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a b s t r a c t
Long distance migrations by large mammals are increasingly imperiled by human development. We studied
autumn migratory patterns of caribou (Rangifer tarandus) in relation to an industrial road in northwestern Alaska.
We built null movement models to determine the expected time to cross the road if caribou movements were not
affected by the road. We then identiﬁed individuals that took longer to cross than expected (slow crossers) and
those that did not differ from that expected from the null model (normal crossers). We identiﬁed eight as slow
and 20 as normal crossers. Slow crossers took an average of 33.3 ± 17.0 (±SD) days to cross the road compared
to 3.1 ± 5.5 days for normal crossers. Slow crossers had an average crossing date of 8 Nov. ± 7.7 days versus 25
Oct. ± 20.6 days for normal crossers. Movement rates of the two classes did not differ before crossing the road,
but slow crossers moved N 1.5 times as fast as normal crossers after crossing the road. Movement patterns were
partially explained by environmental attributes, but were most strongly affected by how far a caribou was from
the road and whether it was classiﬁed as slow or normal crosser. While avoidance is an important aspect of the
effects of roads on populations, our results show the importance of other factors, such as how long individuals are
delayed in crossing when assessing the inﬂuence of development on wildlife.
© 2015 Elsevier Ltd. All rights reserved.

1. Introduction
The preservation of long-distance terrestrial migrations has received
increased attention as some migratory populations have been lost due
to human development (e.g. Berger, 2004, Bolger et al., 2008, Harris
et al., 2009). Migration, the cyclical movement between disjunct ranges,
is thought to evolve where the behavior enhances ﬁtness by either
accessing ranges with higher quality or quantity of forage or reducing exposure to predation and parasites (e.g., Avgar et al., 2014). With some individuals traveling N5000 km annually as they migrate between seasonal
ranges, caribou undertake one of the longest recorded migrations of any
terrestrial mammal species (Fancy et al., 1989). Caribou are facing increased human development across their range (Festa-Bianchet et al.,
2011) that have led to shifts in space use (Cameron et al., 2005), reductions in habitat (Nellemann et al., 2003), and impeded movements
(Vistnes et al., 2004). All of these changes have the potential to restrict
caribou migrations and may lead to population-level effects (Bolger
et al., 2008).
While the complete restriction of migration is likely to have the
greatest effect on populations (Bolger et al., 2008, Berger et al., 2006),
negative effects to populations are possible even if migration is partially
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restricted. This is evident in developed areas where animal passage has
continued despite a network of roads and buildings (e.g., Lendrum et al.,
2013). For example, in the near absence of development, mule deer
(Odocoileus hemionus) spent 95% of their migration at stop-over sites
to take advantage of high quality forage (Sawyer and Kauffman,
2011). When development increased, however, the use of stop-over
sites was signiﬁcantly reduced (Sawyer et al., 2013). Thus, semipermeable barriers to movement, such as roads, can affect animals
even though they are still capable of moving between seasonal ranges.
The inﬂuence of roads and other semi-permeable infrastructure
on caribou migration is not well documented or understood. The scale
and extent to which deﬂections and avoidance occur remains an
unanswered question, particularly for migrating caribou. The majority of
the early literature on caribou-infrastructure interactions summarized
observations of caribou in the immediate vicinity of a road or pipeline
(e.g., Curatolo and Murphy, 1986, Dau and Cameron, 1986, Murphy and
Curatolo, 1987, Singer and Beattie, 1986). These studies documented
rates of crossing success, distribution, and behavior near infrastructure,
but may have included repeat observations of the same individuals,
were often unable to account for the entire movement paths of individual
animals when they encountered roads, and did not account for individuals that avoided roads at greater distances (Vistnes and Nellemann,
2008). Since the advent of global positioning system (GPS) collars, yearround movement paths of individual animals can be recorded and
analyzed at multiple spatial and temporal scales.
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Although studies have documented large-scale patterns of caribou
responses to infrastructure (e.g., Johnson et al., 2005, Boulanger et al.,
2012), few studies have quantiﬁed the behavior of individual caribou
as they attempt to cross a road or other infrastructure during migration.
The few studies that have been conducted on caribou have shown that
migratory movements can be hindered by development with the potential for delayed arrival at seasonal ranges (Dyer et al., 2002, Mahoney
and Schaefer, 2002, Vistnes et al., 2004, Panzacchi et al., 2013). For
example, a recent study by Panzacchi et al. (2013) found that reindeer
migration in Norway was delayed approximately ﬁve days as individuals moved parallel to the road looking for an optimal crossing location.
Given the importance of preserving the long distance migrations of
caribou (Bolger et al., 2008) and the current rate of development in the
north (Festa-Bianchet et al., 2011), it is important to understand how developments inﬂuence migratory behavior in individuals and how this
might translate into population-level effects. This is especially true in
northwestern Alaska where there is currently limited industrial development, but large-scale developments are in various stages of planning with
many potentially bisecting caribou migration routes (AECOM, 2012,
Wilson et al., 2014). Therefore, we sought to understand how autumn migration patterns of caribou in northwestern Alaska were affected by the
presence of an industrial road. Speciﬁcally, we quantiﬁed how movement
patterns of individuals were inﬂuenced by the road and what the consequences of these changes were for the duration of migration and ﬁnal
wintering location, while accounting for the inﬂuence of environmental
variables.

80 km long road (hereafter, ‘the road’). The road only connects the
mine to the port and is not accessible by any other road in the state. Trafﬁc
along the road, primarily large trucks hauling ore, is constant throughout
the year, although it is halted when caribou are on or adjacent to the road.
The road is approximately 12 m wide and has no lateral barriers to movement (e.g., fences), nor does it have linear features (e.g., power lines) adjacent to it that might deter caribou from crossing (Tyler et al., 2014).
Average trafﬁc levels are approximately 49 round trips per day, or just
over 4 vehicles per hour, 24 h a day (Tetratech, 2009). Some additional
trafﬁc occurs seasonally in the form of all terrain vehicles used for hunting, primarily limited to residents of the nearest community, Kivalina
(pop. 374).
Two caribou herds contact the road: the Western Arctic (WAH) and
Teshekpuk (TCH) caribou herds. The WAH is currently the largest herd
in the state (~235,000; Dau, 2013), whereas the Teshekpuk herd is considerably smaller (~32,000; L. Parrett unpublished data). The primary period each year when individuals from both herds interact with the road is
during autumn migration (Appendix A), but individuals from the WAH
can also encounter the road in summer as they move to and from coastal
areas in search of insect relief habitat, or during winter when they are relatively immobile. Neither herd crosses the road during spring migration,
which occurs approximately 100 km east of the road (Dau, 2013,
Parrett, 2013).

2. Materials and methods

We captured adult female caribou from both herds (TCH: 2004–2012;
WAH 2009 — 2012) and ﬁt individuals with GPS collars. During September of each year, we captured WAH individuals (2009 = 39; 2010 = 15;
2011 = 14; and 2012 = 12) as they swam across the Kobuk River at
Onion Portage in autumn (Fig. 1; Dau, 1997). We programmed GPS collars
for WAH individuals to receive locations every 8 h. We captured individuals in the TCH each year in June (2004 = 10, 2006 = 12, 2007 = 12,
2008 = 27, 2009 = 21, 2010 = 14, 2011 = 9, 2012 = 17, 2013 = 14)
with a net gun ﬁred from a helicopter (Rongstad and McCabe, 1984)

2.1. Study area
The Red Dog Mine is a zinc–lead mine located in northwest Alaska, approximately 100 km north of Kotzebue, Alaska, and 70 km east of the Arctic Ocean (Fig. 1), and is the world's largest producer of zinc concentrate.
The mine has been in operation since 1989 and operates year-round,
transporting concentrate to the port facility along an approximately

2.2. Data collection and handling

Fig. 1. The Red Dog Mine and its controlled access road in northwestern Alaska (black line); the concentrate storage and port facility is located at the western terminus of the road, whereas
the mine is located at the eastern terminus. Major rivers are labeled in blue and areas with dense vegetation are labeled in green. (For interpretation of the references to color in this ﬁgure
legend, the reader is referred to the web version of this article.)
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and programmed their collars to receive locations every 2 h (Parrett,
2013).
We restricted our analysis to the period of autumn migration, which
we considered to occur between 15 Aug. and 15 Dec. Although this
likely captured periods of movement before and after migration, our primary goal was to ensure that we captured the full duration of migratory
movements in autumn. We also did not include an individual's
migration path for a given autumn if it was captured that same autumn.
We further restricted our analysis to only those animals that came within
15 km of the road during this period. To our knowledge, this is the maximum distance reported in the literature that caribou have been shown to
respond to industrial activities (Boulanger et al., 2012). Our use of 15 km
allowed us to identify individuals that had a reasonable chance of having
their migration directly affected by the road; changing the inclusion
criteria to 10 or 20 km did not affect how many individuals were included
in the study. Spring migration was not included in this analysis because
we did not observe individuals coming into contact with the road then.
2.3. Response to the road
2.3.1. Duration of migration
To determine how the road affected individual caribou migration, we
used a null movement model to obtain expected distributions of the time
it took a caribou to cross the road after ﬁrst coming within 15 km of it. In
the absence of a control, and given the inherent difﬁculty in evaluating
motivation to cross any obstacle, these simulations were necessary to
evaluate each individual's predicted path versus the observed. We restricted this analysis to only those caribou that moved south of the road
during migration. To generate a null distribution of movement paths,
we used a biased random walk model (e.g., Bartoń et al., 2009) to simulate
movement paths beginning at the point an animal ﬁrst came within
15 km of the road and continued until the number of steps matched the
actual number of steps an animal took after coming within 15 km of the
road (i.e., until 15 Dec). To simulate steps, we obtained an empirical distribution of step lengths from each individual from the beginning of the
migration period until it ﬁrst came within 15 km of the road. From
these same steps we determined the directional persistence of steps by
calculating the mean resultant length. We then sampled the direction of
each simulated step from a wrapped normal distribution with the concentration parameter set from the mean resultant length and the mean
direction set to the location that the individual actually crossed the road
using the ‘rwrpnorm’ function in the ‘CircStat’ package for R (R
Development Core Team, 2013). The mean direction changed at each simulated step. Once a simulated path crossed the road, we changed the
mean direction to the location of that individual on 15 Dec. For individuals
that came within 15 km of the road but did not cross it, we set the mean
direction to the point on the road the individual came closest to. We simulated 100 paths for each individual, based on each individual's empirical
distributions of step lengths and turn angles.
For each simulated and actual path, we determined the number
of days between the animal's ﬁrst encounter with the road at 15 km
and when the animal crossed it. For animals that did not cross
but moved south of the road during migration (i.e., skirted the east end
of the road; Fig. 1), we calculated the time to cross the road based on
when the individual ﬁrst occurred south of the road. With the expectation
that caribou migration could be delayed by the road (Panzacchi et al.,
2013), we classiﬁed individuals as ‘slow crossers’ if their observed time
to cross the road was N 97.5% quantile of the expected distribution of
crossing times, and as ‘normal crossers’ if their crossing time did not differ
from the expected distribution (b97.5% quantile).
We tested for differences in the number of days that elapsed
between ﬁrst coming within 15 km of the road and crossing it for slow
and normal crossers; although a difference in grouping is established a
priori through the partitioning of the groups, the actual magnitude of
difference between groups is established through this comparison. We
also tested for differences between slow and normal crossers in the

movement rates and total distance moved during three distinct periods:
before coming within 15 km of the road, after coming within 15 km of
the road but before crossing it, and after crossing the road. Because
locations for WAH caribou occurred at 8-h intervals (compared to 2-h
interval for the TCH), we corrected movement rates and distances for
WAH so they were comparable to 2-h intervals following correction
factors found in Prichard et al. (2014). From Prichard et al. (2014)
we obtained the average correction factor between Aug. and Dec.
(i.e., 1.196) and multiplied this by the observed values for the WAH.
We tested for differences in the total distance traveled during migration
and the latitude an individual was located on 15 Dec. between individuals classiﬁed as slow and normal crossers. We used t-tests to perform
all one-way tests between slow and normal crossers.
2.3.2. Response to a simulated road
To determine if animals that did not encounter the road
displayed similar movements to those that did, we conducted a pseudo
experiment with individuals that did not come within 15 km of the
road during years that we observed caribou encounter the road
(i.e., 2008–2013). We restricted paths of animals that did not encounter
to the same period we did for those animals that did encounter the road
(i.e., 15 Aug.–15 Dec). We randomly selected the same number of
individuals that actually encountered the road with the same distribution of years that animals encountered the road. We then chose a
random location along the road and moved the road so that point
intersected with the caribou path on 29 Oct. (the mean date we
observed animals crossing the real road). We then determined the
number of days between an animal ﬁrst coming within 15 km of the
fake road and crossing it for the ﬁrst time. To determine if the time to
cross the road differed between real crossers and fake crossers, we
used a Welch t-test to control for unequal variance between the two
groups. We predicted that if caribou movement was hindered by the
road then real crossers would have a mean crossing time signiﬁcantly
greater than fake crossers.
2.3.3. Inﬂuence of extrinsic factors on migration
To determine if the road, other environmental attributes, or both,
affected caribou movement during migration, we analyzed ﬁrst passage
time (FPT; Fauchald and Tveraa, 2003) within a Cox proportional
hazards modeling framework (Freitas et al., 2008). First passage time
measures the intensity of use of an area by determining how long it
takes an animal to cross a circle of a given radius (Fauchald and
Tveraa, 2003, Freitas et al., 2008). We calculated FPT for each individual
at radii ranging from 0.5–15 km, at 0.5 km intervals, and found the
highest variability across individuals at a radius of 3.5 km (Fauchald
and Tveraa, 2003). We then used this radius to calculate FPT for each
step of each individual (Freitas et al., 2008). We modeled FPT as a combination of the following variables: distance to the road, the presence
or absence of dense vegetation, distance to class 1 rivers (National
Hydrologic Dataset; http://nhd.usgs.gov/, accessed 16 Oct. 2013),
elevation (Gesch, 2007), terrain ruggedness, and snow depth (Brown
and Brasnett, 2015). To determine the presence or absence of dense
vegetation, we reclassiﬁed a vegetation map of the region (Boggs
et al., 2012) to pixels where dense vegetation (e.g., riparian, tall shrub,
and forested areas) was present. We used the vector ruggedness
measure developed by Sappington et al. (2007) to calculate terrain ruggedness at a scale of 1020 m (corresponding to 17 pixels; Joly, 2011).
We obtained modeled snow depth from the Canadian Meteorological
Centre Daily Snow Depth Analysis Data (Brown and Brasnett, 2015).
We included an interaction term for each of these variables with a
categorical variable of whether an observation was obtained from a
slow or normal crosser (i.e., reference class). We scaled all variables so
they ranged between zero and one to allow the magnitude of coefﬁcient
estimates to be compared across variables. We restricted data to the period from ﬁrst coming within 15 km of the road until an individual
crossed the road.
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We used the ‘coxph’ function in the ‘survival’ package (Therneau,
2013) in R to model FPT against the above variables. The interpretation
of coefﬁcient estimates for Cox Proportional Hazards models is slightly
different than for typical generalized linear models. As such, lower coefﬁcient estimates indicate a longer FPT (i.e., increased duration in an area)
and higher values indicate shorter FPT (i.e., shorter durations in an
area). We used the robust variance estimator in ‘coxph’ to help control
for multiple observations per individual. We then found the most parsimonious model from the full suite of models (i.e., all combinations of
the above variables) based on the model with the lowest Akaike's Information Criterion score corrected for small sample sizes (AICc; Burnham
and Anderson, 2002). We predicted that if the road was a reason for the
difference in movement between slow and normal crossers, the interaction with distance to road and crossing classiﬁcation would be retained
in the top model and explain more of the variance than the other environmental variables.
We also modeled the number of days it took an individual to cross
the road (after ﬁrst coming within 15 km of it) against the distance
from the road they were at the start of migration, the Julian date the individual ﬁrst came within 15 km of the road, and the herd the individual
was from. Because annual snowfall patterns in the region could also potentially inﬂuence the time it took caribou to cross the road, we included
two snow-based covariates into the model. The ﬁrst was the average
date of ﬁrst snowfall each year within 15 km of the road derived from
MODIS satellite imagery for Alaska (Lindsay et al., 2015). We also determined the average snow depth within 15 km of the road on the day an
individual ﬁrst came within 15 km of the road based on the Canadian
Meteorological Centre Daily Snow Depth Analysis Data (Brown and
Brasnett, 2015). We scaled all variables so that they ranged from 0 to
1 to allow the magnitude of coefﬁcient estimates to be compared across
variables. We used a Poisson regression to model factors that might inﬂuence the number of days it took a caribou to cross the road and found
the most parsimonious model using AICc scores (as above; Burnham
and Anderson, 2002).
3. Results
3.1. Duration of migration
From the 216 caribou captured during the period of this study we
obtained 263 migration paths (2004 = 10, 2005 = 0, 2006 = 12,
2007 = 11, 2008 = 28, 2009 = 19, 2010 = 44, 2011 = 64, 2012 =
38, 2013 = 37; Appendix A). Of these, 32 came within 15 km of the
road during autumn migration (TCH = 15, WAH = 17). Only one individual came within 15 km of the road during autumn migration in multiple years (n = 2). Four of the 32 caribou never crossed the road and
remained north of it throughout the migration period. Four additional
caribou skirted the eastern extent of the road but eventually moved
south of the road. The number of caribou that came within 15 km of
the road differed across years: 2008 = 11, 2009 = 0, 2010 = 0,
2011 = 11, 2012 = 5, and 2013 = 5.
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When observed times to cross the road were compared against
those expected from the null models, 20 individuals did not differ
from their expected values (Appendix B), but eight individuals took
signiﬁcantly more time to cross than expected (Appendix C). All slow
crossers were from the WAH and from 2011. For all animals that
moved south of the road, the mean duration of time between ﬁrst
coming within 15 km of the road and ﬁnally crossing was 11.8 ±
16.6 days (mean ± SD). The average time between ﬁrst coming within
15 km of the road and crossing was 33.3 ± 17.0 days for slow crossers
compared to 3.1 ± 5.5 days for normal crossers (t5.4 = 7.7, P b 0.001).
Slow crossers ﬁrst came within 15 km of the road (4 Oct. ± 14.9 days)
earlier than normal crossers (22 Oct. ± 18.5; t16.1 = 2.6, P = 0.019).
The date caribou crossed the road ranged from 27 Sep. to 3 Dec.
with an average crossing date of 29 Oct. ± 18.0 days. Slow crossers
had an average crossing date of 8 Nov. ± 7.7 days versus 25 Oct. ±
20.6 days for normal crossers (t26.0 = 2.5, P = 0.021).
Movement rates did not differ between slow or normal crossers
prior to coming within 15 km of the road (t7.6 = 1.0, P = 0.358,
Table 1) nor during the period between ﬁrst coming within 15 km of
the road and crossing (t23.6 = 1.3, P = 0.215; Table 1). After crossing
the road, however, slow crossers traveled nearly 60% faster than normal
crossers (t13.4 = 2.9, P = 0.013, Table 1). The total distance traveled during migration differed signiﬁcantly (t10.9 = 3.6, P = 0.004) between
slow and normal crossers (Table 1).
Because caribou from the WAH were the only ones to be classiﬁed
as slow crossers, we also tested for differences in migratory patterns
for slow and normal crossers from the WAH only. Within the WAH,
slow crossers (4 Oct. ± 14.9 days) and normal crossers (1 Oct. ±
16.4 days) did not differ in the dates they ﬁrst came within 15 km
of the road (22 Oct. ± 18.5 days; t 12.3 = 0.3, P = 0.751). Slow
crossers (33.3 ± 17.0 days), however, took signiﬁcantly longer to
cross the road than normal crossers (0.9 ± 0.5 days) within the
WAH (t7.0 = 6.0, P = 0.005). Similarly, the date that slow crossers
crossed the road (8 Nov. ± 7.7 days) was signiﬁcantly later than
when normal crossers did (2 Oct. ± 16.1 days; t8.4 = 5.3, P b 0.001).
Slow crossers from the WAH had signiﬁcantly longer migrations than
normal crossers from the WAH (t12.7 = 2.5, P = 0.026; Table 1).
We observed no differences in movement rates before encountering
the road (t8.5 = 1.0, P = 0.368; Table 1), after encountering the road and
before crossing (t11.9 = 0.5, P = 0.626; Table 1) or after crossing (t12.8 =
1.0, P = 0.345; Table 1) between slow and normal crossers of the WAH.
We also observed no differences between slow and normal crossers in
the distance moved before coming within 15 km of the road (t11.9 =
0.4, P = 0.685; Table 1). The distance moved after ﬁrst coming within
15 km of the road and before crossing was longer for slow crossers
than normal crossers (t7.0 = 5.5, P b 0.001; Table 1). Conversely, after
crossing the road, the distance moved by slow crossers was less than
for normal crossers (t11.1 = 3.1, P = 0.011; Table 1) and slow crossers
wintered signiﬁcantly further south (1712544 ± 53018 m N, Alaska
Albers, North American Datum 1983) than normal crossers (1835129 ±
88697 m; t9.5 = 3.2, P = 0.010).

Table 1
Changes in the average (x) total distance moved (km) and rate of movement (km/h) between caribou classiﬁed as slow and normal crossers before coming within 15 km of the Red Dog
Mine Road (Before), after coming within 15 km of the road but before crossing it (During), after crossing the road (After), and the total length of migration (Total) for the period August 15–
December 15. We present results for normal crossers from all herds combined (All) and from the Western Arctic Herd (WAH) speciﬁcally.
Class

Before

During

Distance

Slow crosser
Normal crosser (All)
Normal crosser (WAH)

Rate

After

Distance

Rate

Total

Distance

Rate

Distance

x

SD

x

SD

x

SD

x

SD

x

SD

x

SD

x

SD

564
747
520

186
226
217

0.53
0.47
0.47

0.17
0.06
0.05

467
45
25

226
50
12

0.69
0.83
0.75

0.20
0.38
0.23

378
344
619

129
254
171

0.52
0.32
0.45

0.17
0.17
0.13

1408
1135
1161

189
155
191
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3.2. Response to a simulated road
The mean time to cross the fake road was 6.2 days (8.03) and was
signiﬁcantly shorter than we observed for caribou that actually crossed
(11.8 ± 16.6) the road (t38.8 = 2.75, P = 0.009). The range of observed
times to cross was also lower for fake road crossers (0–35) than real
crossers (0–60).
3.3. Inﬂuence of extrinsic factors on migration
For our analysis of FPT, there was only one competing model
(i.e., ΔAIC ≤ 2); the full model (Table 2). Caribou movement patterns
were partially explained by environmental attributes, but FPT was
most strongly affected by how far a caribou was from the road, and
whether it was classiﬁed as slow or normal; as indicated by the magnitude of those covariate estimates compared to the others (Table 3). For
animals classiﬁed as slow crossers, FPT increased as they moved closer
to the road, but decreased as animals classiﬁed as normal crossers
moved closer to the road (Table 3). Based on the results of the top FPT
model, prior to crossing the road, normal crossers were 6.3 times
more likely to leave an area with a radius of 3.5 km when they were
5 km from the road than slow crossers, when holding all other variables
constant (Table 3). Overall, normal crossers were 4.9 times more likely
to leave an area with a radius of 3.5 km than a slow crosser, when
holding all other variables constant (Table 3).
The most explanatory environmental variable for FPT was snow
depth, with slow crossers showing evidence for faster FPT (i.e., positive
coefﬁcient) in deep snow than normal crossers (Table 3). Slow crossers
exhibited evidence of shorter FPT for all other environmental coefﬁcients
than normal crossers, except for distance to rivers, where they had
longer FPT the further from rivers they were (Table 3). Most striking
of these results is that, even after taking account of a wide-variety of
environmental variables that could affect FPT, the distance to the road
and whether an individual was classiﬁed as a slow or normal crosser
still were the most explanatory variables of FPT, indicating the strong
role the road played during autumn migration.
Of the 64 models that included factors that might inﬂuence the time
it took a caribou to cross the road, there was only one competing model
(Table 4). The best model contained the terms for Julian day of ﬁrst coming within 15 km of the road (1.86 ± 0.27, β ± SE, P b 0.001), whether
an individual was classiﬁed as a slow crosser (2.49 ± 0.20, P b 0.001),
the average date of ﬁrst snowfall within 15 km of the road (− 1.12 ±
0.36, P = 0.002) and the average modeled snow depth within 15 km
of the road (−1.63 ± 0.43, P b 0.001). The model suggested the number
of days to cross the road was longer the later in autumn the road was
encountered, whether an individual was classiﬁed as a slow crosser,
the shallower the depth of snow, and the earlier the date of ﬁrst snowfall. Even after accounting for other variables that could affect crossing
time, whether an individual was classiﬁed as a slow crosser was still
retained in the ﬁnal model and had the greatest effect on crossing

Table 3
Results of the top ﬁrst passage time model relating environmental variables to the time
required for a caribou to move beyond a radius of 3.5 km from its current position. The
model was built with data from caribou prior to crossing the Red Dog Mine Road. Variables
included in the top models were distance to ﬁrst order rivers (D.River), distance to the
road (D.Road), the presence or absence of dense vegetation (Dense), terrain ruggedness
(VRM), modeled snow depth (SnDepth), elevation, and whether an individual was classiﬁed
as being a slow or normal crosser (Class; where Class = 0 for normal crossers, and Class = 1
for slow crossers). Interactions between variables and caribou classiﬁcation are denoted
by ‘*’. Coefﬁcient estimates related to distance are based on measurements in km.
Variable

Coefﬁcient

SE

P-value

D.River
D.Road
Dense
VRM
Elev
SnDepth
Class
D.River*Class
D.Road*Class
Dense*Class
VRM*Class
SnDepth*Class

0.499
4.539
−0.513
−1.939
−2.875
−1.657
−1.585
−1.244
−5.303
1.109
2.753
3.434

0.486
1.538
0.219
0.431
1.781
1.119
0.403
0.651
1.590
0.446
0.847
1.176

0.304
0.003
0.019
b0.001
0.106
0.138
b0.001
0.056
b0.001
0.013
0.001
0.004

time of any variable. Additionally, the only variable that was retained
in the top ten models was whether an individual was classiﬁed as a
slow or normal crosser (Table 4).
4. Discussion
Maintaining connectivity between seasonally-important ranges can
be vital for the continued viability of migratory populations (Berger,
2004, Bolger et al., 2008). Factors that alter migratory patterns
(Panzacchi et al., 2013, Sawyer et al., 2013) might affect migratory
populations even though migration continues. We observed changes
to movements within the autumn migration of female caribou from
an industrial road, however, connectivity between seasonal ranges
appeared to be maintained. While most caribou did not respond to the
road, the road inﬂuenced the movements of ~30% of collared individuals
(which represents ~ 70,000 caribou based on current population
estimates). Although calculating the actual delay due to the road is
difﬁcult, especially due to confounding factors of timing of ﬁrst encounter, the time between ﬁrst encounter and crossing averaged 33 days.
This is the longest delay reported for either caribou or reindeer
(~5 days, Panzacchi et al., 2013).
Many studies on large mammals have shown that the magnitude of
individual responses to roads increases as the density of roads increases
(Lendrum et al., 2013, Sawyer et al., 2013). Our results suggest, however,
that even a single road can alter movement behavior for some individuals. This is surprising given that the volume of trafﬁc along this road
is low compared to those described in other studies (e.g., N15 vehicles
per hour, Curatolo and Murphy, 1986, Dau and Cameron, 1986,

Table 2
Top 10 models of the ﬁrst passage time analysis of time required for a caribou to move beyond a 3.5 km radius. Models were based on ﬁrst passage time data prior to crossing the Red Dog
Mine Road. Top models included variables for the distance to ﬁrst-order rivers (D.River), distance to the road (D.Road), elevation (Elev), the presence or absence of dense vegetation
(Dense), terrain ruggedness (VRM) and whether an animal was classiﬁed as being a slow or normal crosser (Class; where Class = 0 for normal crossers, and Class = 1 for slow crossers).
Interactions between variables and caribou classiﬁcation are denoted by ‘*’. Main effects were included in all cases where the covariate included an interaction.
Model

AICc

ΔAICc

wi

D2River*Class + D2Road*Class + Elev*Class + SnDepth*Class + VRM*Class + Dense*Class
D2River*Class + D2Road*Class + Elev*Class + SnDepth*Class + VRM*Class
D2River*Class + D2Road*Class + Elev*Class + SnDepth*Class + VRM*Class + Dense
D2River + D2Road*Class + Elev*Class + SnDepth*Class + VRM*Class + Dense*Class
D2Road*Class + Elev*Class + SnDepth*Class + VRM*Class + Dense*Class
D2River + D2Road*Class + Elev*Class + SnDepth*Class + VRM*Class
D2Road*Class + Elev*Class + SnDepth*Class + VRM*Class
D2River + D2Road*Class + Elev*Class + SnDepth*Class + VRM*Class Dense
D2Road*Class + Elev*Class + SnDepth*Class + VRM*Class + Dense
D2River*Class + D2Road*Class + Elev*Class + SnDepth*Class + VRM + Dense*Class

9738.0
9741.6
9743.7
9744.9
9745.9
9748.2
9749.9
9750.1
9751.9
9752.0

0.0
3.6
5.7
6.9
7.9
10.1
11.9
12.1
13.9
14.0

0.78
0.13
0.05
0.03
0.02
0.01
0.00
0.00
0.00
0.00
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Table 4
Top 10 models of factors that inﬂuence the number of days for a caribou to cross the road.
Top models included variables for the Julian day caribou ﬁrst came within 15 km of
the road (JD), the herd a caribou was a member of (Herd), whether an individual was
classiﬁed as being a slow or normal crosser (Class; where Class = 1 for normal crossers,
and Class = 0 for slow crossers), the distance from the road the individual began its
migration from (D2Road), the average date of ﬁrst snowfall within 15 km of the road
(SnDate), and the average modeled snow depth within 15 km of the road on the date an
individual ﬁrst came within 15 km of the road (SnDepth).
Model

AICc

ΔAICc

wi

Class + JD + SnDate + SnDepth
Class + JD + SnDate + SnDepth + D2Road
Class + Herd + JD + SnDate + SnDepth
Class + JD + SnDepth
Class + Herd + JD + SnDate + SnDepth + D2Road
Class + JD + D2road + SnDepth
Class + JD
Class + Herd + JD + SnDepth
Class + JD + D2Road
Class + Herd + SnDate + SnDepth

180.8
184.0
184.0
186.8
187.5
188.9
189.1
189.6
190.0
190.5

0.0
3.1
3.2
6.0
6.7
8.1
8.2
8.8
9.2
59.7

0.63
0.13
0.13
0.03
0.02
0.01
0.00
0.00
0.00
0.00

Murphy and Curatolo, 1987) and the mine has instituted measures to
halt trafﬁc along the road when caribou are on or near the road. One
notable difference between this road and others may be the regularity
and extreme size of most of the trafﬁc; other studies have shown that
trafﬁc level is a signiﬁcant factor in inﬂuencing behavior near roads
(e.g. Curatolo and Murphy, 1986, Dyer et al., 2002).
We are not sure what caused certain individuals to delay their
crossing of the road while others appeared to show no changes to their
migration. Individual differences in the response to infrastructure have
been previously documented for caribou in Alaska and appear to be the
result of different life history conditions. For example, Cameron et al.
(2005) found that parturient females exhibited stronger avoidance of industrial infrastructure in northern Alaska than non-parturient females
and males. It could be possible that, for at least some caribou, delayed
movement was in response to other caribou that responded to the road
and not an inherent response to the road per se. Social cues could lead
to individuals responding to road disturbance, albeit indirect, at distances
greater than 15 km. If something happens to the leaders of migration,
those following will respond by altering their migration route (Padilla,
2010, Miller et al., 1972). In a recent model, Guttal and Couzin (2011)
found that most migratory species use social cues to determine migration
direction and that only a few individuals determine where to migrate.
Thus, migratory behavior of caribou could be largely driven by a few individuals responding to the road directly, with the majority of others
responding to the behavior of those individuals. Indeed, the zone of inﬂuence (Boulanger et al., 2012) may vary by herd as well as time of year,
where it is encountered, and the type of disturbance stimulus.
It is curious that we only observed slow crossers during one year
(i.e., 2011) of the study. This could suggest that some other lurking
variable is causing the movement patterns we observed, however, we
controlled for a variety of environmental variables and still the road
remained the most signiﬁcant explanatory variable. Our pseudocontrol experiment also showed a strong difference in time to cross a
fake road compared to caribou encountering a real road. If the effect
was due to some lurking environmental variable, we would likely not
have seen this difference. Another possible explanation is that we just
did not collar enough individuals each year to obtain a sample of slow
crossers, especially given that they appear to be less frequent than
normal crossers. Given that our annual sample of individuals in the
WAH represents approximately 0.0009% of the population, and the
migration route that intersects the road is not the core migration
route for the population, this explanation seems possible.
Alternatively, research into animal behavior continues to ﬁnd strong
evidence for individual (Darrow and Shivik, 2009, Bergvall et al., 2011)
and context-dependent (Coleman and Wilson, 1998, Visalberghi and
Addessi, 2000) differences in behavior. This result does suggest that
the effects of infrastructure on caribou migration might not be constant
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(as most studies imply; Johnson et al., 2005, Boulanger et al., 2012) and
vary from year to year given the context the road is encountered. This
result is certainly one that elicits further investigation to determine
why the road only affects movement in certain years because it does
not appear to be inﬂuenced by environmental conditions or annual
variation in snowfall. It is also interesting that we observed differences
in responses of slow and normal crossers to environmental factors,
although this is likely related to the fact that movement is already
affected by the road and not an inherent movement trait of slow
crossers.
Caribou in the TCH were unaffected by the road in our analysis.
Caribou in the TCH might have had greater experience with industrial development on the eastern portion of their range (Person et al., 2007) than
caribou in the WAH and thus were less sensitive to the road, despite the
lack of data to corroborate habituation in other studies (Haskell and
Ballard, 2008). The potential for herd-based differences may also explain
the higher crossing success observed in some studies on the Central Arctic
Herd (e.g. Curatolo and Murphy, 1986), however the different seasons
and different factors (e.g. insect harassment) inﬂuencing caribou in
those seasons may be more explanatory.
This study highlights the importance of observing a caribou's entire
migration path to assess behavior towards roads and other forms of
infrastructure. In many earlier studies of caribou responses to roads
(e.g., Fancy, 1983, Smith and Cameron, 1985), observations were
typically made from or adjacent to roadways. Given our results, caribou
could have shown responses to the road at larger scales before being
classiﬁed as having successfully crossed the road. Indeed, the importance of scale in assessing responses of caribou to infrastructure has
been previously noted (Vistnes and Nellemann, 2008) and these results
provide additional support for their conclusions.
Aside from the potential effects to caribou populations in northern
Alaska, additional development could alter the important relationship between caribou and rural communities (Wolfe and Walker, 1987). Even
though the northwestern coast of Alaska is not a major autumn migration
corridor for either herd studied (Person et al., 2007; Dau, 2013), communities adjacent to this corridor could still be affected by changes in caribou
distribution and timing of movements even if the majority of the herd is
not. The faster movement speeds we observed for slow crossers after
crossing the road could also decrease the amount of time caribou are
available to harvest for communities beyond any infrastructure. Additionally, if other roads are built in the region perpendicular to caribou migration routes (Wilson et al., 2014), more communities might experience the
effects of altered caribou migrations. It is unclear if there are populationlevel effects from the road for either caribou herd studied. Of the seven
large (N30,000) caribou herds in Alaska, four herds have infrequent contact with major roads (WAH, TCH, Porcupine Herd, Mulchatna Herd), and
three have regular contact, often including a large proportion of the individuals in the herd (Central Arctic, Nelchina, Fortymile). Of the herds that
do have signiﬁcant seasonal interactions with roads, in each case, connectivity between seasonal ranges appears to be maintained (Boertje et al.,
2012, Arthur and Del Vecchio, 2009), although responses of individuals
to the road (as in our study) have not been undertaken. Our results suggest, however, that there might be herd-speciﬁc responses to roads encountered during migration. Therefore, simply ﬁnding no effect of roads
on one herd does not imply that an effect will not exist on another.
Our results serve as a cautionary note for future development in the
region, especially if these developments bisect migration corridors used
by a greater proportion of the herd. Developers and resource managers
should consider the full suite of effects a road could have on migration
and not simply whether animals will cross or not. Other studies on the
effects of roads and other linear features on migration typically only
consider the level of avoidance of these features (e.g., Curatolo and
Murphy, 1986, Dau and Cameron, 1986, Murphy and Curatolo, 1987).
While avoidance is an important aspect of the effects of roads on populations, our results show the importance of other factors, such as how
long individuals are delayed in crossing and increased movements,
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when assessing the inﬂuence of development infrastructure on wildlife
populations. Future research should focus on the effects of delayed
migration on individual survival and reproductive potential as well as
what factors delay migration for some individuals and not others.
Additionally, future research should attempt to understand why
delayed crossing is not observed every year or every herd. Finally, this
analysis provides a framework for evaluating the movement behavior
of other caribou herds that encounter roads during migration.
Supplementary data to this article can be found online at http://dx.doi.
org/10.1016/j.biocon.2015.12.035.
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