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Abstract

An animal's movement rate is a central metric of movement ecology as it correlates
with its energy acquisition and expenditure. Obtaining accurate estimates of move-
ment rate is challenging, especially in small highly mobile species where GPS battery
size limits fix frequency, and geolocation technology limits positions’ precision. In
this study, we used high GPS fix frequencies to evaluate movement rates in eight
territorial arctic foxes on Bylot Island (Nunavut, Canada) in July-August 2018. We
also assessed the effects of fix interval and location error on estimated movement
rates. We obtained 96 fox-days of data with a fix interval of 4 min and 12 fox-days
with an interval of 30 s. We subsampled the latter dataset to simulate six longer fix
intervals ranging from 1 to 60 min and estimated daily distances traveled by adding
linear distances between successive locations. When estimated with a fix interval of
4 min, daily distances traveled by arctic foxes averaged 51.9 + 11.7 km and reached
76.5 km. GPS location error averaged 11 m. Daily distances estimated at fix intervals
longer than 4 min were greatly underestimated as fix intervals increased, because of
linear estimation of tortuous movements. Conversely, daily distances estimated at
fix intervals as small as 30 s were likely overestimated due to location error. To our
knowledge, no other territorial terrestrial carnivore was shown to routinely travel
daily distances as large as those observed here for arctic foxes. Our results generate
new hypotheses and research directions regarding the foraging ecology of highly
mobile predators. Furthermore, our empirical assessment of the effects of fix interval
and location error on estimated movement rates can guide the design and interpreta-

tion of future studies on the movement ecology of small opportunistic foragers.
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1 | INTRODUCTION

Movements of organisms correlate with many biological processes
at the individual and population levels, such as energy expenditure,
habitat selection, and population dynamics (Brown & Orians, 1970;
Morales et al., 2010). Studying the characteristics of movement can
thus answer important ecological questions such as why, how, when,
and where mobile organisms change location. Understanding move-
ments is also key to unravel community and ecosystem processes
such as predator-prey interactions (Kays et al., 2015; Nathan, 2008).
For example, predator space use influences prey behavior through
nonconsumptive effects (Fortin et al., 2005; Laundré, 2010), and an-
tipredator responses can have far-reaching ecological consequences
(Boonstra et al., 1998).

The activity and movement characteristics of predators are used
to classify their foraging tactics along a continuum ranging from ac-
tive predators to sit-and-wait predators (Avgar et al., 2008; Huey &
Pianka, 1981; Scharf et al., 2006). Active predators are highly mobile
and usually have a higher encounter rate with their prey than sit-and-
wait predators, who ambush them (Avgar et al., 2008; Scharf et al.,
2006). Distance traveled per unit of time (or movement rate) is a strong
predictor of predator searching efficiency (Holling, 1959; Merrill et al.,
2010). For example, daily distances traveled by gray seals (Halichoerus
grypus) predict their feeding frequency at different temporal scales
(Austin et al., 2006). As a result, distances traveled by predators may
influence prey fitness. For instance, black-capped vireo (Vireo atricap-
illa) nest survival is negatively correlated with Texas ratsnake (Elaphe
obsoleta) daily distance traveled (Sperry et al., 2008).

Modern tracking technologies, such as the Global Positioning
System (GPS), now allow measurement of animal movement at high
resolution (Hofman et al., 2019; Kays et al., 2015; Wilmers et al.,
2015). In addition, hardware miniaturization opens many new re-
search opportunities. Longer battery life and solar recharging capa-
bilities also allow higher fix frequencies (Hofman et al., 2019), thus
decreasing biases in estimation of distances traveled by animals
(Joly, 2005; Rowcliffe et al., 2012; Mills et al., 2006; Noonan et al.,
2019; Pépin et al., 2004).

Underestimation of distances traveled by animals is a recurrent
problem in tracking studies, as estimates are made by adding lin-
ear distances between locations, even though most movements
are tortuous (Rowcliffe et al., 2012; Noonan et al., 2019). Yet, this
underestimation is rarely quantified (Rowcliffe et al., 2012). Of the
few studies addressing this problem, Rowcliffe et al. (2012) found a
strong relationship between tortuosity, sample frequency, and dis-
tance traveled for 10 terrestrial mammal species in Panama. Pépin
et al. (2004) found that the number of attempted fixes per day pre-
dicted estimated distances traveled by red deer (Cervus elaphus).
Sampling frequency also affected estimates of territory size and
distances moved by the eastern timber wolf (Canis lycaon), with the
latter decreasing exponentially with the reduction of sampling fre-
quency (Mills et al., 2006). Not using an optimal sampling frequency
when measuring animal movement can reduce the robustness of

hypothesis testing, either because too low sampling frequencies

underestimate movement rates, or too high sampling frequencies
reduce the sampling period (if battery depletion shortens the study)
or the sample size of tracked animals (if battery depletion forces the
sequential use of multiple sensors on the same individuals rather
than their simultaneous use on different individuals). The fact that
estimates of distances traveled by animals are affected by sam-
pling frequency, movement tortuosity, and location error (Jerde &
Visscher, 2005; Swain et al., 2008) thus requires detailed investiga-
tions. As an example, Noonan et al. (2019) recently outlined a contin-
uous time distance estimation method to provide scale-insensitive
estimates of tracked animals, and this method offered dramatic
improvements over typical straight line displacement summation
methods when estimating distance traveled by a reptile and a mam-
mal tracked at 60-min and 15-min intervals, respectively.

Interestingly, the greater capacity of batteries and their solar re-
charging capabilities, which allow higher fix frequencies, could also
lead to overestimation of distances traveled by animals. Indeed,
if fixes are so frequent that movements of animals between fixes
are small compared to location error, then estimated traveled dis-
tances will reflect location error more than true movement (Jerde &
Visscher, 2005). Assessing this potential problem requires knowledge
of GPS location error, of the relation between GPS location error and
fix frequency, and of movement rates of the studied animals.

The arctic fox (Vulpes lagopus; Figure 1) is a territorial circumpolar
opportunistic predator (Eberhardt et al., 1982; Eide et al., 2005) with
top-down effects on the tundra ecosystem (Legagneux et al., 2012).
Extensive movements of 90 km/day (Tarroux et al., 2010), 112 km/day
(Lehner, 2012), and 150 km/day (Fuglei & Tarroux, 2019) have been
estimated with the Argos system for dispersing individuals. While this
demonstrates the physical ability of this small terrestrial carnivore for
long-distance traveling on snow and ice during dispersal events, fine-
scale movements inside the summer territory are largely unknown.

Our primary objective was to estimate the intensity of arc-
tic fox movements within their summer territories, using a fix fre-

quency allowing virtually unbiased estimates of distances traveled by

FIGURE 1 Arctic fox in summer pelage wearing ear tags and

a GPS collar equipped with a solar panel and a rechargeable
battery (7 July 2018, Bylot Island, Nunavut, Canada). Photo credit:
Dominique Berteaux
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individuals. We predicted that daily distances traveled within territo-
ries in summer by arctic foxes would be larger than those published
to date in most other species, given (a) the demonstrated high motion
capacity of arctic foxes, (b) the benefits that mobile predators incur
when they increase prey encounter rate, and (c) the underestimation
of daily traveled distances obtained to date in most telemetry stud-
ies. A secondary (methodological) objective was to assess empirically
the effects of fix interval and location error on daily distance trav-
eled by individuals. Based on the literature (Jerde & Visscher, 2005;
Joly, 2005; Rowcliffe et al., 2012; Mills et al., 2006; Noonan et al.,
2019; Pépin et al., 2004; Swain et al., 2008), we predicted that esti-
mated distances traveled daily should be logarithmic and exponential
functions of fix frequency and location error, respectively.

2 | METHODS
2.1 | Study area

We worked in the southern plain of Bylot Island (73°N, 80°W), which
is part of Sirmilik National Park of Canada, Nunavut. The arctic fox is
the main terrestrial predator of the island (Gauthier et al., 2011). The
brown (Lemmus trimucronatus) and the collared lemming (Discrotonyx
groenlandicus) are the primary prey of arctic foxes (Gauthier et al.,
2011). Brown lemmings, the most abundant species, show large am-
plitude cycles with a periodicity of 3-4 years (Gruyer et al., 2008)
and predation by arctic foxes and birds limits lemming population
growth during summer (Fauteux et al., 2016). The southern plain of
the island also encompasses a large but spatially restricted greater
snow goose (Chen caerulescens atlantica) breeding colony (Béty et al.,
2001). Other migratory birds nest at lower densities in the area dur-
ing summer (Lepage et al., 1998). Arctic foxes prey on migratory
birds, primarily goose eggs and chicks, especially when rodent popu-
lations are low (Béty et al., 2001; McKinnon et al., 2013). Lemming

density was low in summer 2018 (0.01 lemming/ha; D. Fauteux,

TABLE 1

Fox ID Pair Sex Capture date

F1 F 14 Jun 2018 3.20
F2 A F 02 Jul 2018 3.25
F3 F 05 Jun 2018 2.85
F4 C F 22 Jun 2018 2.88
M1 M 08 Jun 2018 3.05
M2 C M 03 Jun 2018 3.45
M3 B M 05 Jun 2018 3.65
M4 A M 02 Jul 2018 3.34

Mass (kg)
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pers. comm.). The bird nesting period (early June to mid-July) coin-
cides with an intensive period of arctic fox parental care, when cubs
need to be provided with both milk and solid food at their den.

2.2 | Capture and satellite tracking

From 3 June to 2 July 2018, we captured four adult males (M1 to
M4) and four adult females (F1 to F4), using Tomahawk cage traps
#205 (Tomahawk Live Trap Company) or Softcatch #1 padded leg-
hold traps (Oneida Victor Inc. Ltd.) in the goose colony. Capture
techniques and immobilization procedures were approved by the
UQAR Animal Care Committee (CPA-64-16-169 R2), and field re-
search was approved by the Joint Park Management Committee
of Sirmilik National Park of Canada (SIR-2018-8021). Table 1 pro-
vides details about the life history of captured individuals. Each
fox was fitted with a GPS collar (95 g, 2.6%-3.3% of body mass;
Radio Tag-14, Milsar Technologies S.R.L.; Figure 1). Our GPS col-
lars were equipped with a rechargeable battery, a solar panel, and
UHF transmission allowing remote data download and reprogram-
ming. According to manufacturer specifications, location error of
GPS units is independent of fix interval at fix intervals > 7 s, when
tracking of satellite signals is intermittent, but decreases at shorter
intervals, because units then keep track of visible satellite signals
continuously (P. Otulak, Milsar Technologies S.R.L., pers. comm.).
From 5 to 16 July (12 days), we set GPS fix interval of all collars to
4 min and obtained 96 fox-days of data. During this period, fox cubs
require high parental investment while geese transition from their
incubation to brooding stages. From 29 July to 2 August (5 days),
we set fix interval of 3 collars (M1, F1, F2) to 30 s and obtained
12 fox-days of data (3 fox-days were discarded because > 911
(31.63%) of 2,880 potential fixes were unsuccessful, likely because
foxes spent time in their den). During this period, fox cubs gradu-
ally become independent from their parents while goose chicks are
about halfway between birth and fledging.

Individual characteristics of eight arctic foxes GPS-tracked in 2018 on Bylot Island (Nunavut, Canada)

Color Unique

Age class Status code ID

Prime-age adult R JVoJ 717
Prime-age adult NR BVOB 746
Prime-age adult R 0JOO 722
Old R JMVJ 376
Prime-age adult NR ORRR 743
Prime-age adult OBBB 718
Prime-age adult R RVJO 737
Prime-age adult NR JBOR 747

Note: All foxes captured in the study area received a color code for field identification and a unique identifier for data management, while those used
in this study were also given a short identifier (Fox ID) to ease references in the text. Foxes belonging to the same pair shared the same territory.
Capture date indicates when each fox was captured, weighed and fitted with a GPS collar. Age class (Prime-age adult = 2-4 years old, Old = =5 years
old) was determined from tooth wear (Chevallier et al., 2017). Reproductive status (R = Reproductive, NR = Nonreproductive) indicates whether
some cubs were observed (automated cameras, see Cameron et al., 2011) at the individual's den in 2018.
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2.3 | Data processing and analyses

We removed from analyses all fixes obtained < 48 hr after cap-
ture and handling. We assessed precision of fixes using Horizontal
Dilution of Precision (HDOP) (D'Eon & Delparte, 2005; Lewis et al.,
2007) and discarded all fixes with HDOP > 3. Below, we refer to the
remaining locations as “valid locations”. For our first objective, we
estimated daily (from 00:00 to 24:00) distances traveled by foxes by
adding linear distances between successive valid locations, using the
adehabitatLT library (Calenge, 2006) in R 3.6.1 (R Core Team, 2019).

For our second objective, we subsampled the dataset with a 30-s
fix interval (30.54 + 8.09 s) to obtain new datasets with fix inter-
vals > 30 s. For each of the 12 available fox-days, we simulated six
fix intervals (1, 2, 4, 15, 30, and 60 min), corresponding, respectively,
to 1,440, 720, 360, 96, 48, and 24 fix attempts/day. The longer fix
intervals in this series are commonly used in GPS tracking studies
(e.g., Dickie et al., 2016; Evans et al., 2016; Pagano et al., 2018).
For each subsampled dataset, the estimated distance traveled was
calculated as described above. To test our prediction that daily dis-
tance traveled is a logarithmic function of fix interval, we fitted two
generalized linear models (GLMs) with daily distance traveled as the
response variable, using a gamma distribution (link = “log”) in the R
package Ime4 (Bates et al., 2015). The explanatory variable was the
number of locations in the first model and the logarithm of the num-
ber of locations in the second model. We then compared the two
models using Akaike information criterion (AIC).

2.4 | GPS location error

To estimate location error associated to GPS locations, we left from
4 to 9 July 2019 three GPS collars at a fixed location in a representa-
tive fox habitat of the study area. Collars 1, 2, and 3 collected 434,
673, and 679 valid GPS locations at a 4-min fix interval during 31,
46, and 47 consecutive hours, respectively. For each collar, we calcu-
lated distances between all GPS locations and their centroid, which
we assumed was the true location. The mean + standard deviation
(SD) GPS location error was 12.52 + 67.74 m, 8.02 + 11.10 m, and
12.98 + 13.60 m for collars 1, 2, and 3, respectively (giving an overall
average of 11.18 + 30.81 m). The presence of a few outlier GPS loca-
tions increased SD for collar 1.

To assess the effect of location error on estimated distances
traveled by foxes, we introduced simulated errors ranging from 1 to
50 m (1-m increments) into each of the 96 daily fox tracks obtained
with a 4-min fix interval. We computed 100 iterations for each com-
bination of fox-day and simulated error. This yielded 5,000 estimated
distances traveled for each track, for a total of 480,000 estimated
distances (96 daily fox tracks x 50 simulated errors x 100 iterations).
Error simulation was done by randomly adding errors in one of the
cardinal directions to every valid location. For example, when sim-
ulating a 4-m error to the 20 June track of fox F1, the first location
was moved 4 m to the East, the second was moved 4 m to the North,

the third was moved 4 m to the East, the fourth was moved 4 m

to the South, etc. until all locations had been moved 4 m in a ran-
dom direction. Distances traveled were estimated by adding linear
distances between simulated locations. To evaluate the potential
overestimation of traveled distances at the shortest fix interval, we
repeated the above simulation for each of the 12 daily fox tracks ob-
tained with a 30-s fix interval, yielding to a total of 60,000 estimated
distances (12 daily fox tracks x 50 simulated errors x 100 iterations).
To test our prediction that the relationship between estimated daily
distance traveled and simulated location error is exponential, we fit-
ted two generalized linear models (GLMs) with estimated daily dis-
tance traveled as the response variable using a gamma distribution
(link = “log”). The explanatory variable was the simulated error in the
first model and the exponential of the simulated error in the second
model. We then compared the two models using AIC. This was done
for both the 4-min and the 30-s interval datasets.

Results are reported as mean + SD, except if stated otherwise.

3 | RESULTS
3.1 | Daily distances traveled

From 5 to 16 July (fix interval = 4 min), we obtained 347 + 22 suc-
cessful fixes per fox-day (fix success rate = 96.4% + 0.1). HDOP
was < 3 in 99.29% of successful fixes (HDOP averaged 1.0 + 0.3
after removing values > 3); thus, 345 + 23 valid locations per fox-
day were available for analyses. From 29 July to 2 August (fix inter-
val = 30 s), we obtained 2,858 + 12 successful fixes per fox-day (fix
success rate = 99.2% + 0.04). HDOP was < 3 in 98.98% of successful
fixes (HDOP averaged 1.1 + 0.3 after removing values > 3); thus,
2,829 + 24 valid locations per fox-day were available for analyses.

From 5 to 16 July (fix interval = 4 min), the estimated daily dis-
tance traveled by foxes was on average 51.88 + 11.72 km (n = 96
fox-days). We observed individual variation in daily distance trav-
eled, as well as differences explained by fix intervals, as illustrated
in Figure 2. The maximum estimate was 76.45 km traveled by F3
on 12 July (354 valid locations obtained out of a potential of 360).
The next maximum estimates obtained with a 4-min fix interval were
75.46 km (F3, 9 July, 340 valid locations) and 75.20 km (F3, 10 July,
357 valid locations). From 29 July to 2 August (fix interval = 30 s),
the estimated daily distance traveled by foxes was on average
68.28 + 9.78 km (n = 12 fox-days), while the maximum estimate was
84.82 km traveled by M1 on 30 July (2,865 valid locations obtained
out of a potential of 2,880).

3.2 | Effect of fix interval on daily distance traveled

Estimated daily distance traveled by foxes was a logarithmic func-
tion of fix frequency (Figure 3, see Table 2 for detailed results). This
logarithmic function outperformed a linear function (AAIC = 96.19).
Daily distances estimated with a 4-min fix interval were 64.7 + 4.4%

those estimated with a 30-s fix interval. With a 60-min fix interval,
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FIGURE 2 Estimated daily distances traveled by eight arctic foxes GPS-tracked in 2018 on Bylot Island (Nunavut, Canada). Females F1
to F4 and males M1 to M4 were tracked from 5 to 16 July with a fix interval of 4 min for a total of 96 fox-days (white boxes). Females F1 and
F2 and male M1 were also tracked from 29 July to 2 August at a 30-s interval, for a total of 12 fox-days (gray boxes). Boxplots show first
quartile, median, and third quartile. Lower and upper whiskers extend, respectively, to the lowest and highest value within the interquartile
range multiplied by 1.5. Points represent values outside this range. Numbers on top of boxplots show number of sampling days for each fox
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FIGURE 3 Estimated daily distances traveled by three GPS-
tracked arctic foxes from 29 July to 2 August 2018 on Bylot Island
(Nunavut, Canada). Distances are plotted against number of valid
locations, ranging from 22 to 2,865 fixes per day (corresponding,
respectively, to approximately 60-min and 30-s fix intervals). Fix
intervals longer than 30 s were subsampled from an original dataset
comprising fixes collected at 30-s intervals. Foxes F1 and M1 were
each tracked during 5 days (29 July-2 August), whereas fox F2 was
tracked during 2 days (30-31 July). Logarithmic models were fitted
for each individual and are represented with their standard errors
(colored areas). Results are detailed in Table 2

daily distances were 32.7 + 5.1% and 50.7 + 7.7% those estimated
with 30-s and 4-min fix intervals, respectively. Figure 4 illustrates
how estimated trajectories are simplified and estimated daily dis-

tances traveled are shortened when fix intervals increase from 30 s

to 60 min. A visual analysis of Figure 4 shows a strong decrease of

tortuosity when fix interval increases.

3.3 | Effect of location error on daily
distance traveled

Estimated daily distance traveled by foxes was a linear function of
simulated location error (Figure 5). For both fix intervals of 4 min
and 30 s, the linear function outperformed the exponential function
(AAIC = 19,324 and AAIC = 171,939, respectively). Introducing a 11-m
error into fox tracks at a 4-min fix interval increased estimated daily
distance traveled by only 2.16 + 1.16% (n = 9,600), whereas introduc-
ing a 50-m error led to a 18.07 + 8.30% increase (Figure 5). However,
introducing an 11-m error into fox tracks at a 30-s fix interval increased
estimated daily distance traveled by 24.20 + 5.10% (n = 1,200).

4 | DISCUSSION

Our study provides the first detailed report of arctic fox movement
rates in their summer territory and, to our knowledge, the first dem-
onstration that a terrestrial mammal can cover daily and routinely
such large distances within its territory. Distances traveled daily by
arctic foxes averaged 52 km and reached 76 km when estimated
through positioning every 4 min. These high movement rates may
seem extraordinary for a small (3 kg) terrestrial mammal, yet our re-
sults are robust because location error and fix frequency did not sig-
nificantly bias estimates of traveled distances at 4-min fix intervals.
We first discuss the implications of our results for our knowledge
of arctic fox ecology and our understanding of predator-prey rela-
tionships. We then evaluate the methodological implications of our

research within the field of movement ecology.
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TABLE 2 Estimated daily distances traveled by three GPS-tracked arctic foxes from 29 July to 2 August 2018 on Bylot Island (Nunavut,

Canada), as a function of the number of valid locations

Number of attempted locations

2,880 2,829 + 24
1,440 1,414 + 12
720 707 + 6
360 353+3
96 88+1
48 45+ 1
24 23+1

Number of valid locations (mean + SD)

Corresponding fix Estimated daily distance traveled

interval compared to 30-s Fl (mean + SD) %
~30s 100

~1 min 83.76 +2.79

~2 min 73.18 +4.13

~4 min 64.67 +4.37

~15 min 48.31 + 3.83

~30 min 40.27 + 3.50

~60 min 32.68 +5.15

Note: Fix intervals longer than 30 s were subsampled from an original dataset comprising fixes collected at 30-s intervals. Foxes F1 and M1 were each
tracked during 5 days (29 July-2 August), whereas fox F2 was tracked during 2 days (30-31 July). Corresponding number of attempted fixes and fix
interval are also given. The relationship between estimated daily distance traveled and number of valid locations is illustrated in Figure 3.

30s 77.16 km

32200 532900 533600 534300 535000 535700

5

2min 51.01km 4 min 44.83 km

8093600

8092700

8091800

[ |
15 min 33.93 km

30 min 29.10 km 60 min 24.08 km

8090900

8090000

8089100

FIGURE 4 Estimated trajectories and estimated daily distances traveled by arctic fox F1 GPS-tracked on 31 July 2018 on Bylot Island
(Nunavut, Canada). Panels show results obtained with six fix intervals ranging from 60 min to 30 s. Fix intervals longer than 30 s were
subsampled from an original dataset comprising fixes collected at 30-s intervals. Fix interval and estimated distance traveled are shown on
the top left and top right of each panel, respectively. The 30-s panel also gives the UTM coordinates of the study area, as well as the start

and end of the track

4.1 | Arctic fox ecology and predator-prey
relationships

The foraging success of arctic foxes depends on their ability to
find vulnerable prey. On Bylot Island during summer, vulnerable
prey consist of small mammals found out of their burrow, eggs
left unattended or poorly defended, incautious or weakened
birds, and animal carcasses. As the availability of such prey is hard

to predict in space and time, traveling repeatedly through the

territory is critical to maximize foraging success (Eide et al., 2005;
Elmhagen et al., 2000). In this context, it is not surprising that arc-
tic foxes travel much higher daily distances than ambush (sit-and-
wait) predators such as the puma (Puma concolor), the Canada lynx
(Lynx canadensis), or the Eurasian lynx (Lynx lynx) (Table 3), which
rely on concealment and surprise. How daily movement rates of
arctic foxes should compare to those of other mobile predators,
particularly canids, is more difficult to envision, but a review of the

literature (Table 3) can generate hypotheses despite differences
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TABLE 3 Daily distances traveled by six terrestrial carnivores tracked with GPS or VHF technology

Species

Gray wolf (Canis lupus)

Gray wolf (Canis lupus)

Gray wolf (Canis lupus)

Gray wolf (Canis lupus)

Coyote (Canis latrans)

Coyote (Canis latrans)

Kit fox (Vulpes macrotis)

Puma (Puma concolor)

Puma (Puma concolor)

Canada lynx (Lynx
canadensis)

Eurasian lynx (Lynx
lynx)

Technique—Location

GPS—Alberta and Saskatchewan
(Canada)

GPS—British-Columbia (Canada)
VHF—Biatowieza (Poland)

GPS—Alaska (USA)
VHF—Durango (Mexico)

VHF—Indiana (USA)

VHF—California (USA)
GPS—California (USA)

GPS—Patagonia (Chile)

GPS—Montana (USA)

VHF—Biatowieza (Poland)

Daily distance traveled (km) Fix interval Reference

70.4 (max) 5 min Dickie et al. (2016)
0.96-70.4 (range)

ca. 9 (max monthly average) 20 minor 3 hr Ehlers et al. (2014)

21.6 + 2.4 (mean + SE)

15 min or 30 min

Theuerkauf et al.

(2003)
18.6 + 0.4 (mean =+ SE) 60 min Bryce (2017)
16.5 + 4.9 (mean + SD, males) 60 min Servin et al. (2003)
12.5 + 3.5 (mean + SD, females)
14.2 + 0.9 (mean + SD) 60 min Atwood

et al. (2004)
32 (max) 10 min Girard (2001)
7.4 + 2.2 (mean + SD, males) 15 min Wang et al. (2017)
4.1 + 0.5 (mean + SD, females)
13.4 + 2.5 (mean + SD) 2 hr Elbroch and
53 (max) Wittmer (2012)
7.0 + 3.2 (mean + SD; females) 30 min Olson et al. (2011)
7.2 + 5.6 (mean + SD) 30 min Jedrzejewski et al.

0-24.8 (range)

(2002)

Note: Data come from 11 publications containing "daily distance traveled" or "distance traveled" or "daily distance" in their title, abstract, author
keywords or Web of Science keywords, and retrieved from Web of Science and Google Scholar in March 2020. Only publications reporting data from
individuals having well-defined home ranges were retained. Reports of daily distances traveled are not standardized and may indicate maximum or
average values over varying time intervals, therefore comparisons across species, techniques, or locations must be interpreted with caution. Results
of the literature search are representative rather than exhaustive because some relevant publications may not include our searched keywords.

in fix frequency across studies. Gray wolves, coyotes (Canis la-
trans), and kit foxes (Vulpes macrotis) may travel daily, on average,
12-22 km when estimated with fix intervals of 15 min to 60 min,
with maximum values of 32-70 km obtained with fix intervals of
5-10 min (Table 3). These estimates are lower but not dramatically
different from the average movement rates of 15-25 km per day
that we obtained with subsampled fix intervals of 15 to 60 min
(Figure 3) and from the maximum movement rates of ca. 75 km

per day obtained with fix intervals of 4 min. Due to their foraging

ecology and habitat characteristics, arctic foxes may thus reside at
the greater end of the gradient of movement rates found in mo-
bile predators, or at least in wild canids. It is noteworthy that, as
already observed in other canids (e.g., Jedrzejewski et al., 2001;
Schlagel et al., 2017), intensive movements within home ranges
by arctic foxes may also be related to territory maintenance and
patrolling. For example, territorial patrolling and scent-marking,
especially at the borders of the territory, may increase daily ranges
in wolves (Jedrzejewski et al., 2001; Zub et al., 2003).
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Based on the above, we suggest that future empirical studies
should report movement rates obtained at various fix intervals to
allow robust comparisons across study systems. Specifically, studies
using fix intervals < 15 min should report movement rates obtained
through simulation of larger fix intervals (e.g., 60 min, 2, 12 hr) to
facilitate comparisons with historic or contemporary data obtained
at low fix frequencies (many of such examples are shown in Table 3).
Comparing study systems is a necessary step to explain how differ-
ences in, for example, habitat, morphology, foraging strategy, season,
territory defense needs, and energy requirements affect movement
rate across species, populations, and individuals. In this context, di-
viding daily distance traveled by home range diameter may open in-
teresting avenues for comparing study systems. We estimated (fixed
kernel method with a 95% isopleth, analyses not shown) that the size
of arctic fox pair summer territories averaged 9.5 + 1.7 km? (range:
6.8-11.3 km?) in our study area during the summer 2018. This cor-
responds to an average territory diameter of ca. 3.5 km. Our esti-
mated average daily distance of 52 km traveled by arctic foxes thus
indicates that a fox could in theory cross its entire territory about 15
times on an average day. This provides a useful indication of move-
ment intensity in this small carnivore and represents a benchmark
against which other species can be compared in the future.

The maximum daily distances traveled by territorial arctic foxes
in our study area during summer are impressive but not as large
as those measured in various seasons for dispersing foxes from
the same (>90 km/day; Tarroux et al., 2010) or other populations
(112 and 150 km/day; Lehner, 2012 and Fuglei & Tarroux, 2019,
respectively). We collected locations at a higher frequency than
dispersal studies (which typically collected one or a few fixes per
day) so methodological disparities cannot explain the observed
difference in daily distance traveled. We rather suggest that the
fitness benefits of traveling large daily distances are greater when
individuals disperse than when they live in their territory. This
could stem from the unique characteristics of arctic fox dispersal,
where individuals need to cross vast and inhospitable arctic habi-
tats when searching for a new territory. Interestingly, some pred-
ators have been reported to travel greater yearly distances within
their territory than during dispersal (Joly et al., 2019). In particular,
gray wolves maintaining a territory may travel up to 450 km more
than long-distance dispersing conspecifics over a year (Joly et al.,
2019). We do not know, however, how these results translate into
maximum distances traveled daily.

Predation impacts prey populations beyond direct consump-
tive effects (Cresswell, 2008; Teckentrup et al., 2018). Predator
movements generate spatial variation in predation risk that can be
perceived by prey, which can further respond by modifying their be-
havior (Gaynor et al., 2019). Prey will for example avoid areas that
are highly used by their predators (Simon et al., 2019; Valeix et al.,
2009). The distance traveled by predators within their territory could
have critical effects on the spatial and temporal distribution of pre-
dation risk, since a predator's movement rate strongly determines
its encounter rate with prey, which in turn controls its consumption
rate (Holling, 1959; Merrill et al., 2010; Pawar et al., 2012). Further

research is needed to investigate the importance of distance trav-
eled by predators in predator-prey dynamics (but see Austin et al.,
2006; Sperry et al., 2008), as well as its correlation to observed pre-
dation rates and the landscape of risk perceived by prey.

Arctic foxes living in a dynamic tundra ecosystem are interesting
models to inform subtle, spatially mediated relations linking pred-
ators and their prey. Our data were collected in a year of low lem-
ming density in a large goose colony. Fox movement rates could be
lower when lemming densities are high, as prey are more abundant
and easier to find, but higher outside of the colony, where prey are
less abundant. Alternatively, given that high lemming densities in-
duce fox reproduction and thus higher foraging needs, travel rates
could increase when lemmings are abundant. Such research con-
text opens many interesting perspectives for exploring the mech-
anisms explaining apparent competition and apparent mutualism in
a system with preferred, alternative and incidental prey sharing a
common predator (McKinnon et al., 2013). Furthermore, different
lemming or goose densities within each territory could explain inter-
individual variations in movement rates. Lastly, individual variation
in movement rates (Spiegel et al., 2017) could also be explained by
consistent among-individual differences in behavior (i.e., personality,
Réale et al., 2007), territory size (Harrison et al., 2015), and foraging
strategies (Toscano et al., 2016).

4.2 | Methodological implications

Whereas the recent affordability of the GPS technology has gen-
eralized high location precision in telemetry studies, high location
frequency is still rare because tracking devices have a limited battery
capacity. We were able to overcome this limitation by using GPS col-
lars equipped with rechargeable batteries and miniature solar pan-
els and by working during summer in the arctic tundra, where 24-hr
daylight and open landscapes favor battery charging. Open land-
scapes also eased transmission of data between GPS satellites and
collars, and between collars and base stations, which avoided waste
of energy due to failed attempts when data transit in and out of col-
lars. Our study thus provides another example of the technologi-
cal revolution benefiting movement ecology (Hofman et al., 2019;
Nathan, 2008; Wilmers et al., 2015).

As predicted, estimated daily distance traveled was a logarith-
mic function of sampling frequency and was thus largely underes-
timated at low fix frequencies. A major contribution of our work is
to provide empirical data that reflected very well true animal tra-
jectories. Based on this, we stress again the need for field studies
to give proper attention to the effect of fix interval on estimated
movement rates. We, however, acknowledge that study designs
can also reflect objectives and constraints other than obtaining
unbiased estimates of movement rates (Williams et al., 2020). Fix
interval should match the spatiotemporal scales of both individual
movements (Jerde & Visscher, 2005) and tested hypotheses, while
optimizing battery life (Hofman et al., 2019) as this determines the

sampling period.
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According to the literature, high-resolution spatial analyses per-
mitted by high fix frequency allow detailed testing of hypotheses re-
garding space use, foraging ecology, and foraging behavior of animals.
For example, fix interval affects estimates of home range size (Bérger
et al., 2006; Mills et al., 2006; Mitchell et al., 2019) and selection coef-
ficients (Frair et al., 2004; Johnson & Gillingham, 2008) when investi-
gating animal space use and habitat selection. Since habitat selection
is a hierarchical process that is scale-dependent (Johnson, 1980),
measuring habitat selection at a fine scale can reveal selected land-
scape features that would not be identified at a coarser spatiotem-
poral resolution (e.g., Bischof et al., 2019; Zeller et al., 2016). For
instance, intensive GPS bursts revealed linear feature tracking by red
foxes (Vulpes vulpes) in a mosaic landscape, a behavior restricted in
time and space that would have remained hidden if less frequent fixes
had been used (Bischof et al., 2019). Lastly, fine-scale movement data,
from which one can accurately derive a consumer's relative velocity,
can also be used to incorporate foraging strategies into mechanistic
models studying trophic interactions (Pawar et al., 2012).

Our 11-m estimate of average GPS precision matches or sur-
passes estimates commonly found in the literature (Frair et al.,
2010). The open tundra landscapes likely explain this good per-
formance. However, as in most other studies (but see Christin
et al., 2015), we estimated the precision of static collars even
though moving animals were studied, so it is possible that we
underestimated true errors. Future research should strive to es-
timate precision of moving GPS devices, especially when studying
fast moving animals.

Contrary to our prediction, estimated daily distance traveled by
foxes was a near-linear, rather than an exponential function of simu-
lated location error. At a fix interval of 4 min, a location error of 11 m
increased our estimation of daily distance traveled by only 2% on
average. This result is reassuring because it indicates a low risk that
estimated daily distances traveled by animals are severely inflated
by GPS location error at this fix interval. However, although our
GPS devices were precise enough to prevent a biologically mean-
ingful inflation of movement rates at a 4-min fix interval, precision
was too low to prevent a substantial inflation at 30-s intervals. Daily
distances traveled estimated at 30-s fix intervals were clearly over-
estimated. Given that GPS units keep track of visible satellite signals
and thus become more precise when fix interval is < 7 s, it would be
interesting to test the effect of fix intervals < 7 s on estimated daily
distance traveled. We also note that one should be careful not to
extrapolate our results to times of the year when foxes have lower
movement rates, to species with much lower velocities than arctic
foxes, or to studies involving less precise telemetry techniques, such
as the Argos system (Jerde & Visscher, 2005).

5 | CONCLUSIONS

Using GPS collars equipped with solar panels, we demonstrated that
arctic foxes are highly mobile predators that travel extensive dis-

tances within their summer territories. Our results have important
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implications for our understanding of the foraging ecology of small
mobile predators and the risk incurred by their prey. Our study also
stresses the need to use an optimal sampling frequency when meas-
uring animal movement, since fixes obtained at long intervals greatly
underestimate movement rate of highly mobile animals due to the
linear estimation of tortuous movements, whereas fixes obtained at
very short intervals can lead to overestimation due to location error.
Our empirical assessment of the effects of fix interval and location
error on estimated movement rates can guide the design and inter-
pretation of studies on the movement ecology of small opportun-
istic foragers. Improving tracking technology with smaller devices,
increased battery life, and increased location precision can greatly
improve our ability to accurately measure animal movement in a di-
versity of species, hence improving our understanding of the ecol-

ogy and evolution of organisms.

ACKNOWLEDGMENTS

We thank C. Chevallier and A. Grenier-Potvin for field help. A.
Grenier-Potvin also provided help with Figure 4 and estimation of
fox home ranges. We are grateful to P. Otulak (Milsar Technologies
S.R.L.) for productive collaboration during GPS collar development
and testing. A. Beardsell and S. Lai provided valuable comments
on earlier versions of this manuscript. This study was supported
by (alphabetical order) Canada Research Chairs Program, Kenneth
M Molson Foundation, Natural Sciences and Engineering Research
Council of Canada (NSERC), Network of Centers of Excellence
of Canada ArcticNet, Northern Scientific Training Program and
Science and Technology Program (Polar Knowledge Canada), Polar
Continental Shelf Program (Natural Resources Canada), Université
du Québec a Rimouski (UQAR), and Université Laval.

CONFLICT OF INTEREST

The authors declare that they have no conflict of interests.

AUTHOR CONTRIBUTIONS

Marie-Pier Poulin: Conceptualization (equal); formal analysis
(lead); visualization (lead); writing - original draft (equal); writing
- review and editing (lead). Jeanne Clermont: Conceptualization
(equal); formal analysis (supporting); writing-original draft (equal);
writing - review and editing (supporting). Dominique Berteaux:
Conceptualization (equal); funding acquisition (lead); supervision
(lead); writing - original draft (equal); writing - review and editing
(supporting).

DATA AVAILABILITY STATEMENT

All arctic fox GPS data are available through the Movebank Data
Repository at Berteaux, D. 2020, Arctic fox Bylot—GPS tracking,
Movebank Study ID 1241071371.

ORCID
Marie-Pier Poulin https://orcid.org/0000-0002-4809-8911
https://orcid.org/0000-0002-8028-372X

https://orcid.org/0000-0003-2728-5985

Jeanne Clermont

Dominique Berteaux


https://orcid.org/0000-0002-4809-8911
https://orcid.org/0000-0002-4809-8911
https://orcid.org/0000-0002-8028-372X
https://orcid.org/0000-0002-8028-372X
https://orcid.org/0000-0003-2728-5985
https://orcid.org/0000-0003-2728-5985

POULIN ET AL.

2512 WI LEY_ECObe and Evolution

Open Access,

REFERENCES

Atwood, T. C., Weeks, H. P., & Gehring, T. M. (2004). Spatial ecology
of coyotes along a suburban-to-rural gradient. Journal of Wildlife
Management, 68(4), 1000-1009. https://doi.org/10.2193/0022-
541X(2004)068[51000:SEOCAA]2.0.CO;2

Austin, D., Bowen, W. D., McMillan, J. I., & lverson, S. J. (2006). Linking
movement, diving, and habitat to foraging success in a large marine
predator. Ecology, 87(12), 3095-3108. https://doi.org/10.1890/0012
-9658(2006)87[3095:LMDAHT]2.0.CO;2

Avgar, T., Horvitz, N., Broitman, L., & Nathan, R. (2008). How move-
ment properties affect prey encounter rates of ambush versus ac-
tive predators: A comment on Scharf The American Naturalist, 172(4),
593-595. https://doi.org/10.1086/591674

Bates, D., Michler, M., Bolker, B., & Walker, S. (2015). Fitting linear
mixed-effects models using Ime4. Journal of Statistical Software,
67(1), 1-48. https://doi.org/10.18637/jss.v067.i01

Béty, J., Gauthier, G., Giroux, J.-F., & Korpimaki, E. (2001). ‘Are goose
nesting success and lemming cycles linked? Interplay between
nest density and predators. Oikos, 93, 388-400. https://doi.
org/10.1034/j.1600-0706.2001.930304.x

Bischof, R., Gjevestad, J. G. O., Ordiz, A., Eldegard, K., & Milleret, C.
(2019). High frequency GPS bursts and path-level analysis reveal lin-
ear feature tracking by red foxes. Scientific Reports, 9, 8849. https://
doi.org/10.1038/541598-019-45150-x

Boonstra, R., Hik, D., Singleton, G. R., & Tinnikov, A. (1998).
The impact of predator-induced stress on the snowshoe
hare cycle. Ecology Monographs, 79(5), 371-394. https://doi.
org/10.1890/0012-9615(1998)068[0371:TIOPIS]2.0.CO;2

Boérger, L., Franconi, N., De michele, G., Gantz, A., Meschi, F,
Manica, A., Lovari, S., & Coulson, T. (2006). Effects of sam-
pling regime on the mean and variance of home range size esti-
mates. Journal of Animal Ecology, 75(6), 1393-1405. https://doi.
org/10.1111/j.1365-2656.2006.01164.x

Brown, J. L., & Orians, G. H. (1970). Spacing patterns in mobile animals.
Annual Review of Ecology and Systematics, 1, 239-262. https://doi.
org/10.1146/annurev.es.01.110170.001323

Bryce, C. M. (2017). Movement energetics across landscapes: A canid case
study. University of California Santa Cruz. Retrieved from https://
escholarship.org/uc/item/6b60h7hc

Calenge, C. (2006). The package “adehabitat” for the R software: A
tool for the analysis of space and habitat use by animals. Ecological
Modelling, 197, 516-519. https://doi.org/10.1016/j.ecolm
0del.2006.03.017

Cameron, C., Berteaux, D., & Dufresne, F. (2011). Spatial variation in food
availability predicts extrapair paternity in the arctic fox. Behavioral
Ecology, 22, 1364-1373. https://doi.org/10.1093/beheco/arr158

Chevallier, C., Gauthier, G., & Berteaux, D. (2017). Age estimation of live
arctic foxes Vulpes lagopus based on teeth condition. Wildlife Biology,
2017(4), wib.00304. https://doi.org/10.2981/wlb.00304

Christin, S., St-Laurent, M.-H., & Berteaux, D. (2015). Evaluation of argos
telemetry accuracy in the high-arctic and implications for the esti-
mation of home-range size. PLoS One, 10(11), e0141999. https://doi.
org/10.1371/journal.pone.0141999

Cresswell, W. (2008). Non-lethal effects of predation in birds. Ibis, 150,
3-17. https://doi.org/10.1111/j.1474-919X.2007.00793.x

D'Eon, R. G., & Delparte, D. (2005). Effects of radio-collar position and
orientation on GPS radio-collar performance, and the implications
of PDOP in data screening. Journal of Applied Ecology, 42, 383-388.
https://doi.org/10.1111/j.1365-2664.2005.01010.x

Dickie, M., Serrouya, R., McNay, R. S., & Boutin, S. (2016). Faster and
farther: Wolf movement on linear features and implications for hunt-
ing behaviour. Journal of Applied Ecology, 54, 253-263. https://doi.
org/10.1111/1365-2664.12732

Eberhardt, L. E., Hanson, W. C., Bengtson, J. L., Garrott, R. A., &
Hanson, E. E. (1982). Arctic fox home range characteristics in an

oil-development area. The Journal of Wildlife Management, 46(1),
183-190. https://doi.org/10.2307/3808421

Ehlers, L. P. W., Johnson, C. J., & Seip, D. R. (2014). Movement ecology of
wolves across an industrial landscape supporting threatened popula-
tions of woodland caribou. Landscape Ecology, 29, 451-465. https://
doi.org/10.1007/s10980-013-9976-8

Eide, N. E., Eid, P. M., Prestrud, P., & Swenson, J. E. (2005). Dietary re-
sponses of arctic foxes Alopex lagopus to changing prey availability
across an Arctic landscape. Wildlife Biology, 11(2), 109-121. https://
doi.org/10.2981/0909-6396(2005)11[109:DROAFA]2.0.CO;2

Elbroch, L. M., & Wittmer, H. U. (2012). Puma spatial ecology in open
habitats with aggregate prey. Mammalian Biology, 77, 377-384.
https://doi.org/10.1016/j.mambio.2012.02.010

Elmhagen, B., Tannerfeldt, M., Verucci, P., & Angerbjorn, A. (2000). The
arctic fox (Alopex lagopus): An opportunistic specialist. Journal of
Zoology, 251, 139-149. https://doi.org/10.1111/j.1469-7998.2000.
tb00599.x

Evans, M. N., Guerrero-Sanchez, S., Bakar, M. S. A,, Kille, P., & Goossens,
B. (2016). First known satellite collaring of a viverrid species:
Preliminary performance and implications of GPS tracking Malay civ-
ets (Viverra tangalunga). Ecological Research, 31, 475-481. https://doi.
org/10.1007/s11284-016-1338-y

Fauteux, D., Gauthier, G., & Berteaux, D. (2016). Top-down limitation of
lemmings revealed by experimental reduction of predators. Ecology,
97(11), 3231-3241. https://doi.org/10.1002/ecy.1570

Fortin, D., Beyer, H. L., Boyce, M. S., Smith, D. W., Duchesne, T., & Mao,
J. S. (2005). Wolves influence elk movements: Behavior shapes a
trophic cascade in Yellowstone National Park. Ecology, 86(5), 1320-
1330. https://doi.org/10.1890/04-0953

Frair, J. L., Fieberg, J., Hebblewhite, M., Cagnacci, F., DeCesare, N. J,,
& Pedrotti, L. (2010). Resolving issues of imprecise and habitat-bi-
ased locations in ecological analyses using GPS telemetry data.
Philosophical Transactions of the Royal Society B, 365, 2187-2200.
https://doi.org/10.1098/rsth.2010.0084

Frair, J. L., Nielsen, S. E., Merrill, E. H., Lele, S. R., Boyce, M. S., Munro, R.
H. M,, Stenhouse, G. B., & Beyer, H. L. (2004). Removing GPS collar
bias in habitat selection studies. Journal of Applied Ecology, 41, 201-
212. https://doi.org/10.1111/j.0021-8901.2004.00902.x

Fuglei, E., & Tarroux, A. (2019). Arctic fox dispersal from Svalbard to
Canada: One female's long run across sea ice. Polar Research, 38,
3512. https://doi.org/10.33265/polar.v38.3512

Gauthier, G., Berteaux, D., Béty, J., Tarroux, A., Therrien, J.-F., McKinnon,
L., Legagneux, P., & Cadieux, M.-C. (2011). The tundra food web
of Bylot Island in a changing climate and the role of exchanges
between ecosystems. Ecoscience, 18(3), 223-235. https://doi.
org/10.2980/18-3-3453

Gaynor, K. M., Brown, J. S., Middleton, A. D., Power, M. E., & Brashares, J.
S.(2019). Landscapes of fear: Spatial patterns of risk perception and
response. Trends in Ecology & Evolution, 34(4), 355-368. https://doi.
org/10.1016/j.tree.2019.01.004

Girard, I. (2001). Field cost of activity in the kit fox, Vulpes macrotis.
Physiological and Biochemical Zoology, 74(2), 191-202.

Gruyer, N., Gauthier, G., & Berteaux, D. (2008). Cyclic dynamics of
sympatric lemming populations on Bylot Island, Nunavut, Canada.
Canadian Journal of Zoology, 86, 910-917. https://doi.org/10.1139/
Z08-059

Harrison, P. M., Gutowsky, L. F. G., Martins, E. G., Patterson, D. A,
Cooke, S. J., & Power, M. (2015). Personality-dependent spatial ecol-
ogy occurs independently from dispersal in wild burbot (Lota lota).
Behavioral Ecology, 26(2), 483-492. https://doi.org/10.1093/behec
o/aru21é

Hofman, M. P. G., Hayward, M. W., Heim, M., Marchand, P., Rolandsen, C.
M., Mattisson, J., Urbano, F., Heurich, M., Mysterud, A., Melzheimer,
J., Morellet, N., Voigt, U., Allen, B. L., Gehr, B., Rouco, C., Ullmann, W.,
Holand, @., Jgrgensen, N. H., Steinheim, G., ... Balkenhol, N. (2019).


https://doi.org/10.2193/0022-541X(2004)068%5B1000:SEOCAA%5D2.0.CO;2
https://doi.org/10.2193/0022-541X(2004)068%5B1000:SEOCAA%5D2.0.CO;2
https://doi.org/10.1890/0012-9658(2006)87%5B3095:LMDAHT%5D2.0.CO;2
https://doi.org/10.1890/0012-9658(2006)87%5B3095:LMDAHT%5D2.0.CO;2
https://doi.org/10.1086/591674
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1034/j.1600-0706.2001.930304.x
https://doi.org/10.1034/j.1600-0706.2001.930304.x
https://doi.org/10.1038/s41598-019-45150-x
https://doi.org/10.1038/s41598-019-45150-x
https://doi.org/10.1890/0012-9615(1998)068%5B0371:TIOPIS%5D2.0.CO;2
https://doi.org/10.1890/0012-9615(1998)068%5B0371:TIOPIS%5D2.0.CO;2
https://doi.org/10.1111/j.1365-2656.2006.01164.x
https://doi.org/10.1111/j.1365-2656.2006.01164.x
https://doi.org/10.1146/annurev.es.01.110170.001323
https://doi.org/10.1146/annurev.es.01.110170.001323
https://escholarship.org/uc/item/6b60h7hc
https://escholarship.org/uc/item/6b60h7hc
https://doi.org/10.1016/j.ecolmodel.2006.03.017
https://doi.org/10.1016/j.ecolmodel.2006.03.017
https://doi.org/10.1093/beheco/arr158
https://doi.org/10.2981/wlb.00304
https://doi.org/10.1371/journal.pone.0141999
https://doi.org/10.1371/journal.pone.0141999
https://doi.org/10.1111/j.1474-919X.2007.00793.x
https://doi.org/10.1111/j.1365-2664.2005.01010.x
https://doi.org/10.1111/1365-2664.12732
https://doi.org/10.1111/1365-2664.12732
https://doi.org/10.2307/3808421
https://doi.org/10.1007/s10980-013-9976-8
https://doi.org/10.1007/s10980-013-9976-8
https://doi.org/10.2981/0909-6396(2005)11%5B109:DROAFA%5D2.0.CO;2
https://doi.org/10.2981/0909-6396(2005)11%5B109:DROAFA%5D2.0.CO;2
https://doi.org/10.1016/j.mambio.2012.02.010
https://doi.org/10.1111/j.1469-7998.2000.tb00599.x
https://doi.org/10.1111/j.1469-7998.2000.tb00599.x
https://doi.org/10.1007/s11284-016-1338-y
https://doi.org/10.1007/s11284-016-1338-y
https://doi.org/10.1002/ecy.1570
https://doi.org/10.1890/04-0953
https://doi.org/10.1098/rstb.2010.0084
https://doi.org/10.1111/j.0021-8901.2004.00902.x
https://doi.org/10.33265/polar.v38.3512
https://doi.org/10.2980/18-3-3453
https://doi.org/10.2980/18-3-3453
https://doi.org/10.1016/j.tree.2019.01.004
https://doi.org/10.1016/j.tree.2019.01.004
https://doi.org/10.1139/Z08-059
https://doi.org/10.1139/Z08-059
https://doi.org/10.1093/beheco/aru216
https://doi.org/10.1093/beheco/aru216

POULIN ET AL.

Right on track? Performance of satellite telemetry in terrestrial wild-
life research. PLoS One, 14(5), e0216223. https://doi.org/10.1371/
journal.pone.0216223

Holling, C. S. (1959). The components of predation as revealed by a study
of small-mammal predation of the European pine sawfly. The Canadian
Entomologist, 91, 293-320. https://doi.org/10.4039/Ent91293-5

Huey, R. B., & Pianka, E. R. (1981). Ecological consequences of foraging
mode. Ecology, 62(4), 991-999. https://doi.org/10.2307/1936998

Jedrzejewski, W., Schmidt, K., Okarma, H., & Kowalczyk, R. (2002).
Movement pattern and home range use by the Eurasian lynx in
Biatowieza Primeval Forest (Poland). Annales Zoologici Fennici, 39(1),
29-41.

Jedrzejewski, W., Schmidt, K., Theuerkauf, J., Jedrzejewska, B., &
Okarma, H. (2001). Daily movements and territory use by radio-col-
lared wolves (Canis lupus) in Bialowieza Primeval Forest in Poland.
Canadian Journal of Zoology, 79, 1993-2003.

Jerde, C. L., & Visscher, D. R. (2005). GPS measurement error influences
on movement model parameterization. Ecological Applications, 15(3),
806-810. https://doi.org/10.1890/04-0895

Johnson, C. J., & Gillingham, M. P. (2008). Sensitivity of species-dis-
tribution models to error, bias, and model design: An application
to resource selection functions for woodland caribou. Ecological
Modelling, 213, 143-155. https://doi.org/10.1016/j.ecolm
0del.2007.11.013

Johnson, D. H. (1980). The comparison of usage and availability mea-
surements for evaluating resource preference. Ecology, 61(1), 65-71.
https://doi.org/10.2307/1937156

Joly, K. (2005). The effects of sampling regime on the analysis of move-
ments of over-wintering female caribou in east-central Alaska.
Rangifer, 25(2), 67-74. https://doi.org/10.7557/2.25.2.254

Joly, K., Gurarie, E., Sorum, M. S., Kaczensky, P., Cameron, M. D., Jakes,
A. F., Borg, B. L., Nandintsetseg, D., Hopcraft, J. G. C., Buuveibaatar,
B., Jones, P. F., Mueller, T., Walzer, C., Olson, K. A, Payne, J. C,,
Yadamsuren, A., & Hebblewhite, M. (2019). Longest terrestrial migra-
tions and movements around the world. Scientific Reports, 9, 15333.
https://doi.org/10.1038/s41598-019-51884-5

Kays, R., Crofoot, M. C., Jetz, W., & Wikelski, M. (2015). Terrestrial animal
tracking as an eye on life and planet. Science, 348(6240), aaa2478.
https://doi.org/10.1126/science.aaa2478

Laundré, J. W. (2010). Behavioral response races, predator - prey shell
games, ecology of fear, and patch use of pumas and their ungulate
prey. Ecology, 91(10),2995-3007. https://doi.org/10.1890/08-2345.1

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

Lehner, N. S. (2012). Arctic fox winter movement and diet in relation to
industrial development on Alaska's north slope. University of Alaska
Fairbanks.

Lepage, D., Nettleship, D. N., & Reed, A. (1998). Birds of Bylot Island and
Adjacent Baffin Island, Northwest Territories, Canada, 1979 to 1997.
Arctic, 51(2), 125-141. https://doi.org/10.14430/arctic1054

Lewis, J. S., Rachlow, J. L., Garton, E. O., & Vierling, L. A. (2007). Effects
of habitat on GPS collar performance: Using data screening to reduce
location error. Journal of Applied Ecology, 44, 663-671. https://doi.
org/10.1111/j.1365-2664.2007.01286.x

Marcus Rowcliffe, J., Carbone, C., Kays, R., Kranstauber, B., & Jansen,
P. A. (2012). Bias in estimating animal travel distance: The effect of
sampling frequency. Methods in Ecology and Evolution, 3, 653-662.
https://doi.org/10.1111/j.2041-210X.2012.00197.x

Mckinnon, L., Berteaux, D., Gauthier, G., & Béty, J. (2013). Predator-
mediated interactions between preferred, alternative and inciden-
tal prey in the arctic tundra. Oikos, 122, 1042-1048. https://doi.
org/10.1111/j.1600-0706.2012.20708.x

Fcology and Evolution o 2513
= WILEY |22

Merrill, E.,Sand, H., Zimmermann, B., McPhee, H., Webb, N., Hebblewhite,
M., Wabakken, P., & Frair, J. L. (2010). Building a mechanistic under-
standing of predation with GPS-based movement data. Philosophical
Transactions of the Royal Society B, 365, 2279-2288. https://doi.
org/10.1098/rstb.2010.0077

Mills, K. J., Patterson, B.R., & Murray, D. L. (2006). Effects of variable sam-
pling frequencies on GPS transmitter efficiency and estimated wolf
homerangessizeand movementdistance. Wildlife Society Bulletin, 34(5),
1463-1469. https://doi.org/10.2193/0091-7648(2006)34[1463:E-
OVSF0]2.0.CO;2

Mitchell, L. J., White, P. C. L., & Arnold, K. E. (2019). The trade-off be-
tween fix rate and tracking duration on estimates of home range size
and habitat selection for small vertebrates. PLoS One, 14(7), 1-20.
https://doi.org/10.1371/journal.pone.0219357

Morales, J. M., Moorcroft, P. R., Matthiopoulos, J., Frair, J. L., Kie, J. G,
Powell, R. A., Merrill, E. H., & Haydon, D. T. (2010). Building the bridge
between animal movement and population dynamics. Philosophical
Transactions of the Royal Society B, 365, 2289-2301. https://doi.
org/10.1098/rstb.2010.0082

Nathan, R.(2008). An emerging movement ecology paradigm. Proceedings
of the National Academy of Sciences of the United States of America,
105(49), 19050-19051. https://doi.org/10.1073/pnas.0808918105

Noonan, M. J,, Fleming, C. H., Akre, T. S., Drescher-Lehman, J., Gurarie, E.,
Harrison, A.-L., Kays, R., & Calabrese, J. M. (2019). Scale-insensitive
estimation of speed and distance traveled from animal tracking data.
Movement Ecology, 7, 35. https://doi.org/10.1186/s40462-019-0177-1

Olson, L. E., Squires, J. R., & DeCesare, N. J. (2011). Den use and activ-
ity patterns in female Canada Lynx (Lynx canadensis) in the Northern
Rocky Mountains. Northwest Science, 85(3), 455-462.

Pagano, A. M., Durner, G. M., Rode, K. D., Atwood, T. C., Atkinson, S.
N., Peacock, E., Costa, D. P., Owen, M. A., & Williams, T. M. (2018).
High-energy, high-fat lifestyle challenges an Arctic apex predator,
the polar bear. Science, 359, 568-572. https://doi.org/10.1126/scien
ce.aan8677

Pawar, S., Dell, A. 1., & Savage, V. M. (2012). Dimensionality of consumer
search space drives trophic interaction strengths. Nature, 486, 485-
489. https://doi.org/10.1038/nature11131

Pépin, D., Adrados, C., Mann, C., & Janeau, G. (2004). Assessing real daily
distance traveled by ungulates using differential GPS locations. Journal
of Mammalogy, 85(4), 774-780. https://doi.org/10.1644/BER-022

R Core Team (2019). R: A language and environment for statistical comput-
ing. R Foundation for Statistical Computing. Retrieved from https://
www.r-project.org/

Réale, D., Reader, S. M., Sol, D., McDougall, P. T., & Dingemanse,
N. J. (2007). Integrating animal temperament within ecol-
ogy and evolution. Biological Reviews, 82, 291-318. https://doi.
org/10.1111/j.1469-185X.2007.00010.x

Scharf, I, Nulman, E., Ovadia, O., & Bouskila, A. (2006). Efficiency
evaluation of two competing foraging modes under different con-
ditions. The American Naturalist, 168(3), 350-357. https://doi.
org/10.1086/506921

Schlagel, U. E., Merrill, E. H., & Lewis, M. A. (2017). Territory surveillance
and prey management: Wolves keep track of space and time. Ecology
and Evolution, 7, 8388-8405.

Servin, J., Sdnchez-Cordero, V., & Gallina, S. (2003). Distances traveled
daily by coyotes, Canis latrans, in a Pine-Oak Forest in Durango,
Mexico. Journal of Mammalogy, 84(2), 547-552. https://doi.
org/10.1644/1545-1542(2003)084<0547:DTDBCC>2.0.C0O;2

Simon, R. N., Cherry, S. G., & Fortin, D. (2019). Complex tactics in a dy-
namic large herbivore-carnivore spatiotemporal game. Oikos, 128,
1318-1328. https://doi.org/10.1111/0ik.06166

Sperry, J. H.,, Peak, R. G., Cimprich, D. A., & Weatherhead, P. J. (2008).
Snake activity affects seasonal variation in nest predation risk
for birds. Journal of Avian Biology, 39(4), 379-383. https://doi.
org/10.1111/j.0908-8857.2008.04451.x


https://doi.org/10.1371/journal.pone.0216223
https://doi.org/10.1371/journal.pone.0216223
https://doi.org/10.4039/Ent91293-5
https://doi.org/10.2307/1936998
https://doi.org/10.1890/04-0895
https://doi.org/10.1016/j.ecolmodel.2007.11.013
https://doi.org/10.1016/j.ecolmodel.2007.11.013
https://doi.org/10.2307/1937156
https://doi.org/10.7557/2.25.2.254
https://doi.org/10.1038/s41598-019-51884-5
https://doi.org/10.1126/science.aaa2478
https://doi.org/10.1890/08-2345.1
https://doi.org/10.1890/11-1973.1
https://doi.org/10.14430/arctic1054
https://doi.org/10.1111/j.1365-2664.2007.01286.x
https://doi.org/10.1111/j.1365-2664.2007.01286.x
https://doi.org/10.1111/j.2041-210X.2012.00197.x
https://doi.org/10.1111/j.1600-0706.2012.20708.x
https://doi.org/10.1111/j.1600-0706.2012.20708.x
https://doi.org/10.1098/rstb.2010.0077
https://doi.org/10.1098/rstb.2010.0077
https://doi.org/10.2193/0091-7648(2006)34%5B1463:EOVSFO%5D2.0.CO;2
https://doi.org/10.2193/0091-7648(2006)34%5B1463:EOVSFO%5D2.0.CO;2
https://doi.org/10.1371/journal.pone.0219357
https://doi.org/10.1098/rstb.2010.0082
https://doi.org/10.1098/rstb.2010.0082
https://doi.org/10.1073/pnas.0808918105
https://doi.org/10.1186/s40462-019-0177-1
https://doi.org/10.1126/science.aan8677
https://doi.org/10.1126/science.aan8677
https://doi.org/10.1038/nature11131
https://doi.org/10.1644/BER-022
https://www.r-project.org/
https://www.r-project.org/
https://doi.org/10.1111/j.1469-185X.2007.00010.x
https://doi.org/10.1111/j.1469-185X.2007.00010.x
https://doi.org/10.1086/506921
https://doi.org/10.1086/506921
https://doi.org/10.1644/1545-1542(2003)084%3C0547:DTDBCC%3E2.0.CO;2
https://doi.org/10.1644/1545-1542(2003)084%3C0547:DTDBCC%3E2.0.CO;2
https://doi.org/10.1111/oik.06166
https://doi.org/10.1111/j.0908-8857.2008.04451.x
https://doi.org/10.1111/j.0908-8857.2008.04451.x

2514 WI LEY_ECObe and Evolution

POULIN ET AL.

Open Access,

Spiegel, O., Leu, S. T, Bull, C. M., & Sih, A. (2017). What's your move?
Movement as a link between personality and spatial dynamics in an-
imal populations. Ecology Letters, 20, 3-18. https://doi.org/10.1111/
ele.12708

Swain, D. L., Wark, T., & Bishop-Hurley, G. J. (2008). Using high fix rate
GPS data to determine the relationships between fix rate, predic-
tion errors and patch selection. Ecological Modelling, 212, 273-279.
https://doi.org/10.1016/j.ecolmodel.2007.10.027

Tarroux, A., Berteaux, D., & Béty, J. (2010). Northern nomads: Ability for
extensive movements in adult arctic foxes. Polar Biology, 33, 1021-
1026. https://doi.org/10.1007/s00300-010-0780-5

Teckentrup, L., Grimm, V., Kramer-Schadt, S., & Jeltsch, F. (2018).
Community consequences of foraging under fear. Ecological Modelling,
383, 80-90. https://doi.org/10.1016/j.ecolmodel.2018.05.015

Theuerkauf, J., Jedrzejewski, W., Schmidt, K., Okarma, H., Ruczynski, .,
Sniezko, S., & Gula, R. (2003). Daily patterns and duration of wolf ac-
tivity in the Biatowieza Forest, Poland. Journal of Mammalogy, 84(1),
243-253. https://doi.org/10.1644/1545-1542(2003)084<0243:D-
PADOW>2.0.CO;2

Toscano, B. J., Gownaris, N. J., Heerhartz, S. M., & Monaco, C. J. (2016).
Personality, foraging behavior and specialization: Integrating behav-
ioral and food web ecology at the individual level. Oecologia, 182,
55-69.

Valeix, M., Loveridge, A. J.,, Chamaillé-Jammes, S., Davidson, Z.,
Murindagomo, F., Fritz, H., & Macdonald, D. W. (2009). Behavioral
adjustments of African herbivores to predation risk by lions:
Spatiotemporal variations influence habitat use. Ecology, 90(1), 23-
30. https://doi.org/10.1890/08-0606.1

Wang, Y., Smith, J. A., & Wilmers, C. C. (2017). Residential development
alters behavior, movement, and energetics in an apex predator, the

puma. PLoS One, 12(10), e0184687. https://doi.org/10.1371/journ
al.pone.0184687

Williams, H. J., Taylor, L. A., Benhamou, S., Bijleveld, A. I., Clay, T. A.,
Grissac, S., Demsar, U., English, H. M., Franconi, N., Gomez-Laich,
A., Griffiths, R. C., Kay, W. P., Morales, J. M., Potts, J. R., Rogerson,
K. F., Rutz, C., Spelt, A., Trevail, A. M., Wilson, R. P, & Boérger,
L. (2020). Optimizing the use of biologgers for movement ecol-
ogy research. Journal of Animal Ecology, 89, 186-206. https://doi.
org/10.1111/1365-2656.13094

Wilmers, C. C., Nickel, B., Bryce, C. M., Smith, J. A,, Wheat, R. E.,
& Yovovich, V. (2015). The golden age of bio-logging: How ani-
mal-borne sensors are advancing the frontiers of ecology. Ecology,
96(7), 1741-1753. https://doi.org/10.1890/14-1401.1

Zeller, K. A., McGarigal, K., Cushman, S. A., Beier, P., Vickers, T. W.,
& Boyce, W. M. (2016). Using step and path selection functions
for estimating resistance to movement: Pumas as a case study.
Landscape Ecology, 31, 1319-1335. https://doi.org/10.1007/s1098
0-015-0301-6

Zub, K., Theuerkauf, J., Jedrzejewski, W., Jedrzejewska, B., Schmidt, K., &
Kowalczyk, R. (2003). Wolf pack territory marking in the Biatowieza
Primeval Forest (Poland). Behaviour, 140(5), 635-648.

How to cite this article: Poulin M-P, Clermont J, Berteaux D.
Extensive daily movement rates measured in territorial arctic
foxes. Ecol Evol. 2021;11:2503-2514. https://doi.org/10.1002/
ece3.7165



https://doi.org/10.1111/ele.12708
https://doi.org/10.1111/ele.12708
https://doi.org/10.1016/j.ecolmodel.2007.10.027
https://doi.org/10.1007/s00300-010-0780-5
https://doi.org/10.1016/j.ecolmodel.2018.05.015
https://doi.org/10.1644/1545-1542(2003)084%3C0243:DPADOW%3E2.0.CO;2
https://doi.org/10.1644/1545-1542(2003)084%3C0243:DPADOW%3E2.0.CO;2
https://doi.org/10.1890/08-0606.1
https://doi.org/10.1371/journal.pone.0184687
https://doi.org/10.1371/journal.pone.0184687
https://doi.org/10.1111/1365-2656.13094
https://doi.org/10.1111/1365-2656.13094
https://doi.org/10.1890/14-1401.1
https://doi.org/10.1007/s10980-015-0301-6
https://doi.org/10.1007/s10980-015-0301-6
https://doi.org/10.1002/ece3.7165
https://doi.org/10.1002/ece3.7165

