars have been retrieved. Two collars were too damaged to retrieve acceleration data.

Therefor a total of four individuals are used in this study.

Figur 4 Camera position at trap
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2:93.5 Data Integration and Consolidation with

Environmental variables

I employed custom R functions to integrate GPS and ODBA data; see appendix. Time stamps
from the ODBA files, recorded in Arc/Info Data File (ADF) format, provided Greenwich
Mean Time (GMT) timestamps for each observation of ODBA. GPS data, retrieved from the
Lotek webserver, also recorded positions with specific GMT times. Using a nearest neighbor
method, | matched ODBA and GPS timestamps by calculating absolute time differences and
identifying the closest matches. Missing GPS data were filled with the nearest available
coordinates, and the GPS coordinates were converted to Universal Transverse Mercator
(UTM) coordinates to enable spatial integration with environmental data at a later step. The

data were then aggregated by minute, calculating mean values for ODBA.

Activity state — Active or Inactive — was initially assigned solely by whether the ODBA
value was above or below the 94.5 threshold established previously. To stabilize
classifications and prevent momentary fluctuations — e.g., a fox moving in its sleep — from
incorrectly triggering state changes, | implemented a Five-Minute Rule using a custom R
function; see appendix. State transitions were confirmed only when supported by five
consecutive one-minute observations or when the current observation and the following four

one-minute observations consistently indicated a new state.

Meteorological data — snow depth in cm, mean daily temperature (C), and precipitation in
mm — were sourced from seNorge’s THREDDS Data Server as gridded NetCDF files
provided by the Norwegian Meteorological Institute (2021-2024). These NetCDF files
provide daily values on a square grid over the whole of Norway at a 1km spatial resolution
with the center of each gridded square as a reference point using UTM coordinates. Using a
custom R function these values were extracted for each minute-aggregated GPS integrated
ODBA timestamp; (see appendix for script). The UTM coordinates were first rounded to
match the nearest gridded square center point. If the value for that gridded square center point
returned NA — e.g., because the center point was in a body of water — the function referred

to the next nearest center point to the coordinates in an adjacent square.

Raster data provided additional spatial context on area use intensity and vegetation at a

resolution of ~182 meters per pixel. The area-use intensity dataset, “arealbruksintensitet,”
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measures the degree of human influence over time. It classifies land use into a continuous
gradient of four levels: 1) Low land use intensity, 2) Built-up areas, 3) Dense housing, and 4)
City, reflecting variations from natural areas with minimal human impact to highly urbanized
regions (Artsdatabanken, 2024). Vegetation data, represented by the Enhanced Vegetation
Index (EVI), was derived from a national dataset of phenological state variables processed
from Moderate Resolution Imaging Spectroradiometer (MODIS)(Tveraa et al,. 2013). EVI
quantifies vegetation greenness and is more sensitive and has reduced atmospheric effects
compared to Normalized Difference Vegetation Index (NDVI). This dataset provides the
mean of maximum EVI from 2000 to 2021, which was used to characterize vegetation for the
study area (NINA, 2024). As for meteorological data, these data were assembled with the

activity data based on spatial proximity.

In order to characterize light conditions for each observation solar elevation for each GPS
integrated ODBA timestamp was calculated using established astronomical formulas; see
appendix (Meeus, 1998; Duffie & Beckman, 2013; Reda & Andreas, 2004; Michalsky, 1988).
Light conditions were categorized by solar elevation angle as Day (o > 0), Twilight (0> o > -
18), and Night (o < -18) (Bikos and Kher). At the high latitude of the study site, civil,
nautical, and astronomical twilight were combined into a single Twilight category due to their

brevity or absence during portions of the year.

Following integration of data Seasons Solar Elevation and Mean ODBA Throughout the Year (2022)

Polar Day
for each fox, datasets were Polar Night (Jan)
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aggregatEd to the day Transition to Polar Day
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— Thorsen
foxes’ predominantly — Solar Max
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Date

nocturnal activity patterns
comprehensively; see appendix. For each fox day, I calculated daily (F)iguBrAS Light seasons with
totals and summary statistics for activity metrics—mean ODBA of

active periods, proportion of time spent active— as well as mean daily values for all other
variables; snow depth, mean daily temperature, precipitation, anthropogenic area use
intensity, and vegetation data. Spatial variables were averaged over the places the fox used

during that day. Mean ODBA is meant to represent the total daily activity exhibited by a fox
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on a given day, while the proportion of active ODBA represents the proportion of time the fox

spent being active on a given day, daily proportion active.

Processed datasets from each fox were then pooled for comprehensive group-level analysis
retaining the individual fox as a categorical variable; “fox ID.” Each fox day was categorized
into one of four seasons—Polar Night (sun continuously below the horizon, O degrees),
Transition to Polar Day, Polar Day (sun continuously above -18 degrees), or Transition to
Polar Night—Dbased on solar transitions, providing a framework for considering seasonal

variations; see appendix.
2-103.6__ Statistical Analysis

All statistical analysis and plotting of data were performed in R with a variety of packages;
nlme (Pinheiro et al., 2023), dplyr (Wickham et al., 2023), AlCcmodavg (Mazerolle, 2023),
ggeffects (Ludecke, 2023), ggplot2 (Wickham, 2023), broom.mixed (Bolker & Robinson,
2023), gridExtra (Auguie, 2023), ggcorrplot (Kassambara, 2023), patchwork (Pedersen,
2023), lubridate (Grolemund & Wickham, 2023), and tidyr (Wickham & Henry, 2023).

To ensure the data were appropriate for linear mixed models (LMM), I first visualized the
distributions of mean ODBA and the proportion of active ODBA (>94.5), using histograms,
checking for skewness. I then ran preliminary linear models with these activity metrics as
dependent variables and environmental predictors, including snow depth, mean temperature,

precipitation, area use intensity, and vegetation data as independent variables.

| assessed the key model assumptions by examining diagnostic plots. These included checks
for the normality of residuals, homoscedasticity (constant variance of residuals), and the
absence of multicollinearity among predictors. The residuals were approximately normally
distributed, variances were consistent across levels of the predictors, and no significant
multicollinearity was detected. These results confirmed that the data met the necessary

assumptions, supporting the suitability of LMM for further analysis.

To examine the influences of environmental variables on red fox activity, | used linear mixed-
effects models (LME) with an autoregressive structure of order 1 (AR(1)) to account for
temporal autocorrelation and avoid statistical pseudo-replication. The modeling process
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involved constructing a series of candidate models for each activity metric, evaluating them
based on statistical performance and biological plausibility.

Snow depth and temperature were categorized into binary variables to reflect ecologically
relevant thresholds in order to compare broadly the effects of snow presence and absence on
the landscape as well as the difference between temperatures above and below freezing. Snow
depth was classified as present when it exceeded 0.5 cm, and temperature was categorized as
above or below 0°C. Therefor two sets of models were constructed and selected from for each
dependent variable which represented the effect of snow on the landscape and the effects of
the depth of snow on the landscape respectively. Continuous predictors, including snow
depth, temperature, precipitation, area use intensity, and vegetation density, were standardized
to a mean of 0 with a standard deviation of 1 to ensure comparability of effect sizes of the

different variables.

Each candidate model included some or all fixed effects for predictors and their interactions.
The chosen interactions capture key environmental factors affecting red fox behavior and
habitat use. | included Mean Temperature x Precipitation to address how temperature-
dependent precipitation (rain vs. snow) influences habitat conditions. Snow Depth x
Vegetation Density captures how winter conditions and snow type impact prey visibility and
fox mobility. Finally, Area Use Intensity x Vegetation Data examines how human land use
and altered vegetation influence prey availability and fox navigation in modified landscapes.
See model selection table #. Random intercepts for fox ID and season were incorporated to
prevent statistical pseudo-replication from individual variations in behavior, as well as
seasonal variability in light conditions that might befall otherwise similar environments.
Models were ranked using Akaike Information Criterion (AlICc), which facilitated the
selection of parsimonious models that provided the best balance between goodness of fit and
model complexity. This process ensured that the chosen models appropriately captured

relationships that were both statistically sound and biologically meaningful.
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34 Results

314.1 Zoo Observations and Ground-Truthing

In total, 253 minutes of footage from the zoo trial was used to make 1519 10-second interval
scorings of behavior for four categories: resting (n=997), standing/sitting/shifting (n=160),
walking (n=332), and running (n=30); figure 6. Two of these categories
(standing/sitting/shifting, and walking) were combined to a single low active category; figure
7. The model identified an ODBA threshold of 94.5 to distinguish Inactive from Active states
and 313.5 to separate Low Active from High Active activity; see appendix. Due to the limited
observations of running behavior, | used only the 94.5 threshold in subsequent analyses to

differentiate between Inactive and Active states in wild foxes.

iistoaramioh,ODEAbY. MovementiMode (Raw) Histogram of ODBA by Movement Mode (Combined new categories)
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Walking
Running High Active

Frequency
Frequency

0 200 400
ODBA ODBA

Figur 6 Raw counts of zoo data Figur 7Combined counts of zoo data

3.24.2 Overview of Field Data

In total, 1085 fox-days were considered in this study from four foxes. Thorsen was tracked
from May 24" 2021, to August 31%, 2022; fox-days= 460 and had a high fidelity for the
eastern coast near Vardg. Reinaert was tracked from November 11™, 2021, to January 27",
2022; fox-days= 79 and had preference for the eastern coast moving between Vardg and
Vadsg along the main roadway; where he was eventually struck by a vehicle and killed. Uhcci
Biret was tracked from October 11th 10", 2021to February 2", 2023; fox-days=460 and
initially had habitat preferences for the eastern coast before later moving further inland. Geir
was tracked from October 14", 2023, to January 8", 2024; fox-days=87 with a preference for
the western inland of the peninsula; Geir was unfortunately prematurely harvested by a
hunter. Carcass examination showed that the foxes were in generally good health at the time
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of their deaths with fat indexed between 3 and 4 and no noted abnormalities (Dorothee
Ehrich; unpublished data).

334.3 Model Choice

For model selection, mod2va was chosen as the best model for analyzing total daily activity
with snow presence/absence, as it consistently showed robust performance across various
candidate model lists. This model incorporates all environmental variables and interactions
with snow presence, providing a comprehensive yet explanatory fit. ModOva was also
evaluated but ultimately excluded due to an insignificant temperature-precipitation interaction
effect, despite being within two AIC points.

For the snow depth analysis during snow-present conditions, mod3v was selected as the most
suitable model for total daily activity. Although mod3va was considered for consistency
across models, area use intensity was insignificant, favoring mod3v’s simpler structure. For
daily proportion active, modOva was chosen due to its strong support (delta AIC ~10
compared to mod2va), reflecting time-budgeting dynamics potentially distinct from activity
efforts. Here, the interaction between temperature and precipitation was deemed relevant to
decisions to move versus the efforts required. However, modOa or modOv could also be

reasonable choices due to their parsimony and AIC proximity.

In the continuous snow depth models for daily proportion active, mod3 was selected as it
remained within 1 AIC point of mod3a and excluded non-significant area use effects,
suggesting that a narrower set of factors influences activity periods during the snow season,
likely due to seasonal changes in vegetation cover and reduced human activity. Ultimately,
the selected models are mod2va for binary total daily activity, mod3v for snow depth total
daily activity, modOva for binary daily proportion active, and mod3 for snow depth daily
proportion active. See appendix for AIC tables

Page 16 of 48



344.4 Total Daily Activity

3-4-14.4.1 Total Daily Activity in the presence and absence of snow

cover.
Term Estimate Std.Error Statistic P-value
Intercept 317.344 13.306 23.850 0.000
Snow Presence (Yes) -21.915 6.658 -3.292 0.001
Scaled Mean Temperature -10.283 4408  -2.333  0.020
Scaled Precipitation 2.175 1.063 2.046  0.041
Scaled Vegetation Data 6.468 2.907 2225  0.026
Scaled Area Use Intensity -10.942 2.849 -3.840  0.000
Snow Presence x Mean Temperature 14.959 5.433 2.754 0.006
Snow Presence x Precipitation -6.319 1.705 -3.706 0.000
Snow Presence x Vegetation Data -1.847 3.215 -0.575 0.566
Snow Presence x Area Use Intensity 9.699 3.255 2.980 0.003

Tabell 1Total Daily Activity (Snow present/not present)

The presence of snow significantly reduced average activity level by 21.92 in terms of mean
ODBA (standard error SE = 6.66, p = 0.001). In the absence of snow, mean temperature also
had a slight negative effect on average activity level (SE = 4.41, p = 0.020; effect size = -
10.28), meaning that for every one standard deviation (7.56 degrees) increase in mean
temperature, average activity level decreased by 10.28 in ODBA; figure 8. Foxes were also
less active in areas with high area use intensity when snow was absent (p < 0.0001; effect size
=-10.94); figure 9. Conversely, increased vegetation was associated with slightly higher

average activity level (SE= 2.9, p = 0.026; effect size = 6.47); figure 10, as was increased
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precipitation (SE = 1.06, p = 0.04; effect size = 2.18); figure 11.

Interaction Plot: Mean Temperature (°C) x Snow Presence
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Figur 8 Predicted mean ODBA (mean temp:snow presence)
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Figur 9Predicted mean ODBA (Area use intensity:snow presence)
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Interaction Plot: Vegetation Data x Snow Presence
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Figur 10Predicted mean ODBA (vegetation:snow presence)

Interaction Plot: Precipitation (mm) x Snow Presence
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Mean of Precipitation (mm)=1.82 | Interaction Effect (|A]): 6.32,p=0

Figur 11Predicted mean ODBA (precipitation:snow presence)

Several of these relationships were inversed in the presence of snow. The effect of
temperature in this case was slightly positive (interaction 14.96, SE = 5.43, p=0.006), the
effect of precipitation negative (p=0.0002) and the effect of area use intensity close to 0
(p=.003). Vegetation biomass did not show a significant interaction with snow presence,

implying that vegetation’s effect on activity was similar regardless of snow presence.
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3:4.24.4.2 Total Daily Activity with Continuous Snow Depth

Term Estimate Std.Error Statistic P-value
Intercept 295.111 10.273 28.727 0.000
Scaled Snow Depth 4.050 3.287 12232 0.218
Scaled Mean Temperature 3.728 3.464 1.076  0.282
Scaled Precipitation -3.295 1.581 -2.084  0.038
Scaled Vegetation Data 0.215 1.887 0.114 0.909
Snow Depth x Mean Temperature -2.640 3.501 -0.754 0.451
Snow Depth x Precipitation -2.079 1.568 -1.326  0.185
Snow Depth x Vegetation Data 7.365 1.541 4.779 0.000

Tabell 2 Total Daily Activity (Snow continuous)

Looking only at periods with snow cover and considering snow depth as a continuous
variable, | found no significant direct effect on average activity level (p = 0.22). However,
precipitation was associated with a small but significant decrease in average activity level (p
= 0.0375; effect size = -3.30), suggesting that snowfall but not snow depth effects activity
during the snow-covered periods.

Despite snow depth having no effect on its own, | did find a significant positive interaction
between snow depth and vegetation biomass (7.37, SE = 1.54, p < 0.001); figure 12. This
finding suggests that with increasing snow depth activity increased in areas with more
vegetation (p= < 0.0001).
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Interaction Effects of Snow Depth and Vegetation Data on Mean ODBA
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Figur 12 Interaction (snow depth:vegetation on mean ODBA)

3.54.5 Daily Proportion Active

3.5-34.5.1 Daily Proportion Active with Binary Snow Presence

Term Estimate Std. Error Statistic P-value
Intercept 0.455 0.034  13.496  0.000
Snow Presence (Yes) -0.022 0.018 -1.210 0.226
Scaled Mean Temperature 0.006 0.013 0.476  0.634
Scaled Precipitation -0.035 0.010 -3.424  0.001
Scaled Vegetation Data 0.009 0.010 0.937  0.349
Scaled Area Use Intensity 0.001 0.009 0.064  0.949
Snow Presence x Mean Temperature 0.043 0.015 2.800 0.005
Snow Presence x Precipitation 0.032 0.014 2.211 0.027
Snow Presence x Vegetation Data 0.001 0.010 0.077 0.938
Snow Presence x Area Use Intensity -0.016 0.009 -1.812 0.070
Temperature x Precipitation Interaction 0.024 0.007 3.461 0.001

Tabell 3 Daily Proportion Active (Snow present/not present)

The intercept of the binary snow model for the proportion of active ODBA indicates that in
the absence of snow, with other variables at their mean, foxes spend about half (45%) of the

time in an active state. Snow presence did not significantly affect the proportion of time a fox
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was active (p = 0.23). However, precipitation was significantly associated with a decrease in
the proportion of time active (SE = .01, p = 0.0006; effect size = -0.0346); figure 13.

The presence of snow interacted with both mean temperature and precipitation to affect the
proportion of time active. Snow presence combined with higher mean temperatures increased
the proportion of time active (SE=0.015, p = 0.0052; effect size = 0.04); figure 14.

Interaction Plot: Precipitation (mm) x Snow Presence
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Figur 13 Predicted proportion of active ODBA (precipitation:snow presence)
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3.5.24.5.2 Daily Proportion Active with Continuous Snow Depth

Term Estimate Std. Error Statistic P-value
Intercept 0.431 0.033 12.871 0.000
Scaled Snow Depth 0.002 0.008 0285 0.776
Scaled Mean Temperature 0.045 0.011 4221 0.000
Scaled Precipitation -0.023 0.006 -3.591  0.000
Snow Depth x Mean Temperature 0.004 0.011 0.387 0.699
Snow Depth x Precipitation 0.012 0.006 1.839 0.066

Tabell 4 Daily Proportion Active (Snow continuous)

Like snow presence, snow depth did not significantly affect the proportion of time active (p =
0.7758). However, higher mean temperatures were associated with an increase in the
proportion of time active (SE= 0.01,p < 0.0001; effect size = 0.0448), while precipitation had
the opposite effect (SE= 0.006p = 0.0004; effect size = -0.0227).

Despite having conflicting effects separately, during the snow free period, mean temperature
and precipitation show a slightly positive synergistic effect (SE=0.00 6, p= 0.0006; effect
size = 0.024); figure 15.
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Figur 15 Interaction (mean temperature:precipitation of daily activity)
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45 Discussion

| asked how daily changes in temperature, snow depth, and precipitation affect red fox
activity. In snow-free conditions, higher temperatures reduced activity, but temperature
during snowy conditions did effect activity levels as | predicted. | hypothesized that colder
temperature may increase activity levels, this was shown to be the case, but only mildly. My
results reveal how snow presence and depth, along with other environmental factors, shaped
red fox activity and behavior. As predicted, snow significantly reduced total daily activity.
However, contrary to my hypothesis, snow depth was not important in this regard but instead
the presence or absence of snow played the important role. | also asked how vegetation
correlates with activity behavior. As | expected, increased vegetation biomass had a positive
influence on both proportion of time spent active and overall activity. Snow depth positively
interacted with vegetation biomass, leading to increased activity in vegetated areas, this result
was not expected. Precipitation did not have the expected results, with foxes actually
increasing overall activity in the presence of rainfall but decreasing during snowfall. 1 also
asked how does human use intensity influence red fox activity? Human use intensity had
varying effects. | hypothesized that increasing human use intensity would negatively affect
the proportion of time foxes spent being active, but this was not supported by the results. |
also hypothesized that human use intensity would have a negative impact on overall activity
level, this was supported, however, it was only supported in the absence of snow. However,
these relationships shifted with snow: higher temperatures offset snow's suppressive effect on
activity, while precipitation further reduced it. Vegetation had a consistent positive effect
regardless of snow presence. | hypothesized that these factors would influence activity in

complex ways, and that certainly seems to be the case.

Snow presence did not significantly affect the proportion of time spent active, though
precipitation reduced it. With snow, higher temperatures increased active time, while snow-
free conditions showed a synergistic effect of temperature and precipitation. Overall, my
findings illustrate the complex interplay between snow, temperature, precipitation, vegetation,

and human use in influencing fox behavior across seasonal changes.

415.1 Framing of the Findings

This study captured the influence of snow, temperature, vegetation density, and human area-
use intensity on red fox behavior across Varanger, shedding light on how these factors
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interact across the landscape. While ODBA measurements can provide a useful proxy for
activity levels, they do not capture the nuanced, moment-to-moment conditions each fox
encounters. Thus, my results should be interpreted within a broader landscape-level context
rather than as specific responses to precise conditions. For example, the presence of X cm of
snow on the landscape serves as an indicator of general conditions that correlate with
observed activity trends, rather than a direct predictor of fox behavior at that specific snow
depth. This approach allows us to interpret red fox behavior as part of a larger ecological

framework in response to seasonal shifts and changing landscape conditions.

4.25.2 Environmental Interactions and Seasonal Variability

The observed reduction in overall activity among red foxes during snow presence suggests an
adaptive strategy to conserve energy under winter conditions. As a physical obstruction, snow
imposes energetic costs for total daily activity, necessitating that animals either minimize
travel or follow paths of least resistance to maintain energetic efficiency. This behavior is
consistent with observations of red fox in other areas. Halpin & Bissonette (1988)
documented that snow depth influenced habitat selection by red foxes in Maine, USA, by
physically following fox trails over two winters without the benefit of electronic biologging.
They noted that habitats with snow crust conditions were preferred by foxes, likely due to
decreased snow sinking. Thus, their study sets a precedent in red fox research that snow depth
alone does not tell a whole story. Indeed, my results seem to agree as the presence of snow
had a negative effect on overall activity, but snow depth itself did not reflect significantly in
the mean ODBA readings. If deep snow were consistently physically impeding fox total daily
activities, I would expect overall activity to drop measurably with presence of snow on the
landscape, but also increasingly with added snow depth. However, this expectation is
complicated by the fact that in VVaranger, snow depth is heavily influenced by wind, and it is
difficult to relate the actual snow depth at any given point to the broad daily scale snow depth
data at a 1 km grid. Finding that the landscape level snow depth had a different result that
expected suggests that foxes behaviorally adjust to deal with deep snow at the landscape
level; by choosing to travel along ridges where snow accumulation is less, for example.
Similarly, Murray and Boutin (1991) found that coyotes in Yukon, Canada, exhibited stronger
behavioral patterns to reduce locomotive costs than the more snow adapted lynx (Lynx
canadensis) in sympatry by preferring areas with hard-packed or shallow snow at varying

elevations and it is worth considering that foxes might make similar choices in VVaranger.
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Interestingly, despite the reduction in overall activity, the proportion of time red foxes spent
being active (ODBA > 94.5) did not significantly change with either snow presence or depth.
This suggests that while foxes may adjust their total daily activity strategies to contend with
snowy conditions, they maintain something of a consistent time budget overall. This conflicts
with my hypothesis that increased seasonal darkness associated with the snow season would
increase the amount of time foxes spent being active in accordance with their typically
nocturnal nature. However, given that the snow season only partially corresponds with the
darkest periods in Varanger, with snow sometimes arriving later in fall and lingering well into
spring. Additionally, foxes might only be as active as necessary based on seasonal needs, such
as territory defense, mating, and pup-rearing, which could vary across both snowy and snow-

free periods. These seasonal behaviors may reduce the effect of snow on overall activity.

This study did not investigate the specific composition of this active time. For example, how
frequently foxes stop to rest in between periods of activity, or how long those individual
periods of activity last were not addressed, and questions around circadian plasticity in foxes
in Varanger remain. Kdémmerle et al. (2020) highlight this type of circadian plasticity,
observing that red foxes adjust their circadian patterns seasonally in response to human
presence, showing increased daytime activity in winter when human disturbances decrease,
leaving questions about polar night and polar days' influence on foxes in VVaranger open for
future investigation. An additional alternative to consider is that foraging might become more
challenging with snow, which could theoretically demand higher activity levels; however, this
study did not find evidence of increased activity during snowy periods, suggesting that snow
did not substantially affect foraging difficulty. This capacity for adaptive reallocation of time
means that red foxes may similarly optimize the composition of their active time in the

presence of snow without changing the overall time budget.

Temperature further influences red fox activity by adding another layer of seasonal behavioral
adjustment. In snow-covered conditions, warmer temperatures slightly increased overall
activity without, suggesting that foxes move more freely on warmer snow-cover days than on
colder snow-cover days perhaps to take advantage of lower thermoregulatory demands to
increase foraging time across more territory during the relatively more resource scarce
winters. Gosselink et al. (2003) noted increased home range sizes in foxes in Illinois, USA,
during winter suggesting the need to cover more territory to compensate for resource scarcity.
Conversely, in snow-free conditions, higher temperatures correlate with reduced activity,

suggesting that foxes may decrease total daily activity to avoid potential overheating, even in
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subarctic and arctic climates. These findings underscore the role of temperature and snow as
complex and sometimes conflicting forces shaping red fox behavior across seasons.

4.35.3 Role of Vegetation Density in Activity and Foraging

The correlation between high dense vegetation and increased red fox activity suggests that
vegetation serves as a multifaceted resource, providing benefits beyond direct access to prey.
In winter, dense vegetation might serve as a buffer, offering relatively sheltered areas from
wind and extreme conditions in Varanger’s exposed landscape. Importantly, areas with dense
vegetation are also likely to support a higher abundance of prey. For instance, tundra voles
(Microtus oeconomus) frequently inhabit willow thickets, as highlighted by Henden et al.
(2011), while willow thickets also attract ptarmigan and hare in winter, as shown by Ehrich et
al. (2012). These vegetated patches, therefore, may provide foxes with improved hunting

grounds in winter, aiding in their energy management by centralizing hunting efforts.

While vegetation had considerable influence on overall activity from vegetation. This
interaction implies that vegetation acts as a conditional resource in the presence of deep snow.
Ellington et al. (2020) found that coyotes alter their behavior and habitat selection at multiple
temporal and spatial scales.

The complexity of these interactions reflects the adaptive strategies red foxes may employ to
navigate seasonal challenges, suggesting that vegetation and temperature create dynamic
opportunities for behavioral flexibility within snowy landscapes. Such plasticity likely
enables red foxes to balance energy conservation with the need for total daily activity under
fluctuating environmental conditions, showing how multiple factors work synergistically to

shape their activity levels.

445 .4 Human Influence

In snow-free conditions, red foxes in Varanger showed a significant decrease in activity levels
in areas with high human use intensity, aligning with findings by Gorman et al. (2024) that
carnivores, such as coyotes and bobcats (Lynx rufus), adopt species-specific spatial strategies
to minimize disturbance in human-modified landscapes. However, it is worth noting that
foxes in Varanger are not simply avoiding these areas; instead, as suggested by recent
findings by Stijn Hofhuis (personal communication), they show a degree of positive selection

for areas close to human infrastructure, even if their activity levels are reduced. This decrease
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in activity might reflect an adaptive strategy to minimize direct encounters with humans
during peak recreational periods, such as summer and early fall, when hiking, hunting, and
holiday home use are at their height in VVaranger and Norway in general. In contrast, during
snow-covered periods, the effect of human use intensity on overall fox activity was nearly

null, suggesting seasonal variation in their behavioral responses to human presence.

This seasonal difference may also be influenced by human-associated resources in Varanger.
Alexandre et al. (2020) found that in places where foxes are sympatric with humans, human
resources often drive their presence. Similarly, foxes in Varanger may be drawn to hunting
camps and holiday homes at the beginning of the snow season, particularly if waste is not
properly disposed of. Scavenging opportunities in these areas could draw foxes back even in
the absence of humans, reinforcing site fidelity to locations offering food subsidies. Exploring
this dynamic further, such as through camera trap studies in collaboration with holiday
homeowners, could provide more nuanced insights into how foxes interact with human-

modified landscapes and resources.

4.55.5 Precipitation and Behavioral Adaptations

The influence of precipitation on red fox activity patterns varied considerably across seasons,
with distinct differences observed between snow-free and snow-covered periods. The
surprising positive effect of precipitation on overall activity during snow-free periods,
contrasting with its negative impact during snow-covered periods, suggests that red foxes

respond differently to rainfall and snowfall.

During snow-free periods, precipitation correlated positively with mean ODBA, indicating
that red foxes increase their activity despite, or perhaps because of, intermittent rainfall. This
response could be related to changes in prey behavior or availability during rainy conditions.
For example, light to moderate rainfall can stimulate activity in small mammal prey (Vickery
& Bider 1981), potentially prompting foxes to exploit these windows of increased prey
activity; suggesting that, under snow-free conditions, foxes use rainfall as an opportunity
rather than an impediment. Here it is important to consider the temporal scale of the
environmental data again. Weather conditions in VVaranger can shift quite rapidly, and it is

rare to have periods of rain for 24 hours. This means that foxes may be emerging in the
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periods after rainfall as opposed to during the rainfall, while still taking advantage of the

precipitation effects on prey.

Conversely, during snow-covered periods, precipitation had a negative effect on overall
activity that was significantly different from the snow-free period, indicating reduced activity
during snowfall specifically. Notably, when snow depth was modeled as a continuous
variable, it had no significant effect on mean ODBA, this implies that the immediate effects
of active snowfall on activity are more influential than accumulated snow depth alone in this
regard. Research by Droghini and Boutin (2018) came to similar conclusions about gray
wolves in Canada, finding that it was snowfall, and perhaps the soft conditions of fresh snow
before it has been wind packed or crusted, and not snow accumulation per se that reduced
total daily activity rates, though accumulation of snow on the animal itself probably has a
thermoregulatory cost. Unlike rain, which may be exploited during snow-free times, snowfall
is more likely to disrupt hunting success by obscuring prey trails and increasing energy
expenditure for total daily activity (Patterson & Messier, 2001; Callaghan et al. 2012). The
reduction in the proportion of time active during snow-covered periods with increased
precipitation, despite temperature’s positive influence, indicate that foxes prioritize energy

conservation over activity during snowfall.

Temperature’s influence on red fox activity varied between snow-free and snow-covered
conditions as well. Mean temperature was not a significant predictor of activity during snow-
covered periods, yet it positively affected the proportion of active time, suggesting that
warmer temperatures within snowy periods encourage red foxes to remain active longer,
potentially compensating for limited foraging success under colder, snowy conditions.
Warmer conditions can reduce thermoregulatory costs, making extended activity less
energetically taxing (Aublet et al., 2009). This pattern may be particularly important as red
foxes face colder periods with decreased prey availability; the temperature effect implies an
adaptive response where foxes attempt to maximize active time and forage when temperatures
permit, despite overall challenging snow conditions. In snow-free conditions, the interaction
of temperatures and precipitation slightly increased the proportion of time red foxes remained
active. Similar to the effects of rainfall noted earlier, increased rodent activity as a result of
rainfall may be that much more pronounced at warmer temperatures as small rodents are even

more susceptible to heat loss than foxes due to basic surface area to volume principles. This
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Interaction suggests that, although temperature and precipitation individually have opposing
effects, together they may create favorable foraging condition, thereby encouraging active

behavior.

Overall, these results underscore the nuanced behavioral flexibility of red foxes in adapting to
Arctic environmental conditions. This flexibility may serve as a crucial adaptive mechanism
as Arctic climates experience increasingly variable precipitation patterns. The distinct
responses to rain versus snow suggest that red foxes actively assess environmental cues,
adjusting their behavior to maintain foraging efficiency and energy balance. Future studies
could benefit from examining how shifting precipitation and temperature patterns, influenced
by climate change, may affect the availability of prey, or alter the spatial distribution of
favorable habitats for foraging, potentially further challenging red fox adaptability in these

dynamic Arctic ecosystems.

4.65.6 Future Research Directions

This study’s findings emphasize the need for biologging at finer spatial and temporal scales to
capture more detailed insights into red fox total daily activity and habitat use in this
landscape. Future research could benefit from gathering more frequent position data alongside
additional environmental variables, such as wind speed and terrain models. Analyzing fox
activity at sub-daily scales, even with the current data, could also provide valuable insights.
For example, examining activity levels within a time window around each recorded position
could reveal more immediate behavioral responses to fluctuating environmental conditions,
such as sudden temperature drops or shifts in wind direction. This finer resolution would
allow us to detect patterns in activity or rest periods in relation to specific terrain conditions
such as vegetation density or terrain changes, such as foxes seeking shelter during wind
events or moving more actively through particular topographies. Ultimately, such an approach

would clarify how foxes adjust their activity decisions throughout the day.

Given the distinct seasonal light conditions in this study area, further exploration of circadian
plasticity in red foxes would add valuable context to my findings. In this study, we used
season as a random effect to account for extreme light cycles; however, a focused

investigation into seasonal time budgeting and circadian adjustments, again using ODBA as a
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proxy, could reveal how or if these animals adapt their activity in response to shifting

photoperiods.

Using collar-mounted cameras presents an exciting opportunity to gain direct, real-time visual
data on habitat use and behavior. This tool could reveal specific habitat features, foraging
techniques, and potential interactions with human infrastructure. By complementing
biologging data, these observations would deepen our understanding of how foxes navigate

and respond to their environment, providing a more holistic view of their spatial decisions.

4.75.7 Conclusions and Management Implications

While there was no single definitive driver of red fox behavior in my findings, vegetation
biomass played a critical role, with higher vegetation levels correlating with increased fox
activity, regardless of snow cover. The patterns observed in this data support the consensus
that as the Arctic warms and vegetation proliferates, resource availability and suitable habitat
may increasingly support red fox and other traditionally boreal species warranting further

research into long-term impacts on Arctic ecosystems by climate change.

Given the findings, two key areas for management emerge: the effects of vegetation on fox
activity and the influence of human area use intensity. VVegetation appears to play a stabilizing
role in fox activity patterns, increasing activity even in snow-covered periods, and also
interacting with other factors. Thus, strategies to limit vegetation cover could help to manage

red fox presence.

Human area use also affects fox behavior significantly, particularly during the snow-free
period. Foxes were less active in areas of high human activity, possibly due to two factors:
either a decreased need for activity, as they may access human waste as a food source, or
human avoidance. The human infrastructure index here includes a range of infrastructure
types, from seasonal cabins to year-round structures such as roads, farms, and villages, which
remain active throughout the year. In winter, however, foxes became more active around
certain areas with infrastructure, potentially taking advantage of resources left unsecured after
human departure from seasonal locations. These insights underscore the importance of
securing waste and discouraging direct feeding of foxes, a known issue in Varanger and
elsewhere. Efforts to reduce human-mediated food subsidies could mitigate some of the

pressures contributing to red fox expansion.
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In addition to general habitat management, targeted control efforts, such as culling, could be
enhanced by focusing on areas where vegetation and other features facilitate high fox activity.
For instance, identifying transit corridors and microhabitats with sufficient vegetation cover
might improve the efficacy of such efforts. By refining management actions around these
vegetation-linked activity hotspots, conservation measures can be more precise, potentially
reducing the impact of red fox expansion on native Arctic species, like the Arctic fox, without

broad disturbance to the tundra ecosystem.
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Appendix
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Determination of Solar Declination:
The solar declination, which is the angle between the rays of the sun and the plane of the
Earth's equator, was computed using the following formula:

2w X day_of _year
365

180
0= - X 0.409 x Sin( — 1.39)

where day_of _year is the day number within the year.

(Meeus, 1998; Duffie & Beckman, 2013)

Equation of Time:
The equation of time, which accounts for the discrepancy between solar time and clock time,
was calculated using:
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2uXdaYofoar
EoT = 229.18 x (0.000075 + 0.001868 cos (Tsy) -

4'7T><dayofyear)
365

andayofyear

py ) — 0.014615cos (

4”Xda3’0fyear))
365

0.032077 sin(

0.040849sin (

(Reda & Andreas, 2004)

Time Correction Factor :

The time correction factor, which adjusts for the equation of time and the geographical
longitude, was computed as:

TC = 4 X longitude — 60 X timezone + EoT

(Reda & Andreas, 2004)

Local Solar Time:
Local solar time was derived from the time correction factor and the observed time in GMT:

second(t TC
second(t)

LST = hour(t) X 60 + minute(t) + 0 50

where t is the timestamp of the observation.

(Meeus, 1998)

Hour Angle:
The hour angle, which represents the solar time in degrees, was determined by:

H =15 (LST 12)
= X|——
60

(Michalsky, 1988)

Solar Elevation Angle:
Finally, the solar elevation angle was calculated using the following trigonometric relation:

a = arcsin (sin (L X latitude) X sin (L X 6)
180 180
180

+ cos (% X latitude) X cos (% X 6) X cos (TZO X H)) X —
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where « is the solar elevation angle, latitude is the geographical latitude of the
observation, § is the solar declination, and H is the hour angle.

(Meeus, 1998; Michalsky, 1988)
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