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Movement of organisms is a fundamental component of many ecological
processes, and should be subject to strong selective pressures. Spatial selection is the
process by which individuals choose the locations to acquire necessary resources or avoid
risk, and the relative importance of different factors on spatial selection may change
depending on the scale being analyzed. Under the framework of optimality, an individual
should attempt to structure their spatial selection economically to maximize fitness. I
studied black bear (Ursus americanus) space use, habitat selection, and movement under
the optimality paradigm in three populations (Michigan, Missouri, and Mississippi) at
four different scales: regional, annual home range, seasonal home range, and denning
sites. At the regional scale, I found that black bears displayed scale-dependent land cover
selection for movement, selecting forested areas at coarser scales and avoiding
anthropogenic disturbance at finer scales, and that large contiguous forests and riparian
corridors most facilitate connectivity among protected areas. At the annual and seasonal
home range scales, I found black bears display scale-dependent optimizing strategies.
Individuals locating their annual ranges to maximize access to areas of high vegetation

productivity, together with the high productivity of ranges of all sizes, suggests an energy
maximizing strategy, while the negative relationship between range size and both
fragmentation and forest proportion suggests area minimizing. More limiting factors act
at larger scales, which suggests productivity is the strongest limiting factor and energy
maximizing is the dominant strategy while plasticity allows for seasonal area minimizing.
At the den site scale, I found that both female and male black bears appeared to minimize
anthropogenic risk during denning; however female black bears have a flexible response
to anthropogenic disturbance, attempting to minimize it when alone or with older
offspring, yet having increased tolerance when infanticide is greater after cubs are born
and following den emergence. By quantifying black bear space use and selection across
multiple scales, diverse areas, over time, and among and within individuals, I revealed
consistent scale-dependent responses to environmental and biological factors while
highlighting the intrinsic plasticity of this flexible omnivore.
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CHAPTER I
INTRODUCTION
Movement of organisms is a fundamental component of many ecological processes, and
is relevant to most present environmental concerns (Nathan 2008). Currently, research in
movement ecology is mainly divided into four different paradigms: random,
biomechanical, cognitive, and optimality (see Nathan et al. 2008). The optimality
paradigm is based on behavioral and evolutionary ecology, and explores the efficiency of
different strategies in maximizing some proxy of fitness (e.g., energy gain, survival, or
reproduction) over ecological or evolutionary time scales. A basic component of the
optimality paradigm is the ideal free distribution (Fretwell & Lucas 1970; Fretwell 1972),
in which individuals, free of the constraints of social interaction, are distributed among
heterogeneous habitats attempting to maximize their fitness (Morris 1987), with habitat
choice based on the quality of each habitat (Morris et al. 2001).
The ideal free distribution is the cornerstone of habitat selection and spatial
distribution models; being implemented in behavior, conservation, and management (e.g.,
Sutherland and Donlan 1994, Morris 2003, Vijayan et al. 2011). Following Hutchinson
(1957), habitat is usually defined as the collection of resources and conditions that
determine the presence, survival, and reproduction of a population (functional nichebased definition, Gaillard et al. 2010). Habitat selection is the process by which
individuals choose the locations to acquire those resources (Flaxman and deRoos 2006)
1

and reflects animal behavior that is mechanistically linked to animal movement
(Moorcroft & Barnett 2008). Yet, the relative importance of different factors on spatial
selection and movement may change depending on the scale being analyzed. Johnson
(1980) recognized four main levels of selection: distribution range (first-order selection),
home range (second-order selection), an area within a home range (third-order selection),
and a site or item (e.g., nest or den; fourth-order selection).
Studies at a landscape or regional level are closer to what Johnson (1980) would
define as first-order selection, mainly influenced by environmental conditions such as
vegetation, elevation, or anthropogenic structures (Gaillard et al. 2010). Regional
corridors, defined as areas that facilitate movement (Cushman et al. 2013), are the basis
of landscape connectivity (Beier and Noss 1998, Dickson et al. 2013), and predicting
habitat selection, quality, and connectivity across landscapes is valuable for conservation
and management (Dickson et al. 2013). At a finer spatial scale, home ranges (secondlevel selection) link the movement of animals to the distribution of the resources (Borger
et al. 2008), and home-range locations and size are the result of individuals attempting to
structure their space use economically to maximize fitness (Mitchell and Powell 2004,
2007). But animals typically do not use the whole area of their annual home ranges
simultaneously; by choosing areas within the home range at different times (e.g., seasons)
animals perform third level selection, which involves a finer temporal and spatial scale
(Johnson 1980). Lastly, at fourth-order selection, the characteristics and location of
resting, reproductive, or hibernating sites can influence survival and reproductive
success; therefore individuals should invest considerable efforts in the selection of these
sites (Geiser 2004).
2

I studied black bears (Ursus americanus) to assess space use, habitat selection,
and movement under the optimality paradigm at four different scales: regional, annual
home range, seasonal home range, and denning sites (Figure 1.1). At a regional scale
(Chapter 2), I focused on the recolonizing black bear populations of Mississippi and
Missouri, and developed a regional connectivity map of the south-central USA. I used
concepts from electronic circuit theory to identify potential area that facilitate movement
between key federally protected areas, determined if black bears used higher quality
habitat than available, and examined their distribution relative to human disturbance. At a
home range scale (Chapter 3), I focused on three black bear populations in Michigan,
Missouri, and Mississippi (Figure 1.2). I evaluated support for three hypotheses related to
home range optimality at annual and seasonal scales: (1) home range location on a
landscape will correspond with high vegetation productivity, (2) increasing forest
fragmentation will result in larger home ranges, and (3) increasing proportion of forest
and/or mean vegetation productivity will result in smaller home ranges. Finally, at the
site scale (Chapter 4), I also focused on black bear populations in Michigan, Missouri,
and Mississippi. I examined den-site selection and den emergence movement for bears at
the individual level in relation to their reproductive status, and analyzed support for the
anthropogenic risk avoidance and infanticide avoidance hypotheses.

3

Figure 1.1

Conceptual model for the interaction between multi-scale spatial selection
and the optimality movement ecology paradigm.
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Figure 1.2

Location of the three black bear study areas mostly in Michigan (top),
Missouri (middle) and Mississippi (bottom), USA.
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CHAPTER II
REGIONAL CONNECTIVITY FOR RECOLONIZING AMERICAN BLACK BEARS
(URSUS AMERICANUS) IN SOUTHCENTRAL USA
Introduction
Landscape connectivity has become one of the foundations of conservation biology and
practice (Worboys et al. 2016), particularly in increasingly human-modified areas. Due to
habitat loss and fragmentation, populations can become isolated, causing negative
consequences (Crooks et al. 2011) including hindering dispersal (Taylor et al. 1993),
population declines (Fahrig 2003), and inbreeding depression (Clobert et al. 2012). Areas
that facilitate movement (e.g. corridors, Cushman et al. 2013) are the basis of landscape
connectivity, and support long-term persistence of populations in heterogeneous
landscapes (Vasudev et al. 2015).
Connectivity modeling has emphasized developing reliable fine-grained linkage
designs (<30m resolution), with less attention to coarse-grained (>100m), large-scale
(e.g., nation, state, or ecoregion) designs (Beier et al. 2011). A common approach is to
create a resistance map based on expert opinion and literature review, yet empirical data
(e.g., radiotelemetry) collected in the landscape of interest should provide an useful
addition for estimating relative land cover resistance to movement (Beier et al. 2008).
When modeling resistance, a usual assumption is that habitat quality and permeability are
positively related, and that both are the inverse of ecological cost of travel (Beier et al.
8

2008). A related hypothesis states that similarity between the areas used for dispersal and
the habitat of a species can affect the permeability of those areas to movement, and
adaptations for efficient and safe movement within habitat patches should also increase
success for larger scale movements (Prevedello and Vieira 2010; Eycott et al. 2012).
Supporting this hypothesis, Eycott et al. (2012) found that areas which are structurally
more similar to a species’ habitat tend to increase movement rates.
Large carnivores with extensive home ranges are more likely than smaller species
to be negatively influenced by factors including habitat fragmentation and human
disturbances, resulting in modified behavioral patterns and population declines (Young
and Shivik 2006; Crooks 2002; Crooks et al. 2011), or even local extirpation (Ripple et
al. 2014). Recolonization events are globally uncommon among large carnivores due to
habitat loss and anthropogenic threats (Gittleman and Gomper 2001; Hoffman et al.
2011; Ripple et al. 2014), however in North America they have been documented for
species including wolves (Canis lupus; Pletscher et al. 1997), brown bears (Ursus arctos;
Bader 2000), and American black bears (U. americanus; onorato; Bales et al. 2005; Frary
et al. 2011; Simek et al. 2012; Wilton et al. 2014a).
During recolonization, anthropogenic factors such as public tolerance and legal
protection interact with ecological factors, such as the presence of unoccupied habitat and
population sources (Rice et al. 2009, Smith et al. 2014, Woodroffe and Redpath 2015).
For example, lack of legal protection might decrease survival for dispersing individuals,
and public opposition can decrease the success of habitat restoration programs or impede
translocations and reintroductions (Treves and Karanth 2003). In addition, anthropogenic
factors can also influence behavioral processes; animals may perceive human presence
9

and activities as predation risk, and will therefore avoid it, even though no mortality
results from such activities (“anthropogenic risk hypothesis” Frid and Dill 2002; Beale
and Monaghan 2004). Alternative mechanisms causing individuals to avoid disturbed
areas may include lower resource availability, increased energetic costs, and decreased
survival (Eycott et al. 2012).
Black bear recolonization in southcentral USA has been facilitated through
successful reintroductions in Arkansas (Smith and Clark1994) and Louisiana (Van Why
2003; Benson 2005). Following enhanced legal protection and human tolerance, black
bears are naturally recolonizing neighboring states, such as Missouri (Smith et al. 1991)
and Mississippi (Simek et al. 2012). Although dispersal in large carnivores, such as bears,
is mostly attributed to young males (Schwartz and Franzmann 1992; Moore et al. 2014),
the black bear population in Missouri and Mississippi has increased and expanded not
only by dispersing males, but also by naturally dispersing females that establish home
ranges and reproduce (e.g., Simek et al. 2012). Understanding movement behavior and
responses to human disturbances is particularly important in southern Mississippi, eastern
Texas, and Louisiana where the recently federally recovered but still state endangered
(Mississippi, Louisiana, and Texas) Louisiana black bear (U. a. luteolus) occurs (Hall
1981).
Connectivity planning for large carnivores, acting as umbrella species, can be an
effective approach for protecting numerous other species (Noon et al. 2008), and
achieving broader conservation objectives (Dickson et al. 2013). In addition, bears and
other large carnivores have ecological and socioeconomic effects in areas being
recolonized, and wildlife conservation agencies would benefit from planning that
10

emphasizes management of species that citizens are not familiar with (Davenport et al.
2010). Black bears provide a unique opportunity to study large carnivore recolonization;
their large body sizes, lack of predators, and large dispersal distances, combined with an
opportunistic and omnivorous diet could result in more rapid than expected rates of
recolonization. As black bear density increases in southcentral USA, expansion of these
populations into unoccupied habitats will follow, but the potential dispersal corridors are
unknown. My objectives were to identify areas that could facilitate black bear movement
and key protected areas maintaining regional connectivity, to analyze if black bears select
and move through higher quality habitat, and to examine their distribution in relation to
human development. I expected bears to use and move through areas of lowest landscape
resistance due to these areas being potentially easier to traverse, having greater quality,
and representing lowest potential risk.
Methods
Study area
The study area (Figure 2.1) was the western portion of current black bear range in the
southcentral USA (Scheick and McCown 2014), and included the states of Mississippi
(125 438 km2), Louisiana (135 659 km2), Arkansas (135 767 km2), Missouri (180 540
km2), and part of eastern Texas (~70 000 km2). I included a buffer of 50 km around the
study area to minimize border effects in modeling, resulting in 700 000 km2 overall. This
area encompassed prominent landscape features such as the Gulf Coastal Plain, Ozark
Mountains, and the Mississippi Alluvial Plain, with elevations from 0 to 820 m (TIGER;
United States Census Bureau 2011). Total human population inhabiting the study area is
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about 25 million (Mississippi 3 million, Louisiana 4.6 million, Arkansas 3 million,
Missouri 6 million, eastern Texas ~8.4 million).
The black bear population was estimated at 5000 individuals in Arkansas
(Arkansas Game and Fish Commission 2011), and 500–750 individuals in Louisiana
(Davidson et al. 2015). In Mississippi it is currently unknown but thought to be 250
individuals (Black Bear Conservation Coalition 2015) and likely growing due to
increased available habitat and no legal harvest (Simek et al. 2012). In Missouri, the
population is estimated at around 300 individuals (Wilton et al. 2014b) and concentrated
in the southern part of the state. Although the black bear population size in Texas is
unknown, the number of sightings has increased in the most eastern part of the state
(Barker et al. 2005).
Data collection and landscape resistance
My main four assumptions developing the landscape resistance map were: (1) corridors
are comprised primarily of land covers that represent highest quality black bear habitat,
with probability of use decreasing with increasing structural dissimilarity, (2) humans
directly or indirectly constrain black bear movement, (3) current human developments are
permanent, and (4) least-resistance routes offer an animal the greatest probability of
survival while travelling (Walker and Craighead 1997). Using ArcGIS (Environmental
Systems Research Institute, Redlands, CA), I chose GIS-based landscape characteristics
considered to most affect black bear movement, categorized as environmental (land cover
and distance to major rivers) or anthropogenic (road density and presence of a major
highway). I regrouped land cover categories from the 2011 National Land Cover
Database (NLCD; Homer et al. 2015) into 10 categories (Table 2.1), based on structural
12

similarity. I assigned cost values to these revised land covers based on how costly each
would be to black bear movement (Table 2.1).I ranked the 10 land covers from least
(deciduous forest) to most (high developed) resistant to movement, using expert opinion
on black bear movement and habitat use, and comparing the relative value of parameter
estimates from empirical (GPS radiotelemetry) habitat use models from Mississippi (S. L.
Simek and J. L. Belant, unpublished data) and Missouri (Hiller et al. 2015). Since
dispersing animals might not select high quality habitat while dispersing (LaRue and
Nielsen, 2008; Selonen and Hanski, 2006), for land covers that did not represent black
bear habitat, I focused on the amount of vegetation cover offered to a travelling
individual. For example, grasslands offer more cover than barren land, and therefore
result in lower resistance for travel, although both are unsuitable for a black bear
population to establish and reproduce.
I developed a road density layer using primary and secondary roads data (TIGER;
United States Census Bureau 2011), with 4 categories of road density: very low (0 – 0.4
km / km2), low (0.4 – 1.4 km / km2), medium (1.4 – 3.0 km / km2) and high (> 3.0 km /
km2). I used the primary roads layer to assign an extra cost to crossing major highways,
which can disrupt habitat connectivity (Kindall and Van Manen 2007). Finally, I
developed a distance to major rivers layer using GIS data from the National Hydrography
Dataset (US Geological Survey 2016). Riparian corridors can be important facilitators of
movement for large carnivores (e.g., cougars Puma concolor; LaRue and Nielsen 2008);
therefore I favored movement closer to major rivers. As 500m is a common riparian
corridor width for large mammals (Fischer and Fischenich 2000), I assigned a small cost
ost to being >
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2000m (Bentrup 2008) (Table 2.1). I did not include elevation as a barrier to movement
since the elevation changes in the study area are low and empirical data on bear
movement from Missouri, where elevation changes are greatest, suggests it does not
influence their habitat use and movements (Hiller et al. 2015). All GIS layers were
standardized to the same projection and resampled to a 1km2 grid. I allowed land cover
resistances to vary by a factor of 10, and assigned greatest cost values to the most highlyaltered land covers (Beier et al. 2011). Given analytical and biological constraints, no
land cover can have zero resistance; therefore I assigned a cost of one to the most suitable
forest land covers. I applied movement costs to each cell of the layer grids, then
combined grids into one layer by adding them in Raster Calculator (Rabinowitz and
Zeller 2010), deriving a regional resistance layer that represented resistance to black bear
movement.
Habitat connectivity
To map landscape connectivity, I applied models from electronic circuit theory using
Circuitscape ArcGIS toolbox (McRae and Shah 2009). Circuitscape reads a raster map of
movement resistance (cost of travel) and replaces each cell with nodes connected by
resistors (McRae et al. 2008). Current (1 Ampere) flows between resistors, using the
previously defined resistance map. In areas where current densities are high, it is possible
to identify bottlenecks to movement (i.e., “pinch points”, Dickson et al. 2013), which can
be natural or anthropogenic. Pinch points warrant special attention since they may
represent conservation priorities given their disproportionate influence on movements
and connectivity.
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Changes in current flow can be used for prioritizing areas that facilitate
connectivity for they are correlated to the drop in conductance that would occur if the cell
was lost (McRae et al. 2008) and cell marginal value (Hodgson et al. 2016). In addition,
current density values at each cell can be considered as the probability of an individual
passing at random through that cell given a source and a destination (McRae et al. 2008).
When modeling movement through a fragmented landscape, it is necessary to define
habitat patches between which individuals may potentially move. I compiled the
locations of all National Forests (hereafter NF) and National Wildlife Refuges (hereafter
NWR) in the study area, and defined them as habitat patches. I removed from analyses all
open water areas and protected areas smaller than 7 km2 since they typically are too small
for a female black bear to establish a home range (Oli et al. 2002; Hiller et al.2015). All
the protected areas defined as habitat patches included vegetation types I considered
suitable for black bears to inhabit. I included only federally-managed areas of the
National Forest Service and US Fish and Wildlife Service as these areas have substantial
long term protection.
Using the ‘all-to-one’ feature in Circuitscape, I developed a map of cumulative
current flow among all protected areas in the network, identifying important areas that
maintain regional landscape connectivity (Dickson et al. 2013). In addition, I developed a
map of maximum current flow, which highlights areas important to connecting each of
the protected area pairs, regardless of their significance in the larger network of habitat
patches. Finally, for each protected area I calculated mean landscape resistance, and
mean current density. Mean current density can be seen as a measure of centrality
(Carroll et al. 2012; Dickson et al. 2013), highlighting areas that are essential to
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connectivity among all patches in a landscape. I categorized centrality values in 4 groups
using the Natural Jenks classifying method in ArcGIS, and modeled the relationship
between centrality and protected area size with linear regression in program R (R Core
Team 2014; v. 2.15).
Model evaluation and spatial selection
I used independent data to evaluate the landscape resistance model and connectivity map
using citizen-reported sightings for recolonizing black bears in Mississippi 1996–2011
(Mississippi Department of Wildlife, Fisheries, and Parks) and Missouri 1996–2010
(Missouri Department of Conservation). Sightings included tracks, pictures, videos, claw
marks, reliable accounts, and evidence of bear damage, encompassing both individuals
encountered the wild as bears in conflict with humans (agriculture, garbage, deer feeders,
etc.). I excluded all records with no data or insufficient evidence describing the
occurrence, and occurrences without geographic coordinates (McKelvey et al. 2008;
Wilton et al. 2014a). Because my analyses focused on areas outside protected areas, I
excluded bear sightings within national forests and national wildlife refuges.
I developed a 1.5-km radius to develop 7 km2 buffers (small female black bear
home range) around sighting locations in Mississippi and Missouri, and repeated this
approach for the same number of random locations within those states. I used the Spatial
Analyst tool in ArcGIS to calculate land cover resistance value for the sighting location, a
histogram of landscape resistance values for buffers created around sightings, and a
histogram of landscape resistance values for the corresponding state (excluding protected
areas). I compared the proportions of land covers for sighting locations with proportions
of land covers within the corresponding state (Mississippi or Missouri), and also
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compared sighting locations with sighting buffers, as coarse and fine scale comparisons
of use vs. availability, respectively. I then calculated selection ratios (use/availability)
with greater values representing stronger selection.
To validate the cumulative current map, I compared mean current densities
between bear sighting buffers and the same number of random buffers for Mississippi
and Missouri. I removed all buffers that contained a section of a protected area to
minimize skewing results; those areas have by default high current density values. As
data showed a strong positive skew, I log transformed current density values. I compared
mean current density values for random and bear sighting buffers using two-sample ttests and Cohen's effect size d (Koen et al. 2014), with d = 0.2 considered a small effect
size, 0.5 a medium effect size, and 0.8 a large effect size (Cohen 1988).
Results
Landscape connectivity
Relative cell values for the final resistance layer ranged from 0 to 150 (Figure 2.1).
Forested areas (deciduous, evergreen, mixed, and woody wetlands) represented 44% of
the total study area; 36% of Louisiana, 38% of Mississippi, 41% of eastern Texas, 50% of
Missouri, and 52% of Arkansas. Mean (SD) landscape resistance was similar among
states: Mississippi 34.5 (23.2), Arkansas 35.4 (23.9), Missouri 39.1 (24.3), eastern Texas
40.3 (26.7), and Louisiana 43.7 (26.8). However, median values varied greatly; states
with lowest median resistance were Mississippi and Arkansas (30), followed by
Louisiana and eastern Texas (40), then Missouri (50).
Overall, cumulative current flow was highest in Louisiana and Arkansas,
intermediate in Texas and Mississippi, and lowest in Missouri (Figure 2.2). In
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Mississippi, key areas for maintaining connectivity included all forested areas adjacent to
the Mississippi River, together with the Pearl River, Big Black River, and Sunflower
River riparian corridors. In Louisiana, areas around the Lower Mississippi River Refuges
Complex and Central Louisiana NWR Complex had very high current density. In
Arkansas, highest current values occurred in the White River NWR Complex, and along
the Ouachita River, White River, and Black River riparian corridors. In Missouri, the
highest current values occurred along the Current River, North Folk River, Saint Francis
River, Gasconade River, and Big River riparian corridors. Lastly, the Sabine River and
Neches River riparian corridors in eastern Texas had the highest current values for that
portion of the state.
Using maximum current flow, I identified numerous pinch points across my study
area (Figure 2. 3), many of which intersected major highways, such as Hwy 10 and
Interstate Hwy 55 in Mississippi, Interstate Hwy 49 in Louisiana, Interstate Hwy 40 and
49 in Arkansas, Interstate Hwy 44 in Missouri, and Hwy 90 and Interstate Hwy 10 in
eastern Texas. The maximum current model also generated areas of very high
connectivity around protected area perimeters (Figure 2.2), a by-product of modeling
methodology (Dickson et al. 2013).
Protected areas varied considerably in average resistance (Figure 1.1) with
greatest values in portions of coastal areas of Mississippi, Louisiana and Texas, and near
the Missouri River in Missouri. Estimates of centrality (mean current density; Figure
1.4) revealed that Ozark NF and Ouachita NF in Arkansas, and Kisatchie NF in
Louisiana, had the greatest connectivity values among the network of protected areas. In
contrast, several smaller protected areas, mostly in southern Louisiana, western
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Mississippi, and northern Missouri, exhibited lowest values. Average centrality for
protected areas was 2.44 amp / km2 (median = 2.45), with an associated size of about 250
km2. Centrality increased with total protected area size, having the greatest relative gain
between 7 and 250 – 300 km2. Areas > 2,000 km2 had the slowest increase (< 0.01% / 50
km2) in centrality (Figure 2.5).
Model evaluation
I compiled 590 black bear sighting locations for Mississippi and 605 for Missouri
suitable for analyses. Overall, 56% of bear sightings in Mississippi and 60% in Missouri
were in deciduous, mixed and coniferous forests and woody wetlands. At coarse scale,
bears selected for deciduous forests relative to other available land covers statewide in
Mississippi and Missouri (Table 2.2). The pasture, hay, and crop land cover was the
second most used in both states, though it was not selected for in Mississippi and was
strongly avoided in Missouri. At fine scale, comparing the proportion of land covers
surrounding bear sightings (buffers) and random locations, bears had similar selection
patterns in Mississippi and Missouri, with greatest selection for the lowest resistance land
covers (e.g., forests, shrublands); followed by open developed areas; and increasingly
avoided areas of low, medium, and high development (Table 2.2).
Higher densities of current between patches indicate areas more likely to be used
by potential dispersers. Bear sightings in Mississippi were reported in areas of greater
cumulative current density compared to random locations (p < 0.0001) and Cohen’s
effect size was medium (D = 0.45). In Missouri, bears also occurred in areas of greater
cumulative current density (p < 0.0001) with a large Cohen’s effect size (D = 0.95).
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Discussion
Black bear connectivity
I present a first approximation of regional habitat connectivity and potential areas that
facilitate movement for black bears in southcentral USA. Black bear sightings occurred
in areas of greater cumulative current density, suggesting my connectivity model had
good performance characterizing areas bears use at a coarse scale. The difference and
effect size between used and random locations was similar to a study done on black bears
and other recolonizing carnivore species (e.g. wolves and cougars) in Midwestern USA
(Smith et al. 2015). Overall, contiguous forests outside protected areas and riparian
corridors along major rivers appear most likely to facilitate connectivity for black bears
in my study area. Most forested areas I identified as high connectivity, particularly in
Louisiana, Arkansas, and Missouri, are also black bear habitat (Smith et al. 2015),
suggesting they are key areas that not only facilitate movement but also establishment
and reproduction. In contrast, extensive agricultural lands (e.g., western Mississippi
Alluvial Valley, northern Missouri) act as large-scale, moderately permeable barriers,
constraining black bear dispersal. Female black bears often display slow and short
distance natal dispersal (Costello 2010; Moore et al. 2014), and recolonizing populations
of black bears in states surrounding my study area appear to have a female-biased sex
ratio (Bales et al. 2005; Frary et al. 2011). It is important to protect wide linkage areas
that female bears can live within and reproduce while reducing mortality risk as the
population expands. For males, even though dispersal distances are usually much greater
(up to 80km in most eastern US states; Lee and Vaughan 2003), successful dispersals
appear heavily dependent on forest cover on private lands (Clark et al. 2015).
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Uncertainty in my results is inherent to the limitations of data sources available
(i.e., expert opinion, literature review, local telemetry studies, and citizen-reported
sightings). Alternative methods using data not available in this study to calculate
resistance to movement are more mathematically rigorous, including density weighted
connectivity using spatially explicit capture-recapture (Morin et al. 2017), combining
telemetry and genetic data to create resistance surfaces (Zeller et al. 2017), and
estimating resistance coefficients using start and end locations of dispersal events
(Graves et al. 2014). When feasible, it is valuable to explicitly incorporate data on local
and regional density (Morin et al. 2017) as well as genetic diversity in connectivity
planning. However, this often requires data that might be too difficult or expensive to
obtain, constraining conservation planners to make best use of available information..
Coarse and fine scale spatial selection
As expected, the spatial distribution of bear sightings in part reflects the distribution of
forest cover (Pelton 2003; Wilton et al. 2014a; Sollmann et al. 2016). Bears in my study
area consistently selected for deciduous forests, but displayed scale-dependent selection
for other land covers. Animal habitat selection can be viewed as a multi-level,
hierarchical process (Johnson 1980), influenced by species’ perceptual range, speed and
precision with which they can track habitat quality in the environment (Matthiopoulos et
al. 2015). Additionally, habitat selection studies are influenced by what is quantified as
available to the individual or population as well as the spatial resolution of the variables
considered (Thomas and Taylor 2006).
At a coarse (regional) scale, black bears selected for forests but also open and
medium developed areas in Mississippi and Missouri, though the percentage of bear
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sightings in the latter land covers was low. There also was an apparent selection for highresistance, disturbed areas in Missouri; however the number of corresponding sightings
was very low. These results could be a consequence of sighting reporting bias (increased
sightings in areas of greater human density); alternatively, when sufficient forest is
available, more open land covers might offer novel food resources for bears (Ditmer et al.
2015). Further, recolonizing black bears in Missouri might use lower quality non-forested
areas for movement and dispersal (Hiller et al. 2015). At a finer scale (buffer areas
around sightings), bears in this study selected for forests and strongly avoided most
developed areas. Rettie and Mettier (2000) suggested the hierarchy of habitat selection
should reflect the hierarchy of limiting factors on fitness, with the most limiting acting at
coarser scales, followed by weaker factors driving finer scale selection. My results
suggest black bears generally selected for forests but also used land covers representing
low quality habitat (e.g. shrublands) or non-habitat (e.g. pastures) for movements at a
coarse scale. However, at a fine scale, they selected areas with the lowest landscape
resistance and avoided anthropogenic disturbance, suggesting risk avoidance is secondary
to habitat quality as a limiting factor for black bears.
Protected areas
Mean resistance to movement varied considerably among protected areas, both within
and among states, mostly related to differences in amount of forest cover, developed
areas and aquatic environments. Protected area centrality was dependent on size and
location; however, a few national forests and national wildlife refuges were consistently
central to maintaining regional connectivity (e.g., Ouachita NF and Ozark NF in
Arkansas). Removal or extensive modification of these protected areas could
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substantially disrupt overall network connectivity (Dickson et al. 2013). Areas important
for connectivity and suitable for long-term population establishment will likely play an
important role for successful black bear recolonization. For instance, Sabine NF in Texas
has high centrality and has been characterized as a suitable recovery unit for Louisiana
black bears (Kaminski et al. 2013). In contrast, many protected areas had very low
centrality; possibly a result of their small size, high human disturbance, or limited forests.
In some cases, it was a consequence of being peripheral to my study area, and they could
potentially facilitate movement to areas beyond.
Barriers and pinch points
Major and minor rivers can act as semi-permeable barriers to bear movements, usually
influencing females more than males (White et al. 2000). Nonetheless, genetic analyses
have confirmed range expansion and genetic admixture despite these natural barriers
(Laufenberg and Clark 2014, Davidson et al. 2015). In contrast, barriers that arise from
anthropogenic development are of particular conservation concern (Beyer et al. 2014).
Consistent with my results, in other studies black bears seem to select areas closer to
natural cover and distant from roads (Clark et al. 2015, Simek et al. 2015), areas with
lower road density (Brody and Pelton 1989), and are constrained by highways acting as
semi-permeable barriers to movements (Dixon et al. 2006). Understanding how species
respond to roads and highways can guide management to facilitate wildlife movements
and reduce collisions (Lewis et al. 2011). In northern USA and Canada, grizzly bear
highway crossings matched predicted linkage areas (Proctor et al. 2015), and many bears
use highways as boundaries of their home ranges or select for specific habitat features for
crossings (Lewis et al. 2011). In my study area, many connectivity pinch points
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corresponded to riparian corridors that intersected interstate highways; it would be
advantageous to evaluate use of these areas by black bears and other species. Once
crossing areas are identified and validated through monitoring and/or vehicle collision
data, prospective mitigation strategies should be considered and evaluated, including the
creation of species-appropriate underpasses (Sawaya et al. 2014; Clevenger and Waltho
2015), installing fences (Huijser et al. 2016; Rytwinski et al. 2016), or non-structural
methods such as warning signs, speed bumps, and reducing speed limits (Glista et al.
2009).
Multi-species conservation
Because of their large sizes, low densities, and large home ranges, black bears can be
excellent umbrella species (Simberloff 1999); thus, prioritizing areas for black bears can
aid other forest and riparian species whose habitat requirements can be met within these
areas (Leader-Williams and Dublin 2000). For example in Mississippi, large areas
preserved for black bears could also be managed to support other state endangered
species such as the dusky gopher frog (Rana sevosa), black pine snake (Pituophis
melanoleucus lodingi), gopher tortoise (Gopherus Polyphemus), wood stork (Mycteria
americana), swallow tailed kite (Elanoides forficatus), or red cockaded woodpecker
(Picoides borealis), as well as many plant and invertebrate species (Mississippi Museum
of Natural Science, 2014). In Missouri, species of concern that could be aided include the
Swainson’s warbler (Limnothlypis swainsonii), spotted skunk (Spilogale putorius
interrupta), swamp rabbit (Sylvilagus aquaticus), and many plants and insects, as well as
aid the potential future recolonization of cougars (Puma concolor; Missouri Natural
Heritage Program, 2017).
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Conclusions
My results emphasize the value of relatively large tracts of contiguous forests outside of
protected areas for maintaining regional connectivity. Focusing conservation efforts
within areas of high connectivity for bears could result in greater return on management
efforts and prospect of success (Proctor et al. 2015). On the potential creation of new
protected areas, I recommend locating them in areas of greatest cumulative current
density, with a recommended size of >250–300 km2 to maximize connectivity increase
relative to size. In addition, economic incentives to private owners that conserve large
contiguous forested areas in key locations can be a successful alternative (e.g., Wetlands
Reserve Program, and Conservation Reserve Program, USA). The potential high
connectivity areas identified in this study can be used by conservation agencies as a guide
to identify new survey or research locations (La Rue and Nielsen 2008), evaluate possible
restoration opportunities (Hobbs and Cramer 2008), such as forest retention and riparian
buffers preservation, implement highway mitigation techniques, or target areas for
human-wildlife conflict management.
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Table 2.1

Final resistance values for black bear movement, grouped by land cover,
road density, highway presence and distance to major river. 2011 National
Land Cover Database (NLCD) numeric categories included in each new
land cover category.
Resistance

NLCD

Land

Deciduous forest/Woody wetland

1

41, 90

cover

Evergreen / Mixed forest

10

42, 43

Shrub/Scrub

20

52

Grassland/Herb./Herb. wetland

30

71, 95

Pasture/Hay/Crop

40

81, 82

Open developed/Barren land

60

21, 31

Lakes/Rivers

70

11

Low developed

80

22

Medium developed

90

23

High developed

100

24

Road

Very low

0

density

Low

10

Medium

20

High

30

Major

Presence

10

highway

Absence

0

Distance

< 500m

0

to river

500-2000m

5

> 2000

10
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Table 2.2

Proportion of land cover categories of black bear sightings, compared to
the corresponding state and to all the buffers around sightings.
Mississippi

Land cover

Missouri

Sight.

State

Sel.

Buff.

Sel.

Sight.

State

Sel.

Buff.

Sel.

0.40

0.27

1.50

0.34

1.16

0.54

0.33

1.62

0.50

1.09

0.16

0.22

0.72

0.15

1.05

0.07

0.02

2.88

0.05

1.25

0.10

0.11

0.86

0.09

1.07

0.01

0.01

1.27

0.01

0.67

0.03

0.04

0.86

0.03

1.00

0.02

0.02

1.05

0.02

0.83

0.21

0.26

0.82

0.20

1.06

0.24

0.53

0.44

0.24

0.99

0.07

0.05

1.34

0.06

1.10

0.08

0.05

1.64

0.06

1.33

0.02

0.04

0.61

0.05

0.51

0.01

0.01

1.03

0.03

0.48

0.01

0.01

0.78

0.03

0.36

0.03

0.02

1.38

0.04

0.69

0.01

<0.01

1.13

0.03

0.19

0.01

0.01

1.53

0.03

0.29

<0.01

<0.01

<0.01

0.03

<0.01

0.01

<0.01

2.22

0.03

0.20

Deciduous
forest/ Woody
wetland
Evergreen /
Mixed forest
Shrub/Scrub
Grassland/Her
baceous/
Herbaceous
Wetland
Pasture/Hay/C
rop
Open
developed/Bar
ren land
Lakes/Rivers
Low
developed
Medium
developed
High
developed

Mississippi n = 590, Missouri n = 605. State proportions exclude protected areas
analyzed in this study. Sight.=sightings, Sel.=selection, Buff.=buffers. Selection was
calculated as use/availability.
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Figure 2.1

Black bear movement resistance values (1-km2 resolution) in southcentral
USA.

Protected areas (shaded polygons) with highest mean resistance: (1) Big Branch Marsh
National Wildlife Refuge (NWF), (2) Texas Chenier Plain Refuges Complex, and (3)
Sabine National Forest (NF). Lowest mean resistance: (4) Bogue Chitto NWR, (5) Pond
Creek NWR, and (6) White River NWR Complex. AR = Arkansas. LA = Louisiana. MO
= Missouri. MS = Mississippi. TX = Texas.
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Figure 2.2

Cumulative current flow highlighting areas facilitating black bear
movement in southcentral USA (1-km2 resolution).

Citizen-reported black bear sightings represented as light blue dots. AR = Arkansas. LA
= Louisiana. MO = Missouri. MS = Mississippi. TX = Texas.
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Figure 2.3

Maximum current flow highlighting black bear movement ‘pinch points’
between protected area pairs in southcentral USA (1-km2 resolution).

Green stars are included to show major pinch point intersecting highways. AR =
Arkansas. LA = Louisiana. MO = Missouri. MS = Mississippi. TX = Texas.
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Figure 2.4

Protected area centrality (mean current density) for black bear connectivity
in southcentral USA.

The areas with highest centrality are: (1) Ozark National Forest (NF), (2) Ouachita NF,
(3) Kisatchie NF, (4) Felsenthal National Wildlife Refuge (NWR), (5) White River
NWR, (6) Mark Twain NF, (7) Bienville NF, (8) DeSoto NF, (9) Delta NF, and (10)
Sabine NF. AR = Arkansas. LA = Louisiana. MO = Missouri. MS = Mississippi. TX =
Texas.
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Figure 2.5

Centrality (mean current density) in relation to protected area size for black
bear movement and connectivity in southcentral USA.

Bottom right inset shows detail for areas ≤ 750 km2.
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CHAPTER III
SCALE-DEPENDENT HOME RANGE OPTIMALITY FOR A SOLITARY
OMNIVORE
Introduction
Movement is a key factor for the survival of most animals and is subject to strong
selective pressures (Nathan 2008, Powell and Mitchell 2012). Consequently, natural
selection should favor movement strategies that maximize fitness, which may manifest as
maximized rates of resource acquisition or production of offspring (Austin 2004). Home
ranges are the result of animals moving in relation to the distribution of resources (Börger
et al. 2008; Van Moorter et al. 2016) at multiple scales (Johnson 1980), and are limited
by species traits and evolution (McLoughlin and Ferguson 2000). Under the framework
of optimality, home-range location and size should be the result of an individual
attempting to structure their space use economically to maximize fitness (Mitchell and
Powell 2004; 2007).
All animals, whether social or solitary, must configure their home ranges to
achieve some level of nutritional security (Macdonald and Johnson 2015), and, in some
mammalian and avian species, spatial distribution of resources can influence home range
location and size (Johnson et al. 2002, Eide et al. 2004, Marable et al. 2012, McClintic et
al. 2014). Home range location within the landscape (second-level habitat selection;
Johnson 1980) can be influenced by environmental features such as vegetation type, land
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use, plant productivity, and risk avoidance (Marchand et al. 2015).Well-adapted
individuals should choose areas that offer more resources while reducing potential risks,
and Mitchel and Powell (2007) proposed two main strategies for an optimal individual
selecting spatially heterogeneous resource patches: area minimizing or energy
maximizing (similar to time minimizing and rate maximizing; Krebs and Kacelnik 1991).
Within populations, food availability is likely the main determinant of home range
size (McLoughlin and Ferguson 2000), and size should decrease when high predictability
of resource distribution across the landscape allows animals to locate their home range in
areas of higher than average quality (Mitchell and Powell 2004). As productivity
increases, individuals following the area minimizing strategy should need a smaller area
to fulfill their energetic needs, therefore moving shorter distances and displaying smaller
home ranges (McNab 1963, Dahle and Swenson 2003, Barraquand and Murrel 2012). In
addition, the patchiness of resources on the landscape can further structure home ranges
areas. The resource dispersion hypothesis, originally a hypothesis of mammalian
gregariousness (Carr and Macdonald 1986), states that as spatial variability of resources
increases, individuals must use a larger areas to acquire sufficient resources (Macdonald
and Johnson 2015). For an individual following an area minimizing strategy, increased
dispersion of resources should result in a larger home range. Resource dispersion can
occur naturally in heterogeneous landscapes, or be a result of anthropogenic habitat
fragmentation; mammals of all sizes have experienced habitat loss and fragmentation
around the world (Crooks 2002; Crooks et al. 2017), affecting their space use and
behavior (Wolf and Ripple 2017; Tucker et al. 2018).
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Studying how species modify their space use depending on landscape structure is
vital for managing species such as American black bears (Ursus americanus), which are
currently recolonizing the USA after major past range contractions (Scheick and
McCown 2014) and displaying increased conflict in human modified areas (McFaddenHiller 2016; Baruch-Mordo et al. 2008). My objective was to evaluate black bear
optimality regarding annual and seasonal home range location and size (Figure 3.1, Table
3.1). Black bears are very suitable for testing hypotheses of home range optimization
because they display site fidelity, use heterogeneous habitats, and their food resources are
mostly fixed in space (Mitchell and Powell 2007). I analyzed if home range location on
the landscape is influenced by vegetation productivity, and examined the influence of
extrinsic factors on home range size (Table 3.1). Within this conceptual framework, bears
behaving optimally should display home ranges that are, on average, more productive
than the study area, and seasonal home ranges should be more productive compared to
the area around them, reflecting economically-driven behavior. In addition, bears
following an area minimizing strategy should display smaller home ranges as vegetation
productivity and forest proportion increase, and spatial variability of resources
(fragmentation) decreases.
Methods
Study areas
I used data from black bear studies in Michigan (MI, data from 2009 to 2011 and 2013 to
2015), Missouri (MO, data from 2010 to 2016), and Mississippi (MS, data from 2008 to
2017), USA (Fig 1). In MS, topography is generally flat with elevations from 0 to 247 m
above sea level. Vegetation is primarily agricultural land with forested areas along the
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Mississippi River. Agricultural and urban lands comprise about 45,000 km2 and 2,400
km2 of the state, respectively (Mississippi Automated Resource Information System
2014). Bear density throughout MS was estimated at <1/100 km2 (R. Rummell,
Mississippi Department of Wildlife, Fisheries, and Parks [MDWFP], pers. comm.). Black
bears were captured in the Delta region of western MS, where most black bear sightings
occur (Simek et al. 2012). In MO, data collection was conducted in the Ozark Highlands.
This region contains karst topography with elevations from about 70 to 280 m, and has a
humid warm continental climate. Dominant land covers include forest, crop and pasture,
grassland, and human developed areas (Karstensen 2010), and black bear density was
1.7/100 km2 (Wilton et al. 2014). In MI, data collection was conducted in the Upper
Peninsula. This area has flat topography with elevations ranging approximately from 160
to 240 m, and a humid cold continental climate. Predominant vegetation includes upland
and lowland hardwoods, lowland conifer swamps, upland conifers, aspen (Populus spp.)
stands, row-crop and livestock agriculture, and some herbaceous wetlands (Duquette et
al. 2014). Black bear density is 14–19/100 km2 (J. L. Belant, unpublished data). Black
bears in MS and MO are not harvested, and in MI they are harvested annually during
September and October; only males and females without dependent young are legal for
harvest (Belant et al. 2011).
Capture and marking
Black bears on each study area were captured using modified Aldrich foot snares
(Johnson and Pelton 1980) and culvert traps. Captured individuals were immobilized with
tiletamine and zolazepam at a dosage of 4-7 mg/kg of estimated body weight (Telazol; A.
H. Robins Company, Richmond, Virginia, USA), administered with a syringe pole or dart
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syringe fired from a CO2-powered pistol or rifle. Each bear received a GPS radiocollar:
MI (Lotek Wireless, Newmarket, Ontario, Canada), MO (Northstar RASSL Globalstar,
King George, Virginia, USA; Advanced Telemetry Systems M2610B, Isanti, Minnesota,
USA; Lotek Wireless 7000MU, Newmarket, Ontario, Canada), MS (Telonics Inc., Mesa,
Arizona, USA; Lotek Iridium Collars, Lotek Wireless Inc., Newmarket, Ontario,
Canada). All collars had leather breakaway links (Garshelis and McLaughlin 1998). All
capturing and handling of bears follow the American Society of Mammalogists
guidelines (Sikes et al. 2011), and was approved by the Mississippi State University
Institutional Animal Care and Use Committee (MS protocol: 14-098, MO: 13-094, MI:
15-013). Dens were located using aerial and ground-based telemetry, and relocation data
from GPS collars was recovered during recaptures, UHF data downloads during flights,
and den visits.
Data Analysis
For home range (hereafter range) analyses I randomly subsampled location estimates
such that no individual had >1 location per day, reducing temporal autocorrelation and
standardizing relocation intervals among datasets (Hiller et al. 2015). To describe annual
space use, I separated data by year and excluded data collected during the denning period.
Annual activity includes locations from mid-March to November for MS and MO, and
mid-April to October for MI. To describe seasonal space use, I separated data into 3
seasons: spring (den emergence; mid-March to May in MS and MO, mid-April to midJune in MI), summer (mating and dispersal; June to August in MS and MO, mid-June to
August in MI), and fall (hyperphagia; September to November in MS and MO,
September to October in MI), (Benson and Chamberlain 2006, Hiller et al. 2015, J. L.
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Belant unpublished data). To estimate space use, I used fixed-kernel techniques with
plug-in bandwidths (Gitzen et al. 2006) to determine the area of the 95% utilization
distribution (UD) within a given range (Kernohan et al. 2001). The plug-in method
minimizes over-smoothing in resulting kernels generated from GPS data (Kertson and
Marzluff 2011). Cell size for kernel smoothing was kept constant among all home range
calculations to allow for direct comparisons of range size. I considered data adequate for
range modelling when locations spanned at least 75% of the time period being analyzed
(e.g. ≥ 68 of 90 days covered), and exceeded 40 and 25 relocations for annual and
seasonal range estimation (Haines et al. 2009; Powell 2000; Börger et al. 2006). For
individuals with data for >1 year or >1 season, each seasonal or annual range from each
bear was considered a sampling unit.
To assess if range location within the study area was influenced by environmental
productivity, I used the normalized difference vegetation index (NDVI) to measure
vegetation greenness as an index of plant productivity. The relationship between NDVI
and average energy availability is well established (Pettorelli et al. 2005, Wiegand et al.
2008), and has been employed for taxa including herbivores (Garel et al. 2006) and
brown bears (Bojarska and Selva 2011). Black bears throughout their range have an
opportunistic omnivorous diet dominated by plants and insects (Pelton 2003, Costello et
al. 2016). I used the 16-day composite NDVI data from the eMODIS server (250-m
resolution; United States Geological Survey). I rescaled raw NDVI values by multiplying
them by a factor of 0.0001. I calculated the average NDVI of the annual range for each
bear in each study site and each year, and calculated the average NDVI for each study
area and each year. The study area was determined as the minimum convex polygon that
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included all ranges in each state. To assess seasonal selection, I calculated the mean
NDVI of each seasonal range for each bear and year (spring, summer, fall), and
compared it to the NDVI for that same time period for a buffer surrounding the seasonal
range, representing potential movement in a 2-3 month period. To obtain the buffer
distance, I calculated the average seasonal range size for females and males separately
and used the respective radius to create the buffer around ranges.
To assess spatial configuration of forested land covers, I used 30-m resolution
data from the U.S. Geological Survey (National Land Cover Database 2011; Homer et al.
2015). I designated all forested land covers and woody wetlands (NLCD 41, 42, 43, 90)
as potential black bear habitat (Sollmann et al. 2016), and calculated proportion of forest
and forest patch edge density for each range using the package SDMTools in R v.3.3.2 (R
Development Core Team 2013).
I used generalized linear mixed models (GLMM) to assess variation in
productivity (NDVI) and area (km2) of annual or seasonal ranges of individual bears. I
chose four analyses to evaluate my hypotheses (Table 3.2), selecting ecologically
relevant factors and interactions. I included bear ID and year as potential random effects
in all analyses. I used Pearson’s correlation coefficient (r) to test for multicollinearity
among independent variables. If |r|<0.70 for any pair of independent variables (Dormann
et al. 2013), I assumed multicollinearity did not compromise models results. If
multicollinearity existed for a pair of variables, they were not included in the same
model. To assess whether data were normally distributed, I examined residuals for
indication of systematic lack of fit using the global model and full data set. When the
response variable had a skewed distribution (i.e. area), I transformed the data (log10) to
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increase homogeneity of the variance. Factors were scaled before analysis to allow
comparisons of effects. I used Akaike Information Criterion adjusted for small samples
(AICc) to rank models based on model complexity and fit (Burnham and Anderson
2002). For each analysis (Table 3.2) I first performed all combinations of random factors
(plus all fixed effects) to find the best fitting random structure (lowest AICc score) for the
data. I then performed all combinations of selected fixed factors and interactions (Table
3.2), always including the chosen random structure. All models within an AICc
difference of < 2 from the top ranked model were considered top models. To avoid
overparameterization, I chose the simplest model (lowest value for degrees of freedom)
within top models as the “best fit model”: a compromise between simplicity and
explanatory power. I also considered R2 values to evaluate and compare between top
models. I calculated both conditional R2 (all variance explained) and marginal R2
(variance explained only by fixed factors) via R Package MuMin (Barton 2013). For the
best fit model, I estimated parameter coefficients, standard errors, and 95% confidence
intervals. I used R v.3.3.2 (R Development Core Team 2013) for all statistical analyses.
Results
I collected data adequate for range modelling from 143 bears; 43 from MI (19 F, 24 M),
73 from MO (45 F, 28 M), and 27 from MS (16 F, 11 M). Range sizes are presented as
median values as data were non-normally distributed. The median annual range area was
18.7 km2 for females and 89.9 km2 for males (Appendix A, Table A.1). Male annual
ranges were 5.8 times larger than females in MI, 5.3 times larger in MO, and 3.8 times
larger in MS. The median seasonal range area for all bears was 15.4 km2 for females and
59.3 km2 for males (Appendix A, Table A.1). The median proportion of forest within
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seasonal ranges was 0.85 in MI (0.87 F, 0.83 M), 0.92 in MO (0.93 F, 0.89 M) and 0.85
in MS (0.89 F, 0.67 M).
One model best described the NDVI difference between annual ranges and study
area (Table 3.2, analysis A), which contained all fixed factors and one interaction (Table
3.3), with an AICc weight of 0.99 (selected random structure was bear ID and year).
Conditional R2 was 0.93 and marginal R2 was 0.86. Bears in all states selected areas with
greater NDVI than the study areas (Table 3.3, Figure 3.2). There was no difference in
selection between MI and MO, and bears in MS showed stronger selection than the other
two states. Males in MS selected areas of lower NDVI than the female-male difference in
MI and MO.
One model best described the NDVI difference between seasonal ranges and
seasonal buffers (Table 3.2, analysis B) which consisted of all fixed factors and
interactions (Table 3.4), with an AICc weight of 0.99 (best random structure was both
bear ID and year). Conditional R2 was 0.64 and marginal R2 was 0.42. There was
selection for greater productivity in summer ranges by both sexes, and for all bears in MS
(Table 3.4, Figure 3.2). Several interactions revealed more fine patterns, for example
male bears use areas less productive than surrounding buffers during spring and areas
more productive during summer.
Three competing models (Appendix B, Table B.1) best described size variation in
annual ranges (Table 3.2, analysis C) but the best fit model (Table 3.5) included the
effects of sex, state, and forest edge density, with no interactions (best random structure
was bear ID). This model had a conditional R2 of 0.85 and marginal R2 was 0.49. Males

50

had larger ranges than females, and forest edge density had a negative influence on
annual range area (Table 3.5, Figure 3.3).
Three competing models (Appendix B, Table B.2) best described the size
variation in seasonal ranges (Table 3.2, analysis D); the best fit model (Table 3.6)
included sex, state, season, edge density, proportion of forest, and two interactions (the
best random structure was bear ID). This model had a conditional R2 of 0.68 and
marginal R2 of 0.55. Overall, males displayed larger seasonal ranges than females, and
summer ranges were largest for both sexes (Table 3.6, Figure 3.3). Forest edge density
and proportion of forest had a negative influence on range area for all bears, but edge
density was three times more influential. Males in the spring and summer had larger
ranges than in the fall. Bears in MO had larger ranges, and in MS smaller ranges (spring
and summer only), than MI (Table 3.6, Figure 3.3).
Discussion
As expected for a behaviorally flexible species with a large geographic range, black bears
demonstrated high individual variability in spatial selection and range size; nevertheless,
I observed broad patterns. Annually, black bears consistently selected areas with greater
vegetation productivity than the surrounding landscape; yet selection for productivity
weakened and became more variable seasonally. Opposite to my prediction, increasing
fragmentation of forest patches consistently resulted in smaller annual and seasonal
ranges in all areas. In contrast, my results supported my prediction that ranges with
proportionately greater forest would be smaller, but found no support for more productive
ranges also being smaller as I would expect with an area minimizing strategy.
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Under the framework of optimality, home-range location should reflect a fitness
maximizing strategy (Mitchell and Powell 2004; 2007) while achieving nutritional
security (Macdonald and Johnson 2015). Different limiting factors can act at different
scales (Rettie and Messier 2000), and my results suggest vegetation productivity can
influence spatial selection at coarser spatial and temporal scales. Different mammalian
taxa, such as ungulates (Stillfried et al. 2017), primates (Zinner et al. 2002), and
carnivores (Mitchell and Powell 2007; Duquette et al. 2017), have been found to use
areas of greater quality than the surrounding landscape, yet the limiting effect of
vegetation productivity in black bear space use becomes weaker at finer scales reflecting
a shift in limiting factors. Similarly, NDVI had little to no explanatory power related to
fine scale (3rd or 4th scale; Johnson 1980) selection for wolves (Milakovic et al. 2011) or
black bears (Duquette et al. 2017). Alternatively, NDVI may be limited methodologically
to serve as an adequate proxy for black bear food resources at fine scales, possibly not
allowing sufficient variability to occur. Detecting selection of common resources is
problematic given the mathematics of relating use to availability (Kertson and Marzluff
2011).
Increasing forest edge density had a consistent negative relationship on black bear
range size both annually and seasonally. This relationship was surprising as I predicted
forest fragmentation would cause bears to increase movement to obtain enough food
resources located within forests. An alternative explanation is that non-forested land
covers and forest edges themselves can be a source of food resources for bears. For
example, forest edges often facilitate the growth of a diversity of early successional
vegetation that opportunistic omnivores can consume (Livaitis 2001). Black bears in
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other areas have been associated with diverse land covers (Carter et al. 2010), and reduce
their ranges in areas with forest clearcuts (Brodeur et al. 2008). Forest edge density could
potentially act as a superior proxy than NDVI for black bear food resources at a fine
scale; if so, then the prediction of smaller ranges when more food is available, under an
area minimizing approach, would be supported. Human derived landscape fragmentation
can result in smaller ranges by allowing resource generalists to take advantage of
resources in surrounding areas (Andren 1994; Tigas et al. 2002). Black bears that have
regular access to human-derived food are larger, move less, and use less natural food
(Masse et al. 2014) and a recent global assessment found that mammals in humanmodified areas have decreased movement rates (Tucker et al. 2018). But the negative
relationship between fragmentation and range area can also occur when little to no
anthropogenic disturbances occur; for example brown bears in Alaska used larger areas
as the landscape became more homogeneous (Mangipane et al. 2017) and larger homerange sizes were linked to areas of lower habitat diversity for black bears in Arkansas
(Smith and Pelton 1990). In contrast, Karelus et al. (2016) suggested that fragmentation
caused black bears in Florida to use larger areas, and a black bear study in Missouri
suggested that increasing land cover diversity resulted in larger range areas (Hiller et al.
2015). Detecting and measuring the effect of landscape fragmentation on species is
dependent on the vegetation community being fragmented and what is considered “nonhabitat”; human modified land covers can be hostile to some species, or populations
within species, while providing attractive resources to others (Crooks et al. 2002).
Proportion of forest had a negative influence on seasonal range sizes, supporting
my prediction of an area minimizing strategy (Mitchell and Powell 2004; 2007). More
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available forested areas likely reflect an increase in food, water, and shelter which would
result in reduced movements. Though black bears are a forest obligate species (Herrero
1972; Pelton 2003), they can use non-forested areas (e.g. agriculture or low density
human areas) to supplement feeding. In Missouri, black bear density declined with
increasing forest cover (Sollman et al. 2016), and when sufficient forest is available,
human modified areas can provide attractive food resources (Ditmer et al. 2015;
Beckmann and Berger 2003, Merkle et al. 2013). Male bears in this study had lower
proportion of forest within their ranges than female conspecifics, possibly reflecting risky
food-seeking behavior, mate seeking, or exploratory movements (Beckmann and Berger
2003; Merkle et al. 2013). Unexpectedly, there was no support for more productive
ranges (mean NDVI) being smaller than less productive ranges as I would expect by an
area minimizing strategy. A negative relationship between productivity and range size
has been observed in other carnivores (Bengsen et al. 2016; Herfindal et al. 2005;
Ferguson et al. 2009), though the form of these relationships has been inconsistent among
species (Nilsen et al. 2005).
In addition to my main predictions, I found that annual and seasonal differences in
range sizes existed between males and females during all seasons; males displayed ranges
from two to six times larger than females. In a polygynous mating system, adult males
are expected to structure their space use to maximize mating opportunities (Sandell,
1989) and male range sizes should be greater than required for metabolic requirements
(Dahle and Swenson, 2003; Liberg et al., 2000; Sandell, 1989); my results support these
predictions. In other solitary polygynous carnivores (e.g. bobcats), male range areas are
partially determined by female range areas (Ferguson et al. 2009). In agreement, I found
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that male ranges were largest where female ranges were also largest (Missouri). Both
female and male bears had the largest ranges during the mating and dispersal period
(June-July), consistent with previous studies (e.g. Costello et al. 2009; Massé et al. 2014).
Some of the smallest black bear ranges have been reported in the highly productive areas
in the Mississippi Delta (Benson and Chamberlain 2007, Oli et al. 2002), which is
consistent with my results. I also found that bears in Mississippi had the greatest
productivity selection which might be partially influenced by landscape structure; the
Mississippi Delta includes highly productive hardwood forests constrained by less
productive agriculture. Notably, ranges for males in Michigan during fall were smaller
than for males in other areas, possibly related to seasonal black bear harvest and risk
avoidance behavior (Stillfried et al. 2015) while baiting may allow high energy intake
while displaying limited movements. Finally, increased population density should result
in overall smaller ranges on average when compared to less dense populations
(Kjellander et al. 2004), yet I did not find a pattern of increasing population density
resulting in increasingly smaller ranges for my three study areas.
Black bears did not display a clearly defined scale-independent strategy for
structuring ranges (energy maximizing or area minimizing), consistent with previous
studies (Mitchel and Powell 2007). The high productivity of ranges of all sizes suggests
energy maximizing, while the negative relationship between range size and both
fragmentation and forest proportion suggests area minimizing. More limiting factors act
at larger scales (Rettie and Messier 2000), which would suggest productivity is the
strongest limiting factor and energy maximizing is the dominant strategy while plasticity
allows for seasonal area minimizing. The life history of black bears points to them being
55

energy maximizers; species whose potential reproductive success is related to their
energy gain (McLoughlin et al. 2000). For many ursids, body mass and body fat have
been found to influence reproductive success of males (Costello et al. 2009) and females
(Atkinson and Ramsay 1995; Belant et al. 2006; Lopez-Alfaro et al. 2013; Robbins et al.
2012), and their typical weight fluctuations during the year (i.e. hyperphagia, hibernation,
den emergence; Hellgren 1998; Farley and Robbins 1995) should be facilitated by an
energy maximizing strategy. In addition, the usual lack of territoriality (Mitchell and
Powell 2007) would facilitate an "expansionist" or energy maximizer behavior
(Macdonald and Johnson 2015) and dietary studies on captive and wild black bears
suggest they fit an energy maximizing strategy (e.g. Costello et al. 2016).
Spatial and temporal heterogeneity are fundamental mechanisms structuring
ranges (Börger et al. 2008, Mitchell and Powell 2007, Macdonald and Johnson 2015) and
will become increasingly important as human modification of the landscape continues to
influence species’ movements (Tucker et al. 2018). Black bears optimally locate their
annual ranges to maximize access to areas of high vegetation productivity while adapting
their space use to the amount of forest available and the degree of fragmentation,
displaying scale dependent energy maximizing and area minimizing strategies. By
quantifying black bear space use across different areas, over time, and among and within
individuals, I revealed consistent large scale responses to environmental conditions while
highlighting the intrinsic plasticity of this flexible omnivore.
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Table 3.1

Hypotheses evaluating optimality in black bear home range location and
size, together with associated factors, predictions, and support. NDVI=
Normalized Difference Vegetation Index.

Hypothesis
Food selection

Factor
NDVI difference

Fragmentation

Forest edge density

Productivity (area
minimizing)

Proportion of forest
NDVI

Table 3.2

Predictions
Home ranges will be more
productive than surrounding areas
Greater edge density results in larger
home ranges
Greater forest proportion results in
smaller home ranges
Greater NDVI results in smaller
home ranges

Selected factors and interactions for analyses of (A) annual (n = 97), and
(B) seasonal (n = 538) productivity selection and (C) annual (n = 97) and
(D) seasonal (n = 538) home range size variation for black bears.

Fixed
(A) State
factors
Sex

Interactions
Sex*State

Response
NDVI difference between annual home
range and study area

(B) Sex
Season
State
(C) Prop forest
Edge density
Mean NDVI
State
Sex
(D) Prop forest
Edge density
Mean NDVI
Season
State
Sex

Season*Sex
Season*State
Sex*State
Sex*State

NDVI difference between seasonal home
range and seasonal buffer

Season*Sex
Season*State
Sex*State

Size of seasonal home range

Size of annual home range
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Table 3.3

Parameter estimates and standard deviations (SD) for annual home range
productivity selection for black bears (2008-2017) in Michigan (MI),
Missouri (MO), and Mississippi (MS).

Parameter

Estimate

SD

Intercept

0.31

0.09

State MO

0.10

0.09

State MS

1.67

0.09

Sex M

-0.01

0.12

State MO: sex M

0.02

0.18

State MS: sex M

-0.63

0.18

* p < 0.05, ** p < 0.01, ** p < 0.001.

**
***

***
*
8

Table 3.4

Parameter estimates and standard deviations (SD) for seasonal home range
productivity selection for black bears (2008–2017) in Michigan (MI),
Missouri (MO), and Mississippi (MS).

Parameter
Intercept
Sex M
Season Spring
Season Summer
State MO
State MS
Sex M:season Spring
Sex M:season Summer
Sex M:state MO
Sex M:state MS
Season Spring: state MO
Season Summer: state MO
Season Spring: state MS
Season Summer: state MS
* p < 0.05, ** p < 0.01, *** p < 0.001.
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Estimate

SD

0.03
-0.11
0.24
0.38
0.13
0.99
-0.53
1.06
1.02
-0.93
-0.49
-0.23
0.24
-0.52

0.19
0.21
0.19
0.17
0.20
0.22
0.17
0.14
0.22
0.27
0.21
0.18
0.22
0.19

*
***
*
***
***
***
*

*

Table 3.5

Parameter estimates and standard deviations (SD) for annual home range
size variation for black bears (2008-2017) in Michigan, Missouri, and
Mississippi, USA.

Parameter

Estimate

Std.

Intercept

1.37

0.04

State MO

0.68

0.08

State MS

0.09

0.09

Sex: Male

0.67

0.08

***

-0.10

0.02

***

Forest Edge Density
* p < 0.05, ** p < 0.01, *** p < 0.001.

Table 3.6

***

Parameter estimates and standard deviations (SD) for seasonal home range
size variation for black bears (2008-2017) in Michigan (MI), Missouri
(MO), and Mississippi (MS.

Parameter

Estimate

Std.

(Intercept)

1.11

0.08

***

Sex M

0.35

0.06

***

Season Spring

-0.02

0.09

Season Summer

0.21

0.08

*

State MO

0.17

0.08

*

State MS

-0.01

0.09

Forest edge density

-0.18

0.02

***

Proportion of forest

-0.06

0.02

**

Season Spring: sex M

0.20

0.08

*

Season Summer: sex M

0.14

0.07

*

Season Spring: state MO

0.09

0.10

Season Summer: state MO

-0.03

0.09

Season Spring: state MS

-0.37

0.10

***

-0.22

0.09

*

Season Summer: state MS
* p < 0.05, ** p < 0.01, *** p < 0.001.
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Figure 3.1

Location of the three black bear study areas (dashed polygons) located
primarily in Michigan (top), Missouri (middle), and Mississippi (bottom),
USA.
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Figure 3.2

Normalized Difference Vegetation Index (NDVI) difference (rescaled by a
factor of 0.0001) for female and male black bear (a) annual home ranges
and study area (n = 97) and (b) seasonal home ranges and seasonal buffers
(n = 538), in Michigan (MI), Missouri (MO), and Mississippi (MS), USA.
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CHAPTER IV
REPRODUCTIVE CLASS INFLUENCES RISK TOLERANCE DURING DENNING
AND SPRING FOR AMERICAN BLACK BEARS
Introduction
Seasonal timing of life-cycle events including reproduction, migration, or hibernation can
greatly influence survival and reproductive success (Caro et al. 2013), placing strong
selective pressures on strategies that optimize offspring survival (Jackson et al. 2014).
Mammalian hibernation is a behavioral and physiological strategy to avoid seasonal
shortages of food and water, consisting of periods of low activity and metabolic
suppression (Watts et al. 1981, Humphries et al. 2003). By hibernating, mammals can
reduce the energy required to survive winter, and in some species it can facilitate fat
retention for pregnant females, aiding offspring development and lactation which are
energetically demanding (Geiser and Masters 1994; Atkinson and Ramsay 1995).
Hibernation in bears (Ursus spp.) is unique; they display less metabolic suppression and
reduction of body temperature than smaller–bodied hibernators (Watts et al. 1981; Tøien
et al. 2011) yet survive prolonged seasonal inactivity, sometimes in partially exposed
dens. Maternal denning in bears is obligatory due to production of altricial offspring,
whereas non–parous bears exhibit facultative denning in response to severe weather and
resource shortages (Johnson and Pelton 1980, Linnell et al. 2000, Haroldson et al. 2002).
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Black bears (U. americanus) survive winter in a mildly hypothermic,
hypometabolic, and lethargic state, and are able to return to near–normal systemic
function within minutes of arousal (Laske et al. 2010). Consequently, unlike other
hibernating species, bears can be awakened more easily while denning (Tietje and Ruff
1980; Boyles and Brack 2009). Anthropogenic disturbances during hibernation can cause
arousal in bears and adversely influence energy expenditures and reproductive success
(Tietje and Ruff 1980, Linnell et al. 2000). Given the potential high costs of den
disturbance or abandonment (Swenson et al. 1997; Linell et al. 2000), well–adapted
individuals should choose to den farther from human activities (“Anthropogenic risk
avoidance” hypothesis; Pigeon et al. 2014).
In addition to human-derived risk, conspecific presence can also influence den
site selection, particularly for females with dependent offspring. Non-parental infanticide
is prevalent in mammals, potentially providing nutritional benefits, increased access to
limited resources, or increased reproductive opportunities for males (Ebensperger 1998;
Lukas and Huchard 2014). Infanticide as a mechanism to return the female to a breeding
state mostly occurs in taxa with long lactation periods, e.g. primates, felids, ursids, and
toothed whales (Palombit 2015). Strategies to avoid infanticide include spatial
segregation (e.g. Libal et al. 2011; Derocher and Stirling 1990), active defense against
aggressive conspecifics (Ebensperger 1998; Gosselin et al. 2017), and mating with
multiple males causing paternity uncertainty (Packer and Pusey 1983; Ebensperger
1998). The “infanticide avoidance” hypothesis states that females with dependent young
should minimize contact with unfamiliar adult conspecifics, particularly males (Dahle
and Swenson 2003b; Gosselin et al. 2017). By limiting movements and displaying
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relatively smaller home ranges during spring, females could decrease the chance of
encounters with unfamiliar adult conspecifics and minimize infanticide risk.
While avoiding risk, individuals might prioritize the abundance of resources and
choose den sites in areas with abundant foods to maximize energy gain after den
emergence (Pigeon et al. 2014). However, male bears can outcompete or discourage
females with offspring from using certain high-quality foods, as has been observed for
black bears (Mansfield 2007; Lesmerises et al. 2015; Costello et al. 2016) and brown
bears (U. arctos; e.g. Ben –David et al. 2004). Females with dependent young may
maximize their fitness by occupying areas with reduced infanticide risk even if those
habitats have poorer food resources (Ben–David et al. 2004; McDonald and Fuller 2005).
The influence of environmental productivity on den site selection remains mostly
unexplored in black bears, even though the adaptive value of denning and hibernation for
this species is potentially enhanced given their opportunistic omnivorous diet which is
dominated by plants and insects (Pelton 2003, Costello et al. 2016), and therefore closely
tied to seasonal plant cycles (Ewer 1973).
Black bear den site selection and characteristics have been explored extensively at
the population level and across large spatial extents, evaluating factors such as
surrounding vegetation, topography, or anthropogenic disturbance (e.g. Hellgren and
Vaughan 1989; Oli et al. 1997; White et al. 2001; Baldwin and Bender 2008; Waller et al.
2012, 2013). However, little is known on denning and spring space use in relation to
individual availability. I examined support for the anthropogenic risk avoidance and
infanticide avoidance hypotheses, while investigating black bear den-site selection and
spring space use at the individual level. Within this framework, I expected bears to make
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choices (either a fixed behavioral trait or as a flexible response to current conditions) that
would minimize risk and maximize energy gain. If there is anthropogenic risk avoidance,
I would expect all black bears regardless of reproductive class to den and move farther
from roads than available to them. If there is infanticide avoidance, I would expect
females with cubs-of-the-year (hereafter cubs) to be more tolerant than males regarding
human disturbance for den locations and spring ranges, and display smaller spring ranges
to minimize risky encounters and offspring mortality. Additionally, if males displace
females from areas with high-quality resources, I would expect male dens to be located in
areas more productive than female dens and in areas more productive than surrounding
areas during spring.
Methods
Study area
I collected data from black bear studies in Michigan (MI, data from 2009–2011 and
2013–2015), Missouri (MO, data from 2010–2016), and Mississippi (MS, data from
2008–2017), USA. In MI, data collection was conducted in the Upper Peninsula. The
study area has elevations ranging approximately from 160 to 240 m, and predominant
vegetation includes upland and lowland hardwoods (Duquette et al. 2017). In MO, black
bears are captured in the Ozark Highlands. This region contains karst topography with
elevations from about 70 to 280 m, and land covers are primarily forest in the east and
agriculture in the west (Karstensen 2010). In MS, black bears were captured in the Delta
region of western MS. Topography is generally flat with elevations from 0 to 247 m
above sea level, and land covers mostly include agricultural, water/wetland, and
deciduous forests (Simek et al. 2012). Black bears in MS and MO are not harvested, and
74

in MI they are harvested annually during September–October; only males and females
without dependent young are legal for harvest (Belant et al. 2011).
Capture and marking
Black bears on each study area were captured using modified Aldrich foot snares
(Johnson and Pelton 1980) and culvert traps. Captured individuals were immobilized with
tiletamine and zolazepam at a dosage of 4–7 mg/kg of estimated body weight (Telazol;
A. H. Robins Company, Richmond, Virginia, USA), administered with a dart syringe
fired from a CO2–powered pistol or dart gun. For each bear, reproductive status and
weight was recorded, and each received a GPS radiocollar: MI (Lotek Wireless,
Newmarket, Ontario, Canada), MO (Northstar RASSL Globalstar, King George,
Virginia, USA; Advanced Telemetry Systems M2610B, Isanti, Minnesota, USA; Lotek
Wireless 7000MU, Newmarket, Ontario, Canada), MS (Telonics Inc., Mesa, Arizona,
USA; Lotek Iridium Collars, Lotek Wireless Inc., Newmarket, Ontario, Canada) with
leather breakaway link (Garshelis and McLaughlin 1998). All capturing and handling of
bears followed the American Society of Mammalogists guidelines (Sikes et al. 2011), and
was approved by the Mississippi State University Institutional Animal Care and Use
Committee (MI protocol: 15–013, MO: 13–094, MS: 14–098). Dens were located using
aerial and ground–based telemetry, and relocation data from GPS collars was recovered
during recaptures, UHF data downloads during flights, and den visits. Litter sizes and
litter success (at least one cub surviving to yearlings) were recorded during den visits.
Data collection and analyses
For home range analyses (hereafter range), I reduced temporal autocorrelation and
standardized relocation intervals among datasets, by randomly subsampling location
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estimates such that no individual had >1 location per day (Hiller et al. 2015). Spring
range was defined as activity since mid-March through May for MS and MO, and midApril through mid-June for MI (Gantchoff CH2). To estimate space use, I used fixed–
kernel techniques with plug-in bandwidths (Gitzen et al. 2006) to determine the area of
the 95% utilization distribution (UD) within a given range (Kernohan et al. 2001). The
plug-in method minimizes over-smoothing in resulting kernels generated from GPS data
(Kertson and Marzluff 2011). Cell size (400m) for kernel smoothing was kept constant
among all range calculations for an accurate comparison of size variations. I considered
data adequate for range modelling when locations spanned at least 75% of the time period
being analyzed (e.g. ≥ 45 of 60 days) and exceeded the minimum of 25 relocations
(Haines et al. 2009; Powell 2000; Börger et al. 2006). For individuals with data for >1
year, each spring range was considered a sampling unit.
I obtained road data from the 2013 TIGER/Line® shapefiles (US Census Bureau
2013). I first calculated the distance between each den and closest road using the
Euclidean Distance tool in ArcMap (Environmental Systems Research Institute,
Redlands, CA). I then created a distance-to-road raster (100–m resolution), with each 100
x 100 m cell representing the distance to the nearest road from the cell enter. By
averaging the cell values, I calculated the average distance to a road for a one–month
buffer (details below) and for the spring range after den emergence. To determine the size
of the one-month buffer (hereafter buffer), I calculated the average black bear range from
the first month of spring activity separately for males and females (1.10 km radius for F
and 2.65 km for M). I calculated two road avoidance indexes: I subtracted the average
distance to roads of the buffer or spring range from the den distance; a positive value
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meaning the den was further from roads and a negative value closer to roads than the
mean value in the compared area.
To assess if males displace females from high-quality areas, I used the
Normalized Difference Vegetation Index (NDVI) to measure vegetation greenness as an
index of plant productivity. The relationship between NDVI and average energy
availability is well established (Pettorelli et al. 2005, Wiegand et al. 2008), and has been
previously used to explain diet variation in bears (Bojarska and Selva 2011). I used 16day composite NDVI data from the MODIS server (500-m resolution; United States
Geological Survey 2013) and rescaled raw NDVI values by multiplying them by a factor
of 0.0001. I calculated mean NDVI values for the one month buffer, spring range, and the
NDVI value for the den location (same time period as one-month buffer). I calculated a
productivity selection index by subtracting the mean NDVI of the one-month buffer form
the den NDVI value, a positive value meaning the den was in a more productive area than
available and a negative value in a less productive area. NDVI calculations and
extractions were done with R v.3.3.2 (R Development Core Team 2014).
I use generalized linear mixed models (GLMM) to evaluate den site selection and
spring space use for black bears. To evaluate support for the anthropogenic risk and
infanticide avoidance hypotheses, I modeled the influence of reproductive class (female
with cubs, female with yearlings, female alone, or male) separately on the two den road
avoidance indexes (i.e. buffer and spring), including bear ID nested within state as
random effects. Additionally, for the infanticide avoidance hypothesis, I modeled the
influence of reproductive class separately on den distance to the nearest road, spring
range size, mean spring road distance, and NDVI selection index, always including bear
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ID nested within state as random effect. To assess data distribution, I examined residuals
for indication of systematic lack of fit using the global model and full data set. When the
response variable had a skewed distribution (i.e. range size), I transformed the data
(log10) to increase homogeneity of the variance. To evaluate model fit, I calculated both
conditional R2 (all variance explained) and marginal R2 (variance explained only by fixed
factors). I estimated parameter coefficients, standard errors, and 95% confidence
intervals. I used R v.3.3.2 (R Development Core Team 2014) for all statistical analyses.
Results
I collected 162 den locations: 54 in MI from 2009 to 2016 (36 F and 18 M), 54 in MO
from 2011 to 2016 (48 F and 6 M), and 54 in MS from 2008 to 2017 (50 F and 4 M).
Average litter size (SD) was 2.67 (0.86) in MI (n = 17), 1.96 (1.0) in MO (n = 24), 1.85
(1.1) in MS (n = 25). Of 66 litters, partial or complete litter survival to 1 year old (i.e.
yearling) could be assessed in 33 litters the following den check: 8 of 9 litters in MI were
successful, 7 of 7 litters in MO were successful, and 11of 17 litters in MS were
successful.
Median distance to road was 381 m for females with cubs (n=69), 517 m for
females with yearlings (n=33), for 425 m for females alone (n=33), and 575 m for males
(n=27). Females with cubs denned closer to roads than females with yearlings (Table 4.1,
Figure 4.1). All males and females, except females with cubs, denned farther from roads
than available within the buffer; females with cubs were neutral. All female categories
displayed smaller spring ranges than males, and females with cubs displayed smaller
ranges than females alone. During spring, females with cubs used areas closer to roads
than females with yearlings. No reproductive class selected den locations closer or farther
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away than areas used during the following spring. There were no differences among
reproductive classes (including males) regarding mean NDVI value for den site or buffer,
and there was no NDVI selection at the buffer scale.
Discussion
All black bears, except females with cubs, chose den locations farther from roads than
available around their dens at the buffer scale, supporting the anthropogenic risk
avoidance hypothesis. Additionally, females with cubs displayed the smallest spring
ranges among females, as well as denned closer to roads and used areas closer to roads
during spring than females with yearlings, supporting the infanticide avoidance
hypothesis. However, I found no support for males displacing females from high
productivity areas, or bears selecting den locations more productive than surrounding
areas at a buffer scale.
By denning farther from roads than what is individually available, bears likely
decreased the risk of anthropogenic disturbance. At the population level, bears often
choose den sites in areas away from roads (Gaines 2003; Huygens et al. 2001; Mitchell et
al. 2005), and avoidance of roads at fine (< 1-km radius), but not coarse (> 5 km radius),
scales has been observed for brown bears (Pigeon et al. 2014). Black bears display
physiological responses before and after human disturbance during denning (Laske et al.
2010), and den location relative to roads likely depends on predictability and intensity of
human use (Linnell et al. 2000; Reynolds–Hogland et al. 2007). Anthropogenic
disturbance can influence den site selection for other carnivore species (e.g. May et al.
2012; Iliopoulos et al. 2014; White et al. 2015), acting as a form of risk regardless of
whether mortality occurs (Frid and Dill 2002).
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Unlike other black bears, females with cubs did not den farther from roads than
available to them, potentially displaying increased tolerance of anthropogenic disturbance
while attempting to minimize conspecific risk. Male bears likely assess their paternity
through their mating history (Leclerc et al. 2017) and infanticide in ursids appears to be
mostly a male reproductive strategy (Swenson et al. 1997, 2001; Zedrosser et al. 2009),
although nutritional gain is also a possibility (Garrison et al. 2007). In particular for
female black bears, interior habitats (Garrison et al. 2007) and areas farther from roads
(Manville 1987) might represent greater risk of conflicts with males. By denning and
moving farther from roads than females with cubs, females with yearlings might possibly
teach offspring where to move and den after independence; maternal effects can have a
substantial influence on juvenile den site selection (Vitale et al. 2018).
Females with cubs had the smallest ranges among conspecifics, supporting my
prediction of reduced movement during spring. Infanticide usually occurs during spring
and early summer, and can be a main source of black bear cub mortality (LeCount 1987;
Garrison et al. 2007). Similar reduced movements during spring have been quantified in
other ursids like polar bears (U. maritimus; van Beest et al. 2016) and brown bears in
Scandinavia (Dahle and Swanson 2003), but not for Asiatic black bears (U. thibetanus;
Yamamoto et al. 2012) or brown bears in Alaska (Mangipane et al. 2018). However,
during the breeding season in Michigan, no reduced movements were observed for
female black bears with cubs (Norton et al. 2018). Overall, limiting movement seems to
be an effective strategy used by female bears to maximize cub survival (Gardner et al.
2014), though likely is context dependent and could concurrently limit resource
accessibility. Using smaller areas during the energetically demanding time of lactation
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could be facilitated by ursid physiological plasticity in milk production in relation to
resource intake (McDonald and Fuller 2005).
Productivity (NDVI) values for den locations and spring ranges increased from
Michigan towards Missouri and Mississippi, as expected from the latitude gradient, but
surprisingly, I found no evidence of males or female black bears selecting den locations
more productive than surrounding buffers. Bears survive the winter primarily on stored
fat, and should benefit from accessing abundant, high quality food at den emergence. For
example, brown bears can den in areas with potential high neonate ungulate abundance in
spring (Libal et al. 2011). Black bear spring diet is similar for males and females and
most foods available (i.e. above ground vegetation and insects) provide limited
opportunity to maximize energy intake (Costello et al. 2016). Increased energy intake
would lead to more rapid weight recovery, and body size might facilitate mating
opportunities for males (Costello et al. 2009). However, I found no evidence for males
selecting productive areas at a buffer scale or displacing females from high quality areas,
which has been observed previously (e.g. Garshelis and Pelton 1981). It is possible bears
are selecting productive areas at coarser scales than I measured in this study (Gantchoff
CH2), or that my productivity metrics failed to capture the spatial variability of some
other spring food resources, such as ant colonies (Auger 2006; Noyce et al. 1997,
Costello et al. 2016) or ungulate neonates (Mathews and Porter 1988; Fortin et al. 2013).
My data together with previous studies (Benson and Chamberlain 2007; Vitale et
al. 2018), suggest there is high among-individual variation in black bear den selection.
Individual differences could be the result of many non-exclusive factors, such as age or
body condition (Lesmerises and St-Laurent 2017), maternal effects (Vitale et al. 2018),
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heritability (Shafer et al. 2014), or behavioral syndromes (Sih et al. 2012). Consistent
individual differences in behavior affect survival and reproduction and therefore have
evolutionary implications (Leclerc et al. 2017). Black bears have high learning capacity
(Mazur and Seher 2008) and display behavioral plasticity in relation to perceived
anthropogenic risk (Evans 2016) and resource availability (Lewis et al 2015; Lesmerises
and St-Laurent 2017). I suggest that behavioral plasticity in females with cubs facilitates
denning closer to human activities to reduce conspecific risk while also reducing
exposure to human disturbance, for example by denning in areas with rugged terrain or
increased horizontal cover (Sahlén et al. 2011). Females with cubs have been observed to
den in areas of dense vegetation in Florida (Garrison et al. 2007) and the Mississippi
Delta (Waller et al. 2012; 2013), which could offer increased concealment and detection
of disturbances.
Den sites are an important aspect of many mammalian species’ ecology, and risk
avoidance (e.g. anthropogenic, conspecific, predation) has been found to influence densite selection of several carnivore species (e.g. Theuerkauf et al. 2003; Jackson et al.
2014; Libal et al. 2011). Overall I found that black bears appeared to minimize
anthropogenic risk during denning; however females with cubs must also balance the
increased energetic demands of rearing young while minimizing their mortality risk. I
suggest female black bears have a flexible response to anthropogenic disturbance,
attempting to minimize it when alone or with older offspring, yet having increased
tolerance when infanticide is greater after cubs are born and following den emergence.
This differential response by females with cubs and with yearlings to the same factors
suggests these behavioral changes are a strategy to maximize reproductive success.
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Understanding the dynamics of den selection is important for black bears and other
species that exhibits denning behavior. Investigating behavior at the individual level can
reveal patterns that cannot be observed through population-level assessments.
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Table 4.1

FC
FY
FA
M
R2M
R2C

Generalized linear mixed model results of the influence of reproductive
status on den site location and spring space use for black bears (Ursus
americanus) in Michigan, Missouri, and Mississippi, 2008–2017.
(a) Den distance
(n = 161)
Parameter
SE
613.79
142.20
207.18
81.11
103.06
92.67
140.46
161.01
0.03
0.77

(b) Road avoidance
(n = 161)
Parameter
SE
–0.89
36.91
102.41
52.40
100.90
55.20
149.78
68.09
0.04
0.41

(c) Spring roads
(n = 82)
Parameter
SE
564.18
185
93.92
34
62.19
48.3
–99.50
146
0.17
0.96

(d) Spring range
size
(n = 117)
Parameter SE
2.67
1.23
0.64
0.33
1.19
0.44
5.95
0.74
0.34
0.95

(a) Distance from den to nearest road (meters), (b) road avoidance = difference between
den distance to road and average distance to road in a one month sex specific buffer (see
methods for details), (c) average distance to roads in spring ranges, and (c) spring range
size variation. FC = female with cubs, FY = female with yearlings, FA = female alone, M
= males. All models include bear ID nested within state as a random effect. SE = standard
error. Bold numbers indicate significant differences compared to females with cubs. R2M
= R–squared marginal, R2C = R–squared conditional (see methods for details).
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Figure 4.1

Black bear reproductive class differences for road selection index (top) and
spring range area (bottom) in Michigan, Missouri, and Mississippi (2008–
2017).
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APPENDIX A
HOME RANGE AREAS AND SAMPLE SIZES FOR BLACK BEARS IN MICHIGAN,
MISSOURI, AND MISSISSIPPI
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Median home range areas (km2) and subsample size (n) for black bears
Ursus americanus (2008-2017) in Michigan, Missouri, and Mississippi,
USA.

Missouri

Michigan

State Sex Annual Area Season
Fall
F
16.4 (15)
Spring
Summer
Fall
M
96.6 (8)
Spring
Summer
Fall
F
34.6 (25)
Spring
Summer
Fall
M
182.9 (6)
Spring
Summer
Fall
F
16.7 (36)
Spring
Summer
Fall
M
60.0 (7)
Spring
Summer
Mississippi

Table A.1
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Seasonal Area
5.9 (14)
7.5 (21)
15.8 (27)
9.2 (7)
60.3 (11)
83.3 (29)
16.4 (74)
16.0 (43)
29.5 (77)
35.4 (24)
102.8 (10)
91.9 (31)
13.9 (51)
6.9 (41)
15.9 (53)
41.1 (15)
20.6 (11)
41.4 (10)

APPENDIX B
GENERALIZED LINEAR MIXED MODEL RANKINGS FOR ANNUAL AND
SEASONAL HOME RANGE SIZE VARIATION
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Int
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+
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Sex
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Sex:State

8

7
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df

-6.404

-7.01

-2.959

logLik

30.4

29.3

28.5

AICc

1.97

0.8

0

delta

0.10

0.19

0.27

weight

0.53

0.53

0.55

R2c

0.86

0.85

0.85

R2m

-0.01

Mean
NDVI

-0.06

-0.07

-0.06
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Forest

+

+

+

Ssn

+

+

+

Sex

+

+

+

Stt

+

+

+
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+

+

+
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+

Sex:Stt

17
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16

df

-137.80

-136.26
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logLik

310.8

309.9

308.8

AICc

2.03

1.09

0

delt

0.13

0.21

0.37

weight

0.55

0.55

0.55

R2c

0.68

0.69

0.68

R2m

Competing (< 2 AICc) generalized linear mixed models for seasonal home range size variation of black bears in
Michigan, Missouri, and Mississippi (2008-2017). SSn=season, Stt=state. Prop forest..= proportion of forest. Best
fit model (see CH3 results) in bold.

-0.11

1.35

Table B.2

Edge
density

Competing (< 2 AICc) generalized linear mixed models for annual home range size variation of black bears in
Michigan, Missouri, and Mississippi (2008-2017). Best fit model (see CH3 results) in bold.
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