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a b s t r a c t
The trade-off between predator avoidance and foraging is a key decision making factor that shapes an
organism’s adaptive behaviour and movement patterns. Human hunters act as top predators to inﬂuence
the behaviour of free-ranging mammals, including large carnivorous species such as black bears (Ursus
americanus). Analysing the effects of hunting on animal behavioural patterns is essential for understanding the extent to which animals detect and respond to human-induced disturbances. To this end, we
assessed whether black bear movement behaviour changed with varying risk from spatially and temporally heterogeneous human predation. Levels of risk were categorized as either low (disturbance from
dog training; n = 19 bears) or high (disturbance from hunting activities; n = 11 bears). Road types were
either paved (risk due to vehicles) or non-paved (risk due to hunters) and were used as proxies for hunting effort and amount of disturbance. We began by testing the null hypothesis that bears’ distribution
before the onset of human disturbance is spatially random. Next, to test temporal movement adjustment
between the low and high risk levels, we measured the distance to the nearest road and the road crossing
frequency using mixed effects models with risk level, time of day and sex as predictor variables.
As disturbance near non-paved roads increased due to the start of the hunting activity, the mean distances of bears to non-paved roads increased while the mean distances of bears to paved roads decreased,
despite the continual risk of vehicle collision. These behavioural responses were observed during day and
night, with the frequency of crossing paved roads at night ﬁve times greater than in daytime during the
hunting season.
Our ﬁndings demonstrate that black bears are able to detect risky places and adjust their spatial movements accordingly. More speciﬁcally, bears can perceive changes in the level of risk from human hunting
activities on a ﬁne temporal scale.
© 2015 Elsevier B.V. All rights reserved.

1. Introduction
Predators in general and hunters in speciﬁc play a crucial role
in shaping ecosystem dynamics through top-down regulation of
prey populations, which induces cascading effects and behavioural
responses from species at lower trophic levels (Basille et al.,
2013; Beauchesne et al., 2013; Gervasi et al., 2013; Kuijper et al.,
2013). Movement behaviour of prey species is often shaped by
trade-offs between predator avoidance and foraging opportunities.
Early theories about optimal foraging predicted that foraging is an
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independent activity and is maximized relative to energy intake
(Charnov, 1976; Pyke et al., 1977). However, foraging animals have
to consider variations in risk levels, e.g. risk due to predation;
thus, optimal foraging is a theoretical construct (Pierce and Ollason,
1987). Even nonlethal stimuli such as the presence of a predator can
modify prey behaviour (Walther, 1969; Brown et al., 1999).
In contrast to optimal foraging theory, the risk allocation
hypothesis (Lima and Bednekoff, 1999) describes how predator
avoidance due to temporal variation in predation risk can lead
to variation in feeding allocation. For example, in high risk situations, predator avoidance behaviour (i.e. vigilance) decreases
foraging success and energy intake, however, prey will compensate by increasing feeding in low risk times (Lima and Bednekoff,
1999). The response towards a predator at a given time depends
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on multiple factors: previous experiences and the spatio-temporal
context in which the risk varies (Lima and Bednekoff, 1999). However, prey animals need to know if they are in a risky situation (Sih
et al., 2000) and therefore need pre-exposure time to learn about
the risk (Ferrari et al., 2009). Previous research revealed that elk
(Cervus elaphus) are able to distinguish between two different spatial risk levels due to wolves and avoids high risk areas (Creel et al.,
2005). This suggests that studies of antipredator behaviour need
to incorporate spatio-temporal variation in risk within the study
area (Creel et al., 2005, 2008). Modiﬁcations of feeding behaviour
to avoid predation risk have also been observed in bank voles (Myodes glareolus) responding to mustelids (Borowski and Owadowska,
2010) and greater kudus (Tragelaphus strepsiceros) responding to
lions (Panthera leo) (Periquet et al., 2010).
Human activities can also disturb wildlife and result in a
behavioural response similar to predator avoidance (Frid and
Dill, 2002; Valeix et al., 2012). For example, hunting has caused
behavioural responses in roe deer (Capreolus capreolus) similar to
what was described by the risk allocation hypothesis (Benhaiem
et al., 2008). For large carnivores, the main source of mortality is
from hunting by humans (Pelton, 2003). Carnivores such as the
Eurasian lynx (Lynx lynx) (Basille et al., 2013) and brown bear (Ursus
arctos) (Ordiz et al., 2011, 2012) that are usually predators adopted
a prey-like response when hunted. Human hunters are unique top
predators as they are bound to hunting regulations that provide
temporal variation due to times of day and year when hunting
is permitted and spatial variations in risk which might be predictable for animals. Large carnivores are only hunted by humans
and typically have no other predators which might inﬂuence their
behaviour. It is currently unknown whether carnivores are able to
distinguish differences in risk levels at ﬁne spatio-temporal scales
(e.g. risk only during the day or only in certain parts of their home
range). Hence, we used human hunting activities (as a “predatory
activity”) and their impact on a large carnivore such as the black
bear (Ursus americanus) to better understand animals’ response
to variations in predation risk. It is often difﬁcult to discern the
effects of human activities on free-ranging wildlife populations.
Previous studies that analysed human–carnivore interactions often
used roads as a proxy for human presence and disturbance (Basille
et al., 2013). Speciﬁcally, studies regarding bears demonstrated
that areas close to paved roads resulted in increased vehicle collision risk, increased step length in movement paths (Fecske et al.,
2002; Chruszcz et al., 2003; Graham et al., 2010; Roever et al., 2010)
or were used as home range boundaries and crossed infrequently
(Kaczensky et al., 1996; Lewis et al., 2011). In contrast, non-paved
roads received fewer vehicles and were crossed more frequently
than high trafﬁc roads (Graham et al., 2010; Chruszcz et al., 2003).
Female bears with cubs tended to select habitats with lower highway densities (Fecske et al., 2002), however, as human recreational
activities increased, bears selected areas further from non-paved
roads (Bridges et al., 2004; Reynolds-Hogland and Mitchell, 2007).
We studied movement behaviour of radio collared black bears
in the Upper Peninsula of Michigan, USA (Fig. 1(A)) using distance
to roads and road crossing frequency during the hunting season
as a proxy for disturbance avoidance behaviour. Hunters in this
area typically use non-paved roads to detect bear tracks, thus,
the presence of humans on these non-paved roads (risky places)
is increased during hunting hours, i.e. risky time (Creel et al.,
2008; Personal communication, Craig Albright, wildlife biologist at
Michigan Department for Natural Resources (MDNR)). Non-paved
roads that are used by hunters present an increased mortality risk
especially for male bears, because males are preferred by hunters
and leave more tracks due to greater movement rated (Bischof
et al., 2008; Litvaitis and Kane, 1994; Malcolm and Van Deelen,
2010). In our study area male bears made up a higher percentage
of the hunting bag than females (55% males, 45% females; Fig. S1,
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unpublished data, MDNR). This discrepancy may be attributable to
the law against killing bear cubs or any female bear accompanied
by a cub (MDNR, 2012). Outside of the hunting season, the nonpaved roads within the study area are used less frequently by a few
residents or recreationists. In contrast to non-paved roads, paved
roads are used by humans year-round (Personal communication,
Craig Albright, wildlife biologist, MDNR) and present a mortality
risk due to vehicle collision. However, the number of road kills
in the study area is low (eight bears killed by vehicles from 2009
to 2011 compared to 590 killed by hunters (MDNR), unpublished
data), which might be a result of paved-road avoidance as reported
in other studies (Reynolds-Hogland and Mitchell, 2007; Roever
et al., 2010; Chruszcz et al., 2003; Kaczensky et al., 1996; Lewis
et al., 2011). Therefore, bear movement behaviour in relation to
paved and non-paved roads is a useful proxy to test how bears
change their behaviour when human-induced risk varies.
We designed a set of statistical models to test how the presence
of hunters affects bear movements when hunters train their dogs
for bear hunting (DT) and during bear hunting with dogs (DH;). As
dog training could be interpreted as low disturbance, the objectively greater disturbance occurs during bear hunting activity. An
increase in risk intensity during hunting is likely to be subjectively
perceived by bears because “operational hunter density” is likely
greater and of longer duration since hunters are attempting to harvest bears. We wanted to understand ﬁne-scaled behaviour and
therefore it is important to distinguish between different amounts
of disturbance. Additionally, hunters are legally present only during the day, so the risk would be greater during the day than at
night.
We hypothesized that bears adjust their movement behaviour
spatially and temporally to reduce human-induced disturbance.
We predicted that (1) before the onset of perceived disturbance,
bears would avoid areas close to paved roads but behave indifferent towards non-paved roads within their home range; (2) with
the start of increased disturbance, bears would increase distance
from non-paved roads to avoid hunters and their dogs, (3) bears
would decrease the frequency at which they cross paved and nonpaved roads during high risk periods and preferentially cross roads
at night when hunters are absent; and (4) males would show a
stronger response than females as hunting is biased towards males
(Belant et al., 2011; Ordiz et al., 2012).

2. Methods
2.1. Study area and hunting procedure
The study was conducted in a 1343 km2 area within Delta and
Menominee counties in the Upper Peninsula of Michigan, USA
(45◦ 27 N, 87◦ 28 W, Fig. 1(A); Duquette et al., 2014; Svoboda et al.,
2011). This area consists mainly of private- and state-owned forests
comprised of upland and lowland deciduous trees (e.g. maple Acer
spp. and beech Betula spp.), lowland conifer swamps, upland conifer
stands (e.g. pine Pinus spp., spruce Picea spp.), aspen stands (Populus
spp.), wetlands, and occasional patches of berry-producing shrubs
(e.g. raspberries Rubus spp. and blueberries Vaccinium spp.). The
remaining area is pasture or cultivated land including corn, hay,
oats, and barley. The study area is bordered on the east by Lake
Michigan and in remaining directions by major roads.
The Michigan Department of Natural Resources (DNR) regulates
the timing of dog training and hunting and allocates a deﬁned
number of bear harvest licenses each year (MDNR, 2012). There
is only one bear hunting season in fall and a deer hunting season in fall which starts after the observation period of our study
(25 October). Training of dogs to pursue bears occurs annually
beginning 8 July and continues until bear hunting starts. Set up
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Fig. 1. Study area of black bear research conducted in the Upper Peninsula of Michigan, USA, 2009–2011. (A) The black line displays the border of the study area, comprising
1343 km2 in Delta and Menominee counties. (B) GPS locations of black bears (10,490 locations). The study border was chosen to ensure that each location was surrounded
by at least one road of each type. (C) All roads included in analyses: non-paved roads more likely used by hunters are grey; paved roads are black.

of bait stations is allowed 31 days before hunting starts. Hunting
bears without dogs begins 10th September while hunting with dogs
begins 15th September and both continue through 31st October.
Dog training and hunting occurs from 30 min before sunrise to
30 min after sunset. Most bears occur in the eastern part of the study
area (Fig. 1(C)) where the non-paved roads are used daily during
the hunting season, but used infrequently during the remainder
of the year (Personal communication, Craig Albright, MDNR). The
density of non-paved roads is greater than the density of paved
roads (Fig. 1(B)), especially in the eastern part. Consequently, the
maximum distances possible for bear locations around non-paved
roads are more limited than for paved roads (Fig. S2).
2.2. Deﬁnition of control and impact periods
As black bear energy requirements and food availability during dog training (summer) and hunting (autumn) activity vary, we
analysed the impact of hunters on bear movement separately for
each of these risk levels. During hyperphagia in autumn, a period of
excessive eating to gain fat for hibernation (Nelson et al., 1983), bear
movements might differ from movements during summer. Thus,
we were unable to include a completely independent non-risk level
in the analysis as a control. Instead, we deﬁned a pre-adjustment
period (Ferrari et al., 2009) that included the beginning of a new
risk level when bears are not yet aware of the new risk. To determine the duration of the pre-adjustment period, we analysed an
independent dataset including the daily number of harvested bears
throughout the time-span when hunting activity occurred (Michigan DNR, unpublished data). We observed that the daily number
of harvested bears was greater in the ﬁrst four days of the hunting time than in the following six days (ANOVA, p < 0.001, F = 52.17,
n = 490, Fig. S1). The pre-analysis of distance to road of bears that
survived the hunting period showed an effect after four days so
that we assumed that the four day period is a good estimator (Fig.

S1.2). Within each risk level (i.e. dog training and hunting) we compared the ﬁrst four days (early period, E) when the animal has likely
not adjusted to the new risk (i.e. control) with the six days immediately following (late period, L). We deﬁned time periods with
low risk (early dog training [EDT; 8–11 July] and late dog training
[LDT; 12–17 July]) and high risk (early dog hunting [EDH; 15–18
September] and late dog hunting [LDH; 19–24 September]). Day
(D) and night (N) were deﬁned as the times of hunters’ presence
and absence, respectively, based on legal hunting hours.
2.3. Data collection and preparation
Information on road location was downloaded from the Michigan Geodatabase library (http://www.mcgi.state.mi.us/mgdl/). As
hunters typically used non-paved (e.g. gravel, sand, dirt) roads during dog training and hunting, all roads within the study area were
driven and categorized as paved or non-paved road types using ESRI
ArcMap 9.3.1 (Redlands, California, USA).
2.4. Ethical statement and trapping procedure
The authority and regulatory body for all work was the Michigan
DNR. Field studies did not involve endangered or protected species.
This research was approved by the Mississippi State University
Institutional Animal Care and Use Committee (protocol 09-004).
We captured bears from May to July 2009–2011 throughout the
year using spring-activated foot snares (Aldrich Animal Trap Co.,
Clallam Bay, WA, USA), including modiﬁcations to reduce potential injuries (Johnson and Pelton, 1980) and barrel traps (Kohn,
1982) baited with doughnuts or other confectionary products.
Traps were checked 1–2 times daily. Bears were immobilized with
7 mg/kg Telazol (1:1 mixture of tiletamine hydrochloride [HCL]
and zolazepam HCL; Fort Dodge Animal Health, Fort Dodge, Iowa,
USA) delivered intramuscularly with a dart pistol or pole syringe by
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qualiﬁed staff members (White et al., 1996). All captured animals
were weighed, sexed, their health status assessed (including tooth
damage or injuries by traps) and vital functions were observed
throughout the immobilization procedure. We attached global
positioning system collars (GPS; model 7000MU, Lotek Engineering, Newmarket, ON, Canada; approximate weight: 950 g, <2% of the
bears’ body weight) programmed to obtain a location every 15 min
and eartags for identiﬁcation as study animals after collar release.
Some bears were recaptured or the collar was replaced in the den
so that some individuals were monitored for more than one year
(Table S1). Bears were released at their respective capture locations. Collected locations were downloaded from the collars two
times per week using aerial telemetry and imported into ArcMap.
2.5. Data analysis
First, we created a balanced dataset of the bear telemetry locations to avoid overrepresentation of single individuals (sampling
bias) and reduce potential problems with spatial autocorrelation
(Barbet-Massin et al., 2012; Hertzog et al., 2014). We reduced the
number of bear locations to an equal number of locations per black
bear by drawing a random sample of the same number of locations for each individual during each period and risk level and for
day and night (Table S1). Random sampling ensures that data are
representative and not autocorrelated (Fieberg, 2007a, 2007b). To
ensure that the reduction of the dataset did not result in a loss of
information, we also conducted all analyses with the full dataset
(results and comments can be found in the Supplementary material, Table S3). We analysed the location data using R statistical
software V. 2.14.1 (R-Development-Core-Team, 2011) on a spatial
and temporal level.
2.5.1. Spatial level analysis
We tested whether bear behaviour was indifferent towards
paved and non-paved roads before the onset of perceived disturbance (early period, control) (prediction 1) by means of a habitat
selection framework. We followed a use vs. availability approach
and calculated a resource selection function, a statistical model
which compares the use of habitat factors by the animal with the
availability of the respective factors (Boyce, 2006; Johnson, 1980;
Manly et al., 2002; Legendre, 1993). We compared bear locations
and artiﬁcial locations in the respective early periods of each risk
level separately. This allows for the simulation of random space use
and movement (Martin et al., 2008). We ﬁrst distributed random
locations within each bear’s 100% minimum convex polygon (MCP)
(Mohr, 1947) for each early period and time of day (MCP for EDT D,
EDT N, EDH D, EDH N). The number of random locations was the
same as the number of bear locations (Table S1).
As independent explanatory variables for the four different
models, we calculated (i) distance to nearest paved and (ii) nonpaved road using ArcGIS 9.3.1 Proximity Analysis-Near-tool and
(iii) paved and (iv) non-paved road crossing frequency for all bears
and random locations. Even though random locations were created
within bear MCPs, the distance to road analysis was not restricted
to this MCP but included roads which were further away. We used
MCPs only to delineate areas in which to create random points. For
the latter we created a movement path from consecutive locations
using Hawth’s tools (Beyer, 2004), following a sequence of time for
the bear locations and a random connection of points for the randomly selected locations. Since we used the reduced dataset with
a balanced number of points for each bear, the number of potential
crossings was also balanced. When the path between two location
points intersected a road (intersection command in ArcGIS 9.3.1),
we deﬁned it as crossing. We counted the number of crossings for
each individual within each period and risk level and used this as
crossing frequency. Since a randomly created path might not be
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representative for a proper movement path, we also repeated this
analysis with rotated bear tracks, thereby keeping bears’ realized
movement trajectories which creates for biologically meaningful
tracks in an available area (Martin et al., 2008, 2009). Distance
to nearest road type and road crossing frequencies were used as
independent or explanatory variables in separate generalized linear mixed models (GLMMs). As GLMMs require linearity of data, we
explored the shape of the response for each independent variable
before ﬁtting them into the ﬁnal equations (Austin, 2002; Wood,
2006). To do this, we built generalized additive models (GAMs)
(Hastie and Tibshirani, 1990) with binomial error structure using
black bear locations vs. random points as the response or dependent
variable and ﬁtted smoothing splines with three knots to model
each ﬁxed effect (R-package mgcv; Wood, 2006). To not violate the
linearity requirements of the GLMM framework, non-linear variables were then turned into suitable parametric terms guided by
visual inspection of the partial residual plots in accordance with
GAM results (Table S2, Fig. S3; Crawley, 2005; Klar et al., 2008;
Wood, 2006). We ﬁtted possible variable combinations (Table S2
[1]) using GLMMs with logit link, binomial error structure and
bear individual identiﬁer (Bear-ID) and “year” as random effects
to ensure that repeated measures of individuals or differences in
the home range did not inﬂuence the analysis (R package lme4,
Duquette et al., 2014; Gillies et al., 2006).
2.5.2. Temporal risk level analysis
We compared bear locations within DT and DH temporally to
detect whether bears changed distance to road or road crossing
frequency in response to changes in risk levels in early and late
periods of dog training and dog hunting periods (i.e. EDT vs. LDT
and EDH vs. LDH). Note that we could not directly compare the two
risk levels (i.e. DT and DH) due to potential different movement patterns during hyperphagia (cf. chapter 2: Deﬁnition of control and
impact periods). We tested whether our four numerical independent response variables (distance to paved and non-paved roads
and frequency of crossing the two road types) differed among the
independent variable periods (early and late, categorical), time of
day (day and night, categorical) and sex (categorical) (predictions
2–5). Since the spatial distribution of road types is heterogeneous
within the study area (Fig. S2), we tested responses towards the two
road types in separate model sets. We accounted for sex in our analyses because behaviour and home range use differs between male
and female bears (Koehler and Pierce, 2003; Lewis and Rachlow,
2011). Individual and year effects were included as random terms,
because some individuals were tracked throughout different years
(Table S1). We ﬁrst checked the dependent response variables for
normality and then ﬁtted liner mixed models (LMMs) for the distance to road types. For frequency of crossing non-paved and paved
roads, we ﬁtted GLMMs with Poisson error structure (Table S2 [2]).
We based movement behaviour analyses on information-theoretic
methods that included a priori speciﬁcation and mathematical
formulation of different hypotheses (Kuijper et al., 2013). We developed 10 candidate models (Table S2 [2]) for black bear movement
guided by our four predictions.
2.6. Model selection and evaluation
Model selection was based on Akaike’s Information Criterion
(Boyce et al., 2002) corrected for small sample size (AICc) and
Akaike weights (AICc weights; Fieberg, 2007a, 2007b; Kuijper
et al., 2013). We selected the best model for each analysis part
(spatial and temporal) and road type for hypothesis testing and
plotted residuals vs. ﬁtted values to test for heteroscedasticity.
We calculated Shapiro–Wilk test for normality (Table S4). In case
of distance road (LMMs) the number of locations is so high that a
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Table 1
Best supported models with signiﬁcant variables and estimates for the a priori spatial home range analysis (1), comparing bear and random locations in the early dog training
(EDT) and early dog hunting (EDH) period for behaviour towards different road types (control). The dataset included a balanced number of collected GPS locations for 19
bears in the DT and 11 bears in the DH risk level and the same number of random points. For the road crossing frequency we repeated the analysis with a comparison between
an original bear track from the full dataset and a rotation of the track. The tested variables were road type NP = non-paved and P = paved road, time of day and sex. The +
indicates the sign of the estimate, i.e. crossing frequency was lower for bears in the early (control) periods in contrast to a frequency based on a random track.
Period

Best models

AICca

Weight

Estimates

SE

1
1

1.49e−08
1.490e−08

2.294e−02
7.107e−02

Selected models for road crossing frequency (bear vs. random track)
EDT
NP, P
34.9
EDH
NP, P
54.5

0.37
0.54

NP: 0.32, P: 0.32
NP: 0.17, P: 0.28

NP: 0.19, P: 0.21
NP: 0.07, P: 0.15

Selected models for road crossing frequency (bear vs. rotated track)
P
113.7
EDT
Intercept only
67.6
EDH

0.72
0.47

P: 0.203
0.00

P: 0.109
0.301

Selected models for distance to road type (bear vs. random)
Intercept only
EDT
Intercept only
EDH

a

10,541.8
1104.0

Akaike’s Information Criterion adjusted for small sample size.

normal distribution (p-value above 0.05) is unlikely. Therefore, we
referred to the test statistics value “w” instead of using the p-value.
3. Results
We captured, immobilized, and attached radio collars to 58 black
bears. Usable data was obtained from 19 bears (12 males, 7 females
two of those had cubs) during low-risk dog training (DT) and 11
bears (6 males, 5 females, one female had cubs) during high-risk
dog hunting (DH), with a total of 10,490 locations after balancing
the dataset (Table S1). The residuals of all models were normally
distributed, besides models that compare bear data with random
tracks (Table S4).
3.1. Distance to road
3.1.1. Spatial level analysis
The distance of bear locations (use) and random locations (availability) to both road types was similar during EDT and EDH because

the intercept only model was the best supported model (Fig. 3(1)
and Table 1). Thus, bears were indifferent to roads before the
onset of perceived disturbance, supporting the prediction that areas
closer to roads would not be avoided during the early periods of
each risk level (prediction 1).
3.1.2. Temporal risk level analysis
The best supported models for black bears during DT for distance
to non-paved and paved roads included sex and an interaction of
period and time of day (Table 2, Fig. 3(2), and Table S5). As risk
increased (i.e. during the day and the late period), bears increased
their distance to non-paved roads by about 20% (from about 500 to
600 m) while they decreased their distance to paved roads (from
>2000 to < 1500 m) (Fig. 2(A)). Males and females were located at
similar distances from paved roads, but variation among females
was less. Also, females were further from non-paved roads than
males (Fig. 2(A)), but the effect of sex was low (Fig. S5)
The best supported models for black bears during DH included
sex and the interaction of period and time of day for non-paved and

Table 2
Best supported models of the temporal analyses (2) explaining distance to road types and frequency of road type crossings of black bears during the period of training dogs
for hunting (DT, summer) and the dog hunting period (DH, autumn) in Michigan, USA, 2009–2011. Variables used in models were period (early and late DT, early and late
DH), time of day (day is when hunter are present and night when hunters are absent) and sex.
Period

Road type

Model selection for distance to road
DT
Non-paved
Paved
DH

Non-paved
Paved

Model selection for frequency of road crossing
DT
Non-paved

Paved

DH

Non-paved

Paved

Best models

AICc

AICc

Weight

Period × time of day + sex
Period × time of day + sex

135,674.99
155,379.25

–
–

1.00
0.96

Period × time of day + sex
Period × time of day + sex

14,325.26
15,580.74

–
–

0.97
1.00

Period × time of day + sex
Time of day + sex
Period + time of day + sex
Period × time of day
Period × time of day
Period × time of day + sex
Period
Period + sex

216.83
217.77
218.08
218.73
137.82
138.39
138.45
138.87

–
0.94
1.25
1.9
–
0.57
0.62
1.05

0.34
0.21
0.18
0.13
0.29
0.22
0.21
0.17

Intercept
Sex
Time of day
Time of day + sex
Period
Time of day
Period × time of day
Time of day + sex

106.50
107.16
107.39
108.19
108.39
57.11
57.33
58.74

–
0.66
0.89
1.68
1.88
–
0.21
1.63

0.25
0.18
0.16
0.11
0.10
0.31
0.28
0.14

Models are selected according to Akaike’s Information Criterion adjusted for small sample size (AICc), the difference in AICc from best ﬁtting model (AICc) and model
weight (w).
Only models with AICc scores ≤ 2 are included, the best models are in bold.
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Fig. 2. Predicted distance to roads (A and B) and frequency of road crossings (C and D) by black bears in the Upper Peninsula of Michigan, USA, according to the best linear
mixed (A and B) and generalized linear mixed (C and D) model. Filled symbols represent the predictions for paved roads; empty symbols represent non-paved roads. Circles
represent females, triangles represent males, and squares are used when no sex difference occurred. EDT (early dog training), LDT (late dog training), EDH (early dog hunting)
and LDH (late dog hunting) are the observation periods. D and N represent day and night, respectively.

paved roads (Table 2 and Fig. 2). Bears moved about 100–200 m
further away from non-paved roads and about 100–200 m closer
to paved roads in the late period of DH. The distance to paved
roads was greater during the day than at night. In contrast to DT,
females were closer to both paved and non-paved roads than males
(Fig. 2(B)). As risk increased from the DT to the DH period, black
bears incrementally increased their distances to non-paved roads
and decreased their distances to paved roads, with males responding stronger than females.
3.2. Road crossing frequency
3.2.1. Spatial level analysis
If the actual bear track is compared to a rotated track of the
same individual, only paved within EDT, roads were negatively
associated with bear tracks (Table 1). That means that bears have
a speciﬁc road crossing behaviour for paved roads and cross them
less often than the artiﬁcial track but behave indifferent towards
non paved roads (Fig. 3(1) and Table 1). The best models for EDT
and EDH comparing bears and random created tracks contained
paved and non-paved roads as explanatory variables. Overall, road
crossing frequency was negatively associated with bear locations,
which means that bears in the early (control) period crossed roads
less often than to be expected from a random track (Fig. 3(1),
Table 1).
3.2.2. Temporal risk level analysis
The best supported model for frequency of crossing non-paved
roads during DT included sex and the interaction of period and
time of day. During the late period, bears shifted their activity to
night when hunters were absent, i.e. crossings occurred more often
during the night. Other suitable models (AIC < 2) contained time

of day as an important predictor variable (Table 2). The best supported model for paved roads included period and time of day but
not sex. Black bears crossed paved roads more frequently in the
late period when perceiving risk in contrast to avoiding crossing
paved roads in the early period (control). Additionally, the number
of non-paved crossings increased with a higher frequency in males
(Fig. 2(C)). The most parsimonious model for DH included no signiﬁcant variables for non-paved roads, but time of day was in the
best supported model for paved roads. Overall, bears adjusted their
behaviour during DH by increasing paved road crossings four-fold
at night (Fig. 2(D)).
4. Discussion
We assessed movements of a large carnivore becoming prey
through varying levels of disturbance from human activities such
as dog training and hunting with dogs. We demonstrated that: (1)
in periods without perceived disturbance the distance to road was
indifferent, but crossing of paved roads was low; (2) during periods
with disturbance due to dog training and hunting with dogs, bears
increased their distance from risky non-paved roads which resulted
in decreased distance to less risky paved roads; (3) males were
found closer to non-paved roads during dog training than females,
but were further away during dog hunting; (4) bears increased the
number of crossings of both road types during a higher risk time
period and bears crossed both road types more frequently at night.
4.1. Habitat selection before risk perception
We followed a use vs. availability approach (Boyce et al., 2002)
to assess whether bear behaviour towards roads was already selective at the beginning of each early period or if road avoidance was
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Fig. 3. Overview over analysis design and results of the statistical models testing black bear response to different disturbance levels. (1) describes the spatial analysis where
we compare bear data with random locations and rotations of the original bear track during early dog training (EDT) and early dog hunting (EDH). (2) shows a temporal
analysis where we compare bear behaviour towards roads between early and late DT and between early and late DH. Lines within the images represent different road types,
e.g. paved (P) and non-paved (N) roads. Black dots represent black bear locations, black lines black bear tracks, random locations are displayed with a white dot in the centre
and the lines for random tracks are dotted. The results of the best supported models are shown, e.g. no difference in distance to roads for bear or random locations within
the home ranges, or increase in distance to non-paved risky roads in the late periods of each disturbance level.

a result of changes in disturbance level. During the early dog training period, bears behaved indifferently near roads. Their presence
locations were randomly distributed within the used area, without
regard to distance to roads.
The frequency of road crossings was lower than expected using
random locations. Random locations cannot be considered suitable
to reproduce movement tracks when bear movement constraints
are excluded because tracks based on random locations do not
account for animals’ needs to rest and feed, for example. Therefore the steps between the points might be larger than the animal’s
step and lead to a longer movement track which is are more likely
to intersect roads. Therefore and because the residuals were not
normally distributed, we also tested a rotated bear movement constraint as an alternative null hypothesis (Table 1) which resulted
in different ﬁndings. For paved roads during DT, the rotated original track was more likely to cross roads than the original bear track.
This could indicate that bears avoid crossing paved roads in general
(Lewis et al., 2011; Kaczensky et al., 1996). During DH, the Intercept only model suggests that bear crossing behaviour in the early
season is not related to roads.
When disturbed (DT period) or hunted (DH), the bears cross
roads more often with a clear tendency to increase crossings during the night time when hunters are absent. Our ﬁndings suggest
that the observed changes in distance to road and road crossing
behaviour from early to late periods was a behavioural reaction of
bears and not a random pattern that occurred due to the distribution of roads within the home range.

4.2. Bear adjustment behaviour
Bears were generally found further from non-paved roads during late DT and late DH and, consequently, were closer to paved
roads since the spatial location of road types was not independent. Black bears appear to avoid primary highways (Fecske et al.,
2002) which are often used as home range boundaries (Lewis et al.,
2011; Kaczensky et al., 1996), however, more recent studies suggest that black bears may avoid non-paved roads more than paved
roads (Reynolds-Hogland and Mitchell, 2007). The response to different road types may depend on disturbance sources (e.g. vehicle
collision or hunters) within a speciﬁc area (Reynolds-Hogland and
Mitchell, 2007). The start of DT and DH changed the primary source
of disturbance in our study area. Non-paved roads present an
increased disturbance due to hunters in addition to a risk of vehicle collision. Hunting dogs might also provide a large amount of
disturbance because of the evolutionary pressure of the closelyrelated wolf as a predator of bears (Horejsi et al., 1984; Paquet
and Carbyn, 1986). The change to increased disturbance resulted
in greater behavioural changes towards non-paved roads, which
supported our hypothesis of disturbance avoidance. Thus bears’
movement behaviour resulted in a trade off of the disturbance of
vehicles on paved roads with the disturbance from hunters, their
dogs and their cars at non-paved roads.
The decrease in distance to paved roads was greater than the
increase in distance to high risk non-paved roads. As the density
of non-paved roads is higher in our study area, fewer movement
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alternatives were possible (Fig. S2(B)). We were also uncertain
whether all non-paved roads were used equally by hunters. Specifically, bears which moved away from non-paved roads used by
hunters might have moved closer to a non-paved road used less
by hunters. Bears could also have used habitat features as escape
cover to reduce the likelihood of being approached by dogs, since
they stayed in the same area in late and early period ﬁgure D4.).
This type of avoidance behaviour would not be detected using our
distance-to-road approach. Black bears in Wisconsin, for example,
remained in their home range when chased by hunting dogs and
selected speciﬁc escape habitats during high disturbance situations
(Massopust and Anderson, 1984). A study of resting site selection
of brown bears in Sweden showed that bears preferred sites with
greater horizontal cover when humans were present (Ordiz et al.,
2011). Therefore, in addition to moving away from high disturbance
non-paved roads, bears might also increase vigilance behaviour or
select refuge habitats to reduce disturbance.
Our models for the distance to road analysis included sex as
a variable. AIC has a tendency to pick the more complex models
even when the additional parameters offer little predictive power
(Arnold, 2010), and the slope of the conﬁdence intervals for “sex”
includes zero (Fig. S5). Therefore this variable might have a minor
effect. There is a tendency that females were found further from
both roads than males in early and late DT periods. In contrast to
that in the DH periods, females were closer to non-paved roads
than males, as well as female grizzly bears in Alberta (Graham et al.,
2010). It was speculated that females were found closer to roads in
order to avoid males. The DT period in our study starts at the end
of the breeding period; thus, avoidance of males by females is possible, particularly for females with cubs seeking to reduce the risk
of infanticide (Garrison et al., 2007). Females with cubs in Sweden
also were protected from hunting and were less inﬂuenced than
males by hunter activity, probably because they needed to maintain their circadian rhythm for cubs to accumulate enough fat to
survive winter denning (Ordiz et al., 2012), or because they perceived the reduced risk relative to males. We did not treat females
with cubs separately from those without cubs because they can
still be chased by dogs and the number of females with cubs in our
dataset was too low (two of seven during DT and one of ﬁve in DH)
to be included in the analyses. Regardless of the small sample size,
it is possible that the movement data of females with and without
cubs differed and impacted our results.
Multiple studies have discussed the general bias of hunting
towards male bears (Litvaitis and Kane, 1994; Kohlmann et al.,
1999; Bischof et al., 2008). As males range over larger areas than
females, the greater rate of male movements increases the odds that
males would cross roads more frequently than females. But since
the conﬁdence intervals show that the effect of sex is low, we are not
sure how strong the difference between males and females is. In the
DT period, black bear males in our study crossed non-paved roads
more often than females. As hunters using dogs typically detect
bears where they cross roads, this could explain why males may be
detected more often. Furthermore, if bear tracks detected on roads
are large, it is more likely to be a male (sexual size dimorphism).
Hunters may bypass small tracks, as they represent smaller bears on
average or represent animals with potential cubs they cannot harvest. The number of harvested males in our study was greater than
the number of females, which could explain the stronger response
of males towards hunting. However, we are uncertain why females
were found closer to non-paved roads than males and if they really
distinguish a difference in disturbance, because the effect of this
variable was very low (Fig. S5). To assess this further would require
knowledge of other factors like avoidance of risk due to infanticide
or information on habitat. Habitat use due to energy requirements
was not included in the study because comparisons of behaviour
were of short duration. The impact of baiting stations which were
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used by hunters to attract bears was also not included in the analysis. Bears are attracted to bait stations (Malcolm and Van Deelen,
2010); however, these bait stations were present before the start
of the analysed periods (Michigan DNR hunting regulations).
An increased number of road crossings during late DT and DH,
especially at night, support prediction 3 that movement increases at
night. Ordiz et al. (2012) observed that during the hunting season,
solitary brown bears increased movements at night and reduced
movements during day. During autumn, bears exhibit hyperphagia; thus, increased activity during our study was expected. As the
need to avoid predators might constrain foragers to feed at less
than the maximal rate, bears might compensate for energy deﬁciencies during the night. Black bears usually forage during the day
(Powell et al., 1997) as greater visibility of food (e.g. berries) during day probably increases foraging efﬁciency. However, foraging
might require increased attention which could reduce vigilance.
The observed increase in nocturnal movements (increased number
of crossings at night) therefore supports our hypothesis of temporal
risk avoidance, especially during hunting risk.
5. Conclusion
Black bears in the Upper Peninsula Michigan appeared to alter
behaviour towards roads as a consequence of dog training and
hunting. They decreased their distance from paved roads and
increased their distance from non-paved roads in both low (DT) and
high (DH) disturbance levels. Bears also increased road crossing frequency, especially at night for both road types, which indicates that
they are more active when hunters are absent. We demonstrated
that even top predators such as black bears can distinguish between
ﬁne scale variations in disturbance and adjust their behaviour spatially and temporally to avoid disturbance. Bears appeared to be
able to recognize non-paved roads as the origin of the disturbance
(spatial adjustment, recognition of risky places). Additionally, bears
also increased activity during lower risk times due to the absence
of hunters at night (temporal adjustment, recognition of risky
times).
To further reﬁne our knowledge of risk avoidance by black
bears, we recommend including variables like functional habitat
(e.g. shelter habitat and energy load) that might inﬂuence predator
avoidance. This would allow us to distinguish between predator avoidance as a top-down process and optimal foraging as a
bottom-up process inﬂuencing bear behaviour (Polis et al., 1997).
This approach would also allow for the quantiﬁcation of the tradeoff between energy gains by feeding and energy losses imposed
by hunting. Our study demonstrates that top predators such as
humans can incite behavioural changes on animals in the highest trophic levels and it is of paramount importance to understand
these effects in order to assess the sustainability of our actions
towards these species.
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