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Abstract

Fragmentation of the boreal forest by linear features, including seismic lines, has desta-
bilized predator–prey dynamics, resulting in the decline of woodland caribou (Rangifer
tarandus caribou) populations. Restoration of human-altered habitat has therefore been
identified as a critical management tool for achieving self-sustaining woodland caribou
populations. However, only recently has testing of the response of caribou and other
wildlife to restoration activities been conducted. Early work has centered around assessing
changes in wildlife use of restored seismic lines. We evaluated whether restoration reduces
the movement rates of predators and their associated prey, which is expected to decrease
predator hunting efficiency and ultimately reduce caribou mortality. We developed a new
method for using cameras to measure fine-scale movement by measuring speed as animals
traveled between cameras in an array. We used our method to quantify speed of caribou,
moose (Alces alces), bears (Ursus americanus), and wolves (Canis lupus) on treated (restored)
and untreated seismic lines. Restoration treatments reduced travel speeds along seismic
lines of wolves by 1.38 km/h, bears by 0.55 km/h, and caribou by 1.57 km/h, but did not
reduce moose travel speeds. Reduced predator and caribou speeds on treated seismic lines
are predicted to decrease encounter rates between predators and caribou and thus lower
caribou kill rates. However, further work is needed to determine whether reduced move-
ment rates result in reduced encounter rates with prey, and ultimately reduced caribou
mortality.
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Resumen

La fragmentación del bosque boreal causado por los accidentes lineales, incluyendo a las
líneas sísmicas, ha desestabilizado las dinámicas depredador-presa, lo que resulta en la decli-
nación de las poblaciones de caribú (Rangifer tarandus caribou). Por esto, la restauración del
hábitat con alteraciones antropogénicas ha sido identificada como una herramienta funda-
mental de gestión para obtener poblaciones autosuficientes de esta especie. Sin embargo,
no es hasta hace poco que se ha analizado la respuesta del caribú y otras especies a las
actividades de restauración; los primeros trabajos se centraban en analizar los cambios en
el uso que les daban las especies a las líneas sísmicas restauradas. Evaluamos si la restau-
ración reduce las tasas de movimiento de los depredadores y sus presas asociadas, las cuales
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se esperan disminuyan la eficiencia de caza de los depredadores y por último reduzcan la
mortalidad del caribú. Desarrollamos un nuevo método para usar las cámaras para medir
el movimiento detallado mediante la medición de la velocidad con la que los animales se
trasladan a lo largo de una serie de cámaras. Usamos nuestro método para cuantificar la
velocidad del caribú, alces (Alces alces), osos (Ursus americanus) y lobos (Canis lupus) en líneas
sísmicas tratadas (restauradas) y no tratadas. Los tratamientos de restauración redujeron la
velocidad de movimiento de los lobos (reducción de 1.38 km/hora), osos (0.55 km/hora)
y caribú (1.57 km/hora), pero no afectaron la velocidad de movimiento de los alces. Se
pronostica que la reducción en la velocidad de movimiento sobre las líneas sísmicas dis-
minuye la proporción de encuentros entre el caribú y sus depredadores y, por lo tanto,
reduce la proporción de muertes del caribú. Sin embargo, se necesita un análisis más pro-
fundo para determinar si la tasa reducida de movimiento resulta en una tasa reducida de
encuentros con depredadores y si, por último, esto reduce la mortalidad del caribú.

PALABRAS CLAVE

accidentes lineales, alteración antropogénica del hábitat, cámaras trampa, caribú, depredador-presa, movimiento,
restauración del hábitat, Rangifer tarandus caribou
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INTRODUCTION

Movement is a fundamental process through which individuals
acquire resources and mediate inter- and intra- specific inter-
actions. Changes in movement behaviors therefore have the
potential to precipitate changes in an individual’s survival and
to mediate inter- and intra- specific interactions (Bélichon et al.,
1996; Sawyer et al., 2012). Anthropogenic habitat alteration
has resulted in changes to movement behaviors across multiple
taxa (Tucker et al., 2018). However, the implications of these
modifications are variable and difficult to generalize (Fahrig,
2007). Both declines and increases in vagility of species have
been documented (Kot et al., 1996; Tucker et al., 2018). In the
boreal forests of North America, many species modify their
movement behavior as a result of habitat alteration (Bayne et al.,
2011; Fahrig, 2007; Tigner et al., 2014). Changes in movement
behaviors can alter the distribution and abundance of species
(Tucker et al., 2018), predator–prey dynamics (Fryxell et al.,

2007; Vander Vennen et al., 2016), and community structure
(Fisher & Burton, 2019).

In western Canada’s boreal forest, anthropogenic habitat
alteration has led to a high-profile example of species declines
due to anthropogenic habitat alteration: boreal woodland cari-
bou (Rangifer tarandus caribou). Linear features, such as roads
and seismic lines (i.e., linear forest clearings for oil and gas
exploration), have become pervasive and modify the behavior
of large-mammal predator and prey species (Dickie et al., 2020).
Moose (Alces alces) and caribou perceive these features as risky,
avoiding linear features and traveling faster when near them
(Dickie et al., 2020). Conversely, black bears (Ursus americanus)
and gray wolves (Canis lupus) use linear features as movement
corridors, which has been linked to increased predation rates
on caribou via increases in hunting efficiency (Dickie, Serrouya,
McNay, et al., 2017; McKenzie et al., 2012) and increased
incursions into preferred caribou habitat (DeMars & Boutin,
2018).
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Restoration of seismic lines is identified in several studies as a
necessary tool for recovery of caribou populations (Bentham &
Coupal, 2015; Johnson et al., 2020) and has been mandated as an
action in federal legislation (Environment and Climate Change
Canada, 2020; Environment Canada, 2012). Vegetation on seis-
mic lines can often take decades to recover passively and can be
stagnated by site conditions (Lee & Boutin, 2006; van Rensen
et al., 2015). Techniques to restore seismic lines aim to pro-
mote revegetation in the long term (Dabros et al., 2018) and
reduce wildlife use of, and movements along, seismic lines in
the short to medium term (Dickie et al., 2021; Tattersall et al.,
2020). Preliminary research shows that tree regrowth can be
facilitated via silvicultural treatments, but long-term monitor-
ing is needed to test the efficacy of these treatments to recover
the vegetation community over long time frames (Fillicetti et al.,
2019). Deterring use of these features by wildlife species, par-
ticularly predators that select them for movement, appears to
require intensive treatments, such as high-intensity tree felling
or mounding (Dickie et al., 2021; Keim et al., 2019; Tattersall
et al., 2020). However, only the use of seismic lines following
treatment, not the rate of animal movement along seismic lines,
has been studied.

Slowing predator movement to reduce their hunting effi-
ciency is predicted to be a mechanism through which restoration
can reduce caribou mortality (Johnson et al., 2019; Serrouya
et al., 2020; Spangenberg et al., 2019). Increased habitat com-
plexity resulting from restoration treatments could hamper the
movements of predators and large ungulates, reducing their
speeds and maneuverability (Bergman et al., 2006). Reducing the
movement of caribou and other ungulates should also decrease
encounter rates because encounters are partly determined by the
speed of both predators and prey (Vander Vennen et al., 2016).
Evaluating restoration effectiveness to reduce movements of
both prey and predators on seismic lines is therefore neces-
sary to understand the efficacy of these treatments to restore
predator–prey interactions. Although multiple researchers have
used global positioning system (GPS) collars to study wildlife
movement along and near seismic lines (Dickie et al., 2017;
Finnegan et al., 2018; Latham et al., 2011), movements along
restored seismic lines are rare events due to the relatively small
proportion of restored seismic lines on the boreal landscape.
The effect of restoration has been evaluated using cameras
(Dickie et al., 2021; Keim et al., 2019; Tattersall et al., 2020),
but such studies have not focused on movements along restored
seismic features.

We used camera traps in a new methodological framework to
examine the fine-scale movement responses of multiple species
on seismic lines treated with silvicultural techniques to reduce
travel speeds—directly targeting one of the mechanisms in
which these features are hypothesized to contribute to caribou
declines. We deployed camera traps in arrays along treated
and untreated seismic lines and calculated travel times across a
known distance between 2 cameras to quantify and contrast the
travel speeds of caribou, moose, black bears, and wolves. Given
the hypothesis that linear features facilitate travel, we predicted
that animals would move slower along treated seismic lines and
naturally regenerating lines than untreated lines, and that the

degree of impediment to movement would increase as treat-
ment intensity increased. We hypothesized that the reduction in
speed following restoration depends on how each species uses
the line. Wolves are cursorial predators that use linear features
as travel corridors (Dickie, Serrouya, McNay, et al., 2017;
Latham et al., 2011), whereas moose, caribou, and bears use
these corridors for forage as well as travel (Dawe et al., 2017;
Dickie, Serrouya, McNay, et al., 2017; Finnegan et al., 2018).
We therefore predicted that wolves would show a stronger
reduction in speed than bears, moose, and caribou. Moving
beyond metrics of habitat use or selection toward movement
metrics will allow a deeper understanding of the effectiveness
of restoration treatments needed to recover predator–prey
interactions that have been perturbed by anthropogenic habitat
alteration.

METHODS

Study location

Our study area was in the Cold Lake caribou range, which is in
the Central Mixedwood Subregion of the Boreal Plains Ecozone
(Figure 1). The study area consisted of a 378-km2 treatment
area (TRT) centered at 55.250 ◦Nʺ and ʺ110.100 ◦W and a
paired reference area approximately 70 km west of the treat-
ment area in which seismic lines were not treated and industrial
activities continued during the study (business-as-usual area
[BAU]). Anthropogenic linear features, including ice roads,
pipelines, conventional seismic lines, and low-impact seismic
lines, covered 960 ha (1.4%) of the study area. The linear feature
density was 1.2 km/km2. Oil and gas exploration and develop-
ment has occurred in the study area since the early 1980s. The
area is a mixture of fen and bog peatlands dominated by black
spruce (Picea mariana) and tamarack (Larix laricina) interspersed
with upland forests consisting of jack pine (Pinus banksiana),
trembling aspen (Populus tremuloides), and white spruce (Picea
glauca). Additional details of the study area, including details
on anthropogenic habitat alteration and natural habitat in
the treatment and business-as-usual areas, are in Dickie et al.
(2021).

Restoration treatments

Silvicultural restoration treatments were applied to seismic lines
in the TRT beginning in 2013 (Figure 1). Of the 235.4 km
of seismic lines in the TRT, 34.5 km were treated in 2013,
167.4 km in 2014, and 33.5 km in 2015. The restoration pro-
gram employed mounding and scalping, roll-back of coarse
woody debris, and felling of trees across the seismic line. The
lines were also planted with a mixture of black spruce, white
spruce, jack pine, and tamarack. Planting densities ranged from
1200 to 2000 stems/ha and were site specific based on moisture
regime and line orientation. Treatment type and intensity var-
ied due to variability in ecological site type and operational and
logistical considerations. Areas that were identified as naturally
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CONSERVATION BIOLOGY 4 of 11

FIGURE 1 Location of the restoration treatment area (TRT) and reference business-as-usual (BAU) area in which the effects of restoration treatments on
movements of caribou, moose, bear, and wolves using seismic lines were studied. Camera trap locations and examples of treated and untreated linear features are
shown.

revegetating (8.2 km) were classified as advanced regenera-
tion and were considered passive treatment of caribou habitat.
Areas left untreated due to operational constraints were classi-
fied as untreated (6.8 km). Additional details on the restoration
treatments are in Dickie et al. (2021).

Study design

To test for differences in animal movement, we deployed
camera traps in arrays of 3 cameras along seismic lines to
quantify movement speeds as animals moved through the array
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FIGURE 2 Example camera array used to quantify travel speed of caribou, moose, wolves, and bears on treated (restored) and untreated seismic lines (green,
seismic line; black dashed line, an animal path; arrow, direction of animal movement; gray-shaded triangle, field of view of each camera). Arrays of 3 cameras are
placed along seismic lines. Two cameras are placed 500 m apart, and another camera is placed in the middle, creating two 250-m long segments in each array. As
animals move through the array and trigger at least 2 cameras, speed can be calculated as the distance (250 m) divided by the difference in time stamps between the
photos (t2 – t1).

(Figure 2). Cameras were deployed in the TRT from 15 Febru-
ary 2013 to 22 February 2017 and in the BAU from 13 February
2014 to 23 February 2017. We randomly selected array loca-
tions prior to restoration activity. Arrays were installed at least
1 km apart to increase the independence between arrays (Tigner
et al., 2014). Each array spanned 500 m along the length of a
seismic line. One camera was placed at each end and a third
was placed in the middle. Therefore, each array consisted of 3
cameras spaced 250 m apart, creating 2 adjacent camera pairs
(hereafter segments).

We used Reconyx Hyperfire PC900 infrared cameras
(Reconyx, Holman, WI, USA). Cameras were deployed on the
south side of east–west lines and on the side facing the taller
tree canopy on north–south lines. The cameras were attached to
trees approximately 1.2 m above the ground and angled approx-
imately 30◦ from perpendicular to the line. This setup captured
the full width of the line and along the line to maximize capture
area. Cameras were programed to take 3 pictures when triggered
at a rate of 1 per second with no delay between triggers. In total,
132 cameras were distributed in 44 arrays (TRT: 69 cameras
across 23 arrays; BAU: 63 cameras across 21 arrays).

Quantifying travel speed

We used recorded time stamps to quantify travel speeds of
moose, caribou, black bears, and wolves as they passed through
segments (i.e., adjacent cameras) within the arrays (Figure 2).
There were insufficient sample sizes to quantify and analyze
white-tailed deer (Odocoileus virginianus) movements (n = 46 total
detections across all years in the treatment area). Each photo
was examined for the presence of an animal and then sorted
by the time stamp on each picture and stored with Timelapse2
(Greenburg, 2015). If 2 cameras along a segment captured the
same species (assumed to be the same animal or group of ani-
mals) traveling in the same direction (e.g., moving northward)
<60 min apart, we considered this a travel event. Detections
were treated as independent if they occurred more than 60 min
apart (Harris et al., 2015). As in Harris et al. (2015), this time

cutoff was arbitrary, but it served as a consistent definition of
independence that set the minimum travel speed across the seg-
ment. We calculated travel speed, in kilometers per hour, of each
travel event as the distance between cameras (250 m) divided by
the difference in time stamps (t2 – t1). Camera time stamps were
standardized to the same time post hoc by taking an image of
the time displayed on a handheld GPS during data collection
and accounting for the difference for each observation. For ani-
mal groups, the travel time was based on the individual that first
triggered the camera to start the event.

Model variables

We identified whether each segment between camera pairs
was treated, either via advanced regeneration or by silvicul-
ture, and if so, the intensity of treatment. Seismic lines were
visually classified into segments of high-, moderate-, and low-
intensity treatment based on the amounts of mechanical site
preparation and woody debris additions. First, we used video
collected by a U8000 FLIR camera flown on a BELL 206 B
helicopter to visually assess treatment intensity. We confirmed
treatment intensity between camera pairs during site visits for
camera servicing. We assigned each treatment class an index
value (4, high; 2, moderate; 1, low) and multiplied that value
by the length of the treatment class between each pair of cam-
eras. The values for each treatment class were then totaled and
divided by 250 m, giving a treatment value between 0 (entire
length with no active treatment) and 4 (entire length treated
with the highest intensity) for each segment. All sections clas-
sified as advanced regeneration were classified as zero-intensity
treatments.

We also assessed the potential effects of biophysical condi-
tions that we expected to influence the vagility of our study
species. To capture habitat-mediated differences in travel speeds
among species, we included information on land cover. We
summed the lengths of the seismic line segments classified as
lowland, grouping ecosites based on moisture regime (Becking-
ham & Archibald, 1996). We also classified the line segments
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as either containing or lacking microtopography, which we pre-
dicted could slow wildlife movement due to the uneven terrain.
The line segments between each camera pair were categorized
by field crews as a microtopographic line if more than half of the
line segment contained microtopography: the mosaic of hum-
mocks, hollows, and uneven ground found in hydric and hydric
boreal ecosystems.

Analytical framework

To evaluate the effect of restoration treatments on travel speed,
we modeled travel speed as a function of treatment (treated or
untreated) for each species. We also included microtopography
and land cover. To account for repeated measures at each cam-
era segment, potential spatial autocorrelation between segments
at each array, and repeated measures across years, we included
segment, array, or year as random intercepts. For each species,
we identified the most supported random effects structure and
included segment only, array only, year only, segment or array
and year, or segment nested within the array as random inter-
cepts (Appendix S1). We used generalized linear mixed models
(GLMM) with a log-normal distribution (Appendix S2) and
interpretedchanges in speeds as significant if 95% confidence
intervals did not overlap zero.

We pooled observations from the BAU and TRT, assuming
that movement rates were not inherently different between the 2
areas. If movements were influenced by differences between the
BAU and TRT (e.g., linear feature density, density of animals),
our interpretation of treatment effects could be confounded.
We tested this assumption by comparing the movement rates on
untreated lines for each species in each study area with 2-sample
Mann–Whitney Wilcox tests applied with continuity correc-
tion (Appendix S1). Caribou movement speed on untreated
seismic lines was significantly different between the BAU and
TRT areas, such that caribou moved faster on untreated seis-
mic line in the TRT area relative to the BAU area (Appendix
S1). Although caribou moved faster on untreated lines in the
TRT than the BAU, movement speeds still declined on treated
lines in both areas, suggesting that area-based effects did not
confound the observed differences on treated and untreated
lines.

We further determined whether our inferences were depen-
dent on season and winter snow depth with a subanalysis for
caribou, moose, and wolves (Appendix S1). Bears were denning
during the snow season and could not be assessed. Movement
differences between winter and summer can result from dif-
ferences in travel speeds on snow-covered terrain (Droghini
& Boutin, 2018), wolf denning behavior in spring and summer
(Metz et al., 2011), and seasonal changes in diet (Metz et al.,
2012). Including season and snow depth did not influence
the directionality or significance of the effect of treatment,
microtopography, or land cover on travel speeds for any species
(Appendix S1). We therefore included models without season
and snow depth in the main text for all 4 species.

To determine whether travel speed decreased more strongly
on more intensely treated lines, we modeled travel speed as a

function of treatment intensity based on observations on treated
lines only. We again included microtopography and land cover as
fixed effects and segment, array, or segment nested within array
as random intercepts as described above. See Appendix S3 for
additional details.

Models were built with the lme4 package (Bates et al., 2015) in
R (R Core Team, 2020). We used the DHARMa package (Hartig,
2020) to evaluate the goodness of fit of each fitted model.

RESULTS

Over our 4-year study, 23,763 and 33,601 segment days (days
when both cameras in a pair were operating) were recorded in
the BAU and TRT area, respectively. In total, 713 movement
events were detected for the 4 target species. Caribou had the
highest number of events (total n = 369; mean = 52.7/year);
the number of events for the other 3 species (moose, wolves,
and bears) was considerably lower (Table 1). There tended to
be fewer movement events detected annually in the TRT than
in the BAU for caribou and black bears, whereas moose and
wolves tended to be captured at similar frequencies in the 2
areas (Table 1). In years when cameras were operating in both
the BAU and TRT (2014–2016), on average 14.6% of the annual
caribou captures, 36.9% of the annual bear captures, 49.1% of
the annual moose captures, and 50.7% of the annual wolf cap-
tures were in the TRT. Raw median speeds were lower on treated
seismic lines than untreated seismic lines for all species, and,
except for moose, maximum observed speeds were higher on
untreated seismic lines (Figure 3; Appendix S1).

Caribou, bears, and wolves moved significantly slower on
treated seismic lines than on untreated seismic lines (Table 2;
Appendix S1). Caribou traveled on average 1.57 km/h slower
on treated seismic lines than on untreated seismic lines, a 40%
reduction in speed. Bears traveled 0.55 km/h slower on treated
seismic lines than on untreated seismic lines, a 39% reduc-
tion in speed. Wolves traveled 1.38 km/h slower on treated
seismic lines than on untreated seismic lines, a 23% reduc-
tion in speed. Moose did not travel significantly differently
on treated and untreated seismic lines despite the apparent
reduction in median speed (Table 2; Figure 3). There was no
significant effect of microtopography and land cover on cari-
bou, moose, or bear travel speeds on seismic lines (Table 2).
Wolves moved significantly slower on seismic lines in lowlands
than in upland habitats, although the magnitude of the effect
was small (<0.01 km/h) (Table 2). Treatment intensity did not
significantly influence travel speed while on treated seismic lines
for any species (Appendix S3).

DISCUSSION

We found evidence that restoration treatments reduced the
movement rates of caribou, bears, and wolves, suggesting that
habitat restoration treatments are reducing predator and prey
vagility on these features. All else being equal, these results sug-
gest that restoration treatments may help mitigate the effect
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TABLE 1 Number of movement events of caribou, moose, wolves, and bears captured between paired cameras on seismic lines in the business-as-usual area
(BAU) and treatment (restoration) area (TRT) per monitoring year and mean number of movement events per year for each area combined

Annual

2013 2014 2015 2016 Mean (events/year)

Species BAU TRT BAU TRT BAU TRT BAU TRT BAU TRT Combined

Caribou – 30 81 16 137 16 74 15 97.3 19.3 52.7

Moose – 33 24 20 17 21 8 7 16.3 20.3 18.6

Wolf – 21 12 31 31 15 10 9 17.7 19.0 18.4

Bear – 15 30 7 17 3 3 10 16.7 8.8 12.1

FIGURE 3 Travel speeds of caribou, moose, wolves, and bears on untreated (light gray points) and treated (dark gray points) seismic line segments (box ends,
25th and 75th quartiles; black vertical lines, 1.5 times the interquartile distance; bold horizontal lines, median movement speed for each distribution)

of seismic lines on caribou populations through a reduction in
encounters between caribou and their predators (Mumma et al.,
2017; Spagenberg et al., 2019).

Wolves travel twice as fast on seismic lines than surround-
ing forest (Dickie, Serrouya, McNay, et al., 2017), which is
hypothesized to increase wolf hunting efficiency (Latham et al.,
2011; McKenzie et al., 2012). We therefore suggest that the
1.38 km/h reduction in wolf speeds on treated seismic lines
relative to untreated seismic lines we found is likely to reduce

the benefits ascribed to these features on movements of wolves.
Although a decrease of 1.38 km/h is only a 23% reduction rel-
ative to untreated seismic lines, it is similar to the difference in
wolf travel speed on vegetated seismic lines relative to unvege-
tated seismic lines (1.3–1.7 km/h) observed by Dickie, Serrouya,
DeMars, et al. (2017). Reduced movement rates on treated fea-
tures, particularly when considered in concert with reduced use
of these features (Dickie et al., 2021), suggest that restoration
treatments may contribute to reduced predation on caribou
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TABLE 2 Effects of treatment (restoration), microtopography, and land
cover on travel speeds of caribou, moose, wolves, and bears on seismic lines

Speciesa Covariateb Estimatec 95% CIc

Caribou
(n= 369)c

Intercept 1.370d 1.168 to 0.157

Treated –0.508d –0.752 to −0.266

Microtopography –0.048 –0.296 to 0.200

Land cover –0.001 –0.003 to <0.001

Moose
(n= 130)

Intercept 0.796d 0.481 to 1.108

Treated –0.111 –0.400 to 0.170

Microtopography –0.004 –0.312 to 0.301

Land cover <0.001 –0.001 to 0.002

Wolf
(n= 129)

Intercept 1.792d 1.644 to 1.940

Treated –0.290d –0.491 to −0.090

Microtopography 0.023 –0.206 to 0.253

Land cover –0.001d –0.002 to <−0.001

Bear
(n= 85)

Intercept 0.342d 0.046 to 0.638

Treated –0.497d –0.913 to −0.073

Microtopography 0.164 –0.309 to 0.635

Land cover 0.002 <−0.001 to 0.005

Note: Model estimates and 95 % confidence intervals (CIs) are provided.
aSample sizes are total numbers of captures over the period of the study. Data were collected
in 2 areas, and the 2 areas were pooled.
bThe fitted global model is ln(travel speed) ∼ treated + microtopography + land cover
+ random effect (RE) with the most supported RE structure applied for each species
(Appendix S1). Reference conditions were seismic with no treatments (i.e., restoration),
low microtopography, and upland land cover.
cUntransformed (i.e., units are in the loge scale).
dSignificant effect (95% CI does not overlap 0).

populations in the short to medium term (Serrouya et al., 2020;
Spagenberg et al., 2019), as well as contributing to the longer
term goal of accelerating return to forest cover (Filicetti et al.,
2019). The degree to which kill rates of ungulates would decline
as a result of a decrease in wolf travel speeds is unknown,
and kill rates should be monitored as restoration treatments
continue to expand over space and time. There is widespread
recognition of the importance of evaluating the effectiveness
of management interventions, particularly through experimen-
tal manipulations designed to test hypotheses (Caughley, 1994;
Walters & Holling, 1990). Yet, experimental manipulations are
often difficult to conduct, particularly for wide-ranging species
like large mammals, and are thus rare (Westgate et al., 2013).
Our study represents a key first step in an experimental adap-
tive management framework to test caribou habitat restoration
effectiveness.

Caribou also reduced travel speeds by an average of 40%
along treated seismic lines compared with untreated seismic
lines. Results of some studies show caribou avoid seismic lines
(DeMars & Boutin, 2018; Dyer et al., 2002), but others have
documented use of linear features by caribou for high-speed
movements (Dickie et al., 2020; Serrouya et al., 2017). We found
that caribou movements along seismic line segments were the
most common among these 4 species. Our finding of relatively
high use of seismic lines by caribou could be a result of the

fine spatial resolution of our study relative to telemetry-based
studies. Although increased movement efficiency along seismic
lines has been primarily studied in terms of predator movement,
any use of seismic lines by caribou as a movement corridor has
the potential to create an ecological trap for caribou (Serrouya
et al., 2017) by increasing chance of encountering wolves, which
are known to select seismic lines (Latham et al., 2011; Pigeon
et al., 2020). By slowing both caribou and wolves, we posit that
encounter rates on treated lines will decrease further than if only
wolves had reduced speed (Vander Vennen et al., 2016).

We did not detect a significant effect of restoration treat-
ments on the travel speeds of moose. Moose are hypothesized
to forage along seismic lines that increased availability of pre-
ferred forage, including forbs and graminoids (Finnegan et al.,
2018). Although restoration treatments are designed to alleviate
successional stagnation (Lee & Boutin, 2006) by stimulating tree
regeneration (Filicetti et al., 2019), restoration treatments do not
necessarily remove early successional vegetation and may result
in increased forb and grass growth in the short term (Peltzer
et al., 2000). Because we did not measure forage availability, we
can only speculate about its influence on movement speed by
moose. Incorporating this component into future studies may
aid in determining the influence of active restoration on moose
beha.

We also found a small but statistically significant reduction
in bear speeds along seismic lines that had undergone active
treatment. Bears select seismic lines (DeMars & Boutin, 2018;
Tigner et al., 2014) and may use the lines to facilitate move-
ment (Dickie et al., 2020) or to opportunistically or actively use
them to hunt for vulnerable ungulates (Bastille-Rouseau et al.,
2011). Although use of lines in peatlands varies between indi-
vidual black bears, selection for peatlands by certain bears might
be contributing to caribou calf mortality in Alberta (Latham
et al., 2011). For this reason, decreased movement efficiency
should lead to decreased encounters between bears and cari-
bou. Bears are also hypothesized to forage along seismic lines in
the boreal forest because they often have abundant fast-growing
graminoids (Dabros et al., 2018) and berry-producing plants
preferred by black bears (Dawe et al., 2017). Similar to moose,
bears may be altering their speeds as they encounter areas of rich
vegetation growth. Active treatments, especially mounding, may
create site conditions that environmentally favor shrub growth
(Smith et al., 2012) and act as an attractant to bears. We cau-
tion that the bear models had the smallest sample size of 14
movement events in treated areas, potentially causing the low
precision in our models. As such, model coefficients for bears
should be interpreted with care. The small sample size may
reflect how bears use seismic lines. For example, Tigner et al.
(2014) recorded only 2 movements between adjacent cameras
on seismic lines spaced 900 m apart and suggest movements by
bears along seismic lines are short distance.

Aside from the overall reduction in speed observed across
caribou, bears, and wolves, we also found that there was reduced
variability in movement rates on treated seismic lines. This sug-
gests that fast traveling movements occurred less often, but
these species still used these lines. Because linear features are
hypothesized to provide forage subsidies to omnivores and her-
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bivores (Finnegan et al., 2018), we suggest a direction for future
research would be to examine camera trap images to classify
behavior of these species to determine whether they are forag-
ing or traveling when using treated and untreated seismic lines.

Effects of other biophysical variables on travel
speeds

We did not find significant movement speed responses to other
biophysical variables, such as snow depth, microtopography, or
surrounding habitat. The exception was that wolves traveled
slower on lowland seismic lines than upland seismic lines, as
well as in deeper snow, as expected (Dickie, Serrouya, McNay,
et al., 2017). Moose and caribou tended to travel slower despite
lack of statistical significance. The number of observed move-
ments between cameras over 4 years may have not had the
statistical power to detect subtler movement responses. It is also
possible that our measures of habitat condition were insuffi-
cient to detect fine-scale variation that would affect movement
between cameras in a segment. Additionally, our index of snow
depth combined information on both snow depth and density,
which may not fully represent the energetic costs of locomotion
through snow (Bunnell et al., 1990; Droghini & Boutin, 2018;
Parker et al., 1984).

Utility of cameras to monitor movement rates

Camera traps have been used extensively for estimating
space-use metrics, such as occupancy and relative abundance
(O’Connell et al., 2011), but their use for movement behaviors
has been limited. A single-camera method was developed by
Rowcliffe et al. (2016) to trace movement paths within photo
sequences of animals crossing the camera’s detection zones.
This method can fail to record faster speeds because multiple
photos of the same animal are required to estimate travel paths
and animals may alter their movement when directly in front of
the camera. The 2-camera method we employed requires only
1 photo at each camera and can capture a much longer por-
tion of the linear movement. However, animals must travel on
a predictable and repeatable path for the 2-camera method to
work. Even in this study, where animals traveled along a pre-
dictable pathway, low sample sizes were a limitation especially
in actively restored areas. Importantly, the 2-camera approach
is based on the assumption that an individual or group passing
through camera pairs is the same individual or group. In our
study area, where animal densities are low (travel events for the
most frequently detected species, caribou, occurred on average
only once per 155 segment days), this assumption is plausible.
However, to use this method for more abundant species, indi-
vidual identification or partial identification would be necessary.
Additionally, because rate of movement is estimated using pairs
of cameras, the loss or malfunction of 1 of the cameras could
limit realized samples obtainable with the methodology. The 2-
camera method could be useful for studying riparian corridors,
linkages, wildlife trails, and known migration routes, similar to

the methods used by Tape and Gustine (2014) to record the
arrival time and herd movement speeds for caribou.

Although GPS collars are more commonly used to evalu-
ate movement behaviors because these units allow for remote
collection of animal positions at predetermined times over
large geographic areas, they have limitations for calculating
speedof short-term movements in response to small-scale habi-
tat variability. Short-term rapid changes in movement might
be underrepresented in many GPS data sets, depending on fix
rates, because minimum and maximum speeds are averaged
between fixes (Prichard et al., 2014). We argue that the potential
to miss short-term changes in speed is important when evalu-
ating the effectiveness of seismic line restoration because both
natural and treatment variability along seismic lines can be high.
Although travel speeds measured from GPS collars and camera
traps may therefore not be directly comparable, travel speeds
measured in our study were within biological plausibility based
on speeds reported in other studies. For example, Finnegan et al.
(2018) reported a maximum travel speed for wolves of approxi-
mately 6.5 km/h and for grizzly bears (Ursus arctos) of 3.5 km/h
with 1-h GPS locations, whereas Dickie et al. (2020) reported a
maximum speed of 27.5 km/h for wolves, 19.9 km/h for black
bears, 8.5 km/h for caribou, and 9.6 km/h for moose with 15-
min locations. While studies in which tracking collars are used
are well suited for the study of large-scale patterns of space use
of individual animals, cameras have the advantage of being able
to target restored features directly and information captured can
be directly related to the conditions at the features of interest.

Limitations and next steps

Our results document short-term responses following imple-
mentation of restoration treatments. Active treatments change
over time as mounds shrink, woody debris decomposes, and
trees grow. Although we suggest that active restoration tech-
niques as applied in this operational trial effectively reduce
movement of wolves and caribou, we acknowledge that this
effect may change with time. Trees will grow over time,
creating obstacles, whereas mounds constructed of unconsol-
idated peat and woody debris will diminish. These areas are
also the preferred habitat of caribou (James & Stuart-Smith,
2000). However, the diminishment of some aspects of the
applied restoration technique will be co-occurring with veg-
etation regeneration on the lines, with treated lines showing
a trend toward higher tree regeneration in many cases (Fil-
icetti et al., 2019). We recommend that future studies monitor
movement rates as restoration treatments age over decades and
proceed through succession to monitor this process. Perhaps
more important is testing the spatial extent and temporal period
in which changes in use and movement on treated linear features
translate into changes in kill rates.

It is unknown what intensity of restoration treatments on
seismic lines is required to result in the desired behavioral and
demographic responses. Given that there are millions of kilo-
meters of seismic lines on the Alberta landscape (Komers &
Stanjevic, 2013) and the estimated cost for restoration treat-
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ments is approximately $12,500/km (Filicetti et al., 2018),
determining whether current restoration practices are effective
is essential. In Dickie, Serrouya, DeMars, et al. (2017), wolves
increased their movement speed by a factor of 2 on seismic
lines compared with forests. This suggests that the levels of
treatment in this study did not reduce wolf travel speeds to the
ranges of speeds occurring in the adjacent forests. Determining
at what intensity treatments replicate movement in the adjacent
forest is important in determining the feasibility of large-scale
linear restoration. Although we tested the effect of treatment
intensity on movement speed, low sample sizes across intensity
levels hampered our statistical power. Larger restoration areas
and increased monitoring are needed to fully understand the
influence of treatment intensity.

Slowing wolves, bears, caribou, and moose is expected to
result in decreased predator–prey encounters (Johnson et al.,
2019; Serrouya et al., 2020; Spangenberg et al., 2019). However,
the long-term demographic effects of such fine-scale move-
ment rate reductions on caribou survival remain unknown and
are outside the spatiotemporal scope of this study. Restoration
treatments were designed to simultaneously facilitate vegetation
regrowth, thereby addressing the ultimate mechanism in which
boreal habitat is affected by anthropogenic habitat alteration,
as well as reducing movement in the near term, which addresses
increased hunting efficiency and encounter rates between preda-
tors and prey. The effects of habitat restoration on caribou
demographics—the ultimate goal of habitat restoration—will
require long periods (i.e., decades) to become evident.
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