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ABSTRACT

Grizzly bear (Ursus arctos L.) populations in Alberta are threatened by habitat loss and high
rates of human-caused mortality. Spatial depictions of fitness would greatly improve man-
agement and conservation action. We are currently challenged, however, in our ability to
parameterize demographic rates necessary for describing fitness, especially across gradi-
ents of human disturbance and for land cover types. Alternative approaches are therefore
needed. We describe here a method of estimating relative habitat states and conditions as
surrogates of fitness using models of occupancy and mortality risk. By combining occur-
rence and risk models into a two-dimensional habitat framework, we identified indices of
attractive sinks and safe harbour habitats, as well as five habitat states: non-critical hab-
itats, secondary habitats (low-quality and secure), primary habitats (high-quality and
secure), secondary sinks (low-quality, but high risk), and primary sinks (high-quality
and high risk). Primary sink or high attractive sink situations were evident in the foothills
where bears were using forest edges associated with forestry and oil and gas activities on
Crown lands, while primary habitats or safe harbour sites were most common to pro-
tected alpine/sub-alpine sites. We suggest that habitat states and indices be used for set-
ting baseline conditions for management and comparison of habitat conditions over time
and identification of grizzly bear conservation reserves. A no net loss policy of critical
habitats could be used to maintain existing habitat conditions for landscapes threatened
by human development. Under such a policy, conversions of primary habitat would
require restoration of equivalent amounts of primary sinks through decommissioning of
roads.

© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

Aranda, 2003), restoration or range expansion (Mladenoff
etal., 1995; Boyce and Waller, 2003), ecological risk assessment

Understanding the distribution and abundance of species in
space and time is the primary definition of ecology (Krebs,
1985). With the recent advent of geographic information sys-
tems (GIS), together with widespread availability of digital
geo-spatial data, predicting species occurrence and/or abun-
dance has become commonplace (Boyce and McDonald,
1999; Scott et al., 2001). Applications of such models include
climate-change assessments (Tellez-Valdes and Davila-
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(McDonald and McDonald, 2002), and conservation gaps or re-
serve design (Flather et al., 1998; Yip et al., 2004). Ultimately,
understanding large-scale patterns and temporal changes to
rare, threatened or endangered species helps focus conserva-
tion needs (Dobson et al., 1996; Mattson and Merrill, 2002).
Describing species occurrence, or even that of abundance,
however, does not necessarily parallel habitat relationships
for populations, as occurrence and abundance can be poor
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surrogates for demographic performance (Van Horne, 1983;
Hobbs and Hanley, 1990; Tyre et al., 2001). Relating life his-
tory traits to habitats is critical for understanding habitat
processes and ultimately the management of species of con-
servation concern (Franklin et al., 2000; Breininger and Car-
ter, 2003). Without understanding such functions, one risks
assuming that animal occurrence or abundance relates di-
rectly to habitat quality, something that is not always the
case. For instance, some sites considered high in habitat
quality from an occupancy standpoint may be low in sur-
vival and/or final recruitment. These ‘attractive’ habitat
patches can produce local population sinks, and therefore
have been called attractive sinks (Delibes et al., 2001; Naves
et al.,, 2003) or ecological traps (Dwernychuk and Boag, 1972;
Ratti and Reese, 1988; Donovan and Thompson, 2001). Recog-
nizing this phenomenon within conservation habitat models
and resulting planning maps is therefore crucial for fully
representing habitat quality. For many species, however,
we lack the necessary data to formulate habitat-specific
demographic parameters and waiting for such data to be
collected for long-lived species with low reproductive rates
might simply result in documenting the decline rather than
providing an initial recommendation for the conservation
problem. No doubt, collection of long-term life history infor-
mation needs to be gathered, but exploiting existing data
sources also is necessary for short-term conservation man-
agement. Commonly, what is available is information on
animal occupancy from aerial surveys or radiotelemetry
studies and sometimes a distribution of mortality locations
from government management databases (e.g., hunting,
problem wildlife, vehicle-wildlife collisions, etc.). Identifying
attractive sink habitats, as well as some form of source or
secure habitats from these data, would prove useful for con-
servation planning and wildlife management.

One species ideally suited for exploring conservation hab-
itat modelling from an occupancy and survival framework is
grizzly bears Ursus arctos L. Grizzly bears are an important
keystone species (Tardiff and Stanford, 1998) that have de-
clined substantially throughout much of North America in
the past century (McLellan, 1998; Mattson and Merrill, 2002),
largely due to vulnerability from late maturation, low density,
low reproductive rates and a high trophic level (Russell et al.,
1998; Purvis et al., 2000a,b; Woodruffe, 2000; Garshelis et al.,
2005). Current efforts to identify grizzly bear habitats have re-
lied on radiotelemetry analyses of habitat selection (Waller
and Mace, 1997; Mace et al., 1996, 1999; McLellan and Hovey,
2001; Nielsen et al., 2002, 2003) or assessments of occupancy
based on field surveys and published records (Naves et al.,
2003; Posillico et al., 2004). Resulting habitat models provide
assessments of animal occurrence or use, but cannot suggest
overall habitat quality based on demographic performance.
Even spatial models that predict grizzly bear abundance
(Apps et al., 2004), although adding additional information
over and above occupancy and use, still lack an explicit mech-
anism to identify conservation actions. What is needed is an
approach that merges habitat-related occurrence or animal
abundance models with critical life history parameters.

For grizzly bears, it is widely accepted that survival, espe-
cially that of females, is the most sensitive parameter for pop-
ulation growth (Knight and Eberhardt, 1985; Mattson et al.,

1996; Wiegand et al., 1998; Boyce et al., 2001; Wielgus et al.,
2001). Most grizzly bear mortalities are human-caused (McLe-
llan et al., 1999; Benn and Herrero, 2002) and related to human
access (Nielsen et al., 2004a). Incorporating some form of sur-
vival within habitat maps would therefore be helpful.
Although population-level estimates of survival have been
estimated for grizzly bears (e.g., McLellan et al., 1999), few
have attempted to define or index these in a spatial manner
necessary for targeting on-the-ground management (see
however, Nielsen et al., 2004a; Johnson et al., 2004). Recently,
Naves et al. (2003) used a spatial framework for defining
brown bear habitats in northern Spain that incorporated both
survival and reproduction simultaneously. Such modelling
and mapping approaches are attractive management tools
for identifying conservation needs because they record attrac-
tive sinks where animals are likely to be present, but suffer
high mortality rates, and source or secure habitats where ani-
mals are present and enjoy high survival. Both habitat states
provide managers with 2 separate conservation strategies: (1)
preservation and protection of existing source and secure
areas to impede habitat degradation; and (2) mitigation of
sites where habitat conditions are excellent, but risk of mor-
tality is high and manageable.

Here, we develop a framework for identifying attractive
sink and source-like habitats for grizzly bears in west-central
Alberta, Canada. Such an approach is especially warranted for
this region, given the recommendation of threatened status
by Alberta’s Endangered Species Conservation Committee
(Stenhouse et al., 2003). With any such change in status,
effective habitat maps will be necessary for appropriate man-
agement and conservation planning. Despite the recognition
of population declines and the importance of secure habitats,
current management is largely based on a 1988 assessment of
land cover and human disturbance (Stenhouse et al., 2003).
We propose to update this assessment and redefine grizzly
bear habitat using empirical models of animal occurrence
and risk of human-caused mortality specific to current condi-
tions in the east slopes of the Alberta Rocky Mountains. By
placing occupancy and mortality risk models in a two-dimen-
sional framework, we define indices of attractive sink and
safe-harbour (source-like or secure) habitats as well as a clas-
sification of 5 habitat states including, non-critical habitat,
secondary sink, primary sink (similar to high index values
of attractive sink habitats), secondary habitat, and primary
habitat (similar to high index values safe harbour habitats).
Although these habitat indices and states are not based di-
rectly on demographic parameters, they have value in track-
ing temporal changes in habitats and ranking areas for
conservation action.

2. Study area

Our 9,752-km?-study landscape was located in west-central
Alberta, Canada (53° 15’ N 118° 30’ W; Fig. 1). Two land use
zones dominated the region: (1) the protected mountains in
the west, and (2) the resource-utilized foothills in the east.
Management of the protected mountains were divided be-
tween provincial (i.e., Whitehorse Wildlands; 173-km?) and
federal (i.e., Jasper National Park; 2,303-km?) authority and
characterized by recreational use. Mountainous land cover
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Fig. 1 - Study area map depicting management zones, towns, and high elevation (>1800 m) sites. Minor parks or reserves
mentioned include: (1) Brazeau Canyon; (2) Cardinal Divide; (3) Grave Flats. Inset map of Alberta in lower right illustrates
Ecoprovince, grizzly bear range, and study area within Alberta.

classes consisted of montane forests, conifer forests, sub-al-
pine forests, alpine meadows, and high elevation areas of
rock, snow, and ice (Achuff, 1994; Franklin et al., 2001). Foot-
hills, on the other hand, were characterized by a number of
resource extraction activities, including forestry, oil and gas,
and open-pit coal mining. Large numbers of roads and seis-
mic lines typify this landscape. Land cover for the foothills in-
cludes conifer, mixed, and deciduous forests, areas of open
and treed-bogs, small herbaceous meadows, and areas of
regenerating (fire and clearcut harvesting) forests (Achuff,
1994; Franklin et al., 2001). With a short growing season, lack
of salmon and other high protein foods (Jacoby et al., 1999),

this interior population of grizzly bears occurs at low densi-
ties (e.g., <14 animals/1000-km?).

3. Methods (a framework for assessing grizzly
bear habitat)

3.1.  Modelling the relative probability of adult female
occupancy

We used a resource selection model specific to adult females
during late hyperphagia from Nielsen (2005) to define the rel-
ative probability of adult female occurrence. We chose a single
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sex-age group, as Nielsen (2005) found differences in habitat
selection between sub-adult, adult male and adult female
grizzly bears. As adult female grizzly bears represented the
most sensitive sex-age class for population change (Knight
and Eberhardt, 1985; Wiegand et al., 1998; Boyce et al., 2001),
we chose to map adult female habitat. As seasonal variation
in habitat use is common (Hamer and Herrero, 1987; Hamer
et al.,, 1991; Nielsen et al., 2002, 2003; Nielsen, 2005), we chose
to map late hyperphagia, defined to be 16 August to 15 October.
Late summer and fall is largely considered the most critical
foraging period for grizzly bears, corresponding to the ripening
of fruit from Vaccinium spp. and Shepherdia canadensis (Hamer
and Herrero, 1987; Hamer et al., 1991; Nielsen et al., 2004c).
Using 5172 late hyperphagia radiotelemetry observations
collected from 13 adult females between 1999 and 2002, we
developed a habitat model predicting the relative probability
of adult female occurrence (Nielsen, 2005). The model was as-
sumed to take an exponential form (Manly et al., 2002):

Hf = exp(f1X1 + foXa + -+ + PoaXos), (1)

where H represented the relative probability of occurrence
for adult females within any study area pixel (30 m x 30 m),
and the fs the selection coefficients for 24 categorical and
continuous environmental predictor variables used to de-
scribe adult female grizzly bear habitat for the late summer
and fall period (Tables 1 and 2). Variables included 10 land
cover categories, distance to nearest edge, a terrain-derived
index of soil wetness, an index of terrain ruggedness, forest
or regenerating forest age, global solar radiation within 3 land
cover types (interactions), and the interactions of soil wetness
with either edge distance or forest age. Map predictions were
binned into 10 ordinal habitat classes, ranging from a low rel-
ative probability of occurrence for bin 1 to a high relative
probability of occurrence for bin 10 (Fig. 2a). Based on average
bin values within land cover classes, adult females favored al-

pine/herbaceous, open conifer, and deciduous forests, while
tending to avoid anthropogenic, regenerating forests, and
non-vegetated areas. General distribution corresponded to
mid-to-high elevation sites in the mountains, throughout
the Gregg and upper McLeod River basins, and in the foothills
near the town of Robb (Fig. 2a). Evaluations of the map perfor-
mance using 1201 independent radiotelemetry observations
collected from 7 adult females during 2003 revealed a signifi-
cant predictive fit (Nielsen, 2005).

3.2.  Modelling risk of human-caused grizzly bear
mortality

We used a model from Nielsen et al. (2004a) to define risk of
human-caused mortality for adult grizzly bears. The risk
model, developed just south of the study area, described
the distribution of grizzly bear mortalities based on a com-
parison of human-caused grizzly bear mortalities with ran-
dom landscape locations wusing common landscape
covariates that represented human encroachment and bear
habitat. Risk of human-caused mortality for adult female
grizzly bears, Rg, was fit for the present study area using
coefficients reported for adult bears from Nielsen et al.
(2004a) and defined as

Rf = exp(0.42d + 0.50g + 0.59n + 1.02s — 0.157 — 11.74z
—1.49w — 2.90a — 6.74t). (2)

Environmental covariates included, deciduous forest (d),
grassland and crop (g), non-vegetated areas (n), and shrub (s)
land cover categories (coded as O or 1); greenness (r), an index
of vegetative productivity based on a tasseled-cap transforma-
tion of Landsat TM bands; distance to nearest edge (z), water
(w) or human access (a) feature measured in kilometers; and
terrain ruggedness (t). Resulting predictions of human-caused
mortality risk (Rg were highest when near edges, water, and

Table 1 - Remote sensing and GIS environmental predictor variables used for modelling the relative probability of

occurrence for adult female grizzly bears during late hyperphagia in west-central Alberta, Canada

Model variable Variable code Linear or non-linear Units/scale Data range
Land cover
Alpine/herbaceous Alpine Category n.a. Oor1
Anthropogenic Anthro Category n.a. Oor1
Closed conifer Clscon Category n.a. Oor1
Deciduous forest Decid Category n.a. Oor1l
Mixed forest Mixed Category n.a. Oor1
Non-vegetated Nonveg Category n.a. Oor1
Open-bog/shrub Opnbog Category n.a. Oor1
Open conifer Opncon Category n.a. Oor1l
Regenerating forest Regen Category n.a. Oor1l
Treed-bog treedbg Category n.a. Oor1l
Edge distance Edge Linear 100 m 0-35
Compound topographic index Cti Non-linear Unitless 1.89-31.7
Terrain ruggedness index Tri Non-linear Unitless 0-0.29
Forest age For-age Non-linear 10-year-age class 1-15
Regenerating clearcut age Cut-age Non-linear 10-year-age class 1-5
Solar radiation x alpine Solar x alp Linear kJ/m? 17,133-91,836
Solar radiation x clscon Solar x clscon Linear kJ/m? 21,698-91,835
Solar radiation x regen Solar x regen Linear kJ/m? 57,110-91,831
Cti x age Cti x age Linear Unitless 0-402
Cti x edge distance Cti x edge Linear Unitless 0-522
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Table 2 - Estimated habitat selection coefficients for adult

female grizzly bears in west-central Alberta, Canada
based estimates from Nielsen (2005)

Environmental variable Coefficient SE p

Alpine/herbaceous 0.218 0.941 0.817
Anthropogenic -0.114 0.344 0.740
Closed conifer forest 2.530 0.703 <0.001
Deciduous forest 1.366 0.309 <0.001
Mixed forest 0.778 0.553 0.159
Non-vegetated 0.510 0.445 0.252
Open-bog/shrub 0.322 0.502 0.522
Open conifer forest 1.909 0.348 <0.001
Regenerating forest —8.865 2.856 0.002
Treed-bog 1.346 0.377 <0.001
Edge distance —0.302 0.061 <0.001
Cti 0.107 0.049 0.029
Cti* —0.294 0.195 0.130
Tri 34.009 7.564 <0.001
Tri? —147.07 31.84 <0.001
For-age -0.219 0.058 <0.001
For-age?® 0.766 0.364 0.036
Cut-age —0.262 0.390 0.545
Cut-age? 0.097 0.075 0.197
Solar x clscn® —-0.207 0.093 0.026
Solar x regen”® 0.934 0.355 0.009
Solar x alp® 0.166 0.123 0.180
Cti x age® 0.633 0.126 <0.001
Cti x edge 0.017 0.005 <0.001

Robust standard errors and significance levels (p) were estimated
from modified sandwich estimates of variance among animals
with categorical contrasts from deviance coding.

a Estimated coefficients and standard errors reported at 100 times
their actual value.

b Estimated coefficients and standard errors reported at 10,000
times their actual value.

Edson

habitat rank: ® town
O (3 study boundary
[ protected area
@z @8 water

a

access, as well as in areas with lower greenness values and in
shrub habitats (Nielsen et al., 2004a). Using Eq. (2), we calcu-
lated R¢ for the given study area. Predicted values of Rf were
scaled in a similar manner to that of Hs (10 ordinal bins using
a quantile method), where the relative risk of mortality ranged
from alow of 1 to a high of 10 (Fig. 2b). Assessment of mortality
locations occurring within the defined study suggested good
accuracy to the Rf model with 10 of 13 (6 of 6 for female bears)
documented human-caused grizzly bear mortalities with
accurate coordinates occurring in R¢ bins greater than five.

3.3.  Defining attractive sink and safe harbour indices

Using the adult female habitat occupancy (Hy) and a mortality
risk (Rg) maps, we defined a two-dimensional habitat model
combining relative probability of occurrence with relative risk
of mortality. For conservation purposes, we were particularly
interested in identifying 2 habitat conditions, attractive sink
habitats (Delibes et al., 2001; Naves et al., 2003), also known
as ecological traps (Dwernychuk and Boag, 1972; Ratti and Re-
ese, 1988; Donovan and Thompson, 2001); and the corollary
safe-harbour sites (source-like areas). Attractive sink and
safe-harbour indices were assumed to correlate with mortal-
ity risk and reproduction, respectively. We defined attractive
sink and safe harbour indices as

AS; = H¢ x Ry (3)
and
SHr = Hr x (11 —R¢), (4)

where AS; and SH; were indices of attractive sink and safe
harbour habitats for adult females, respectively, Hf an index
of habitat occupancy for adult females from Eq. (1), and R¢
an index of human-caused mortality risk for adult animals
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Fig. 2 - Predicted relative probability of occurrence in ordinal bins (1-low to 10-high) for adult female grizzly bears during late
hyperphagia (16 August to 15 October) (a). Risk of human-caused mortality in ordinal bins (1-low to 10-high) for adult female

grizzly bears in west-central Alberta, Canada (b).
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from Eq. (2). As Hf was assumed to be proportional to the
relative probability of use, when multiplied by the relative
probability of mortality risk (R¢), an index of both occupancy
and mortality risk resulted. Given that both Hf and R¢ scaled
from 1 to 10, AS¢ and SHy indices ranged from a possible low
value of 1 to a high value of 100 (Fig. 3a and b). High AS¢ values
were taken to represent habitats in which bears were both
likely to occur and at risk of human-caused mortality (e.g.,
low survival), whereas high SHy values were assumed to indi-
cate habitats in which bears were likely to occur, but also low
in risk of mortality. To understand the distribution of SHf and
ASs sites, we assessed the proportion of the landscape within
AS¢ or SHy conditions based on very low (1-20), low (21-40),
mid (41-60), high (61-80), and very high (81-100) ASf or SH¢
values (Fig. 3a and b). We summarized ASf and SHy pixels by
management authority, as well as characterizing (mean and
standard deviation) each index within individual land cover
categories to better understand spatial patterns of the two
indices, while further suggesting where protection and miti-
gation are needed.

3.4.  Defining habitat states

As well as defining safe-harbour and attractive-sink indices,
we also suggest a model of 5 relative habitat states based on

risk of mortality (Rf)
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the two-dimensional habitat model. We defined the 5 habitat
states to be non-critical habitat, primary sink, secondary
sink, primary habitat, and secondary habitat, based on the
division of Hf into 3 categories and R into 2 classes
(Fig. 3c). Although producing 6 possible states, 2 states were
merged into a single habitat state called non-critical habitat
and defined as H¢<5, regardless of R¢. Non-critical habitats
were not considered to be matrix habitats where female bear
occupancy never occurred, but rather where we expected
them to be rare. Secondary habitats were defined where Hs
values were between 5 and 7 and R¢<6 (e.g.,, low risk and
moderate habitat occupancy). Primary habitats, on the other
hand, were defined as those sites with H¢>7 and R¢< 6 (e.g.,
low risk and high habitat occupancy). Secondary sinks were
defined as those sites with Hf between 5 and 7 and R¢>5
(e.g., high risk and moderate habitat occupancy). Lastly, pri-
mary sinks were defined to be those sites with Hf>7 and
R¢<6 (e.g., low risk and high habitat occupancy). Primary
sinks would correspond to high attractive-sink values, while
primary habitats would be most similar to high values of
safe-harbour. Habitat states by management authority were
summarized, as well as descriptions of each state within
individual land cover categories to better understand the
distribution of defined habitat states and sites needing pro-
tection or mitigation.
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Fig. 3 - Graphic representation of attractive sink (ASy) index (a), safe harbour (SHy) index (b), and 5 habitat states (c) based on
adult female habitat (Hy) and human-caused mortality risk (Rf) models. Categories for ASs and SH¢indices were defined as very
low (1-20), low (20-40), mid (40-60), high (60-80), and very high (80-100).
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4, Results

4.1.  Index of attractive-sink habitat

The majority (67.8%) of the area was dominated by very low
attractive sink (ASy) values with decreasing amounts of low
(17.6%), mid (9.1%), high (4.2%), and very high (1.3%) catego-
ries (Fig. 4a). Although high and very high AS; categories to-
taled just over 5% of the landscape, they were concentrated
to the foothills near Robb, many of the upper foothill river val-
leys, and mountain passes and drainage networks in White-
horse Wildlands and adjacent Jasper National Park (Fig. 4a).
In the foothills, most attractive sink locations were the result
of increased access due to forestry and oil and gas activities.
Average attractive sink values for the 5 examined protected
areas, the white zone and crown lands revealed low to very
low overall ratings (Table 3). Attractive sink values for Jasper
National Park (JNP), however, were nearly half those of Bra-
zeau Canyon, Cardinal Divide, Grave Flats, Whitehorse Wild-
lands, the white zone, and crown lands.

Values of the AS¢ index varied among land cover classes
(Table 3). Non-vegetated and deciduous forests had the lowest
and highest AS; values, respectively, ranging from very low to
moderate values. Although regenerating forests and closed
conifer forests were not as low as non-vegetated areas, they
too averaged very low AS; values. Only the deciduous forest
class was classified with a mid AS¢ level, although both
anthropogenic and open-bog/shrub classes nearly ap-
proached deciduous forest values having an average AS¢ near
30. Alpine/herbaceous, mixed forests, open conifer forest, and
treed-bog habitats were all similar in composition, having low
AS¢ scores ranging from 25 to 27.8 (Table 3).

B water
attractive sink index:

B 1 - 20 (very low) N
0 20.1 - 40 (low)
[ 40.1 - 60 (mid)

() 60.1 - 80 (high)
B 80.1 - 100 (very high)

————
0 5 10 20 30 40
Kilometers

4.2.  Index of safe-harbour habitat

Very low safe-harbour (SHy) scores dominated (34.9%) the study
region (Fig. 4b). Unlike that of the ASrindex, more balanced lev-
els of low (23.8%), mid (16.8%), high (13.7%), and very high
(10.9%) SH¢ categories were evident. High and very high safe
harbour values were most common to intermediate elevations
within mountain valleys and along the Front Range (Fig. 4b).
Some of the lower foothills near Robb also contained high safe
harbour levels, but were much more limited in amount and iso-
lated in nature. Examinations of SHs values within protected
and non-protected areas revealed greater differentiation of
SHs values than AS; values, varying from high to very low val-
ues (Table 3). Cardinal Divide and the white zone had very
low SH¢ values, while Whitehorse Wildlands had high SHs val-
ues. Brazeau Canyon, Grave Flats and JNP all averaged moder-
ate SH¢ values, while the crown lands averaged low SHy values.

Safe-harbour values varied substantially among land cover
classes from very low to very high levels (Table 3). Alpine/her-
baceous, followed closely by open conifer forest had very high
and high SH¢ values, respectively, while as would be expected
the anthropogenic class was very low in SH¢ values. Regener-
ating forest, open-bog/shrub and mixed forest also had low
SHs values (Table 3). Intermediate (mid-SH values) between
alpine/herbaceous and anthropogenic classes was closed
conifer and deciduous forests, non-vegetated areas and
treed-bog habitats.

4.3, Two-dimensional habitat states

For the given study area and defined habitat states, we pre-
dicted 39.6% of the study area to be non-critical, 9.8% to be

@ town
8 water

safe harbor index:
(1 1-20 (very low)

@ 20.1 - 40 (low)

[ 40.1 - 60 (mid)

() 60.1 - 80 (high)

@0 80.1 - 100 (very high)
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Fig. 4 - Index of attractive sink (ASy) habitats (a) and safe harbour (SHy) habitats (b) for adult female grizzly bears during late
hyperphagia. High to very high attractive sink values represent those habitats where animals are both likely to occur and at
high risk of mortality (i.e., mitigation sites), while high to very high safe harbour values represent those habitats where
animals are likely to occur and are at low risk of mortality (i.e., targets for protection).
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Table 3 - Characteristics (mean, standard deviation [SD], and category) of attractive sink (AS;) and safe harbour (SHy) indices
for management zones and land cover classes

Management zone or land cover type

Attractive sink (ASy)

Safe harbour (SHy)

Mean SD Category Mean SD Category
(a) Management zone
Brazeau Canyon (Wildland Park) 238 18.9 Low 429 23.4 Mid
Cardinal Divide (Natural Area) 22.9 30.9 Low 19.4 17.7 Very low
Grave Flats (Natural Area) 29.3 24.1 Low 41.2 20.9 Mid
Jasper (National Park) 12.5 17 Very low 53.8 32 Mid
Whitehorse (Wildland Park) 21.2 21.6 Low 64.5 28.2 High
White-zone (Private) 24.6 21.4 Low 15.5 16.8 Very low
Crown lands 21.6 20.0 Low 35.8 25.4 Low
(b) Land cover class
Alpine/herbaceous 25 25.3 Low 80.2 29.1 Very high
Anthropogenic 38.4 22.5 Low 10.5 11.4 Very low
Closed conifer forest 14.2 13.9 Very low 42.2 24.7 Mid
Deciduous forest 40.5 28.9 Mid 50.3 25.6 Mid
Mixed forest 26.7 19.8 Low 32.1 20.3 Low
Non-vegetated 10.8 17 Very low 42.7 30.9 Mid
Open-bog/shrub 32.5 20.1 Low 24.5 17.2 Low
Open conifer forest 27.8 239 Low 79.9 24.5 High
Regenerating forest 14 14.9 Very low 21.5 21.9 Low
Treed-bog 25.7 18.9 Low 442 18.5 Mid

secondary sink, 6.7% to be primary sink, 22.0% to be second-
ary habitat, and 21.9% to be primary habitats (Fig. 5a). These
percentages varied by land cover with the highest proportion
of primary habitats occurring in open conifer (81.1%) and al-
pine/herbaceous (80.7%) classes and the lowest amounts of
primary habitat in open-bog/shrub (2.6%) and anthropogenic
(1.3%) classes (Table 4). Secondary habitat conditions were
common for treed-bog (48.3%) and non-vegetated (48.3%)
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classes, while secondary habitats were rare for the high val-
ued alpine/herbaceous (0.6%) or open conifer (0.7%) classes.
Primary sink habitats were most prominent for deciduous for-
ests (32.3%) and to a lesser degree open conifer (18.0%) and al-
pine/herbaceous (15.4%) classes. Closed conifer and
regenerating forests had low amounts of primary sink habi-
tats (Table 4). Both classes, however, were low in habitat qual-
ity as supported by the classification of non-critical habitats,
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Fig. 5 — Predicted habitat states for west-central Alberta based on a two-dimensional classification of habitat occupancy (Hy)
and mortality risk (R¢) predictions (a). Schematic representation of accounting of habitat states on crown lands of west-central
Alberta with percentages for each state provided (b). Using a no net loss strategy, balancing of habitat states would be

required.
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Table 4 - Percent composition of 5 hypothetical habitat categories for management zones (a) and land cover classes (b)

Management or land cover

Non-critical habitat Secondary sink Primary sink Secondary habitat Primary habitat

(a) Management zone

Brazeau Canyon (Wildland Park) 29.2 10.2 4.8 32 23.9
Cardinal Divide (Natural Area) 61.7 6.7 17.4 8.4 5.7
Grave Flats (Natural Area) 19.2 12.6 15.4 36.2 16.6
Jasper (National Park) 33.6 2.2 4.6 20 39.6
Whitehorse (Wildland Park) 16.0 0.9 10.9 14.5 57.6
White zone (Private) 63.2 14.8 9.7 8.0 4.2
Crown lands 41.9 12.4 7.2 22.9 15.6
(b) Land cover class
Alpine/herbaceous 3.2 0.1 15.4 0.6 80.7
Anthropogenic 57.9 24.3 14.6 1.9 1.3
Closed conifer forest 44.7 5.2 2.9 27.5 19.7
Deciduous forest 0.7 11.3 323 14.7 41
Mixed forest 38.8 19.5 8.7 23.2 9.9
Non-vegetated 9.2 16.9 10.3 48.3 15.4
Open-bog/shrub 34.6 35.7 5.5 21.7 2.6
Open conifer forest 0 0.2 18 0.7 81.1
Regenerating forest 72.6 5.2 2.7 11.9 7.7
Treed-bog 9.2 16.9 10.3 48.3 15.4

with the majority of regenerating forests (72.6%), anthropo- 5. Discussion

genic (57.9%) and closed conifer (44.7%) sites considered

non-critical. Finally, secondary sinks were most common for 5.1. A conservation strategy using habitat indices

open-bog/shrub (35.7%) and anthropogenic (24.3%) classes,
while least frequent for alpine/herbaceous (0.1%) and open
conifer forest (0.2%) sites (Table 4).

Within the protected and non-protected management
zones, Whitehorse Wildlands had the highest proportion of
primary habitats and the lowest proportion of non-critical
habitats and secondary sinks (Table 4). Although having a lar-
ger proportion of primary habitats, Whitehorse Wildlands did
have a low, but noticeable composition of primary sinks along
recreational trails. In contrast to Whitehorse Wildlands, JNP
had moderate proportions of primary and non-critical habi-
tats, reflecting the distinction between high elevation rocky
peaks and glaciers that were poor in habitat quality and
high-quality alpine meadows (Table 4). Although JNP was
moderate in total habitat value, both primary and secondary
sinks were rather rare overall, indicating a high level of secu-
rity from human-caused mortality. The Cardinal Divide, being
adjacent to JNP and Whitehorse Wildlands, had the greatest
proportion of non-critical habitats and the lowest proportions
of primary and secondary habitats for examined protected
areas (Table 4). As well, primary sinks were more dominant
at the Cardinal Divide reserve than all other management
zones. This suggested that what little habitat was available
for bears at the Cardinal Divide site were non-secure in nat-
ure. Grave Flats and Brazeau Canyon both contained moder-
ate proportions of secondary habitats with lesser amounts
of primary habitats. However, unlike that of Grave Flats, Bra-
zeau Canyon had higher proportions of non-critical habitats
and lower proportions of primary sinks (Table 4). Finally, the
white zone and crown lands showed high proportions of
non-critical habitat, although crown lands did contain moder-
ate amounts of secondary and primary habitats unlike that of
the white zone that contained very little secondary or primary
habitat.

The index of attractive-sink habitat was on average rather low
for examined management zones and land cover classes in
west-central Alberta. Selected areas, however, had concen-
trated high and very high categories of attractive sink, indicat-
ing a co-occurrence of high mortality risk and animal
occupancy. This was most apparent for forest edges associ-
ated with forestry activities and roads associated with both
forestry and oil and gas operations. Significant numbers of
grizzly bear mortalities can result in these rare, yet concen-
trated sites (Nielsen et al., 2004a). For the Banff and Yoho Na-
tional Parks (within the CRE), where portions of high and very
high risk were even lower, Benn and Herrero (2002) docu-
mented an average annual human-caused mortality of 4.3
bears/year for the period 1971 to 1998. For a protected (na-
tional park) population that lacked hunting and industrial re-
source pressures, these mortalities combined with natural
causes of death can be a significant conservation concern.
Including Provincial lands where hunting and resource extrac-
tion occurred, average annual mortality was higher at 7.6
bears/year, representing an estimated mortality rate of 6.1-
8.3% of the population and exceeding the Provincial allowable
threshold of 6% (Benn, 1998). Even isolated but concentrated
levels of attractive sink can lead to mortality sinks (sensu
Knight et al., 1988). Limiting human access and/or modifying
habitat quality to make areas where bears are likely to
encounter humans less attractive or accessible to bears or hu-
mans should be considered, especially those attractive sinks
that occur near contiguous areas of safe harbour habitats.
Although not as evident during late hyperphagia, grizzly bears
also readily used clearcuts in the foothills during pre-berry
seasons (Nielsen et al., 2004b). As we considered only late
hyperphagia, identification of attractive sinks at clearcut sites
during earlier seasons also should be considered.
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Unlike the attractive-sink index, the index of safe-harbour
habitats identified existing high-quality and secure grizzly
bear habitats. Maps of safe-harbour habitats differed from
traditional radiotelemetry-based maps of grizzly bear occur-
rence in Alberta (e.g., Nielsen et al., 2002, 2003; Theberge,
2002), because they also consider security (low mortality risk),
similar to concepts of habitat effectiveness and security (i.e.,
Gibeau, 1998; Gibeau et al., 2001). For west-central Alberta,
safe-harbour values averaged from very low to very high
depending on land cover class and management zone. Gener-
ally, high-valued safe-harbour habitats were most common to
the front slopes of the Rocky Mountains, along with isolated
foothill ranges in the east (especially near the town of Robb),
and interior valleys or side slopes in Jasper National Park.
Overall, the protected Whitehorse Wildlands averaged the
highest safe-harbour values for management zones, indicat-
ing the significance of this park for grizzly bear conservation.
Alpine/herbaceous and open conifer stands also proved high
to very high in average safe-harbour values, consistent with
previous regional habitat assessments promoting secure open
herbaceous areas and open forested conditions (Hamer and
Herrero, 1987; Hamer et al., 1991; McLellan and Hovey, 2001;
Nielsen et al., 2002, 2003; Theberge, 2002).

Selective harvesting of mature forest stands during winter
with immediate removal (decommission) of temporary winter
forest roads provides one approach for improving habitat
quality and limiting human-caused mortality risk. Care
should be given towards the silvicultural practice employed
for site preparation and shape of harvest blocks, as grizzly
bears have been shown to select clearcuts based on method
of scarification and shape of clearcut (Nielsen et al., 2004b).
Irregular-shaped clearcuts proved more attractive to bears
(Nielsen et al., 2004b), while silvicultural practices can influ-
ence food resource availability (Nielsen et al., 2004c). As for-
ests and regenerating clearcuts age, attractive sink and safe
harbour values change, even without changes in the human
footprint. Given the dynamic nature of grizzly bear habitats,
future scenario modelling should be used to consider long-
term impacts of resource management practices. We consider
the identification of attractive sink and safe harbour sites as
an essential element of grizzly bear management. Indices of
attractive sink provide a mechanism for identifying areas in
most need of management attention to minimize the likeli-
hood of contact between humans and bears, while safe-har-
bour sites identify habitats in most need of continual
protection or inclusion in a system of reserves.

5.2. A conservation strategy using habitat states

Instead of using attractive sink and safe-harbour indices,
which were continuous metrics of non-secure and secure
habitat, we proposed an approach that identified categorical
states based once again on the two-dimensional model of
habitat occupancy and mortality risk (similar to Naves et al.,
2003). Using thresholds of mortality risk (2 categories) and
habitat occupancy (3 categories), we defined non-critical hab-
itats, secondary and primary sinks, and secondary and pri-
mary habitats. Primary habitats closely corresponded to
high safe-harbour scores, while primary sinks were associ-
ated with high attractive sink values. Proportions of each hab-

itat state varied among management zone and land cover
class with overall composition dominated by non-critical hab-
itat, followed by secondary habitat, primary habitat, second-
ary sink, and primary sink. Although primary sinks were
low in overall composition, they were concentrated to river
bottoms and valleys. For some regions within the Whitehorse
Wildlands and Jasper National Park, sink habitats were poten-
tially over-predicted. Recreational use was lower in these
Parks than Banff National Park to the south where the base-
line mortality model was estimated (Nielsen et al., 2004a).
Replacing primary and secondary sinks with primary and sec-
ondary habitats for low use recreational trails in Jasper and
Whitehorse Wildlands should be considered. Regardless, pat-
terns of primary and secondary sinks and habitats within
crown lands, where the majority of human activities and con-
servation concerns reside, appear reasonable.

We propose that stakeholders involved in grizzly bear
management and conservation on Alberta crown lands con-
sider tracing changes within the 5 hypothetical habitat states
during resource planning. Specifically, we suggest a goal of no
net loss for secondary and especially primary habitats. If re-
source management actions modify secondary or primary
habitats to secondary or primary sinks through increases in
human access, equivalent amounts of secondary or primary
sinks should be restored through management of human ac-
cess (see Fig. 5b). Seasonal variation in habitat use caused by
changes in availability of critical foods (Nielsen et al., 2003)
should also be considered. Most generally, however, the late
summer and fall period examined here is largely regarded
as the most important season for acquiring calories and the
riskiest for survival (Benn, 1998; Benn and Herrero, 2002).

Future scenario modelling of grizzly bear habitat states
should be considered for all long-term forest management
plans occurring in grizzly bear range. Using such methods,
Nielsen (2005) demonstrated potential changes in attractive
sink, safe harbour, and habitat states over a 100 period. By
using optimization modelling, both grizzly bear habitat and
timber or other natural resources could be co-managed for
sustainability. On-the-ground restoration of sink habitat or
preservation of source habitat should consider landscape
configuration, so that activities are best situated to habitats
most accessible to bears. A moving window analysis of habi-
tats at the size of female home ranges or larger (Nams et al.,
2006) could be used to define landscape configuration of hab-
itat. For reserve planning, we suggest that primary and sec-
ondary habitats be used, since these sites represent
remaining secure habitats. Necessarily, such reserves would
need to encompass multiple territory units. Road develop-
ment within such reserves should be limited or requiring
strict human access control, restoration of similar habitats
elsewhere and finally deactivation and re-vegetation of roads
following final extraction of resources.

6. Conclusions and management
recommendations

Grizzly bear habitat modelling rarely considers spatial predic-
tions of survival, the most important life history trait for bears,
focusing on occupancy patterns instead. As survival can
vary among different habitats and human-related landscape
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patterns (Naves et al., 2003; Nielsen et al., 2004a; Johnson et al.,
2004), relying on animal occurrence alone for assessments of
habitat quality is questionable. One risks promoting habitats
that are effectively attractive sinks where occupancy and
reproduction may be high, but survival is low (Delibes et al.,
2001). In Alberta, grizzly bears are being considered for threa-
tened status within the Province (Stenhouse et al., 2003). Man-
agers therefore require tools for inventorying grizzly bear
habitats, identifying key sites for protection, and finally iden-
tifying those areas in greatest need of management attention.
Using a two-dimensional habitat model of occupancy and
mortality risk, we developed habitat indices and habitat states
for the purpose of better identifying these grizzly bear conser-
vation needs. Indices of attractive sink, the corollary safe-har-
bour habitats, and habitat states were calculated from the 2
dimensions to describe patterns of non-secure and secure
high-quality habitats. We recommend that stakeholders in-
volved in resource management of Alberta’s foothills consider
our two-dimensional habitat models for grizzly bear conserva-
tion planning. To minimize risk of decline in grizzly bears, we
suggest that when industrial resource extraction modifies an
existing primary or secondary habitat, restoration of equiva-
lent primary or secondary sinks in other sites should be con-
sidered (i.e., no net loss). Non-critical habitats, on the other
hand, could be managed without strict mitigation. Landscape
patterns should be considered when targeting restoration
sites to avoid isolation of sites within a matrix of risky habitat.
Managing human behaviour to reduce habituation of bears
and development of problem bears, a major source of hu-
man-caused mortality (Benn, 1998; Benn and Herrero, 2002),
should be a priority. An effective education program provides
an important mechanism for successfully reducing bear-hu-
man conflict (Schirokauer and Boyd, 1998). Finally, future sce-
nario modelling should be employed to understand long-term
impacts of resource development and forest succession on
grizzly bear habitat needs (Nielsen, 2005).
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