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Abstract
Natural regeneration of seismic lines, cleared for hydrocarbon exploration, is slow and often hindered by vegetation damage,
soil compaction, and motorized human activity. There is an extensive network of seismic lines in western Canada which is
known to impact forest ecosystems, and seismic lines have been linked to declines in woodland caribou (Rangifer tarandus
caribou). Seismic line restoration is costly, but necessary for caribou conservation to reduce cumulative disturbance.
Understanding where motorized activity may be impeding regeneration of seismic lines will aid in prioritizing restoration.
Our study area in west-central Alberta, encompassed five caribou ranges where restoration is required under federal species
at risk recovery strategies, hence prioritizing seismic lines for restoration is of immediate conservation value. To understand
patterns of motorized activity on seismic lines, we evaluated five a priori hypotheses using a predictive modeling framework
and Geographic Information System variables across three landscapes in the foothills and northern boreal regions of Alberta.
In the northern boreal landscape, motorized activity was most common in dry areas with a large industrial footprint. In
highly disturbed areas of the foothills, motorized activity on seismic lines increased with low vegetation heights, relatively
dry soils, and further from forest cutblocks, while in less disturbed areas of the foothills, motorized activity on seismic lines
decreased proportional to seismic line density, slope steepness, and white-tailed deer abundance, and increased proportional
with distance to roads. We generated predictive maps of high motorized activity, identifying 21,777 km of seismic lines
where active restoration could expedite forest regeneration.

Keywords Seismic lines ● Linear features ● Off-highway vehicles ● Caribou ● Rangifer tarandus ● Habitat recovery

Introduction

Canada is currently the sixth largest oil producer worldwide
and holds the third largest proven oil reserves (National
Energy Board 2016). Alberta is the leading Canadian pro-
vince in hydrocarbon production, which produces an
extensive anthropogenic footprint associated with oil and
gas exploration and development, including well sites,
roads, pipelines, and seismic lines (Komers and Stanojevic
2013). Seismic lines are linear clearings used in the
exploration phase of hydrocarbon development since the
1950s. There are over 1.5 million km of seismic lines in
Alberta, making it the most prevalent anthropogenic feature
on the landscape (Komers and Stanojevic 2013).

Current provincial management guidelines restrict the
width of new seismic lines to a maximum of 6 m; however,
pre-1990s legacy seismic lines (hereafter seismic lines)
were between 6–10 m wide (Lee and Boutin 2006). Seismic
lines persist on the landscape for years as vegetation
recovery can be slow due to low light levels, soil
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disturbance, and human activity (Lee and Boutin 2006; van
Rensen et al. 2015). Although restoration presents an
opportunity to mitigate the impacts of hydrocarbon devel-
opment, active restoration (e.g., tree planting) combined
with human impact mitigation (e.g., line blocking) is
necessary to restore seismic lines to pre-disturbance states
(Latham and Boutin 2015). As seismic line densities in the
boreal forest can reach a staggering 26 km/km2 (Tigner
et al. 2015), prioritizing restoration efforts is necessary to
reduce the cumulative effects of hydrocarbon development
(Noss et al. 2009; Ray 2014).

Seismic lines fragment forested landscapes resulting in
increased edge density, which can lead to changes in overall
biodiversity and species composition across a range of taxa
(Fiori and Zalba 2003; Joroenson et al. 2010). Seismic lines
also increase accessibility for hunting and other recreational
activities such as off-highway vehicle (OHV) use (Lee and
Boutin 2006; Pigeon et al. 2016). OHV use has been linked
with delayed regeneration of seismic lines due to recurrent
damage to vegetation and increasing soil compaction. This
effectively creates a positive feedback loop whereby seis-
mic lines with low vegetation height facilitate OHV use,
and high OHV use further impedes regrowth of vegetation
(Pigeon et al. 2016). Lee and Boutin (2006) showed that
after 35 years, 65% of seismic lines investigated remained
clear of woody vegetation, and in north-eastern Alberta, in
wet areas, one-third of seismic lines failed to regenerate to
3 m even 50 years after disturbance (van Rensen et al.
2015).

Seismic lines affect wildlife by altering migration routes
(Sawyer et al. 2009), movement behavior (Latham et al.
2011; Dickie et al. 2017a; Finnegan et al. 2018a), and habitat
use patterns (Tigner et al. 2015; Scrafford et al. 2017). Of
particular concern is the effect of seismic lines on threatened
and endangered woodland caribou populations (Rangifer
tarandus caribou, COSEWIC 2011, 2014). Seismic lines
increase forage preferred by ungulates such as moose (Alces
alces) and white-tailed deer (Odocoileus virginianus)
(Kemper and Macdonald 2009; Finnegan et al. 2018b),
leading to increased ungulate biomass within caribou ranges
and to more predators such as wolves (Fuller et al. 2003). As
a result, seismic lines increase caribou predation risk (James
and Stuart-Smith 2002; DeCesare et al. 2012) causing
functional habitat loss for caribou (Dyer et al. 2002) by
attracting predators and facilitating predator movement
(Latham et al. 2011; Dickie et al. 2017a; Finnegan et al.
2018a). Seismic lines with low vegetation regeneration can
increase caribou visibility to wolves and also increase wolf
movement rates, exacerbating predation risk (Kansas et al.
2015; Dickie et al. 2017a; Finnegan et al. 2018a). Ultimately,
seismic lines contribute to wide-spread caribou population
declines through apparent competition (DeCesare et al. 2012;
Hervieux et al. 2013). Consequently, habitat restoration has

been identified as a key management tool to stabilize and
recover declining caribou populations (Environment Canada
2012; Ray 2014). Active restoration of seismic lines to
improve caribou habitat quality is required under the federal
recovery strategy (Environment Canada 2012). However,
prioritization of restoration efforts is necessary due to the
high density of seismic lines, as treatment costs range from
$8000/km to $17,000/km depending on the mitigation
activity selected (Pyper et al. 2014).

Current recommendations for seismic line recovery are to
prioritize those with the lowest vegetation regeneration to
reduce the negative impacts of seismic lines to caribou by
wolves (Kansas et al. 2015; Dickie et al. 2017a; Dabros
et al. 2018). Since motorized activity contributes to delayed
vegetation regrowth and could limit the effectiveness of
recovery efforts, our objective was to produce predictive
models of motorized activity on seismic lines using field-
based observations of activity and variables derived from a
Geographic Information System (GIS) to help prioritize
restoration efforts. We then used these relationships to map
levels of motorized activity across three landscapes in
Alberta, Canada. Prioritizing habitat for restoration to ben-
efit caribou is complex, and requires a strategic approach
that considers biological and economic factors (Dickie et al.
2017b; Hebblewhite 2017; Schneider et al. 2010). There-
fore, to create flexible and user-friendly results, we focused
on creating a spatial layer of motorized human use that
could be used to inform restoration efforts as a complement
to other restoration priorities considered by land managers.
We developed five hypotheses to explain observed motor-
ized activity levels on seismic lines based on a literature
review. The first hypothesis predicted that motorized
activity levels were related to (i) ease of travel on seismic
lines (Pigeon et al. 2016), whereby dry seismic lines with
reduced vegetation heights and moderate slopes would be
associated with higher levels of motorized activity. The (ii)
recreation hypothesis predicted that motorized activity was
related to factors associated with the ease of travel
hypothesis as well as distance to campsites and seismic line
density. The (iii) hunting hypothesis predicted that motor-
ized activity would be associated with ungulate abundance
in addition to factors related to ease of travel and recreation.
The (iv) industry hypothesis proposed that motorized
activity would be most strongly associated with areas with
forestry and hydrocarbon production. Finally, the (v) global
model proposed that motorized activity was associated with
factors from all previous hypotheses. Identifying seismic
lines with high OHV use that will likely require active
restoration and mitigation actions could help to direct
restoration efforts for caribou. Dialog with user groups to
reduce OHV use or to decide on a zonation approach,
combined with additional spatial layers (e.g., caribou pre-
dation risk, alternate prey) would be valuable as a way to
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reduce the time and cost required to achieve caribou
recovery.

Methods

Study Area

We examined motorized activity levels on three distinct
landscapes with different levels of motorized activity and
seismic line densities. The foothills-east (54° 23′N, 119° 30′
W) and foothills-west (54° 3′N, 119° 5′W) landscapes were
located in the foothills region of west-central Alberta, and
the northern-boreal (57° 25′N, 119° 8′W) landscape was
located in the boreal region of northwestern Alberta (Fig.
S1). The foothills region is characterized by lodgepole pine
(Pinus contorta) and mixedwood forests dominated by
aspen (Populous tremuloides), balsam poplar (Populous
balsamifera), and white birch (Betula papyrifera), with
white spruce (Picea glauca) and black spruce (Picea
mariana; Natural Regions Committee 2006). Elevations in
this region range from 700 to 1700 m. In contrast, eleva-
tions in the boreal region range from 150 to 1100 m and the
region is a mosaic of upland forests and low-lying wetlands.
Upland forests are dominated by aspen, balsam poplar,
white spruce, and jack pine (Pinus banksiana), whereas the
low-lying wetlands are black spruce interspersed with
shrubby fens and sedge meadows (Natural Regions Com-
mittee 2006).

The foothills-east landscape is 4557 km2 and consists of
the Little Smoky and A la Peche caribou ranges east of
Willmore Wilderness Park. This landscape has an average
seismic line density of 2.56 km/km2 (range: 0–11.48 km/
km2). The foothills-west landscape is 3940 km2 and consists
of the Narraway and Redrock-Prairie Creek caribou ranges
east of the British Columbia border and Kakwa Wildland
Provincial Park. The foothills-west landscape has an aver-
age seismic line density of 0.97 km/km2 (range: 0–8.15 km/
km2). The northern-boreal landscape is 17,466 km2 and
encompasses the Chinchaga caribou range and the average
seismic line density is 3.57 km/km2 (range: 0–21.90 km/
km2). All caribou populations within the study area exhib-
ited a declining population trend (Hervieux et al. 2013).

Field Data Collection

We subset seismic lines that intersected roads for field visits
in each landscape with a random number generator in
ArcGIS 10.2.2 (ESRI 2013). All seismic lines intersect
roads via the network of seismic lines; respectively, 76, 79,
26% of seismic lines in the foothills-west, foothills-east, and
northern landscapes are within 1 km of a road. We used
1:20,000 base map data (roads, campsites, and seismic

lines; 10 m accuracy) provided by the Government of
Alberta (GoA) under the Alberta Open Government License
(November 2014; http://data.alberta.ca/licence). We recor-
ded the level of motorized activity at each field site on the
foothills landscapes between June and October 2013–2016,
and on the northern-boreal landscape between June and
October 2015. On each seismic line, we recorded infor-
mation at one, and up to three subplots located 0, 100, and
500 m from the road intersection. Less than three subplots
were completed only if the seismic line was truncated due to
a forest harvest or another road. We did not sample candi-
date sites where seismic lines had been altered or removed
due to forestry or restoration activities (approximately 1%
of seismic lines in the foothills-east landscape had received
restoration treatment).

At each subplot we examined the immediate area (10 m2)
for evidence of motorized activity. We defined two levels of
motorized activity: low (e.g., no evidence of OHV activity,
no recently flattened vegetation by OHV tires or flagging
tape, and no clear sign of ongoing vehicular traffic) and
high (e.g., visible OHV tracks or heavy traffic indicated by
deep tire/track ruts) (Pigeon et al. 2016). Each subplot was
visited once to maximize sampling coverage of the land-
scapes. Although evidence of low human use on the land-
scape would not persist for long, evidence for high human
use of seismic lines (e.g., ruts) persist across long time
periods; we were interested in this general use over long
time periods. Therefore, as our analysis only used two
levels of use (low vs. high; see section “Data analysis,
model evaluation, and predictive mapping”), we were
confident that high and low OHV levels would not vary
across the sampling period and that a single visit to each
plot would be sufficient to quantify levels of OHV use.

Environmental Data

To address our hypotheses, we extracted seismic line attri-
butes: topography, land cover, anthropogenic disturbance,
and ungulate abundance. We averaged variables assessed at
each subplot (0, 100, 500 m) across each seismic line (i.e.,
site) to avoid spatial autocorrelation. Because motorized
activity was inconsistent across subplots for 10% of sites,
the highest level of activity was applied across all subplots
within each site when necessary. We divided the seismic
line footprint across our three landscapes into 100 m seg-
ments. We then used Light Detection and Ranging (LiDAR)
data (1 m × 1 m resolution) collected between 2003 and
2008 by the GoA to calculate mean vegetation height
(VegHT, m) of these 100 m line segments (Dickie et al.
2017b). We also calculated mean depth to water (DTW, m)
under each of the 100 m line segments using LiDAR-
derived wet areas mapping (White et al. 2012; Dickie et al.
2017b).
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Considering topography and land cover, we used a
30m × 30m digital elevation grid to extract values of slope
(°) and elevation (m; Table S1), which were averaged over
100 m segments. We assessed land cover and anthropogenic
disturbance across a range of scales by buffering subplots by
125, 250, 500, 1250, and 2500m. On the foothills land-
scapes, we used a 10-class composite land cover map
(Franklin et al. 2002) based on Landsat thematic mapper and
a Digital Elevation Model, which was updated in 2014 with
the most recent available high-resolution imagery to match
disturbance and land cover. This composite land cover map
allowed us to update land cover types yearly based on new
disturbances; re-classifying new disturbances as the “barren”
land cover type after disturbance (Franklin et al. 2002).
Although the barren land cover type was not directly used in
our analysis, reclassifying new disturbances as barren land
cover reduced the overestimation of other land cover types.
We calculated the percentage of upland land cover categories
(UpTrees and Herb; areas with dry and mesic moisture
regimes), and lowland land cover categories (WetTrees and
WetOpen; with wet and aquatic moisture regimes) within
each buffer size surrounding each subplot (Table S1). On the
northern boreal landscape, we used the same process to
calculate percentage of upland and lowland land cover, but
using an analogous 13-class land cover map based on
Landsat thematic mapper, a Digital Elevation Model, and
Airborne laser scanning that employed a decision tree for
classification (Nijland et al. 2015).

To calculate anthropogenic disturbance at each subplot,
we measured distance along roads to the nearest access road
intersection (access roads defined as: all primary paved and
gravel 1-lane and 2-lane roads), recreational campsite
(CampDist, km), and forest cutblocks (≤15 years old in
2014 as reported in the Alberta Vegetation Inventory Post
Inventory, forest cutblocks provided by the GoA; Cut-
blockDist, km) using a least-cost path tool developed in
ArcGIS 10.2.2. For each subplot, we also calculated the
number of well sites, pipelines (PipelineDens; km/km2), and
seismic lines (SeismicDens; km/km2) within each buffer
size. Well sites and pipeline data were provided by GOA
partnerships. Forest cutblock data were provided by pro-
vincial Forest Management Agreement holders who had
operations within the study area.

Finally, on the foothills landscapes, we estimated abun-
dance of ungulates which can be legally hunted based on
count models developed using aerial survey data obtained
from the GoA (methods are described in detail in Nielsen
et al. 2017). Grid counts (approximately 5 km × 10 km cells)
were converted to rasters. The values included in the ana-
lysis are therefore based on the amount of each grid cell
within each buffer. Because these aerial data were not
available for the northern boreal landscape, we used the
Alberta Biodiversity Monitoring Institute’s (ABMI)

predicted relative abundance under current conditions for
ungulate species based on presence-absence data from
winter track counts (ABMI 2016). We extracted all vari-
ables associated with seismic line attributes that intersected
subplots using ArcGIS 10.2.2 (ESRI 2013).

Data Analysis, Model Evaluation, and Predictive
Mapping

We used logistic regression to model the relationship
between low and high levels of motorized activity and
variables associated with each of our hypotheses using the
base package in R (R Core Team 2015; Table S1). To
facilitate model evaluation, we split the data for each
landscape into training (85% of sites) and testing (15% of
sites) datasets. For model evaluation within the foothills
study area, we also sampled 28 additional subplots on
seismic lines at distances of 1000 m from the road (500 m
from the nearest subplot).

Before fitting logistic regression models, we carried out
data exploration following methods outlined in Zuur et al.
(2010). We did not include explanatory variables with
Pearson’s correlation coefficient >0.65 in the same model.
We also assessed multicollinearity within hypothesis-driven
models using variance inflation factors (VIF) and removed
explanatory variables with VIF greater than 3 (Zuur et al.
2010). In addition, we examined the potential effect of
recorder bias in our models a priori by fitting a global model
to each landscape and including recorder ID as a categorical
variable. There was no effect of recorder ID on the models,
so we removed it from the final analysis.

We used the receiver operating criterion (ROC) to
measure area under the curve (AUC; Bonn and Schroder
2001) and determine model performance in conjunction
with k-fold cross-validation in the R package “caret” (Kuhn
2015). AUC is a threshold-independent approach to evalu-
ate model fit, where models with AUC >0.6 are considered
plausible and AUC >0.7 indicates good model fit (Fielding
2002). We considered models with k-fold cross-validation
AUC scores >0.6 as having sufficient support. We then used
Akaike’s Information Criterion (AIC) to compare compet-
ing models remaining within the selection set and used the
highest Akaike weight (ω) and lowest AIC to determine
which model had the most support (Burnham and Anderson
2002). We considered models with AIC >2 relative to the
next closest model to have substantial support for the top
model; conversely, when alternative models were AIC <2,
we considered relatively equal support among those models
(Burnham and Anderson 2002). We evaluated the fit of
candidate models using McFadden’s-R2 (McFadden 1974).

Because our goal was to maximize the predictive ability
and parsimony of our models, we removed uninformative
variables from the most supported model for each landscape
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(Arnold 2010). We used backwards stepwise removal pro-
cedures to sequentially delete the least important covariate
(as identified by the minimal absolute value of the coeffi-
cient/standard error; Pagano and Arnold 2009). If elim-
inating a covariate led to a reduction in AIC (or had no
effect on AIC), we discarded it from the model. We con-
tinued this approach until no additional covariate could be
eliminated without leading to an increase in AIC (Pagano
and Arnold 2009). We compared the predictive ability of
the original top model (with all variables) to the parsimo-
nious model using k-fold AUC to ensure that predictive
ability was not traded for parsimony. We report final results
as odds ratios (OR) for statistically significant variables (p
< 0.05) retained in the parsimonious model.

For model evaluation, we used the testing datasets from
each landscape to tune a ROC threshold by balancing the
error rate between false positive and false negative predic-
tions (Bonn and Schroder 2001). We used this ROC
threshold to evaluate the correct classification rate of the
testing and training datasets. We also reported the model
sensitivity, which is the conditional probability that any
given case is correctly classified using the ROC threshold.
Finally, we created predictive maps of motorized activity on
100 m segments of all seismic lines using the coefficients
from the parsimonious models for each landscape. We used
the landscape-dependent ROC threshold to predict the level
of motorized activity on each seismic line segment.

Results

Sampling intensity (number of sites visited) differed across
the three landscapes. Still, the distribution of motorized

activity between areas was comparable: respectively, we
observed 10, 16, and 15% of sites with high levels of
motorized activity within the foothills-east (n= 242),
foothills-west (n= 88), and northern-boreal landscapes (n
= 92). Based on AIC, we determined the most parsimo-
nious buffer size around subplots to measure landscape-
level variables (e.g., land cover and anthropogenic dis-
turbance). Fitting global models with varying buffer sizes
indicated that in the northern landscape and the foothills-
west landscape, the 1250 m buffer size was most parsimo-
nious for our analyses. In the foothills-east landscape, the
1250 and 2500 m buffer sizes yielded equivalent model fit
(change in AIC <2) and for consistency we therefore
selected the 1250 m scale for all landscapes (Table S2).

In the foothills-east landscape, there were three com-
peting hypotheses with a k-fold cross-validation AUC >0.6
(Table S3A). Model selection revealed that the global
model best explained motorized activity levels (McFad-
den’s-R2= 0.12). Due to issues of multicollinearity, only 10
of 15 potential variables were included in this global model
(Tables S3A and S4). After removal of uninformative
variables, the most parsimonious model for the foothills-
east landscape indicated that the probability of high levels
of motorized activity decreased with increasing vegetation
height on seismic lines and with the proportion of treed
wetland and herb land cover classes. The model also indi-
cated that the probability of motorized activity increased
with increasing distance to forest cutblocks (Table 1A; Fig.
1). The odds of observing high levels of motorized activity
were 58% less likely (OR 0.42) with each meter increase in
vegetation height on seismic lines, and were 45% and 40%
less likely (OR 0.55 and 0.60, respectively) with each 1%
increase in treed wetland and herb land cover classes

Table 1 Parameter estimates
(β), standard errors (SE), Z-
statistic, p-values, and odds
ratios (OR), and odds ratio 95%
confidence intervals (CI) for the
variables in the parsimonious
model predicting motorized
activity levels on seismic lines
using logistic regression in (A)
foothills-east, (B) foothills-west,
and (C) northern-boreal
landscapes in Alberta, Canada
between June and October
2013–2016

(A) Variables β SE Z-statistic p-value OR OR 95% CI

VegHT −0.88 0.43 −2.05 0.04 0.42 0.16 0.85

WetTrees −0.51 0.23 −2.21 0.03 0.60 0.37 0.92

Herb −0.60 0.24 −2.52 0.01 0.55 0.33 0.85

CutblockDist 0.54 0.20 2.74 0.01 1.71 0.17 2.54

(B) Slope −1.98 0.99 −2.01 0.04 0.14 0.01 0.71

VegHT −1.36 0.76 −1.79 0.07 − − −

CampDist −1.08 0.62 −1.74 0.08 − − −

RoadDist 1.49 0.62 2.41 0.02 4.43 1.52 18.40

SeismicDens −1.27 0.63 −2.03 0.04 0.28 0.10 0.84

WTDeerGC −4.56 1.81 −2.51 0.01 0.01 0.00 0.20

(C) RoadDist −1.18 0.75 −1.56 0.12 − − −

Herb 0.92 0.37 2.51 0.01 2.5 1.37 3.75

PipelineDens 0.71 0.38 1.83 0.07 − − −

CutblockDist 0.36 0.33 1.08 0.28 − − −

OR were only calculated for statistically significant variables (p < 0.05). See Table S1 for a full description
of model variables
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surrounding seismic lines, respectively. High levels of
motorized activity were also 71% more likely (OR 1.71)
with every 1 km increase in distance to forest cutblocks
(Table 1A).

On the foothills-west landscape, all models except the
industry model were considered plausible. Of these, AIC
weights suggested that the hunting model (with seven
variables) was the most supported model and McFadden’s-
R2 was 0.51 (Table S3B). In this landscape, the most
parsimonious model indicated that the probability of
motorized activity increased with increasing distance to
roads, and decreased with increasing slope, vegetation
height on seismic lines, distance to campsites, seismic line
densities, and white-tailed deer grid counts (Table 1B;
Fig. 2). Although confidence intervals for vegetation height
of seismic lines and distance to campsites variables
overlapped zero, we retained these variables in the parsi-
monious model because their removal reduced the model’s
predictive ability (decrease in AUC from 0.74 to 0.65), and
removing them increased the AIC by 3.3. The odds of
observing high levels of motorized activity were 86% less

likely (OR 0.14) with every 1° increase in slope, 72% less
likely (OR 0.28) with every 1 km/km2 increase in seismic
line density, and 99% less likely (OR 0.01) with every one
unit increase in white-tailed deer counts. The odds of a high
level of motorized activity were also 343% more likely
(OR 4.43) with every 1 km increase in distance to access
roads (Table 1B). However, the confidence interval for the
white-tailed deer OR included zero, and for distance to
access road was wide.

On the northern-boreal landscape, only the global model
had a cross-validation AUC value greater than 0.6. This
model had seven variables after the multicollinearity
assessment (Table S4) and McFadden’s-R2 was 0.33. After
stepwise removal of uninformative variables, the most
parsimonious model for the northern-boreal landscape
indicated that probability of high levels of motorized
activity increased with increasing herb land cover, distance
to forest cutblock, and pipeline density and decreased with
increasing distance to roads. However, only the proportion
of herbaceous land cover did not overlap zero (Fig. 3). The
odds of observing a high level of motorized activity was

0.00

0.25

0.50

0.75

1.00

0 2 4 6
Vegetation Height (m)

P
ro

ba
bi

lit
y 

of
 H

ig
h 

 M
ot

or
iz

ed
 A

ct
iv

ity
 L

ev
el

s

a)

0.00

0.25

0.50

0.75

1.00

0.0 0.1 0.2
Proportion of Herb

P
ro

ba
bi

lit
y 

of
 H

ig
h 

 M
ot

or
iz

ed
 A

ct
iv

ity
 L

ev
el

s

c)

0.00

0.25

0.50

0.75

1.00

0.0 0.1 0.2 0.3 0.4
Proportion of Treed Wetland

b)

0.00

0.25

0.50

0.75

1.00

0 20 40
Distance to Cutblock (km)

d)

Fig. 1 Probability of high
motorized activity levels on
seismic lines in the foothills-east
landscape in relation to a
vegetation height measured
using LiDAR, b proportion of
treed wetland land cover, c
proportion of herb land cover,
and d distance to forest
cutblock, modeled using logistic
regression of motorized activity
levels collected in western
Alberta, Canada, from June to
October 2013–2016 (Table 1A)
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150% more likely (OR 2.5) with every 1% increase in
herbaceous land cover (Table 1C).

Model Evaluation and Mapping

The foothills-east testing dataset consisted of 49 sites
(including nine 1000 m subplots), of which 8 had high
levels of motorized activity. Using the testing dataset, the
AUC was 0.66 and sensitivity was 0.62 (Table S5). This
model correctly classified 71 and 63% of testing dataset
sites to the levels of high and low motorized activity,
respectively (Table S6). The foothills-west testing dataset
consisted of 22 sites (including eight 1000 m subplots), 8 of
which had a high level of motorized activity. The AUC was

0.74 and sensitivity was 0.75. This model correctly classi-
fied 72% of low activity and 75% of high activity sites
(Table S6). The northern-boreal testing dataset consisted of
17 sites including 6 with high levels of motorized activity.
The AUC was 0.61 and sensitivity was 0.83. This model
correctly classified 55% of low activity and 66% of the high
activity sites on 15% of the data reserved for model testing.
These results were consistent with the prediction of the
model development dataset (Table S6).

Using the thresholds established by the ROC analysis to
differentiate between predicted levels of motorized activity
(Table S6), we applied our models for each respective
landscape to create predictive maps of motorized activity on
seismic lines. We identified 28% (21,777 km) of seismic
lines across the three landscapes with a high probability of
high motorized activity levels. The proportion of lines with
a high probability of high motorized activity levels varied
across landscapes with 35% (4,147 km), 49% (1886 km),
and 25% (15,743 km) of seismic lines in the foothills-east,
foothills-west, and northern-boreal landscapes, respectively
(Fig. 4).

Fig. 2 Probability of high motorized activity levels on seismic lines in
the foothills-west landscape in relation to a slope, b vegetation height
measured using LiDAR, c distance to campsite, d distance to access
road, e seismic line density, and f white-tailed deer counts modeled
using logistic regression of motorized activity collected in western
Alberta, Canada, from June to October 2013–2016 (Table 1B)
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Fig. 3 Probability of high
motorized activity levels on
seismic lines in the northern-
boreal landscape in relation to a
pipeline density, b proportion of
herb land cover, c distance to
access road, and d distance to
cut block modeled using logistic
regression of motorized activity
collected in western Alberta,
Canada, from June to October
2013–2016 (Table 1C)
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Discussion

We created predictive maps assessing the probability of a
high level of motorized activity on seismic lines across three
landscapes with varying amounts of industrial activity in
Alberta, Canada. Our results suggest that drivers of
motorized activity are localized and landscape-specific. In
the foothills-east and northern-boreal landscapes where
disturbance levels were relatively higher, the global
hypothesis had the most support. Global models in these
landscapes included elements from the travel and industry
hypotheses; however, each region also had landscape-
specific predictors. In the foothills-west landscape where
disturbance was lowest, motorized activity levels were
better explained by the hunting model. The differences in

the foothills-east and foothills-west landscapes, with a dis-
tance of 100 km between them, demonstrates that there are
localized differences in human activity on seismic lines in
adjacent landscapes. In general, our results demonstrated
that motorized activity levels were dependent on a variety of
environmental and human use factors related to vegetation
height, soil wetness, and accessibility, but that no one
predictor was important on all three landscapes. To our
knowledge, our study is the first to create maps depicting
levels of motorized activity on seismic lines using GIS-
based variables. These predictions of motorized activity
levels are an important component of seismic line restora-
tion planning and can be used as a tool in conjunction with
management priorities to identify and target recovery
efforts.

Fig. 4 Predicted probability of a
high level of motorized activity
on seismic lines (see Table 1) on
a the northern-boreal landscape
and b the foothills-east and
foothills-west landscapes
logistic regression of motorized
activity levels collected in
western Alberta, Canada, from
June to October 2013–2016
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Recent studies directly addressing the natural regenera-
tion of seismic lines and the impacts of ongoing OHV use
have suggested that active restoration efforts (e.g., tree
planting and line blocking) are required to reach pre-
disturbance states (Lee and Boutin 2006; van Rensen et al.
2015). It is widely accepted that continual OHV use
impedes natural recovery of vegetation (Lee and Boutin
2006; Pierskalla et al. 2011; van Rensen et al. 2015), which
perpetuates OHV use on seismic lines with low vegetative
growth creating a positive feedback loop (Pigeon et al.
2016). However, the detrimental effects of motorized
activities on seismic line regeneration have not been directly
assessed. To our knowledge, our models are the first spa-
tially explicit models that can be used to identify specific
seismic lines (21,777 km; 28%) where mitigation efforts
may be needed to reduce motorized activities on seismic
lines increasing the potential for successful recovery via
restoration treatments. For caribou conservation, focusing
efforts on seismic lines where natural regeneration is low
and limited vegetation regrowth permits travel and hunting
by wolves (Kansas et al. 2015; Dickie et al. 2017a) may
benefit caribou by reducing predation risk (DeCesare et al.
2012).

On the foothills-west landscape, we found that seismic
lines with low vegetation height that occurred in areas with
low slopes, fewer white-tailed deer, and low seismic line
density were likely to have high level of motorized activity.
Additionally, seismic lines further from roads and closer to
campsites were also associated with a high level of
motorized activity. In this landscape, campsites were mostly
located around the exterior landscape boundary while
access roads penetrated the interior, suggesting that a high
level of motorized activity is most common on seismic lines
where overall seismic density is low and where accessibility
(i.e., roads) is otherwise low (Fig. S2). In contrast, on the
foothills-east landscape, seismic lines farther from recent
forest cutblocks, with low vegetation heights, and in areas
with less treed wetland and herbaceous land covers were
more likely to have high level of motorized activity.
However, this model explained much less variation in the
dataset (McFadden’s-R2 0.12 vs. 0.51 on foothills-east vs.
foothills-west), and we therefore recommend interpreting
the results of the foothills-east landscape with caution. The
density of seismic lines was 70% less within the foothills-
west landscape compared to the foothills-east landscape,
and this contrast in density could explain why motorized
activity patterns were different in these two adjacent
landscapes.

On the northern-boreal landscape, seismic lines in areas
with a high percentage of herbaceous land cover were more
likely to have a high level of motorized activity. The
probability of high motorized activity levels also increased
with pipeline density, and it is likely that pipelines could be

used to increase accessibility for OHVs. The northern-
boreal landscape has a low human population density, is far
from regional centers, and consists of extensive fens and
bogs. Because of this, and because of the high densities of
seismic lines in the area, any one seismic line may be less
frequently used for OHV use than in the foothills region
where the densities of seismic lines are lower and the
human population density is higher (Scrafford et al. 2017).
Reduced activity in the northern landscape may explain
why the model was relatively weak at correctly classifying
the low activity testing seismic lines. Sampling was limited
on this landscape and predictive models would benefit from
additional data collection proportional to the density of
seismic lines.

Using GIS-based variables, our results were consistent
with previous field-based studies, whereby vegetation
height, soil wetness, and slope was associated with less
motorized vehicle activity to varying degrees across the
landscapes. Pigeon et al. (2016) used field-based vegetation
height data in the foothills-east landscape and demonstrated
a strong relationship between vegetation height and
motorized activity levels. While our results using GIS data
suggest a weaker relationship between vegetation height
and motorized activity levels, this could be due in part, to
the temporal mismatch in data. The LiDAR data used to
determine vegetation height for this study was collected
between 2003 and 2008, while we measured motorized
activity a decade later (2013–2016). This mismatch
demonstrates the benefit of having a combination of field
and GIS-based data types. Future studies may be better able
to integrate both data types by verifying LiDAR data with
field observations of vegetation height to improve model
prediction. However, while we recognize that field-based
measurements of vegetation height can be readily collected,
using vegetation height-based models to predict across a
broad landscape would require more recent LiDAR data
than are available within our study area (circa 2007).

Given the variation in the predictor variables that were
retained across the three landscapes, we caution against
applying our predictive models to new areas without some
measure of re-parameterization or model validation. How-
ever, we have shown that with the relatively low cost of site
visits, predictive maps of motorized activity levels can be
created and applied to a broader landscape to prioritize the
restoration of seismic lines to assist in caribou habitat
recovery. Although costly, the availability of updated
LiDAR-derived vegetation height data could greatly
improve model performance and potentially guide restora-
tion efforts. Winter activity on seismic lines was beyond the
scope of this study; however, future research should con-
sider the effect of seasonality on motorized activity use, as
low-lying areas may be more accessible when frozen. In
addition, our models only consider seismic lines, but other
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disturbances also contribute to the anthropogenic footprint,
including forest cutblocks, pipelines, well sites, roads,
power lines, and railways (Schneider et al. 2003; Latham
and Boutin 2015; Government of Alberta 2017). The fed-
eral caribou recovery strategy requires caribou ranges to
have a minimum of 65% undisturbed habitat to achieve a
60% probability of maintaining a self-sustaining caribou
population (Environment Canada 2012, 2014). The herd
ranges covered by the landscapes in this study range from 5
to 44% undisturbed and restoration of seismic lines has
been identified as a key element in reducing the disturbance
footprint for caribou habitat in Alberta (Government of
Alberta 2016). Ray (2014) recommended that restoration
efforts should use a regional approach that considers
cumulative disturbance on the landscape, and assesses
priorities based on cost and net gains to habitat and con-
nectivity. Ecologically, restoring seismic lines has the
potential to effectively reduce predation risk for caribou by
reducing the attractive browse, spatial overlap among
alternate prey (i.e., moose, deer, and elk), caribou, and their
predators, and by increasing vegetation height to limit
predator movement (Dickie et al. 2017b; Finnegan et al.
2018a), restoring seismic lines has the potential to reduce
predation risk for caribou (DeCesare et al. 2012). Addi-
tionally, the benefits of seismic line restoration extend
beyond any single species-at-risk because reducing frag-
mentation will also improve biodiversity (Venier et al.
2014). Our models could therefore be integrated with
existing information on species habitat requirements (e.g.,
caribou) to consider cumulative disturbance and further
prioritize efforts to recover species while maximizing cost
efficacy and ecological benefits associated with restoration.

Management Implications

Active restoration on seismic lines is necessary to achieve
vegetation structure comparable to the structure of the sur-
rounding forest, a criterion in successful habitat restoration
under the federal recovery strategy for caribou (Environ-
ment Canada 2012). However, active seismic line restora-
tion is costly and with over 77,000 km of seismic lines
within our study area alone, a prioritization approach is
required. There is a correlation between high levels of
motorized activity and slow, natural regeneration of vege-
tation on seismic lines (Lee and Boutin 2006; Pigeon et al.
2016). It is necessary to prioritize regeneration on seismic
lines with high levels of human activity because they may
otherwise persist on the landscape for >50 years, whereas
lower use areas are more likely to regenerate naturally.
While human activity on seismic lines is not likely to cease
entirely, reducing the number of seismic lines with high
human activity while directing OHV users to a designated

trail system is one option to balance human access and
ecosystem recovery.

Our predictive maps identified 21,777 km of seismic
lines where high levels of motorized activity may have
impeded the natural recovery of vegetation; targeting those
seismic lines for reclamation could increase the cost effi-
ciency of restoration efforts. To further focus reclamation
efforts and maximize the benefits of seismic line restoration
efforts for caribou, these maps could be integrated with
additional spatial products (e.g., maps of caribou habitat
quality and predation risk), while also considering the
cumulative and interactive effects of restoration and other
disturbances such as roads and forest cutblocks on ecosys-
tem function for caribou.
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