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1. ABSTRACT 

One of the greatest challenges to grizzly bear management in British Columbia lies in our ability 

to quantify bear population response to habitat change due to forestry and other anthropogenic 

impacts, and to track bear population trends over space and time.  Underlying these issues is the 

need to estimate population density and distribution, monitor spatio-temporal trends, and 

understand the factors that influence these trends.  For bears, there have been recent 

advancements in noninvasive hair-capture, genetic tagging, and population estimation.  We 

combine these techniques with GIS and probabilistic modeling methods to derive spatially 

explicit predictions of grizzly bear population density, distribution and associated trends for 2 

study areas in southeastern BC.  Our goal is to develop applied, spatially-explicit decision-support 

tools to predict bear population status and response to habitat change, and to facilitate population 

trend monitoring.   

Using existing DNA hair-trap datasets, we evaluated landscape habitat and human factors that 

influence and predict the abundance and distribution of grizzly bears in the central Purcell 

Mountains and southern Rocky Mountains.  In both areas, results indicate that a linear 

combination of variables can efficiently discriminate between DNA hair-traps where grizzly bears 

were and were not detected.  Models therefore represent useful tools for strategic-level 

conservation planning within each study area.  However, as illustrated by divergent results for 

some variables between the 2 study areas, predictive efficiency may not hold on application to 

physiographic, vegetative, and/or human conditions that differ from respective sampling areas.  

Extrapolation should thus be coupled with either empirical or expert-based verification.   We 

therefore suggest a strategy to test habitat model predictions by sampling in areas of intended 

model extrapolation.  We develop relative abundance methodologies to test grizzly bear 

occurrence and distribution models using new mark-recapture models with increased precision 

and power to detect differences between extrapolation areas. 

The use of DNA to estimate populations has been applied in multiple projects in the province of 

British Columbia.  While the results of these projects have allowed unprecedented estimates of 

population size, the projects have been costly to apply, and give no indication of population trend 

since areas were only sampled for one year. A prime objective of this project was to use 

knowledge gained from past efforts to develop of a reduced effort and cost-efficient methodology 

to estimate population trend.  To accomplish this we evaluated recently introduced mark-
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recapture trend monitoring models through the use of an individual-based simulation model.  The 

simulation model tested the robustness of mark-recapture models to sample biases caused by 

grizzly bear demography and known issues that cause unequal capture probabilities of bears 

which can potentially bias estimates.  We also determined the relative power of monitoring 

designs to detect hypothetical population trends. Models were also developed that are robust to 

potential habituation of grizzly bears to DNA sampling over time Our simulation results indicate 

minimal thresholds, in terms of population size and recapture rate, to detect short and long-term 

population change.  In general, designs that sample intensively initially (i.e. first 3 years) and then 

less intensively (bi-annual or tri-annual basis) show similar levels of power to more expensive 

designs that sample annually.  Habitat and population distribution models, also developed by this 

project, provide an objective means to sample bears intensively where they occur, thereby 

maximizing recapture rates and initial population size, and increasing the overall power of 

monitoring methods to detect population change.  We emphasize that monitoring designs should 

be evaluated as data is collected, and simulations should be used to re-evaluate power to detect 

trend using updated model parameter estimates. 

The outputs from this project will allow prediction of bear population response to anthropogenic 

impacts, and will facilitate model testing and refinement through optimized monitoring strategies.  

Products will integrate directly with government and industry resource planning systems.  This 

project will enhance environmental values through the advancement of scientific information on 

bear population status and trends. The British Columbia Grizzly Bear Science Panel, an 

independent panel of international bear scientists who recently reviewed grizzly bear management 

in British Columbia, has recommended that the techniques developed through this project be 

adopted elsewhere in the province.  Workshops and public presentations on results of this work 

have been used to extend our results to management and future research and monitoring. 

KEYWORDS:  Grizzly bear, resource selection function models, density and distribution 

models, trend monitoring, Pradel models, adaptive management, mark-recapture, DNA, program 

MARK, British Columbia 
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2. INTRODUCTION 

The British Columbia Grizzly Bear Conservation Strategy seeks to “maintain in perpetuity the 

diversity and abundance of grizzly bears and the ecosystems on which they depend throughout 

British Columbia for future generations” by moderating the impacts of continued development 

and multiple land uses on grizzly bears (Ministry of Environment, Lands and Parks 1995).  

Accordingly, the grizzly bear is classed as a “higher level plan” species under the Forest Practices 

Code and is recognized as an indicator of overall forest and ecosystem health in British 

Columbia.  Consistent with the recovery and maintenance of healthy grizzly bear populations, 

specific objectives, strategies and guidelines for integrating forest practices and grizzly bear 

conservation have been considered in various planning exercises, including Higher Level Plans 

(e.g. Kootenay Boundary Land Use Plan, Kalum LRMP), the North Cascades Grizzly Bear 

Recovery Plan (North Cascades Grizzly Bear Recovery Team 2001), and silviculture guidelines 

for coastal BC (MOF 2000).  Although such efforts have relied on the best available habitat and 

population inventories, controversy persists regarding (1) current population sizes, (2) appropriate 

population objectives, (3) landscape and stand conditions required to meet these objectives, (4) 

forestry guidelines necessary to achieve desired conditions, and (5) population and habitat 

monitoring required to ensure objectives are met.  The greatest management challenges ultimately 

relate to quantifying grizzly bear population response to habitat change due to forestry and other 

anthropogenic impacts, and tracking grizzly bear population trends over space and time. 

Underlying the above management issues is the need to estimate population density and 

distribution, monitor spatio-temporal trends, and understand the factors that influence these 

trends.  Given its direct bearing on population dynamics, resiliency, and thus viability, knowledge 

of the spatial structure of populations is fundamental to an adaptive conservation strategy for any 

species (Kareiva and Wennergren 1995, Ritchie 1997).  Yet, despite heightened management 

concerns, we know little of population distribution for many solitary, wide-ranging carnivores 

associated with forested environments.  This can be attributed to research limitations pertaining to 

issues of cost, design, and animal disturbance (Apps et al. 2003).   

There have been recent advancements in noninvasive hair-capture, genetic tagging, and 

population estimation for grizzly bears (Woods et al. 1999, Mowat and Strobeck 2000, Boulanger 

and McLellan 2001, Boulanger et al 2001, Poole et al. 2001, Boulanger et al 2002).  The results 

of DNA projects have documented large differences in bear distribution across DNA sampling 
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grids.  These results have facilitated research to develop and refine spatially explicit predictions 

of population density, distribution and associated trends using the distribution of bears as indexed 

by numbers of bears documented at DNA sites.  They also provide an avenue to further describe 

and test relationships between bear persistence and spatial factors of habitat and human influence 

(Apps et al. 2003).  While the results of the DNA projects have allowed unprecedented estimates 

of population size and distribution, the projects have been costly to apply, and give no indication 

of population trend since areas were only sampled for one year.  There is therefore a critical need 

to develop methods to take advantage of the new DNA methodology that is financially viable for 

long-term management of bear populations. 

Building on these emerging technologies and methods, the underlying goal of our research is to 

develop applied, decision-support tools to predict bear population status and response to habitat 

change, and to facilitate population trend monitoring.  We initially use the results from 2 DNA 

mark-recapture inventory projects to develop baseline spatial models of grizzly bear distribution 

within DNA sampling areas.  These results and the results of other DNA mark-recapture projects 

are then used to develop streamlined methodologies to estimate trend of grizzly bear populations 

using DNA sampling and recent advances in mark-recapture modeling. 

2.1. Structure of report 

There are 2 main components to this project, which we present separately.  In the Section 3 of the 

report, we describe spatial modeling of grizzly bear population distribution based on analyses of 

DNA hair-trap datasets. This work was primarily conducted by Clayton Apps of Aspen Wildlife 

Research.  In Section 4, we describe the development and simulation testing of methodologies for 

grizzly bear population monitoring and relative abundance estimation. This work was primarily 

conducted by John Boulanger of Integrated Ecological Research.  In Section 4.3.2, we describe 

the integration of the 2 components for grizzly bear population monitoring.  Discussion that 

pertains directly to points in “Recipient Final Report Requirements” can be found in Sections 5-7. 
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3. GRIZZLY BEAR OCCURRENCE AND DISTRIBUTION 

RELATIVE TO HABITAT AND HUMAN INFLUENCE IN THE 

PURCELL MOUNTAINS AND SOUTHERN ROCKY 

MOUNTAINS OF SOUTHEASTERN BRITISH COLUMBIA 

3.1.   ACKNOWLEDGEMENTS 

Clayton Apps of Aspen Wildlife Research was the primary author for the work presented in this 

section.  We wish to thank A. Hamilton and B. McLellan for their insight, advice, and direction in this 

work.  We also thank K. Stuart-Smith and G. Richardson of Tembec Industries for their 

encouragement and support for this project.  Grizzly bear DNA databases used in our analyses were 

kindly provided by M. Proctor of the University of Calgary, G. Mowat of Aurora Wildlife Research, 

C. Bergman of Alberta Sustainable Development, J. Weaver of the Wildlife Conservation Society, and 

C. Apps of Aspen Wildlife Research.  The Wilburforce Foundation and the Wildlife Conservation 

Society funded some of the preliminary GIS work through a separate project, and the Miistakis 

Institute for the Rockies assisted in the compilation of GIS data for Alberta.  

3.2. INTRODUCTION 

The British Columbia Grizzly Bear Conservation Strategy seeks to “maintain in perpetuity the 

diversity and abundance of grizzly bears and the ecosystems on which they depend throughout British 

Columbia for future generations” by moderating the impacts of continued development and multiple 

land uses on grizzly bears (Ministry of Environment, Lands and Parks 1995).  Accordingly, the grizzly 

bear is classed as a “higher level plan” species under the Forest Practices Code and is recognized as an 

indicator of overall forest and ecosystem health in British Columbia.  Consistent with the recovery and 

maintenance of healthy grizzly bear populations, specific objectives, strategies and guidelines for 

integrating forest practices and grizzly bear conservation have been considered in various planning 

exercises, including Higher Level Plans (e.g. Kootenay Boundary Land Use Plan, Kalum LRMP), the 

North Cascades Grizzly Bear Recovery Plan (North Cascades Grizzly Bear Recovery Team 2001), 

and silviculture guidelines for coastal BC (MOF 2000).  Although such efforts have relied on the best 

available habitat and population inventories, controversy persists regarding (1) current population 

sizes, (2) appropriate population objectives, (3) landscape and stand conditions required to meet these 

objectives, (4) forestry guidelines necessary to achieve desired conditions, and (5) population and 

habitat monitoring required to ensure that objectives are met.  The greatest management challenges 
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ultimately relate to quantifying grizzly bear population response to habitat change due to forestry and 

other anthropogenic impacts, and tracking grizzly bear population trends over space and time. 

Underlying the above management issues is the need to estimate population density and distribution, 

monitor spatio-temporal trends, and understand the factors that influence these trends.  Given its direct 

bearing on population dynamics, resiliency, and thus viability, knowledge of the spatial structure of 

populations is fundamental to an adaptive conservation strategy for any species (Kareiva and 

Wennergren 1995, Ritchie 1997).  Yet, despite heightened management concerns, we know little of 

population distribution for many solitary, wide-ranging carnivores associated with forested 

environments.  This can be attributed to research limitations pertaining to issues of cost, design, and 

animal disturbance (Apps et al. 2003).  For bears, there have been recent advancements in noninvasive 

hair-capture, genetic tagging, and population estimation (Woods et al. 1999, Mowat and Strobeck 

2000, Boulanger and McLellan 2001, Boulanger et al 2001, Poole et al. 2001).  These developments 

have facilitated research to develop and refine spatially explicit predictions of population density, 

distribution and associated trends.  They also provide an avenue to further describe and test 

relationships between bear persistence and spatial factors of habitat and human influence (Apps et al. 

2003). 

Building on these emerging technologies and methods, the underlying goal of our research has been to 

further develop and refine methods for deriving spatially-explicit decision-support tools to predict bear 

population status and response to habitat change and to facilitate population trend monitoring.  Most 

of the grizzly bear DNA hair-snag sampling conducted to date has been in the Kootenay Region of 

southeastern British Columbia.  We explore the utility of these datasets for understanding and 

predicting the relative abundance and distribution of grizzly bear populations in the region.  

Specifically, we consider approaches to objectively pool and/or split data for analyses and modeling, 

considering climatic and physiographic variation throughout the region.  We then analyze the degree 

to which resultant groupings of sampling sites are representative of local landscape conditions, given 

digitally available biophysical and human use data.  The results of this analysis are intended to define 

appropriate areas to which subsequent analysis results and models can be extrapolated.  For any given 

landscape, this output can also be used to qualify predictions of grizzly bear occurrence and 

distribution in terms of confidence levels.  Finally, we demonstrate the process of model development, 

interpretation, and predictive application based on sampling conducted to date in both the central 

Purcell Mountains and in the southern Canadian Rocky Mountains.  This involves (1) evaluating 

relationships of grizzly bear occurrence with landscape dispersion of habitat and human attributes, and 

(2) modeling current population density and distribution using multivariate statistical and geographic 
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information system (GIS) techniques.  We discuss benefits and limitations of our overall approach and 

resulting products for strategic-level resource planning and long-term monitoring of grizzly bear 

population trends over space and time.  We specifically highlight how variations in sampling design 

can affect model veracity, and how model outputs can be applied in developing optimized DNA-based 

population monitoring strategies. 

3.3. STUDY AREA 

The regional focal area for analyses described in this report encompasses the East Kootenay subregion 

of southeastern British Columbia, and part of southwestern Alberta (Figure 1).  We considered 2 

distinct analysis areas that encompass much of the grizzly bear DNA hair-trap sampling conducted to 

date in the larger region (Figure 2).  These areas exclude the “West Slopes” study area in the upper 

Columbia River basin that has been previously analyzed (Apps et al. 2003).  Also excluded is 

sampling recently conducted in the southern Purcell Mountains, for which genetic analysis is not yet 

complete (M. Proctor, University of Calgary, Personal Communication).     

The central Purcell Mountains sampling area comprised 1,650 km2, encompassing most of the 

Stockdale, Horsethief, Toby, Glacier and Hamill creek drainages (Strom et al. 1999).  The sampling 

and extrapolation areas are included within the Central Purcells and North Purcells grizzly bear 

population units .  This area is characterized by rugged mountains, narrow, steep-sloped valleys and 

numerous glaciers.  It is bounded in the east by the Columbia River Valley and East Kootenay Trench, 

and in the west by Kootenay and Duncan lakes.  Elevations range from 850 to 3300 m, and 

precipitation increases from east to west and with elevation.  Specific subzones of 5 biogeoclimatic 

zones (Meidinger and Pojar 1991) occur in the study area.  At lowest elevations (<1500 m) of the 

Kootenay/Duncan drainages, the moist, wet Interior Cedar Hemlock subzone (ICHmw) occurs, with 

climax stands of western redcedar (Thuja plicata) and western hemlock (Tsuga heterophylla), and 

Douglas-fir (Pseudotsuga menziesii) on drier sites.  In the eastern extent of the study area, lowest 

elevations (<1450 m) are much drier due to a rainshadow effect and fall within the dry, mild Interior 

Douglas-fir subzone (IDFdm) where Douglas fir is the dominant climax species.  At elevations above 

the IDF, the dry, cool, Montane Spruce subzone (MSdk) occurs and is associated with a climax 

overstory of white spruce (Picea glauca) and subalpine fir (Abies lasiocarpa).  The Engelmann Spruce 

- Subalpine Fir (ESSF) zone occur at elevations above both the ICHmw in the west and the MSdk in 

the east, and the climax overstory is primarily Englemann spruce (Picea englemanni) and subalpine 

fir.  Throughout the study area, ESSF forests are often incised by avalanche chutes, and forests 

become sparse at highest elevations.  Above the ESSF (>2250 m), the Alpine Tundra zone (AT) 



Quantitative tools to predict grizzly bear response to landscape change 11 

  Aspen Wildlife Research and Integrated Ecological Research March 27, 2003 

occurs, characterized by alpine meadows and a sparse Krumholz overstory, however, much of this 

zone is composed of bare rock and icefields.  Within forested zones, seral stands of lodgepole pine 

(Pinus contorta), white pine (Pinus monticola), whitebark pine (Pinus albicaulis), western larch 

(Larix occidentalis), alpine larch (L. lyalli), and trembling aspen (Populus tremuloides) are common. 

In the southern Rocky Mountains, the Flathead and Elk Valley sampling areas comprise 5,917 km2.  

They are defined by the Flathead and Elk river systems, which drain through U-shaped glaciated 

valleys and tributary valleys that are often long and narrow.  Most of this area falls within the Border 

Ranges ecosection (Demarchi 1996), characterized by somewhat subdued mountains, with occasional 

steep, rugged ridges, and elevations of 1100-3200 m.  These ranges are underlain by folded and 

faulted sedimentary rocks that include prominent bare limestone ridges and major coal deposits.  Most 

of this study area falls within the rainshadow of the Columbia Mountains and is associated with a cool, 

dry, continental climate.  The most common sequence of biogeoclimatic zones consists of low 

elevation Montane Spruce (MS), mid to high elevation Engelmann Spruce-Subalpine Fir (ESSF), and 

high elevation Alpine Tundra (AT), while the Interior Douglas-fir (IDF) zone occurs in the driest 

valley bottoms.  In the MS and ESSF, the climax overstory is primarily hybrid Engelmann/white 

spruce with a greater composition of subalpine fir at higher elevations, while Douglas-fir is the 

primary climax species in the IDF.  In the high precipitation portions of the Wigwam, Elk and Bull 

rivers, the low elevation Interior Cedar-Hemlock (ICH) zone occurs, with climax stands of western 

red-cedar and hybrid white spruce.  Across elevations, seral stands are largely composed of lodgepole 

pine, with western larch, Douglas-fir, and aspen at low elevations, and whitebark pine at higher 

elevations.  The AT is dominated by barren rock, with small areas of meadow and wind-swept 

grasslands.  This study area is bisected east to west by Highway 3, a major transportation route, 

located along which are the communities Fernie and Sparwood and several other minor settlements are 

located.  Highway 43 branches north from Sparwood and continues up the upper Elk Valley through 

the town of Elkford.  The sampling and extrapolation areas are included within the Flathead and South 

Rockies grizzly bear population units.  
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Figure 1.  Central Purcell and Southern Rocky Mountains study areas for analyzing and 
modeling grizzly bear occurrence and distribution in southeastern British Columbia and 
southwestern Alberta. 
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Figure 2.  Grizzly bear DNA hair-trap sampling areas in southeastern British Columbia and 
southwestern Alberta, to December, 2002, and study areas (black rectangles) for analyzing and 
modeling grizzly bear occurrence and distribution. 
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3.4. METHODS 

3.4.1. Grizzly Bear Occurrence Sampling 

Methods of grizzly bear DNA field sampling and molecular analyses were as previously described 

(Woods et al. 1999).  Sampling was conducted in the central Purcell Mountains during 1998 (Strom et 

al. 1999), and in the Elk and Flathead valleys during 1997 (Boulanger 1997, Halko 1998, Boulanger 

2001).  In addition, some select sampling was conducted on either side of the Highway 3 

transportation corridor in the lower Elk Valley of the southern Rocky Mountains during 1999 (Proctor 

et al. 2003).  An extensive sampling effort was also completed along the eastern slopes of the Rockies 

in southwestern Alberta during 1997 (Mowat et al. 1998).  Most recently, sampling was carried out 

during 2002 in the Crowsnest Pass area of southeastern British Columbia and southwestern Alberta 

(Apps et al. 2003b).  Our analyses incorporate data from these various efforts, although design and 

protocol varied somewhat among them (Table 1).   

Sampling was conducted during June through August in each sampling effort.  DNA hair-trap stations 

were non-randomly located within each cell to maximize the likelihood of visitation by grizzly bears 

(i.e., researcher choice).  Hair was collected from stations for 4 sessions lasting approximately 9 - 14 

days.  Stations were rotated among sessions in the Elk Valley and Flathead Valley sampling and in the 

1997 southwestern Alberta sampling, but stations were not rotated among sessions during sampling in 

the central Purcells, lower Elk Valley/Hwy 3, and Crowsnest Pass.   

The detection of grizzly bears at DNA hair-traps was confirmed by molecular analyses (mtDNA) of 

hair samples obtained at each site (Woods et al. 1999).  In most cases, individual identification was 

possible through allele distribution at 6 microsatellite loci.  Although identification of individual bears 

from each sample was not always possible because alleles could not be determined for some loci, 

allele frequencies were compared among samples to determine the minimum number of different 

bears occurring at each station during each sampling session, and within each cell among all annual 

sampling sessions.  Samples collected at a station during different sessions but from the same bear 

were assumed to represent independent visits.  Because baits were above the reach of bears and thus 

provided no reward (Woods et al. 1999), we assumed that a station visit by one bear did not influence 

the probability of subsequent visits during different sampling sessions.  Probable family groups were 

identified as individuals occurring together during >1 station visit and which shared half of their 

alleles at the loci considered.  Different bears within a family group were not considered to be moving 

independently and their station visits were treated as a single bear for analysis.   
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Table 1.  Design parameters for select grizzly bear DNA hair-trap sampling projects in southeastern British Columbia and southwestern Alberta. 

 

 

Sampling Area 

 

Year 

 

Reference 

Grid 

Area 

(km2) 

Cell 

Size 

(km2) 

 

Sampling Period 

 

Sampling 

Sessions 

Rotation 

Among 

Sessions? 

Session 

Length 

(days) 

Total 

Site/Session 

Combinations 

Central Purcells 

 

1998 Strom et al. 1998 1,650 25 17 June – 28 July 4 No 9 252 

Elk Valley 1997 Halko 1998 

Boulanger 2001 

2,688 64 23 June – 8 Aug 4 Yes 10 171 

Flathead Valley 1997 Halko 1998 

Boulanger 2001 

3,264 64 23 June – 8 Aug 4 Yes 10 205 

Hwy3 / 

Lower Elk Valley 

1999 Proctor et al. 2003 300 a N/A June - Aug 4 No 10 39 

SW Alberta 

 

1997 Mowat et al. 1998 4,672 b 64 2 June – 14 Aug 4 Yes 14 265 c 

Crowsnest Pass 

 

2002 Apps et al. 2003b 900 25 12 June – 28 July 4 No 10 144 

 

a Estimated, since a grid-cell system was not used. 
b This grid extended beyond our study area, and so the actual sampling area considered in our analysis is smaller. 
c Reflects only sites that were included in the greater study area for this project. 
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3.4.2. Habitat and Human Use Data 

We assembled a GIS database for the 2 study areas, from which habitat and human use variables were 

derived as raster layers with a 1 ha pixel size, smaller than the minimum mapping unit of our largest-

scale source data.  However, because all data sources were not available for the Alberta portion of the 

southern Rockies, some variables differed or were defined differently between the two analysis areas 

(Table 2).   

Several topographic, linear human disturbance, and habitat variables were derived from 1:20,000 

Terrain Resource Information Management (TRIM) data for British Columbia (Surveys and Resource 

Mapping Branch 1992) and from similar source data for Alberta (AltaLIS 2001).  Terrain variables 

included elevation (m; ELEV) and slope (%; SLOPE).  A terrain curvature index (CURVA) reflected 

the maximum rate of change of a curve fit through each pixel in the context of its neighbors (profile 

curvature; Pelgerini 1995).  Using known sun azimuths and a digital elevation model, mean daily 

maximum solar insolation (kJ; SOLAR) was calculated for each pixel in the study area based on 1-

hour increments between 15 May and 15 October (Kumar et al. 1997).  A terrain ruggedness index 

(TERRAIN) was derived by adapting a technique (Beasom et al. 1983) for GIS using 150 m elevation 

contours, yielding a continuous (0 to 100) variable that is relative to pixel resolution and landscape 

radius.  A terrain complexity index (TCI) was also derived, reflecting the standard deviation of slope 

curvature values at a given spatial scale.   

We derived forest overstory variables from digital forest inventory planning files mapped at 1:20,000 

for British Columbia (Resources Inventory Branch 1995) and Alberta (Alberta Environmental 

Protection 1991).  The Alberta data did not cover Waterton Lakes National Park, necessitating the 

exclusion of this land from our southern Rockies analysis area.  A compatible forest inventory was 

also acquired from Tembec Industries Ltd for its privately held managed forest lands.  We expected 

that grizzly bears may respond to stand age in a non-linear manner, and we therefore derived 3 

successional classes that conform to the age class convention of the provincial inventory system: 

stands aged 1 to 40 years (AGE_1-2), 41 to 121 years (AGE_3-6), and >121 years (AGE_7-9).  

Canopy closure (CANOPY) depicted the ocular cover of the stand overstory.  Site index (SITE) 

reflected site productivity based on stand age and height as calculated by species-specific equations 

(Thrower et al. 1991).  We expected that the following overstory species composition variables will 

indicate both climatic and site-specific ecological conditions in the study area: spruce and subalpine 

fir (SPP_S-B), cedar and hemlock (SPP_C-H), lodgepole and white pine (SPP_P), Douglas-fir 

(SPP_FD), whitebark pine (SPP_PA), larch species (SPP_LA), and deciduous species (SPP_DEC).  

From the forest inventory, we also delineated all “non-productive” forest types (FOR_NP), and 

urbanized lands (URBAN).  For the southern Rockies analysis area, we distinguished 2 classes of non-

productive habitats: vegetated (NPV) and unvegetated (NPU) based on a combination of forest 
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inventory and landsat data (C. D. Apps, unpublished report).  Within this area, we also adapted the BC 

site index data to be consistent with the Alberta inventory, and we derived 4 ordinal classes of forest 

productivity ranging from “very low” to “high” (FP-VL, FP-L, FP-M, FP-H).        

We derived several variables from 1:250,000 Baseline Thematic Mapping (BTM) of present land 

cover, which in turn was derived from Landsat Thematic Mapper data (Surveys and Resource 

Mapping Branch 1995).  From these data, we derived variables reflecting alpine tundra 

(BTM_ALPN), avalanche chutes (BTM_AVAL), old forests (>100 yrs; BTM_OLD), young forests 

(<100 yrs; BTM_YNG), disturbance due to logging (BTM_LOG), disturbance due to wildfire 

(BTM_BURN), and “barren” surfaces (BTM_BARE). 

We applied a weighting factor to linear disturbance features (Apps 1997) to account for expected 

levels of motorized traffic in deriving a linear disturbance variable (LINEAR).  Hydrographic features 

obtained from TRIM data were treated as a surrogate for riparian networks (RIPARIAN).  Values for 

the latter 3 variables reflected the density of features within the landscape defined at each spatial scale 

(see Scale-dependent Design).   

We derived an index of landscape accessibility or remoteness (REMOTE), a function of motorized 

travel time from human population centers given existing road networks and types, and the size of 

population centers.  The algorithm includes decay exponents reflecting people’s decreased 

“willingness” to travel over increasing time, and the lower per capita influence on the regional 

landbase as population centers become more urbanized (C. D. Apps, unpubl. report).   

We calculated vegetation indices from a Landsat 7 thematic mapper (TM) scene taken during August 

2000 for most of the southern Rockies analysis area, and from Landsat 5 TM scenes taken during 

August 1995 and 1996 for the central Purcells and the remainder of the southern Rockies.  Where we 

did not have coverage from the Landsat 7 scene in the southern Rockies, we adjusted reflectance 

values of Landsat 5 data to best match those of the Landsat 7 data.  We then derived the Green 

Vegetation Index (GVI) and Wet Vegetation Index (WVI) of the Tasseled Cap transformation (Crist 

and Cicone 1984).  This GVI has previously been correlated with grizzly bear habitat selection in the 

U.S. northern Rocky Mountains (Mace et al. 1999) and has also played a role in predicting grizzly 

bear distribution in the upper Columbia basin (West Slopes study area) within our greater focal region 

(Apps et al. 2003a).  In addition to the raw GVI values, we considered a variable that forced values for 

all non-vegetated pixels to the minimum value for vegetated pixels (GVI-VEG).  We also derived a 

version that reflected only high GVI values (>0; GVI-HIGH).  Finally, GVI appears to relate to an 

array of different habitat types (Ibid.), and it is possible that the habitat conditions reflected by GVI is 

partially related to the variance of index values in the landscape at a given scale.  Therefore, we 
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derived a version of the above 3 GVI variables that represented the standard deviation of index values 

(GVI-SD, GVI-VEG-SD, and GVI-HIGH-SD). 

Table 2.  Independent landscape variables considered for analyses of grizzly bear occurrence 
and distribution in the central Purcell Mountains and southern Canadian Rocky Mountains, 
British Columbia and Alberta, 1997–2002.  As indicated, some variables were uniquely applied 
to a given analysis area. 

 Variable Description Central 
Purcells 

Southern 
Rockies 

AGE_1-2 Overstory stand age 1–40 yr X X 
AGE_3-6 Overstory stand age 41–121 yr X X 
AGE_7-9 Overstory stand age >121 yr X X 
SPP_S-B Spruce and subalpine fir composition (%) X X 
SPP_C-H Cedar and hemlock composition (%) X X 
SPP_P Lodgepole & white pine composition (%) X X 
SPP_FD Douglas-fir composition (%) X X 
SPP_Pa Whitebark pine composition (%) X X 
SPP_DEC Deciduous species composition (%) X X 
SPP_L Larch species composition (%) X X 
FOR_NP “Non-productive” forest (%) X  
URBAN Urban development (%) X  
CANOPY Overstory canopy closure (%) X X 
SITE Stand site productivity index X  
FP Forest productivity  X 
FP-VL Forest productivity – very low  X 
FP-L Forest productivity – low  X 
FP-M Forest productivity – medium  X 
FP-H Forest productivity – high  X 
BTM_ALP Non-forested alpine (%) X  
BTM_AVAL Avalanche chutes (%) X  
BTM_BARE Barren surfaces (%) X  
BTM_OLD Old (> 100 yr) forest (%) X  
BTM_YNG Young (< 100 yr) forest (%) X  
BTM_BURN Disturbance due to wildfire (%) X X 
BTM_LOG Disturbance due to logging (%) X  
ELEV Elevation (m) X X 
SLOPE Slope (%) X X 
SOUTH North→south aspect (0→100) X X 
WEST East→west aspect (0→100) X X 
SOLAR Mean daily maximum solar insolation (kJ) X X 
TERRAIN Terrain ruggedness index X  
TCI Terrain complexity index  X 
CURVA Terrain curvature index X X 
GVI Landsat green vegetation index – raw X X 
GVI-VEG Landsat green vegetation index – vegetated  X 
GVI-HIGH Landsat green vegetation index – high (>0)  X 
GVI-SD Standard deviation of GVI  X 
GVI-VEG-SD Standard deviation of GVI-VEG  X 
GVI-HIGH-SD Standard deviation of GVI-HIGH  X 
WVI Landsat wet vegetation index X  
RIPARIAN Riparian stringer density (%) X  
LINEAR Linear human disturbance density (%) X X 
REMOTE “Remoteness” index X X 
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3.4.3. Scale-dependent Design 

Our analysis compared landscapes where grizzly bears were and were not detected, and our design 

corresponded to Johnson’s (1980) second-order resource selection and Thomas and Taylor’s (1990) 

study design 1.  We employed a scale-dependent design in analyzing associations of grizzly bear 

occurrence with habitat and human influence factors.  Each variable was derived at 3 spatial scales by 

aggregating data using a moving window routine (Bian 1997).  Pixels thus reflected each variable’s 

mean attribute value or proportional representation within a surrounding circular landscape.  At level 

1, the broadest scale of analysis, landscape size was defined by a 11.2 km radius from each DNA hair-

trap.  This yielded a circular landscape of 394 km2, equivalent to the mean 100% minimum convex 

polygon home range of a resident male grizzly bear in the upper Columbia basin of this region (B. N. 

McLellan and J. G. Woods, unpublished data).  We assume that level 1 corresponds to the broadest 

scale at which individual grizzly bears may respond to landscape conditions in our study areas.  At 

level 3, the finest scale of analysis, we used a 2.4 km radius to define an 18.1 km2 landscape.  This is 

the average daily linear movement of grizzly bears in the Flathead Valley of the southern Canadian 

Rocky Mountains (B. N. McLellan, BC Ministry of Forests, unpublished data).  At the midpoint 

between the level 1 and level 3 landscape radii, we used a 6.8 km radius to define a 145.3 km2 

landscape area at level 2.  For each variable, we aggregated data at each of the 3 scales.  However, in 

doing so, lakes and icefields, inherently unsuitable habitat, were not considered part of the 

surrounding landscape.  We then extracted attributes associated with each station to a database for 

subsequent analyses. 

3.4.4. Spatial Partitioning of Data 

The various DNA hair-trap sampling projects conducted in the region vary in spatial extent and 

sampling intensity.  Several sampling efforts encompassed a wide diversity of landscape habitat and 

human conditions, while others were more localized.  In analyzing factors that influence bear 

occurrence and distribution, and in developing predictive models, it must be remembered that 

relationships will vary depending on local conditions, and model coefficients can be highly dependent 

on “available” landscapes (Mysterud and Ims 1998, Boyce and McDonald 1999).  Pooling data that 

have been sampled in different arrays of climatic, vegetation, terrain, and human conditions can 

confound our ability to discern direct or indirect ecological relationships that are unique to local 

regions.  Similarly, over-splitting of data for analysis may cause unacceptable reductions in statistical 

power to detect relationships, and the greater number of individual analyses may be uninformative and 

of little relevancy for extrapolation and prediction.  The challenge is to combine and/or split data to 

achieve an optimal level of representation and applicability to the local conditions, while still 

providing results and tools that have statistical power, inform, and can be reasonably extrapolated in 

space and time (Osborne and Suarez-Seoane 2002, Van Horne 2002). 
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To objectively define logical groupings of data for subsequent analyses, we first identified 7 distinct 

subregions within the extent of sampling conducted throughout the southern Rockies to date (Figure 

3).  These areas corresponded to known physiographic and climatic differences (Meidinger and Pojar 

1991, Demarchi 1996).  One area was defined by the extent of the Southern Park Ranges Ecosection.  

The Border Ranges Ecosection exhibits a notable physiographic and climatic difference between its 

northern and southern extent, and we therefore split it east to west according to the Elk Valley and 

Highway 3.  We also split off the Crown of the Continent Ecosection in the southeastern corner of the 

Flathead drainage in British Columbia.  As a separate data grouping, we used biogeoclimatic subzones 

to define that part of the analysis area that falls into the “moist” climatic region that straddles both the 

Park Ranges and Border Ranges ecosections (Braumandl and Curran 1992).  Ecosection definitions 

were not available for Alberta, so we defined a north and south area split along the Crowsnest River.    
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Figure 3.  Sampling grids and potential spatial strata for analyzing and modeling relationships of 
grizzly bear occurrence and distribution relative to landscape conditions of habitat and human 
influence, southern Canadian Rocky Mountains, British Columbia and Alberta, 1997 – 2002. 

We evaluated the similarity of the range of conditions sampled among the 7 potential spatial 

strata using a cluster analysis, such that results could be used to inform a decision about spatial 

partitioning of data for subsequent analyses.  Because cluster analysis can be biased by different 

measurement scales among variables, we first standardized values for each variable at each scale 

based on the entire sample of station/session combinations [ ]( )σµχ ˆˆ− .  We then determined the 

mean value of each standardized variable/scale for each of the 7 strata, and we ran hierarchical 

agglomerative clustering to assess between-group linkage using the squared euclidean distance 

similarity measure (McGarigal et al. 2000).  We considered coefficients of similarity at each 

clustering stage, in conjunction with sample sizes, to define logical groupings for analysis and model 

development.   
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3.4.5. Model Development 

For each variable and scale, we initially used Mann-Whitney U tests for independent samples to 

examine differences in landscape composition between station/session combinations where grizzly 

bears were detected and those where they were not.  Due to the number of variables (30) and levels (3) 

considered, we applied the Dunn-Šidák adjustment (Sokal and Rohlf 1981:242) to ensure that all 

univariate tests were appropriately conservative (α = 0.0006).   

For each stratum, we applied multiple logistic regression to derive a probabilistic resource selection 

functions (Manly et al. 1993) intended for prediction.  Model output was the probability (p) that the 

combination of landscape attributes across the 3 spatial scales will result in grizzly bear detection.  We 

expected that our relatively large variable set would require considerable reduction to avoid modeling 

spurious associations (Flack and Chang 1987, Rextad et al. 1988).  Therefore, we employed principal 

components analysis to define a minimum number of orthogonal factors that explain the maximum 

variation among original variables.  Factors with eigenvalues >1 were extracted and we applied a 

varimax rotation to the component matrix to improve interpretation (McGarigal et al. 2000).  

Extracted factors were then entered into a multiple logistic regression analysis.  We employed forward 

stepwise selection using the liklihood-ratio test (Hosmer and Lemeshow 1989) to derive the most 

parsimoneous variable combination that best discriminated, across spatial scales, between landscapes 

where grizzly bears were and were not detected.  We evaluated the improvement of the fitted model 

over a null model according to the reduction in (-2)loglikelihood ratios, and we evaluated the 

significance of variable coefficients using chi-square tests of Wald statistics (Hosmer and Lemeshow 

1989).  We inspected linear regression tolerance statistics to confirm that factors included in the best-

fit model were not multicollinear (Menard 1995).  We further evaluated model goodness of fit and 

predictive power using the Nagelkerke R2 and c statistics (Norusis 1999).  Although ecological 

interpretation of analyses based on principal components can be difficult (McGarigal et al. 2000), our 

goal in multivariate analyses was prediction based on meaningful variation, and we relied on 

univariate results for understanding associations with individual variables across scales. 

3.4.6.   Sampling Representativeness 

Ecological models will be more accurate and robust when sampling has been systematic with respect 

to environmental variation (Hirzel and Guisan 2002).  However, adequate sampling within the range 

of extrapolation conditions is rare in models of species occurrence and distribution, and spatial 

uncertainty in model predictions is virtually never explicit in map outputs (Elith et al. 2002).  We 

evaluated the degree to which datasets for various groupings of spatial strata in the southern Rockies 

actually represent the range of landscape conditions within respective model extrapolation areas.   
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We generated a systematic random set of points at intersections of a 2.4 km grid across ass strata, and 

we extracted attributes for each variable and scale to a database.  We then compared random to 

sampled landscapes using both univariate and multivariate analyses, as described for model 

development, above.  We expected that results would characterize conditions to which data were and 

were not representative, and would provide a spatial index reflecting our predictive confidence in 

model outputs.  We then compared total landscape representation across the southern Rockies by 

pooling data according to groupings of strata that conform to clustering pattern. 

3.4.7.  Spatial Modeling of Grizzly Bear Density 

Within the GIS, we standardized original variables [ ]( )σµχ ˆˆ−  according to values at DNA hair-

trap stations.  Each principle component was then derived by summing the product of each 

standardized variable and its factor score coefficient (McGarigal et al. 2000).  We then applied best-fit 

multiple logistic regression models using raster overlays (Manly et al. 1993: equation 5.1), resulting in 

a grizzly bear detection probability (p) surface for each study area. 

Grizzly bear population density estimates have been derived for sampling grids in the central Purcells 

(Strom et al. 1999), the Elk Valley and Flathead valleys (Boulanger 2001), and southwestern Alberta 

(Mowat et al. 1998).  We derived an average density estimate for the southern Rockies sampling areas 

using a weighting factor that accounted differences in the size of each sampling grid.  Assuming a 

linear relationship, we then transformed each detection probability surface to reflect population 

density (sensu Boyce and McDonald 1999, Apps et al. 2003).  For each pixel ( i ), estimated 

population density ( ˆ
iD ) was calculated as 

1
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n
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j
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 =      
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where ˆ SAD  is the population density estimate for the multi-annual sampling area, and îP  is detection 

probability.  That is, for each pixel, we multiplied ˆ SAD  by a factor that is the pixel’s detection 

probability value divided by mean detection probability for the total sampling area.  The resulting 

model reflected the estimated density and distribution of grizzly bears within the combined sampling 

area and the defined greater extrapolation area. 
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3.5. RESULTS 

3.5.1. Spatial Partitioning of Data 

Based on results of hierarchical clustering (Figure 4) and sample sizes, we determined that the 7 

potential spatial strata defined a priori could be pooled into 4 groups.  We collapsed data from the 

Park Ranges Ecosection (PR) and the northern portion of the Border Ranges Ecosection (BRN) into 

one group termed Park and Border Ranges North (PBRN).  Conditions among landscapes sampled 

between the northern (ABN) and southern (ABS) strata in Alberta were also similar enough to group 

into one Alberta cluster (AB).  We also combined data in the Border Ranges Ecosection south of the 

Elk Valley (BRS) with those of the Crown of the Continent Ecosection (CC) into one group termed 

Border and Crown Ranges South (BCRS).  Finally, it was clear that sampling conducted within the 

moist climatic region (MCR) should be treated as a separate analysis group.  

 

                      Rescaled Distance Cluster Combine 
 
                 0         5        10        15        20        25 
Stratum / Sample +---------+---------+---------+---------+---------+ 
 
PR           33    

BRN         146               

BRS         163           

CC           35                                              

ABN         218                               

ABS         177                                                 

MCR          56    
 

Figure 4.  Hierarchical cluster analysis dendrogram illustrating relationships among 7 potential spatial 

strata for analyzing and modeling relationships of grizzly bear occurrence and distribution relative to 

landscape conditions of habitat and human influence, southern Canadian Rocky Mountains, British 

Columbia and Alberta, 1996 – 2002.  Strata are the Park Ranges (PR), Border Ranges North (BRN), 

Border Ranges South (BRS), Crown of the Continent (CC), Alberta North (ABN), Alberta South 

(ABS), and Moist Climatic Region (MCR). 
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In the central Purcell Mountains, 57 known visits by independently traveling grizzly bears were 

detected at 43 DNA hair-trap station/session combinations, while grizzly bears were not detected at 

209 DNA hair-trap station/sessions.  In the southern Rocky Mountains, 186 known visits by 

independently traveling grizzly bears were detected at 122 DNA hair-trap station/session 

combinations, while grizzly bears were not detected at 254 DNA hair-trap station/sessions.  Data for 

the southern Rockies analysis area are distributed among the 4 previously defined spatial strata (Table 

3).   

Table 3.  Grizzly bear detections among sampling sites and sessions in the central Purcell 

Mountains and Flathead / Elk Valleys, British Columbia, 1996–1998. 

   Site / Session 

Analysis Area Spatial Stratum  N a Visitsb Pres. Abs. 

Central Purcell Mountains   252 57 43 209 

       

Southern Rocky Mountains PBRN  179 124 71 108 

 BCRS  198 86 61 137 

 AB  395 194 82 313 

 MCR  56 22 11 45 

 All Strata  828 426 225 603 
a number of site/sessions sampled. 
b number of independent visits by independent bears. 

In comparing DNA hair-traps and sessions at which grizzly bears were and were not detected, 

univariate differences varied somewhat among both strata and scales (see Appendices 1 - 5).  Some 

general differences were apparent in comparing results between the Rocky Mountains (specifically, 

Flathead and Elk valleys) and the central Purcell Mountains.  In the Rockies, grizzly bears were 

detected in landscapes of higher elevation, steeper slopes, and more rugged terrain, but this was not 

apparent in the central Purcells.  At broad scales, central Purcell grizzlies were associated with 

western slopes; whereas, although southern Rockies bears showed no associations with aspect, they 

were detected more often in broad landscapes of higher solar insolation values.  A moderate 

association with landscapes of lower human presence was evident in the central Purcells.  In both 

study areas, grizzly bears were detected in landscapes with more avalanche chutes and higher alpine 

composition at some or all scales.  In the southern Rockies, grizzly bears were detected more often in 
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broad landscapes with burned forest, while they were detected less often in logged landscapes across 

scales and in both areas.  At the finest scale, central Purcell grizzly bears were associated with higher 

proportions of non-forested attributes, including low overstory cover and little forest productivity, but 

this was not as apparent in the southern Rockies.  A negative association with landscapes of higher 

spruce and subalpine fir composition was apparent in the central Purcells, while southern Rockies 

bears were associated with lower cedar/hemlock and Douglas-fir compositions.  Associations with the 

Landsat “green” vegetation productivity index were positive at broader scales in the central Purcells 

but negative across scales in the southern Rockies.  Associations with the Landsat “wet” vegetation 

index were positive at level 2 but strongly negative at level 3 in the central Purcells, while associations 

were negative across scales in the southern Rockies.   

In the central Purcells and southern Rockies, principal components analysis respectively extracted 15 

and 18 factors that each explained 89 and 86% of variation among independent variables across 

scales.  In the southern Rockies, maximum landscape representation was achieved by pooling data 

among all spatial strata.  Derived from a subset of principal component factors, all best-fit multiple 

logistic regression models of grizzly bear occurrence (Appendix 7) were significant (χ2 ≥ 54.5, ≥8 df, 

P < 0.001).  For the central Purcells and southern Rockies, models respectively achieved Nagelkerke 

R2 values of 0.43 and 0.16 and an overall success (cutpoint p = 0.5) of 79 and 65% in discriminating 

landscapes where grizzly bears were and were not detected.  Although models predict the likelihood 

of grizzly bear occurrence in a specific landscape given the broad habitat and human use conditions 

that we measured, the p value used to define where grizzly bears are expected to occur is arbitrary.  

Across a range of cutpoint probability levels, models performed best in discriminating at 

approximately p = 0.5 (Figure 5). 

As expected, grizzly bear DNA hair-trap sampling to date in the southern Rockies has not been 

representative of all landscape conditions across the 7 spatial strata defined a priori (χ2 ≥ 641.7, ≥7 df, 

P < 0.001).  Based on representation modeling using only broad-scale variables, we defined the model 

extrapolation area using an arbitrarily-determined cutpoint of P > 0.4.  Within this area, we used 

sampling representation model output based on principal component factors (i.e., all scales) as an 

index of our confidence in spatial predictions (Figure 6).  

Grizzly bear density estimates (bears/km2) and 95% confidence intervals by sampling grid were 0.027 

(0.022 – 0.041) for the central Purcells (Strom et al. 1999), 0.044 (0.028 – 0.084) for the Flathead 

Valley (Boulanger 2001), 0.025 (0.018 – 0.051) for the Elk Valley (Boulanger 2001), and 0.015 

(0.012 – 0.020) for southwestern Alberta (Mowat et al. 1998).  We averaged the southern Rockies 

estimates using a weighting factor that accounts for each grid’s proportional representation in the total 

sampling area.  A transformation of detection probability model output to spatially extrapolate the 

combined density estimate resulted in an estimated population of 101 (83–153, 95% CI) for the 4,734 
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km2 central Purcells extrapolation area, and 255 (179–501, 95% CI) grizzly bears for the 10,413 km2 

southern Rockies extrapolation area.  Detection probability cutpoints of p = 0.2, 0.4, and 0.6 

correspond to estimated densities of 1.5, 2.5, and 3.5 bears/100 km2 in the central Purcells (Figure 7), 

while cutpoints of p = 0.3, 0.5, and 0.7 correspond to 1.5, 2.6, and 3.6 bears/100 km2 in the southern 

Rockies (Figure 8).  
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Figure 5.  Predictive efficiency, across cutpoint probability levels, of landscape-level grizzly bear 
occurrence models for the (A) central Purcell Mountains and (B) sothern Rocky Mountains, British 
Columbia and Alberta.  The model improvement curve indicates the proportion of DNA hair-trap 
stations where grizzly bear detections were correctly classified minus that of incorrectly classified 
non-detection sites.  This defines the model’s optimum cutpoint in discriminating grizzly bear 
detections from non-detections. 
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Figure 6.  Index of confidence in spatial predictions of grizzly bear occurrence and distribution 
within defined model extrapolation area, southern Rocky Mountains, British Columbia and Alberta.  
Index values reflect the degree to which DNA hair-trap sampling conducted to date represents 
landscape conditions. 
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Figure 7.  Predicted grizzly bear density and distribution in the southern Rocky Mountains, British Columbia 
and Alberta, as derived from DNA hair-trap sampling conducted during 1997, 1999, and 2002 
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Figure 8.  Predicted grizzly bear density and distribution in the southern Rocky Mountains, British Columbia 
and Alberta, as derived from DNA hair-trap sampling conducted during 1997, 1999, and 2002.
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3.6. DISCUSSION 

3.6.1. Grizzly Bear Distribution Patterns 

Grizzly bear range has contracted dramatically over the past 2 centuries, such that populations in 

southern British Columbia are presently limited to rugged mountains and high plateaus where natural 

conditions have largely restricted human access and settlement (McLellan 1998).  However, strong 

associations with high elevations, steep slopes, rugged terrain, and low human influence were more 

apparent in the southern Rockies than in the central Purcells.  This may reflect the range of human and 

subdued terrain conditions sampled in each area.  The southern Rockies sampling covered a much 

larger area, including broad valleys and several large towns, while this was not the case in the central 

Purcells.  At broader scales, grizzly bear associations with terrain conditions may relate primarily to 

the inhibition of human access and habitation, perhaps allowing grizzly bears to persist.  This is 

supported by results of a similar study in the upper Columbia Basin, where although grizzly bear 

occurrence was negatively associated with proximity to human population centers and road density, 

broad landscapes of subdued terrain and higher human accessibility were more likely to support 

grizzly bears within national parks where interactions with people are less likely to result in bear 

mortality or translocation (Apps et al. 2003).  Based on their study in the Swan Valley, Montana, 

Mace et al. (1996) suggested that grizzly bears can persist in areas with roads, however, spatial 

avoidance will increase and survival will decrease as traffic levels, road densities, and human 

settlement increases.   

As expected, grizzly bear distribution was also influenced by vegetative conditions in both study 

areas, although relationships may have co-varied with human and/or terrain conditions, especially in 

the southern Rockies.  In mountainous landscapes, the importance of avalanche chutes and unforested 

alpine habitats has been demonstrated (Waller and Mace 1997, Ramcharita 2000, McLellan and 

Hovey 2001).  Accordingly, these features strongly influenced grizzly bear detection rates across 

scales in both study areas, but negative associations with forest overstory at the finest scale were 

particularly strong in the central Purcells.  Grizzly bears also appeared more likely to occur in the 

wetter, western slopes of the central Purcells sampling area.  This may explain the strong association 

of detection rates with western aspects at broad scales.  In the southern Rockies, the apparent 

relationship with higher solar insolation values is difficult to interpret, and may reflect a spurious 

association with higher elevations.  The association with old burns in the southern Rockies is expected 

given that such habitats are more pervasive in this area and are particularly important as berry 

producing habitats during late summer and fall (Hamer and Herrero 1987, McLellan and Hovey 

2001).  Although cutblocks can also produce fruiting shrubs preferred by bears (Zager 1980, Waller 

1992), we found relationships to be negative across scales in both study areas.  This may be explained 
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by associations of such landscapes with higher human influence levels, but silviculture treatments may 

favor rapid conifer regeneration over shrub cover and hence provide little forage value for bears 

(Kimball and Hunter 1990).   

There was a clear discrepancy between study areas in relationships of grizzly bear detection with the 

green vegetation index (GVI).  In contrast to a habitat selection study in Montana, strong negative 

associations with GVI in the southern Rockies may relate to the displacement of grizzly bears from 

the middle and lower Elk Valley, where relatively moist and highly productive vegetation types are 

common.  A similar result was reported in the upper Columbia River basin, and was also explained in 

terms of lack of resident bears in the most productive valley bottom wetlands (Apps et al. 2003).  In 

the central Purcells, however, grizzly bears were not detected in the relatively dry eastern portion of 

the study area, at least partially explaining the strong positive association with GVI at the broadest 

scale.   

In both study areas, multivariate results indicate that a linear combination of variables can efficiently 

discriminate DNA hair-traps where grizzly bears were detected from those where they were not.  

Model may therefore represent useful predictors of grizzly bear population density and distribution for 

strategic-level conservation planning within the study area.  However, as illustrated by divergent 

results for some variables between the 2 study areas, predictive efficiency may not hold on application 

to physiographic, vegetative, and/or human conditions that differ from respective sampling areas.  

Extrapolation should thus be coupled with either empirical or expert-based verification.   

3.6.2. Extension to Management and Future Research 

This research has resulted in predictive tools for defined analysis and extrapolation areas, but more 

importantly, we have developed and refined modeling methods for application to other areas in the 

province where DNA hair-trap sampling has been carried out or is planned.  What we have learned 

through these analyses have direct implications on future sampling designs to derive predictive 

management tools.  Hence, end-users of our results include those charged with managing land 

resources that are expected to have broad-scale influence on grizzly bear occurrence and persistence, 

but also include researchers developing similar decision-support tools specific to local areas.  Below, 

we detail both management applications and sampling design considerations. 

Apps et al. (2003) detail several research and management applications of the broad-scale occurrence 

and distribution modeling that we have applied using hair-trap DNA data.  Model output represents an 

empirical alternative to qualitative approaches to modeling population core areas, peripheries and 

linkages for land use planning decision support.  Output can assist in the objective evaluation of 

strategies for recovery and/or maintenance of healthy and viable grizzly bear populations, at 

appropriate spatial scales.  Because this approach facilitates spatial inference from an empirical 
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population estimate, it represents a defensible alternative to qualitative assessments of population 

status and carrying capacity conducted using data of relatively coarse scale and general assumptions 

(e.g., Fuhr and Demarchi 1990).  Moreover, outputs reflect the spatial structure of the population, a 

necessary input for habitat-based population viability analysis and the assessment of extinction risk 

(Boyce et al. 1994, Roloff and Haufler 1997, Wiegand et al. 2002).  Finally, predictions of population 

distribution can be used to spatially stratify the intensity of future sampling, facilitating efficient 

monitoring of spatio-temporal trends while maximizing statistical power and relevancy to a larger 

region (Gibbs 2000). 

We have developed spatial models using data that were originally sampled for deriving non-spatial 

population estimates for defined sampling grids.  Through this process, several sampling design issues 

were apparent that should be considered in future sampling efforts where RSF model development is 

an objective.  The most important consideration is to ensure that sampling is in fact representative of 

landscape habitat and human conditions to which models are to be extrapolated.  Our results highlight 

the importance of quantifying the degree to which sampling is representative of landscape conditions 

within a greater extrapolation area.  With complex, multivariate models, the validity of spatial RSF 

predictions can rapidly degenerate when extended beyond the range of conditions sampled.  For future 

efforts, modeling can be conducted prior to sampling to ensure adequate representation of the range of 

conditions within the intended extrapolation area.  Where confidence in model predictions is very low 

(e.g., where the probability of representative sampling < 0.4), associated landscapes should be masked 

in spatial outputs.  For all other landscapes, a secondary spatial output reflecting confidence level is 

helpful when interpreting predictions for specific sites.   

While, for model development, it is important that data be spatially stratified to correspond with 

obvious climatic and/or physiographic differences in landscape conditions, it must also be 

remembered that DNA hair-trap sampling for bears is only appropriate for modeling occurrence and 

distribution at home range scales over relatively large regions.  Attempts to derive models that are 

highly specific to local conditions will be at the expense of sample size and are likely to result in 

models that are “overfit” to founding datasets with little utility for reasonable extrapolation and 

prediction.  Data splitting should be conducted only where differences are obvious, and decisions 

should be based on spatial clustering of sampling sites according to landscape attributes at the 

broadest scale to be considered in analysis. 

Related to the above issue is the tradeoff between the number of sampling sessions and the number of 

unique sites sampled.  Where obtaining recaptures for population estimation is not a priority, a higher 

number of stations would be preferred over a lower number of stations with multiple sampling 

sessions.  Although this would allow for a sample that is more representative, we acknowledge that 

monitoring and re-baiting stations for multiple sessions requires far fewer resources than deploying an 
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equivalent multiple of stations.  Still, a hybrid strategy, with more stations and fewer (e.g., 2) but 

longer sessions may be desirable.  Where multiple sessions are considered, it is important that they be 

long enough that visits by the same bear to the same station during subsequent sessions can be 

considered independent.  That is, we must be able to assume that, between sessions, there is an equal 

chance of detecting an individual bear at different stations within its home range.  This assumption 

depends on daily movement rates, and 10 days was considered adequate in the upper Columbia basin 

(Apps et al. 2003).  Although DNA decomposes with time particularly when exposed to warm, humid 

conditions, 10 day sampling sessions in the Rocky Mountains do not appear to hinder DNA extraction 

(D. Paetkau, Wildlife Genetics International, personal communication). 

Another important sampling issue relates to the consistency of site selection among grid cells.  

Although there are often constraints to site selection within cells, typically related to ground access or 

helicopter landing opportunities, it is important that these be consistent among cells.  Where 

constraints differ across the sampling grid, and factors also indirectly relate to bear distribution, then 

artifacts can appear in analysis results that reflect spatial biases in site selection.  Such artifacts may be 

apparent at analysis scales finer than that of sampling cell size.  Similarly, it is important that similar 

criteria or experience in site selection be applied among cells.  Detection rates can vary according to 

experience or local knowledge of technicians selecting sites, again introducing potential bias.  

Precautions should be taken to ensure that such differences among technicians do not result in spatial 

bias, for example, by interspersing personnel across the sampling grid.   

Finally, it is important to acknowledge the obvious fact that the fit, performance, and predictive utility 

of model outputs greatly depend on the variables derived and the quality of the underlying inventories.  

Most of the variables we have considered likely are indirect surrogates for the factors that actually 

influence grizzly bear occurrence and distribution, and they most certainly do not account for all 

relevant factors.  Comparisons among sampling areas, and inclusion into higher level meta-analyses, 

require that variables be consistently derived and applied.  This is a challenge when attempting to 

model or compare results across jurisdictions (e.g., BC, AB, and national parks) where biophysical 

and human use inventories vary. 
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Appendix 1.  Differencesa between landscapes at 3 spatial scalesb where grizzly bears were (occur.) and were not (non-occur.) detected in the central Purcell 

Mountains, British Columbia, 1998. 

  Level 1   Level 2   Level 3  

  Occur. Non-occur.   Occur. Non-occur.   Occur. Non-occur.  

Variable  ×  SE ×  SE Diff  ×  SE ×  SE Diff  ×  SE ×  SE Diff 

AGE_1-2  3.09 0.22 3.61 0.14 o  3.26 0.43 3.53 0.22 o  1.92 0.64 4.98 0.54 - - - 

AGE_3-6  17.55 1.37 18.44 0.75 o  18.59 1.73 18.33 0.93 o  17.52 2.10 19.86 1.39 o 

AGE_7-9  23.36 0.62 23.84 0.30 o  21.96 0.89 24.10 0.51 o  22.29 1.54 30.63 0.99 - - - 

SPP_S-B  20.41 0.33 21.60 0.19 - - -  20.28 0.65 22.27 0.36 -  22.23 1.33 29.25 0.86 - - - 

SPP_C-H  2.74 0.37 2.04 0.17 o  2.29 0.36 2.02 0.19 o  1.54 0.46 2.33 0.32 o 

SPP_P  8.31 0.75 9.00 0.46 o  9.08 0.95 9.21 0.58 o  7.17 1.14 9.96 0.80 o 

SPP_FD  4.34 0.79 4.77 0.33 -  3.85 0.79 4.30 0.33 -  2.50 0.62 5.03 0.53 - 

SPP_PA  3.37 0.28 3.55 0.14 o  3.48 0.34 3.58 0.17 o  4.14 0.52 4.31 0.26 o 

SPP_L  4.41 0.34 4.41 0.14 o  4.34 0.40 4.28 0.16 o  3.51 0.42 4.33 0.25 o 

SPP_DEC  0.92 0.08 0.92 0.04 o  0.85 0.09 0.83 0.05 o  0.71 0.15 0.97 0.09 o 

ALPINE  48.42 1.73 50.90 0.99 o  48.33 2.25 51.37 1.17 o  50.06 2.47 42.43 1.36 + 

CANOPY  18.47 0.97 18.55 0.46 o  18.51 1.24 18.65 0.56 o  16.46 1.20 21.78 0.72 - - 

SITE  5.29 0.29 5.38 0.15 o  5.23 0.36 5.35 0.17 o  4.91 0.39 6.32 0.22 - - 

FOR_NP  8.24 0.94 5.06 0.37 ++  8.73 1.43 5.20 0.52 o  9.66 2.00 6.47 0.76 o 

URBAN  0.20 0.04 0.16 0.02 o  0.08 0.03 0.17 0.03 o  0.03 0.02 0.03 0.01 o 

BTM_ALP  29.40 0.84 29.62 0.46 o  29.31 1.01 30.26 0.58 o  31.58 1.36 24.68 0.86 +++ 

BTM_AVAL  12.65 0.37 11.36 0.19 ++  13.28 0.49 11.93 0.24 +  18.16 1.06 13.07 0.61 +++ 

BTM_BARE  7.73 0.29 8.09 0.15 o  7.46 0.56 7.67 0.26 o  6.66 1.02 7.41 0.53 o 

BTM_OLD  26.29 0.88 24.75 0.44 o  25.90 0.85 24.46 0.59 o  23.86 1.69 27.79 1.16 o 
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Appendix 1.  Continued. 

  Level 1   Level 2   Level 3  

  Occur. Non-occur.   Occur. Non-occur.   Occur. Non-occur.  

Variable  ×  SE ×  SE Diff  ×  SE ×  SE Diff  ×  SE ×  SE Diff 

BTM_YNG  19.33 1.50 19.59 0.77 o  20.40 1.77 19.40 0.98 o  18.26 2.16 19.67 1.49 o 

BTM_BURN  0.61 0.11 0.52 0.05 o  0.67 0.18 0.68 0.11 o  0.14 0.13 0.71 0.30 o 

BTM_LOG  3.17 0.27 4.50 0.20 - -  2.77 0.38 4.40 0.28 -  1.28 0.37 5.47 0.52 - - - 

ELEV  1970 24 1983 10 o  1989 22 2000 10 o  2037 24 1944 15 ++ 

SLOPE  55.05 0.26 54.38 0.28 o  54.98 0.62 55.06 0.34 o  55.06 0.69 54.84 0.48 o 

SOLAR  6627 13 6642 5 o  6592 19 6648 11 -  6730 49 6597 23 + 

SOUTH  55.50 0.20 55.64 0.15 o  54.61 0.47 55.82 0.27 -  56.91 1.18 55.20 0.56 o 

WEST  51.45 0.34 50.05 0.21 +++  51.56 0.37 49.96 0.27 ++  50.96 0.94 49.05 0.43 o 

TERRAIN  34.77 0.35 34.92 0.24 o  34.67 0.32 35.51 0.27 o  35.59 0.49 35.12 0.34 o 

CURVA  1.21 0.10 1.37 0.05 -  1.01 0.08 1.00 0.04 o  0.86 0.06 0.94 0.04 o 

GVI  19.39 0.43 17.68 0.24 +++  19.76 0.65 17.47 0.32 ++  19.56 0.73 20.59 0.41 o 

WVI  -18.36 0.26 -18.85 0.12 o  -17.72 0.30 -18.99 0.19 ++  -19.51 0.55 -17.43 0.36 - - - 

RIPARIAN  4.37 0.06 4.55 0.04 -  4.32 0.08 4.47 0.05 o  4.19 0.20 4.73 0.12 o 

LINEAR  2.82 0.19 4.39 0.22 - -  2.29 0.23 4.34 0.25 - - -  0.97 0.32 5.23 0.38 - - - 

REMOTE  0.63 0.03 0.73 0.02 -  0.61 0.03 0.70 0.02 -  0.60 0.03 0.69 0.02 - - 
 

aDifferences (Mann-Whitney U tests) are indicated by +++/- - - (P < 0.0005), ++/-- (P < 0.005), +/- (P < 0.06), or “o” (P ≥ 0.05). 
bAnalysis level: broad (1) to fine (3) spatial scales. 
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Appendix 2.  Differencesa between landscapes at 3 spatial scalesb where grizzly bears were (occur.) and were not (non-occur.) detected in the Park and Border 

Ranges ecosections, north of Highway 3, southern Rocky Mountains, British Columbia, 1997, 1999, and 2002. 

  Level 1   Level 2   Level 3  

  Occur. Non-occur.   Occur. Non-occur.   Occur. Non-occur.  

Variable  ×  SE ×  SE Diff  ×  SE ×  SE Diff  ×  SE ×  SE Diff 

AGE_1-2  0.47 0.01 0.46 0.00 o  0.48 0.01 0.44 0.01 +  0.43 0.02 0.38 0.01 + 

AGE_3-6  0.37 0.01 0.38 0.01 o  0.36 0.01 0.41 0.01 -  0.42 0.02 0.47 0.02 - 

AGE_7-9  0.15 0.01 0.16 0.01 o  0.15 0.01 0.15 0.01 o  0.15 0.01 0.15 0.01 o 

SPP_S-B  26.17 0.49 26.69 0.61 o  26.76 0.78 26.77 0.80 o  29.08 1.46 29.12 1.43 o 

SPP_C-H  0.00 0.00 0.00 0.00 o  0.01 0.00 0.00 0.00 o  0.00 0.00 0.01 0.00 o 

SPP_PL  23.90 0.63 26.13 0.66 -  23.15 1.04 27.17 1.04 - -  26.95 1.93 32.21 1.66 - 

SPP_FD  3.30 0.30 4.24 0.29 - -  2.68 0.25 4.29 0.36 - - -  2.52 0.35 4.99 0.61 - - - 

SPP_PA  0.71 0.06 0.82 0.06 -  0.88 0.10 1.03 0.10 -  1.26 0.25 1.33 0.20 - 

SPP_L  1.12 0.06 0.88 0.05 ++  0.97 0.06 0.88 0.06 o  0.92 0.12 0.85 0.12 o 

SPP_DEC  1.36 0.11 1.41 0.12 o  1.14 0.13 1.33 0.16 o  0.86 0.15 1.63 0.25 - - - 

CANOPY  25.38 0.44 27.19 0.35 - -  24.55 0.65 27.50 0.60 - -  27.57 1.13 30.69 0.93 - 

PROD  1.31 0.03 1.45 0.02 - -  1.23 0.03 1.44 0.03 - - -  1.36 0.05 1.63 0.06 - - 

PROD-VL  0.13 0.00 0.13 0.00 o  0.14 0.01 0.14 0.01 o  0.15 0.01 0.15 0.01 o 

PROD-L  0.23 0.00 0.23 0.00 o  0.22 0.01 0.22 0.01 o  0.25 0.01 0.24 0.01 o 

PROD-M  0.16 0.00 0.20 0.01 - - -  0.15 0.01 0.20 0.01 - - -  0.17 0.01 0.23 0.02 - 

PROD-H  0.06 0.00 0.07 0.00 -  0.05 0.00 0.07 0.00 - - -  0.05 0.01 0.07 0.01 o 

AVAL  10.11 0.37 10.11 0.44 o  11.56 0.58 10.67 0.58 o  11.52 0.77 9.49 0.77 o 

BURN  1.38 0.11 0.99 0.10 ++  1.54 0.15 1.27 0.14 o  1.50 0.24 1.81 0.28 o 

NP-UVEG  21.94 1.02 17.26 0.76 ++  22.17 1.26 17.20 0.94 +  18.51 1.76 12.79 1.28 + 

 

 



Quantitative tools to predict grizzly bear response to landscape change     39

   

Aspen Wildlife Research and Integrated Ecological Research    March 27, 2003 

Appendix 2.  Continued. 

  Level 1   Level 2   Level 3  

  Occur. Non-occur.   Occur. Non-occur.   Occur. Non-occur.  

Variable  ×  SE ×  SE Diff  ×  SE ×  SE Diff  ×  SE ×  SE Diff 

NP-VEG  8.76 0.22 8.29 0.25 o  10.28 0.34 9.32 0.35 +  10.81 0.66 9.53 0.54 o 

GVI  -15.73 0.45 -14.72 0.31 o  -15.42 0.63 -13.94 0.49 o  -12.60 0.85 -10.23 0.69 - 

GVI-V  -10.13 0.22 -10.26 0.18 o  -9.91 0.30 -9.86 0.28 o  -8.72 0.45 -8.06 0.43 o 

GVI-H  1.10 0.05 0.91 0.04 +  1.17 0.07 0.95 0.06 +  1.38 0.14 1.12 0.11 o 

GVI-SD  20.69 0.33 18.92 0.25 +++  19.69 0.47 17.30 0.38 +++  14.80 0.52 12.17 0.41 +++ 

GVI-V-SD  10.75 0.08 10.28 0.09 +++  10.56 0.11 9.81 0.11 +++  9.27 0.21 8.47 0.14 + 

GVI-H-SD  3.41 0.09 3.08 0.09 +  3.47 0.12 3.05 0.12 o  3.20 0.21 2.83 0.18 o 

ELEV  1920 13.77 1870 12.38 +  1935 14.87 1869 16.16 ++  1912 18.56 1827 21.22 + 

SLOPE  39.15 0.36 37.70 0.29 +  40.21 0.54 38.24 0.48 +  36.71 0.90 36.10 0.96 o 

SOUTH  51.50 0.08 51.38 0.09 o  51.72 0.14 51.73 0.17 o  51.87 0.52 52.33 0.51 o 

WEST  50.27 0.28 50.67 0.30 o  50.73 0.46 50.86 0.58 o  49.42 1.29 52.28 1.17 o 

SOLAR  6715 4.94 6717 4.93 o  6720 6.28 6721 6.91 o  6731 16.02 6741 15.57 o 

CURVA  3.03 3.57 -6.60 4.35 +  10.73 5.25 -2.75 4.45 o  -7.46 3.77 -13.58 3.75 o 

TCI  288.11 2.83 281.26 3.13 o  264.72 2.43 255.58 2.83 +  146.62 3.22 143.74 4.11 o 

LINEAR  7.53 0.39 9.40 0.31 - - -  6.48 0.40 8.67 0.38 - - -  5.98 0.43 8.43 0.57 - - 

REMOTE  627.02 20.74 613.77 22.09 o  524.45 16.93 563.08 28.60 o  440.15 17.99 473.95 30.66 o 
 

aDifferences (Mann-Whitney U tests) are indicated by +++/- - - (P < 0.0005), ++/-- (P < 0.005), +/- (P < 0.06), or “o” (P ≥ 0.05). 

bAnalysis level: broad (1) to fine (3) spatial scales. 
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Appendix 3.  Differencesa between landscapes at 3 spatial scalesb where grizzly bears were (occur.) and were not (non-occur.) detected in the Border Ranges and 

Crown of the Continent ecosections, south of Highway 3 (BRCS), southern Rocky Mountains, British Columbia, 1997 and 2002. 

  Level 1   Level 2   Level 3  

  Occur. Non-occur.   Occur. Non-occur.   Occur. Non-occur.  

Variable  ×  SE ×  SE Diff  ×  SE ×  SE Diff  ×  SE ×  SE Diff 

AGE_1-2  0.38 0.01 0.38 0.01 o  0.38 0.01 0.38 0.01 o  0.36 0.02 0.36 0.02 o 

AGE_3-6  0.44 0.01 0.44 0.01 o  0.45 0.02 0.44 0.01 o  0.47 0.03 0.47 0.02 o 

AGE_7-9  0.18 0.01 0.18 0.01 o  0.17 0.01 0.18 0.01 o  0.17 0.02 0.17 0.02 o 

SPP_S-B  27.37 1.00 27.51 0.83 o  25.92 1.35 26.37 1.15 o  23.91 2.04 25.37 1.67 o 

SPP_C-H  0.04 0.01 0.06 0.01 o  0.02 0.01 0.04 0.01 -  0.00 0.00 0.03 0.01 o 

SPP_PL  28.88 0.84 27.57 0.64 o  30.56 1.33 28.54 0.99 o  34.56 2.09 31.97 1.49 o 

SPP_FD  6.27 0.63 6.52 0.61 o  5.98 0.63 6.27 0.61 o  5.23 0.62 6.67 0.75 o 

SPP_PA  3.89 0.29 3.84 0.25 o  3.96 0.34 4.19 0.34 o  4.31 0.68 3.99 0.55 o 

SPP_L  3.26 0.42 3.74 0.37 o  3.05 0.50 4.04 0.48 o  3.29 0.65 5.04 0.70 o 

SPP_DEC  1.93 0.19 1.92 0.14 o  2.17 0.25 1.97 0.17 o  2.74 0.43 1.94 0.24 o 

CANOPY  28.03 0.47 27.74 0.38 o  27.60 0.76 27.45 0.57 o  28.83 1.05 28.49 0.88 o 

PROD  1.74 0.03 1.71 0.02 o  1.76 0.05 1.71 0.03 o  1.87 0.07 1.86 0.05 o 

PROD-VL  0.13 0.01 0.13 0.01 o  0.12 0.01 0.13 0.01 o  0.11 0.01 0.10 0.01 o 

PROD-L  0.28 0.01 0.28 0.00 o  0.26 0.01 0.28 0.01 o  0.24 0.01 0.29 0.01 - 

PROD-M  0.28 0.01 0.28 0.01 o  0.30 0.01 0.28 0.01 o  0.33 0.02 0.31 0.01 o 

PROD-H  0.05 0.01 0.04 0.00 o  0.05 0.01 0.05 0.00 o  0.07 0.01 0.06 0.01 o 

AVAL  11.25 0.46 10.92 0.37 o  11.38 0.73 10.80 0.50 o  10.41 1.29 9.09 0.83 o 

BURN  3.58 0.30 3.61 0.23 o  3.80 0.43 3.95 0.34 o  3.47 0.58 3.34 0.51 o 

NP-UVEG  10.98 0.52 11.41 0.44 o  11.09 0.82 11.64 0.62 o  8.67 1.22 9.20 0.95 o 
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Appendix 3.  Continued. 

  Level 1   Level 2   Level 3  

  Occur. Non-occur.   Occur. Non-occur.   Occur. Non-occur.  

Variable  ×  SE ×  SE Diff  ×  SE ×  SE Diff  ×  SE ×  SE Diff 

NP-VEG  10.87 0.34 11.33 0.31 o  11.37 0.57 11.67 0.48 o  11.71 0.99 10.95 0.79 o 

GVI  -7.90 0.35 -7.70 0.29 o  -7.91 0.51 -7.63 0.40 o  -7.07 0.74 -6.65 0.58 o 

GVI-V  -5.87 0.24 -5.79 0.21 o  -5.86 0.30 -5.77 0.25 o  -5.39 0.45 -5.18 0.36 o 

GVI-H  1.93 0.08 2.03 0.07 o  1.91 0.10 1.96 0.08 o  1.96 0.17 1.90 0.14 o 

GVI-SD  15.22 0.38 15.00 0.31 o  14.27 0.51 13.96 0.40 o  12.18 0.55 11.50 0.42 o 

GVI-V-SD  10.54 0.14 10.68 0.13 o  10.18 0.20 10.27 0.17 o  9.27 0.25 8.91 0.20 o 

GVI-H-SD  4.46 0.10 4.64 0.09 o  4.33 0.13 4.44 0.11 o  3.85 0.21 3.73 0.17 o 

ELEV  1723 12.64 1707 12.49 o  1729 16.48 1716 14.13 o  1697 21.37 1669 19.03 o 

SLOPE  36.26 0.72 35.93 0.60 o  36.03 1.04 36.18 0.74 o  34.72 1.28 33.43 0.93 o 

SOUTH  49.82 0.23 50.37 0.20 -  50.18 0.32 50.45 0.27 o  48.97 0.74 50.60 0.53 - 

WEST  50.54 0.26 50.38 0.27 o  50.86 0.40 50.19 0.38 o  51.17 0.93 50.53 0.80 o 

SOLAR  6694 6.12 6687 5.11 o  6714 8.51 6696 6.96 o  6696 19.39 6717 14.49 o 

CURVA  6.99 4.46 5.53 3.29 o  3.65 4.12 6.20 2.98 o  -11.21 4.31 -19.05 3.15 o 

TCI  247.50 3.89 250.70 3.58 o  219.05 4.83 225.24 3.80 o  131.75 5.45 127.86 3.76 o 

LINEAR  9.43 0.42 8.65 0.28 o  9.40 0.50 8.51 0.35 o  11.22 0.87 9.84 0.55 o 

REMOTE  363.97 12.89 349.59 8.74 o  344.27 7.72 339.09 8.86 o  314.55 11.90 321.53 7.35 o 
  

aDifferences (Mann-Whitney U tests) are indicated by +++/- - - (P < 0.0005), ++/-- (P < 0.005), +/- (P < 0.06), or “o” (P ≥ 0.05). 
bAnalysis level: broad (1) to fine (3) spatial scales. 
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Appendix 4.  Differencesa between landscapes at 3 spatial scalesb where grizzly bears were (occur.) and were not (non-occur.) detected in the southern Rocky 

Mountains of southwestern Alberta (AB), 1997 and 2002. 

  Level 1   Level 2   Level 3  

  Occur. Non-occur.   Occur. Non-occur.   Occur. Non-occur.  

Variable  ×  SE ×  SE Diff  ×  SE ×  SE Diff  ×  SE ×  SE Diff 

AGE_1-2  0.32 0.01 0.29 0.01 +++  0.32 0.01 0.27 0.01 +++  0.30 0.01 0.23 0.01 +++ 

AGE_3-6  0.49 0.01 0.56 0.01 - - -  0.48 0.01 0.57 0.01 - - -  0.45 0.02 0.62 0.01 - - - 

AGE_7-9  0.19 0.01 0.15 0.01 ++  0.20 0.01 0.15 0.01 +++  0.25 0.01 0.16 0.01 +++ 

SPP_S-B  27.58 0.90 23.79 0.66 +++  28.76 1.10 24.42 0.80 ++  33.56 1.64 25.65 1.04 +++ 

SPP_C-H  0.00 0.00 0.00 0.00 o  0.00 0.00 0.00 0.00 o  0.00 0.00 0.00 0.00 o 

SPP_PL  28.35 0.86 33.00 0.64 - - -  28.45 1.07 33.78 0.79 - - -  27.07 1.55 37.81 1.17 - - - 

SPP_FD  3.31 0.26 5.73 0.28 - - -  2.49 0.29 5.87 0.36 - - -  2.17 0.37 5.93 0.54 - - - 

SPP_PA  0.67 0.05 0.51 0.04 ++  0.52 0.04 0.45 0.05 ++  0.50 0.09 0.35 0.06 + 

SPP_L  0.39 0.03 0.30 0.02 +  0.31 0.03 0.26 0.02 o  0.53 0.10 0.21 0.04 o 

SPP_DEC  7.14 0.67 6.85 0.39 -  7.16 0.81 6.86 0.48 - -  6.75 0.89 6.79 0.60 - - 

CANOPY  33.69 0.46 35.79 0.36 - - -  34.51 0.62 36.93 0.45 - - -  35.33 0.96 40.68 0.70 - - - 

PROD  1.65 0.02 1.82 0.02 - - -  1.66 0.03 1.85 0.02 - - -  1.77 0.04 1.95 0.03 - - 

PROD-VL  0.22 0.01 0.19 0.01 +  0.22 0.01 0.19 0.01 o  0.21 0.01 0.19 0.01 o 

PROD-L  0.39 0.01 0.42 0.01 - -  0.40 0.01 0.43 0.01 -  0.41 0.01 0.47 0.01 - 

PROD-M  0.18 0.01 0.22 0.00 - - -  0.18 0.01 0.23 0.01 - - -  0.20 0.01 0.24 0.01 o 

PROD-H  0.03 0.00 0.03 0.00 o  0.03 0.00 0.03 0.00 o  0.03 0.00 0.03 0.00 o 

AVAL  8.96 0.72 7.53 0.59 +  8.06 0.79 4.33 0.57 +++  1.92 0.59 1.31 0.47 +++ 

BURN  0.76 0.08 0.34 0.04 +++  0.57 0.08 0.22 0.03 ++  0.74 0.19 0.07 0.02 o 

NP-UVEG  10.08 0.41 7.95 0.31 +++  10.94 0.62 7.91 0.39 +++  9.22 0.99 5.14 0.45 o 
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Appendix 4.  Continued. 

  Level 1   Level 2   Level 3  

  Occur. Non-occur.   Occur. Non-occur.   Occur. Non-occur.  

Variable  ×  SE ×  SE Diff  ×  SE ×  SE Diff  ×  SE ×  SE Diff 

NP-VEG  5.46 0.35 3.84 0.21 +++  4.64 0.40 2.82 0.22 +++  3.41 0.44 1.35 0.17 + 

GVI  -13.03 0.24 -12.29 0.19 - -  -13.12 0.32 -12.00 0.24 -  -10.55 0.49 -10.07 0.36 o 

GVI-V  -9.57 0.16 -9.30 0.12 -  -9.43 0.19 -9.08 0.15 o  -7.95 0.28 -8.05 0.23 o 

GVI-H  1.01 0.06 0.90 0.03 o  1.06 0.07 0.89 0.04 o  1.35 0.10 0.96 0.06 +++ 

GVI-SD  16.97 0.27 15.87 0.21 ++  16.65 0.36 15.09 0.27 +++  13.15 0.44 11.80 0.31 + 

GVI-V-SD  9.91 0.13 9.59 0.08 +  9.82 0.15 9.32 0.10 +  9.12 0.22 8.11 0.13 +++ 

GVI-H-SD  2.84 0.10 2.69 0.06 o  2.79 0.11 2.54 0.07 o  2.87 0.16 2.23 0.10 ++ 

ELEV  1790 12.66 1741 8.75 +++  1807 13.76 1746 10.07 +++  1808 15.80 1728 11.11 +++ 

SLOPE  30.02 0.49 28.97 0.37 ++  30.39 0.64 28.66 0.43 ++  28.49 0.86 27.50 0.58 o 

SOUTH  49.01 0.21 49.85 0.14 - -  48.74 0.26 49.58 0.23 o  48.61 0.51 49.13 0.51 o 

WEST  47.54 0.23 47.33 0.14 +  47.36 0.28 46.84 0.19 +  44.85 0.56 46.78 0.45 - - 

SOLAR  6743 6.61 6747 4.37 o  6740 7.93 6744 6.47 o  6746 11.33 6761 10.59 o 

CURVA  16.10 2.04 9.70 1.73 +  9.97 1.65 3.55 1.66 +  -1.38 1.89 -9.07 1.57 ++ 

TCI  197.28 3.48 194.29 2.63 o  176.22 3.76 168.18 2.72 +  104.00 3.82 100.85 2.46 o 

LINEAR  8.83 0.20 9.12 0.16 o  8.75 0.25 9.37 0.21 o  10.36 0.50 10.20 0.32 o 

REMOTE  441.34 6.50 461.58 5.79 -  415.09 5.30 452.17 7.13 -  397.96 6.15 415.34 4.96 o 
 

aDifferences (Mann-Whitney U tests) are indicated by +++/- - - (P < 0.0005), ++/-- (P < 0.005), +/- (P < 0.06), or “o” (P ≥ 0.05). 
bAnalysis level: broad (1) to fine (3) spatial scales. 



Quantitative tools to predict grizzly bear response to landscape change     44

   

Aspen Wildlife Research and Integrated Ecological Research    March 27, 2003 

Appendix 5.  Differencesa between landscapes at 3 spatial scalesb where grizzly bears were (occur.) and were not (non-occur.) detected in the moist climatic region 

(MCR) of the southern Rocky Mountains, British Columbia, 1997 and 1999. 

  Level 1   Level 2   Level 3  

  Occur. Non-occur.   Occur. Non-occur.   Occur. Non-occur.  

Variable  ×  SE ×  SE Diff  ×  SE ×  SE Diff  ×  SE ×  SE Diff 

AGE_1-2  0.47 0.01 0.46 0.00 o  0.48 0.01 0.44 0.01 +  0.43 0.02 0.38 0.01 + 

AGE_3-6  0.37 0.01 0.38 0.01 o  0.36 0.01 0.41 0.01 -  0.42 0.02 0.47 0.02 - 

AGE_7-9  0.15 0.01 0.16 0.01 o  0.15 0.01 0.15 0.01 o  0.15 0.01 0.15 0.01 o 

SPP_S-B  26.17 0.49 26.69 0.61 o  26.76 0.78 26.77 0.80 o  29.08 1.46 29.12 1.43 o 

SPP_C-H  0.00 0.00 0.00 0.00 o  0.01 0.00 0.00 0.00 o  0.00 0.00 0.01 0.00 o 

SPP_PL  23.90 0.63 26.13 0.66 -  23.15 1.04 27.17 1.04 - -  26.95 1.93 32.21 1.66 - 

SPP_FD  3.30 0.30 4.24 0.29 - -  2.68 0.25 4.29 0.36 - - -  2.52 0.35 4.99 0.61 - - - 

SPP_PA  0.71 0.06 0.82 0.06 -  0.88 0.10 1.03 0.10 -  1.26 0.25 1.33 0.20 - 

SPP_L  1.12 0.06 0.88 0.05 ++  0.97 0.06 0.88 0.06 o  0.92 0.12 0.85 0.12 o 

SPP_DEC  1.36 0.11 1.41 0.12 o  1.14 0.13 1.33 0.16 o  0.86 0.15 1.63 0.25 - - - 

CANOPY  25.38 0.44 27.19 0.35 - -  24.55 0.65 27.50 0.60 - -  27.57 1.13 30.69 0.93 - 

PROD  1.31 0.03 1.45 0.02 - -  1.23 0.03 1.44 0.03 - - -  1.36 0.05 1.63 0.06 - - 

PROD-VL  0.13 0.00 0.13 0.00 o  0.14 0.01 0.14 0.01 o  0.15 0.01 0.15 0.01 o 

PROD-L  0.23 0.00 0.23 0.00 o  0.22 0.01 0.22 0.01 o  0.25 0.01 0.24 0.01 o 

PROD-M  0.16 0.00 0.20 0.01 - - -  0.15 0.01 0.20 0.01 - - -  0.17 0.01 0.23 0.02 - 

PROD-H  0.06 0.00 0.07 0.00 -  0.05 0.00 0.07 0.00 - - -  0.05 0.01 0.07 0.01 o 

AVAL  10.11 0.37 10.11 0.44 o  11.56 0.58 10.67 0.58 o  11.52 0.77 9.49 0.77 o 

BURN  1.38 0.11 0.99 0.10 ++  1.54 0.15 1.27 0.14 o  1.50 0.24 1.81 0.28 o 

NP-UVEG  21.94 1.02 17.26 0.76 ++  22.17 1.26 17.20 0.94 +  18.51 1.76 12.79 1.28 + 
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Appendix 5.  Continued. 

  Level 1   Level 2   Level 3  

  Occur. Non-occur.   Occur. Non-occur.   Occur. Non-occur.  

Variable  ×  SE ×  SE Diff  ×  SE ×  SE Diff  ×  SE ×  SE Diff 

NP-VEG  13.07 0.82 13.57 0.43 o  15.02 1.31 13.73 0.76 o  17.78 2.84 11.17 1.23 o 

GVI  -3.00 0.33 -3.28 0.28 o  -1.01 0.34 -2.38 0.36 +  1.48 0.87 0.84 0.92 o 

GVI-V  -1.36 0.25 -1.74 0.21 o  0.31 0.38 -0.91 0.27 +  2.40 0.89 1.52 0.85 o 

GVI-H  4.49 0.20 4.17 0.15 o  5.47 0.41 4.68 0.25 o  6.54 0.74 5.63 0.55 o 

GVI-SD  16.98 0.77 16.28 0.56 o  16.56 1.07 16.06 0.77 o  14.00 1.01 12.22 0.52 o 

GVI-V-SD  13.05 0.38 12.56 0.27 o  13.40 0.62 12.75 0.40 o  11.90 0.60 10.54 0.34 o 

GVI-H-SD  7.49 0.26 7.15 0.18 o  8.07 0.44 7.40 0.26 o  7.67 0.54 6.74 0.39 o 

ELEV  1566 14.34 1575 16.00 o  1546 16.20 1566 21.11 o  1500 48.59 1498 33.66 o 

SLOPE  37.80 0.80 37.73 0.59 o  36.99 0.67 37.87 0.75 o  34.64 1.43 36.20 1.27 o 

SOUTH  51.12 0.24 50.72 0.20 o  51.73 0.26 50.98 0.29 o  52.56 1.63 52.83 1.35 o 

WEST  51.25 0.35 51.86 0.28 o  49.69 0.83 50.72 0.47 o  40.84 1.70 52.76 1.66 - - - 

SOLAR  6667 7.24 6663 8.89 o  6679 14.37 6662 14.02 o  6675 55.12 6674 46.71 o 

CURVA  17.91 8.20 12.69 4.68 o  -1.91 6.83 1.44 6.63 o  -11.14 7.75 -24.07 5.86 o 

TCI  328.18 8.09 318.33 6.43 o  272.65 7.17 285.10 6.49 o  131.28 5.63 126.15 5.21 o 

LINEAR  11.27 0.52 10.58 0.38 o  11.86 0.81 11.36 0.55 o  12.59 1.43 12.96 0.98 o 

REMOTE  1035 84.30 792.22 65.62 +  1038 149.13 794.48 107.12 +  468 23.95 513.80 54.03 o 
 

aDifferences (Mann-Whitney U tests) are indicated by +++/- - - (P < 0.0005), ++/-- (P < 0.005), +/- (P < 0.06), or “o” (P ≥ 0.05). 

bAnalysis level: broad (1) to fine (3) spatial scales. 
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Appendix 6.  Differencesa between landscapes at 3 spatial scalesb where grizzly bears were (occur.) and were not (non-occur.) detected in ALL SAMPLING AREAS 

of the southern Rocky Mountains, British Columbia, 1997, 1999 and 2002. 

  Level 1   Level 2   Level 3  

  Occur. Non-occur.   Occur. Non-occur.   Occur. Non-occur.  

Variable  ×  SE ×  SE Diff  ×  SE ×  SE Diff  ×  SE ×  SE Diff 

AGE_1-2  0.39 0.01 0.36 0.00 +++  0.39 0.01 0.35 0.01 +++  0.36 0.01 0.30 0.01 +++ 

AGE_3-6  0.44 0.01 0.48 0.01 - - -  0.43 0.01 0.49 0.01 - - -  0.44 0.01 0.54 0.01 - - - 

AGE_7-9  0.17 0.00 0.16 0.00 +  0.18 0.01 0.16 0.00 +  0.20 0.01 0.16 0.01 +++ 

SPP_S-B  26.99 0.48 25.42 0.41 +  27.41 0.61 25.60 0.52 +  29.77 1.00 26.40 0.75 + 

SPP_C-H  0.09 0.02 0.13 0.02 o  0.09 0.02 0.14 0.02 o  0.25 0.08 0.23 0.06 - 

SPP_PL  26.37 0.48 28.86 0.42 - - -  26.38 0.66 29.39 0.54 - - -  27.45 1.02 33.24 0.78 - - - 

SPP_FD  4.25 0.21 6.05 0.22 - - -  3.50 0.21 5.93 0.25 - - -  3.17 0.25 6.42 0.36 - - - 

SPP_PA  1.38 0.09 1.44 0.08 o  1.36 0.10 1.52 0.10 o  1.53 0.18 1.40 0.15 o 

SPP_L  1.47 0.11 1.63 0.11 +  1.36 0.13 1.67 0.14 o  1.52 0.17 2.00 0.21 o 

SPP_DEC  4.22 0.32 4.56 0.22 - - -  4.26 0.38 4.66 0.26 - - -  4.19 0.42 4.79 0.32 - - - 

CANOPY  29.60 0.31 31.47 0.27 - - -  29.53 0.43 31.91 0.35 - - -  31.18 0.61 34.94 0.49 - - - 

PROD  1.57 0.02 1.72 0.01 - - -  1.55 0.02 1.73 0.02 - - -  1.66 0.03 1.88 0.02 - - - 

PROD-VL  0.17 0.01 0.16 0.00 +  0.17 0.01 0.16 0.00 o  0.16 0.01 0.15 0.01 o 

PROD-L  0.31 0.01 0.33 0.01 - -  0.30 0.01 0.33 0.01 - -  0.31 0.01 0.36 0.01 - - - 

PROD-M  0.20 0.00 0.23 0.00 - - -  0.20 0.01 0.24 0.00 - - -  0.22 0.01 0.26 0.01 - - 

PROD-H  0.05 0.00 0.05 0.00 o  0.05 0.00 0.05 0.00 o  0.05 0.00 0.06 0.00 o 

AVAL  10.09 0.36 9.21 0.32 +  10.33 0.45 7.88 0.36 +++  7.40 0.51 5.56 0.39 +++ 

BURN  1.56 0.10 1.32 0.08 +++  1.58 0.12 1.35 0.10 ++  1.52 0.17 1.20 0.14 o 

NP-UVEG  13.89 0.45 10.81 0.27 +++  14.40 0.55 10.88 0.33 +++  11.83 0.75 7.49 0.41 +++ 
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Appendix 6.  Continued. 

  Level 1   Level 2   Level 3  

  Occur. Non-occur.   Occur. Non-occur.   Occur. Non-occur.  

Variable  ×  SE ×  SE Diff  ×  SE ×  SE Diff  ×  SE ×  SE Diff 

NP-VEG  8.09 0.22 7.39 0.20 +  8.46 0.30 7.23 0.25 +++  8.30 0.43 6.19 0.32 +++ 

GVI  -12.10 0.26 -10.71 0.19 - - -  -11.92 0.32 -10.33 0.23 - - -  -9.56 0.41 -8.11 0.30 - 

GVI-V  -8.41 0.16 -7.84 0.14 -  -8.17 0.19 -7.57 0.16 -  -6.89 0.26 -6.33 0.21 o 

GVI-H  1.47 0.06 1.53 0.05 o  1.59 0.07 1.58 0.06 o  1.88 0.11 1.74 0.09 o 

GVI-SD  17.76 0.20 16.33 0.15 +++  17.14 0.26 15.44 0.19 +++  13.51 0.28 11.91 0.20 +++ 

GVI-V-SD  10.53 0.08 10.31 0.07 ++  10.40 0.11 10.05 0.09 ++  9.40 0.13 8.68 0.10 +++ 

GVI-H-SD  3.67 0.08 3.71 0.07 o  3.69 0.10 3.62 0.08 o  3.53 0.12 3.21 0.10 + 

ELEV  1799 8.70 1738 6.63 +++  1811 9.59 1741 7.57 +++  1795 11.46 1706 9.24 +++ 

SLOPE  34.59 0.35 33.16 0.29 +++  34.95 0.44 33.17 0.34 +++  32.62 0.56 31.31 0.43 o 

SOUTH  50.07 0.12 50.36 0.09 o  50.13 0.15 50.37 0.14 o  49.95 0.33 50.37 0.32 o 

WEST  49.22 0.16 49.12 0.13 o  49.20 0.22 48.73 0.18 o  47.25 0.52 49.21 0.40 - - 

SOLAR  6719 3.66 6718 2.97 o  6724 4.40 6720 4.04 o  6726 8.48 6734 7.95 o 

CURVA  11.03 1.75 6.39 1.45 +  8.48 1.95 3.38 1.49 +  -6.22 1.72 -14.39 1.37 +++ 

TCI  243.70 2.95 237.34 2.54 +  217.80 2.85 210.43 2.52 +  124.20 2.40 117.25 1.84 + 

LINEAR  8.70 0.18 9.21 0.12 -  8.39 0.21 9.24 0.16 - -  9.33 0.34 10.10 0.25 - 

REMOTE  525.14 12.56 504.06 9.72 o  481.06 14.29 489.65 13.29 o  398.01 6.93 414.23 7.89 o 
aDifferences (Mann-Whitney U tests) are indicated by +++/- - - (P < 0.0005), ++/-- (P < 0.005), +/- (P < 0.06), or “o” (P ≥ 0.05). 

bAnalysis level: broad (1) to fine (3) spatial scales. 
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4. POPULATION MONITORING AND RELATIVE ABUNDANCE 

ESTIMATION USING DNA METHODS  

The main aim of the development of population monitoring and relative abundance 

methodologies was to provide a framework to adaptively manage bear populations.  The 

simulation study that is detailed represents the first power analysis of recently introduced mark-

recapture models using DNA data from bear populations. 

4.1. Methods 

This study mainly focused on performance of the Pradel (Pradel 1996) mark-recapture model in 

program MARK (White and Burnham 1999) to likely sample biases in bear populations.  The 

Pradel model estimates λ, or population rate of change and is therefore potentially useful in 

adaptive monitoring of bear populations.  This model has only recently been introduced and little 

is known on its relative power to detect changes in population size. 

We developed a Monte Carlo simulation model to test the robustness and power of the Pradel 

model to detect changes in grizzly bear population size.  The simulation model had two distinct 

components.  First, an individual based demographic model was programmed in Visual Basic that 

simulated the life history of grizzly bears.  Incorporated into this model was age and sex-specific 

survival and reproductive rates as well as the process of capturing and identifying bears using 

DNA methods.  This model produced data sets that were then fed into program MARK (White 

and Burnham 1999).  SAS statistical package (SAS Institute 2000) was used to integrate the data 

from the Visual Basic simulation model into a base code sequence for input into program MARK 

and run program MARK in batch mode.  SAS was then used to selectively extract parameter 

estimates from the program MARK output and summarize simulation results. This process was 

repeated for hundreds of trials.  Because true values of λ were known, the bias and power of the 

Pradel model could be evaluated using a wide range of likely sampling designs and scenarios. 
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4.1.1. Overall structure of model 

4.1.1.1. Demographic model 

Four classes or life history stages (cubs, yearling, subadults and adults) were considered for the 

demographic model (Figure 1). The probability of a bear making it to the next age class was 

determined by apparent survival (φ) which encompasses both emigration from the sampling area 

and death.  Female bears that reached the adult stage reproduced at a rate determined by the 

fecundity (f) parameter.  For this simulation, model emigration was permanent and no 

immigration into the study area was assumed.  As discussed later, a fully open model with 

immigration would require a meta population approach to simulations therefore making 

assumptions and parameterization much more complex (Doak 1995).  For this analysis, a simpler 

model was considered adequate. An even initial sex ratio or males and female cubs was assumed 

for all simulations. 

Cubs

0-1 yrs

Yearlings

1-2 yrs

Subadults

3-5 yrs

Adults

6+ yrs
φcub

f

φyearling φs.adult
φadult

 

Figure 1: Stage based demographic model for grizzly bears used for simulations. 

 

4.1.1.2. MARK Pradel models 

The Pradel model used for simulations estimates population rate of change (λ), recapture rate (p) 

and apparent survival rate (φ) for each year a study is conducted (except in cases in which 

parameters are confounded as discussed in (Franklin 2001)).  In program MARK, each parameter 

can be time specific (varies each year-symbolized by (t)) or constant (the same for all years-

symbolized by (.)).   
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Each formulation of the Pradel model represents a set of assumptions about the demography of 

the monitored population. For example if all parameters are constant (symbolized φ(.) p(.) λ(.)), 

then a stable age distribution is assumed in a similar fashion to most PVA models (Caswell 1989) 

and estimates of λ using radio telemetry data (Eberhardt et al. 1994; Hovey and McLellan 1996). 

If λ is time varying and other parameters constant then it is assumed that the population changes 

due to changes in additions and not changes in apparent survival (φ). If φ is time varying and 

other parameters constant than it is assumed that differences in apparent survival drive the 

dynamics of the population.  Finally if both λ and φ are time varying than it is assumed that 

changes in both φ and additions drive the dynamics of the studied population.  Therefore, 

different hypothesis and degrees of resolution into population dynamics of bears can be inferred 

from the Pradel model. Table 1 lists the models that were tested in simulation trials. 

 Table 1:  MARK models used in simulations.  Apparent survival is symbolized by φφφφ, 

recapture rate by p, and population rate of change by λλλλ.  

Model  Parameterization 

φ(.) p(tA) λ (.)  p time varying  

 Stable age distribution assumed 

φ(.) p(.) λ (t)  Population rate of change time varying 

 Assume changes due to changes in additions 

φ(.) p(t1B) λ (t)  Population rate of change time varying 

 Assume changes due to changes in additions 

 Recapture rate varies for first year when effort is higher 

 The "best fitting model" to simulation data 

φ(.) p(t1) λ (.)  Recapture rate varies with first session 

 Stable age distribution assumed 

φ(.) p(.) λ (.)  All parameters time invariant 

 Stable age distribution assumed 
A(t) denotes time varying, (.) denotes constant 
B(t1) recapture rates allowed to be different in first monitoring year, then constant for following  years 

 

An infinite number of potential demographic scenarios are possible with grizzly bear populations.  

The models listed in Table 1 covered the range of the least complex and biologically likely 
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scenarios.  As discussed later, any monitoring program should be evaluated after 3 to 4 years of 

data to allow better evaluation of likely biological scenarios.  

The majority of monitoring designs simulated (as discussed in Section 4.1.5) had increased effort 

in the initial year of sampling followed by reduced effort, which is considered an optimal 

monitoring design (Arnason et al. 1998).  In addition, λ and φ were held constant.   The best-

fitting model to the simulated data was therefore φ(.) p(t1) λ (.) since it allowed recapture rate to 

increase for the first session (with increasing effort) and then stabilize thereafter.   

Program MARK uses the sample size corrected Akaike Information Criterion (AICc) (Burnham 

and Anderson 1998) to select models.  The AICc criterion is an optimization score which selects 

models that best fit to the data with the least number of parameters. One additional objective of 

simulations was to determine if the least biased models (i.e. φ(.) p(t1) λ (.)) were selected by the 

AICc model selection routine at all sample sizes, or whether the AIC model selection routine 

lacked power to select models at lower sample sizes.  Model averaging (Burnham and Anderson 

1998) was not considered for this set of simulations.  

4.1.2. Estimation of simulation model parameters 

Simulation model parameters were taken from the literature and estimated from DNA mark-

recapture data as summarized in Table 2. 
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Table 2:  A summary of simulation model parameters and methods in which they were 

estimated. 

Parameter Definition Source/method of estimation 

True survival 

(S) 

The mortality rate 

of bears (φ=SF)  
 Published studies: (McLellan et al. 1999) 

Fidelity (F) Probability that 

bear does not 

emigrate from 

sample area on a 

yearly basis 

 Analysis of Upper Columbia River data (Boulanger et al. In 

prep), Foothills Alberta radio collar data (Stenhouse and 

Munro 2000) 

Recapture rate 

(p) 

Probability a 

marked bear is 

recaptured 

 Analysis of 13 DNA mark-recapture data sets  (Boulanger et 

al. 2002) 

Population sizes 

(N) 

Initial population 

size in sampling 

areas 

 Analysis of 13 DNA mark-recapture studies (Boulanger et al. 

2002)and predictions of RSF models 

Population rates 

of change (λ) 

Proportional 

yearly change in 

population size 

 Published studies (Hovey and McLellan 1996, Herrero et al. 

1999) 

 RSF model predictions 

Fecundity Ave. number of 

cubs produced per 

female per yr  

 Estimated so that λ=1 (with other survival rate parameters) 

 

Demographic 

parameters  

Sex ratio 

Age distribution 

 Published studies (Carr 1989; McLellan 1989; MacHutchon et 

al. 1993; Banci et al. 1994; Mace and Waller 1997; Herrero et 

al. 1999) 

 

4.1.2.1. Apparent survival, true survival, and fidelity 

Apparent survival (φ) is  the probability that a marked bear will be present in an area each time 

the area is surveyed.  A given bear may not be present if it has moved out of the area or has died. 



Quantitative tools to predict grizzly bear response to landscape change 53 

Integrated Ecological Research and Aspen Wildlife Research March 27, 2003 

Mathematically φ equals true survival (S) times fidelity (F).  Probable values for true survival 

were taken from the literature (McLellan 1989, Hovey and McLellan 1996) (Table 3).  Fidelity 

was estimated from radio telemetry data as described in Section 4.1.3.  

Table 3:  Initial simulation model parameter values.  See Tables  2 and 4 for details on how 

each parameter was estimated. 

Cohort Age Proportion of N True 

Survival 

Fidelity Apparent 

survival (φφφφ) 

Males      

Cub 1 0.11 0.867 0.95 0.824 

Yearling 2 0.09 0.944 0.95 0.897 

Subadult 3-6 0.13 0.931 0.85 0.791 

adult 6+ 0.17 0.870 0.90 0.783 

Females      

Cub 1 0.11 0.867 0.95 0.824 

Yearling 2 0.09 0.944 0.95 0.897 

Subadult 3-6 0.13 0.931 0.85 0.791 

adult 6+ 0.17 0.946 0.90 0.851 

 

4.1.3. Estimating fidelity 

 The degree of fidelity will most likely depend on the age of bear, the size of the sampling area, 

the habitat in the sampling area, and the degree in which the sampling area is topographically 

closed.   Radio telemetry data from the Upper Columbia River Grizzly Bear Project (Woods et al 

1999) was interfaced with RSF modeling data was used to allow empirical estimates of grid 

fidelity.  For this analysis an RSF model similar to the Jumbo RSF model (Apps et al. 2001) was 

overlaid over the area that radio collared bears were monitored.  This area was centered around 

Golden, BC, and was sampled using DNA methods in 1996, 1997, and 1998 (Boulanger et al. 

2001).  The RSF model was used to classify are of the grid as low, medium, and high based upon 

probability of occurrence.  Strata in the northeast section of the grid (where the 1997 DNA 

sampling effort occurred) was reasonably contiguous and topographically closed whereas strata in 

the southwestern end (where the 1998 DNA sampling effort occurred) was more patchy and less 
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topographically closed.   The sampling area was divided in half  (Figure 1) to test the effect of 

differing degrees of topographic closure and habitat patchiness on fidelity.  
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Figure 1: Upper Columbia River study area and telemetry locations used for fidelity analysis.  

The analysis was stratified using the diagonal line .  The area to the northeast contained more 

contiguous strata and greater topographic closure than the area to the southwest. 

 

Fidelity was estimated as the proportion of years in which radio collared bears were observed in a 

particular strata or group of strata.  This allowed an empirical estimate of the probability of a bear 

being present in the same strata area for repeated years.  Of particular interest was fidelity related 

to the medium and high strata since this would be a likely method to stratify sampling.  

Therefore, the medium and high strata were pooled to define hypothetical sampling areas for each 

half of the Upper Columbia River study area.   

Logistic regression (McCullough and Nelder 1989) was used for the analysis in which the 

probability of success was defined as an observation of a bear in the medium or high strata for a 

given year.  One potential issue with the analysis was that bears were monitored for varying 

lengths of time ranging from 2-7 years.  Observations were therefore weighted by the number of 
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years a bear was monitored to account for differences in sample size.  Type 3 chi-square tests  

(SAS Institute 2000) were used to determine significance of age and sex in determine fidelity for 

the patchy and contiguous study areas. Pearson chi-square tests (McCullough and Nelder 1989) 

and analysis of deviance were used to assess overall model fit. 

Thirty five bears were used for the fidelity analysis which were monitored on average for 3.0 

years (std=1.12 yrs, min=2, max=7 years).  Results from logistic regression suggested that age 

(χ2=11.95, df=1, p=0.0005) and study area topography (χ2=8.01, df=1, p=0.0047) influenced the 

degree of fidelity. The contiguous and closed study area had rates of fidelity from 0.95 to 1 and 

the patch and open study area had rates of fidelity from 0.8 to 0.95 suggesting that topography 

and the degree of connectedness of strata positively influences grid fidelity (Figure 2).  The main 

case study for this project was the Jumbo project in which the topography and continuity of strata 

was better described by the contiguous study area.  Using these estimates and likely assumptions 

about bear biology, fidelity was estimated as listed in Table 3.  
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Figure 2:  Predicted levels of fidelity as a function of initial bear age and study area topography 

and strata continuity.  Grey lines are 95% confidence intervals for model predictions. 
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4.1.3.1. Recapture rate and related parameters 

The recapture rate of grizzly bears was estimated using mean observed rates from the Jumbo 

DNA mark-recapture project (Strom et al 2000) and other mark-recapture projects (Table 4).  By 

plotting the cumulative proportion of population captured as a function of sample sessions the 

relative efficiency (in terms of proportion of population sampled) could be estimated.  Details on 

estimation of capture probabilities can be found in Boulanger et al. (2002). 
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Figure 3  Proportion of population sampled as a function of sample session for the Upper 

Columbia River 1997, Jumbo, and Flathead DNA inventory projects. 

 

Heterogeneity:  Heterogeneity of capture probabilities was simulated using likely snagging rates 

of different age and sex classes of bears (Table 4).   Percent composition  for each age and sex 

class was taken from McLellan (1989).  E(N) was the expected number of bear of each age and 

sex class in the population (E(N)=N X % composition).  Psnag ,  the proportion of each cohort 

snagged relative to adult males, was hypothesized upon bear height relative to barb wire and trap 

encounter rates.  Pcohort was the capture probability of each age and sex cohort.  E(nj) was the 

expected number of each cohort captured per sampling session (E(nj)=E(N) pcohort).  The mean 

capture probability ( p ) was estimated as  
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where n is the number of age and sex cohorts.  Pcohort for cubs, yearlings, and adult females was 

the product of psnag and pcohort for adult males.  Pcohort  for adult males was iteratively solved so that 

p equaled the desired level. 

Table 4:  Heterogeneity of capture probability parameters ( p =0.22) based upon likely rates 

of snagging as a function of bear height relative to barbed wire. 

Age class Sex class % composition E(N) psnag pcohort E(nj) 

cubs males and females 21.5 11 0.10 0.03 0.33 

yearlings males and females 17.5 9 0.75 0.25 1.98 

adult females 30.5 15 0.75 0.25 3.71 

adult males   30.5 15 1.00 0.33 4.95 

 

This process was used to define capture probability parameters for a population of bears with a 

mean per session capture probability of 0.22 which was used in most simulations.  This capture 

probability level corresponds to a typical 5x5 grid design in which sites are not moved for each 

sample session.  This design has appeal for monitoring since sites can be fixed therefore 

minimizing effort used in moving sites for each session. The age and sex class specific capture 

probabilities and proportion of population sampled are listed in Table 5. 

Table 5:  Capture probability parameters as a function of the number of sessions a 

population was sampled. 

Age class 

 

Per-session 

(1 session) 

year 1 

(4 sessions) 

year 2+ 

(2 sessions) 

cubs 0.034 0.129 0.067 

yearlings 0.255 0.692 0.445 

subadult&adult females 0.255 0.692 0.445 

subadults&adults males 0.34 0.810 0.564 
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The basic sampling regime simulated involved pooling data for any given year of the survey.  

Therefore, data from multiple sessions conducted in one year would be pooled into one yearly 

session.  Alternative designs, such as the robust design (Pollock et al 1990), which consider 

sessions within a year separately could also be possible if multiple yearly sessions are conducted, 

however, it is suspected that these designs would also require higher sample sizes and therefore 

they were not investigated in simulation trials. 

Time variation:  Another potential form of variation in capture probabilities is temporal or time 

variation in recapture rates for each annual sampling session.  For example, in one year weather 

and snow conditions may favor capturing many bears whereas in subsequent years poor weather 

may reduce recapture rates of bears.  This can potentially reduce precision of estimates if a time-

specific recapture rate model (i.e. φ(.) p(t) λ (.)) with more parameters is needed to estimate trend.  

Or it may potentially bias trend estimates if an inappropriate model which does not estimate time-

specific recapture rates (i.e. φ(.) p(t) λ (.)) is used for trend estimates.  Both the degree of 

precision and bias in estimates will depend on the magnitude of time variation, the sample size 

used for estimates (in terms of years monitored), and the power of the AICc model selection 

routine to select the most parsimonious and least biased model. 

There is no data to estimate the potential magnitude of temporal variation in recapture rates from 

annual surveys since no springtime DNA projects have repeated sampling over more than one 

year. Instead, we used the degree of observed time variation in repeated sessions within the same 

year (to obtain population estimates) to estimate the potential magnitude of temporal variation 

that might be expected for annual surveys.  For annual surveys it is likely that data from at least 2 

sessions would be pooled into one annual session.  Therefore, we were most interested in the 

degree of temporal variation that might be expected from 2 pooled sessions, as opposed to a 

single session.  It would be expected that the degree of variation in recapture rates from 2 pooled 

sessions would be less than a single session due to the longer overall time period of sampling 

reducing the effect of chance shorter-term weather events.  We used the following steps to 

estimate the magnitude of time variation in recapture rates from 2 pooled sessions.   
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1. Recapture rates ( ˆ jp ) for a single session were estimated as ˆ
jn N  where nj is the number of 

bears caught during the jth session and N̂  is the population estimate for the given data set.    

2. Recapture rates for 2 sessions were estimated using a bootstrap procedure in which recapture 

rates from single sessions were randomly paired.  The recapture rate for 2 sessions, which is 

the probability that a bear is captured at least once in 2 sessions, was estimated as 

2 1 2ˆ ˆ ˆ1 [(1 )(1 )]sessionsp p p= − − −   where 1p̂  and 2p̂ are the first and second randomly chosen 1 

session recapture rates.  The bootstrap procedure was replicated 1000 times to produce 1000 

estimates of 2ˆ sessionsp . 

3. The mean, minimum, maximum, and range of 2ˆ sessionsp was then calculated.  A standardized 

range for 2ˆ sessionsp was then estimated by dividing the range by the mean.  This allowed a 

measurement in range standardized for the mean recapture rate to facilitate comparison 

among projects.  Assuming the mean is centrally located in the range, a useful way of 

expressing the range was the mean measurement ±standardized range/2 which would be the 

amount that the recapture rates varied on either side of the mean. This was expressed as a 

percentage. 

The following estimates were produced from this procedure (Table 6). 

Table 6:  Magnitude of temporal variation in recapture rates for pooled 2 session data as a 

function of DNA mark-recapture project 

Project Mean p̂  Range p̂   Standardized 

range 

± Std. Range/2 

Jumbo 0.44 0.46 1.05 52.64% 

Upper Columbia River 96 0.28 0.19 0.67 33.39% 

Upper Columbia River 97 0.38 0.39 1.02 51.25% 

Upper Columbia River 98 0.19 0.18 0.93 46.48% 

Flathead 97 0.20 0.08 0.40 19.76% 

Elk Valley97 0.15 0.06 0.39 19.49% 
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The observed range in temporal variation of recapture rates varied from 19.49% to 52.64% 

suggesting a large plausible range of temporal variation that might be expected from DNA 

projects.  This range was used to parameterize simulations to determine the robustness and loss of 

precision that might be expected due to temporal variation.    

Behavioral response:  It has been suggested by some biologists that bears may become habituated 

to bait sites over time leading to a decrease in recapture rates for marked bears over time. One 

study that used radio marked bears and camera sites did suggest a decline in bear recapture rate 

over time (Mace et al. 1994).  However, this study sampled black bears in the spring, summer, 

and fall seasons for three continuous years, which is a much higher sampling intensity than a 

DNA monitoring study.  Whether substantial behavioral response can be expected with grizzly 

bears is a controversial point. some other biologists contend that if sampling is conducted in early 

spring when bears are most “hungry” on a yearly or bi-yearly basis then attraction to bait sites 

should still occur (John Woods, Parks Canada, Per. Comm).  The degree of behavioral response 

also can also be partially mitigated by moving sites short distances and using new bait types in 

addition to old baits (Mike Proctor, University of Calgary, Per Comm).    

A separate set of simulation trials was conducted to determine the robustness of the Pradel model 

to behavioral response.  For this simulation, two types of behavioral response models were 

simulated.  First, a “multiplicative decay” model was simulated in which recapture rate of bears 

declined by a constant proportion each time the bear was sampled.  The equation for this 

relationship is 1(1 )n
np p c= − where p1 is the initial recapture rate for a bear, c is the behavioral 

response coefficient, n is the number of times a bear has been captured, and pn is the capture 

probability for the nth capture occasion.  For example, if c is equal to 0.1 then a bear’s capture 

probability is 90% of its previous capture probability every time the bear is captured, or the bears 

capture probability deceases by 10% every time it is captured.   This model suggests that bears 

become less interested in sites after each capture.   An alternative “single change in p”  model 

was also simulated that assumed bears recapture rate decreased only after initial capture. This 

parameterization is similar to most closed population estimation mark-recapture models.  There 

have been no DNA studies that have sampled the same areas over time to allow estimation of 
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behavioral response coefficients.  We therefore simulated a range of coefficients from 0 to 0.7 to 

test the robustness of the Pradel model over a wide range of potential values.   

One potential way to confront behavioral response bias is to estimate change in recapture rate of 

bears over time using individual covariates.  If behavioral response is occurring then a bears 

recapture rate should be a function of whether it was capture in a previous session, or how many 

times it was capture previously.  The following “behavioral response” models were simulated to 

test if individual covariates could be used to mitigate potential behavioral response bias. 
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Table 7:  Pradel models that use individual covariates to estimate behavioral response to 

sampling.  

Model Explanation 

φ(.) p(.)+s l(.) P is a function of whether bear was capture in previous session.  S is coded as 

1 if bear capture in previous session, 0 if not captured for each session.  

Covariates are then entered as a vertical column (+ intercept) in the design 

matrix. The relative difference between p̂ for S=1 and S=0 would indicate the 

degree of proportional change in p̂ as a function of previous recapture 

φ(.) p(.)+tt l(.) P is a function of the total number of times that bear was captured.  Tt is coded 

once as the sum of all captures for each individual and entered as one 

covariate in the design matrix.  If no behavioral response than the slope of tt 

versus p would be equal to pn where n is the number of times captured.  The 

residual difference between expected and observed would then be interpreted 

as the degree of behavioral response.  

φ(.) p(T) l(.) P is allowed to decline or increase linearly with each sampling session.  This 

model is not a behavioral response model but instead tests to determine if the 

population capture probability is changing by a constant amount.  This would 

suggest a population level response to sampling, especially if recapture rate 

changes each time a bear is captured.   

 

Both models in Table 7 require a time series of recaptures to allow estimation of covariates.  

Therefore, a key question was how many surveys it would take to allow reliable performance of 

each of the models.  In addition, the simpler Pradel models were included (Table 1) for 

comparison purposes.   

The behavioral response simulations were run as a separate run from other simulations.  

Heterogeneity variation was also simulated as described previously. Behavioral response was not 
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simulated in any other treatments.  Annual monitoring efforts were simulated with equal effort for 

all annual surveys.     

4.1.3.2. Demographic model details 

In all cases a stable age distribution was assumed to allow lambda to have a constant value.  The 

basic form of the demographic model was a stage-based matrix model with individual matrices 

for males and females as exemplified in Figure 1.  The female matrix included the fecundity term.  

Cubs were assumed to follow a 50:50 sex ratio. The matrix was projected for 500 years which 

allowed an estimate of the stable age distribution which was then input as starting proportions for 

age classes in the simulation model (Caswell 1989).    

Reproductive rate or fecundity was estimated iteratively so that starting values of apparent 

survival would maintain a constant lambda of 1.  For example, a female fecundity value of 0.912 

cubs/female/yr was needed to obtain a lambda value of 1 using the apparent survival values listed 

in Table 4.  Note that this value encompasses both male and female cubs (assuming a 50:50 sex 

ratio).  Interbirth intervals were not simulated for this model, instead, a constant reproductive 

output was assumed.  This was a reasonable simplification given the complexities of maintaining 

a stable lambda value if interbirth intervals exist in small populations.  

4.1.3.3. Population trend 

Population trend, as indexed by λ, was mainly determined by likely levels of change that would 

be optimal for management purposes.  For these simulations, rates of decline of 0.97 and 0.93 

were simulated. Different values of λ were obtained by reducing female apparent survival values 

and evaluating matrices for values of λ for a stable age distribution (Figure 4). 
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Figure 4:  Population trajectories generated by various levels of lambda. 

 

4.1.4. Statistics used to test estimators 

Estimates of λ (symbolized as λ̂ ) from Pradel models were evaluated in terms of percent relative 

bias, coefficient of variation, and confidence interval coverage.  Percent relative bias is an 

estimate of bias standardized for the magnitude of the true parameter value (λ). 

ˆ
. . . 100P R B λ λ

λ
−= ×   

Percent relative bias should be approximately ± 5% if an estimate is considered to be unbiased. 

Coefficient of variation is an estimate of precision in which the standard error of an estimate is 

divided by the estimate to standardize error for the magnitude of the estimated value.  The 

standard error of λ̂  was determined by the standard deviation of λ̂  from replicated simulated 

trials divided by the mean estimate of λ from replicated trials.  

( )ˆ. .
ˆ( ) 100ˆ

S E
CV

λ
λ

λ
= ×  
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Coefficient of variation should be less than 10% for estimates of λ if an estimator is considered to 

be precise enough for use in management.  Confidence interval coverage is the proportion of 

times that the true value of λ was included in the confidence interval of the estimated λ.  This 

should be 95% if the estimate of variance of λ is unbiased.  

A z-test test was used to determine power to detect a difference trends from that of a stable 

population with λ=1 (Anderson et al. 1995).  The null hypothesis for this test is λ=1 and the 

alternative hypothesis is λ≠1. 

ˆ1
ˆ( )

Z
SE

λ
λ

−=  

Z was distributed as a normal variate. For all simulations α, the type 1 error rate was set to 0.2. 

The proportion of tests which rejected the null hypothesis of λ=1 (given true known values of λ) 

was used as an estimate of power.  At least 500 simulations were run for all simulation 

treatments. 

4.1.5. Simulation treatments 

There were two principal objectives to simulation treatments.  First, the overall robustness of 

various formulations of the Pradel model was tested when faced with sample biases such 

heterogeneity of survival rates and capture probabilities.   The main question was whether the 

Pradel model could perform well with these sample biases and the limited population sizes and 

recapture rates associated with bear studies.  Second, the relative power of the Pradel model to 

detect hypothesized population levels of decline (as estimated by values of lambda) was 

estimated.  The relative influence of initial population size, recapture rate, number of years 

monitored, temporal variation in recapture rates, and monitoring design on power to detect 

declines was also considered (Table 8).   

The main design tested was one in which there were 4 initial sessions followed by 2 sessions 

thereafter.  This design allows an initial estimate of population size using the first 4 session year 

of monitoring.  In addition, it maximizes the number of marked bears in the initial population 

therefore increasing initial estimate precision (Arnason et al. 1998)  The use of 2 sessions 
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thereafter was considered optimal to guard against problems with chance weather events reducing 

capture success if a single session were held for each year.  In latter simulations, this design was 

reduced further to determine possible effects on power with further reduced effort. 
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Table 8:  Summary of main simulation treatments.  Initial simulation treatments tested 

overall robustness of model and latter simulation treatments explored optimal sampling 

design. 

Simulation objective Parameterization 

1. Robustness to recapture 

rate heterogeneity 
 N=50 bears monitored annually for 10 years 
 λ=0.97 and p =0.22  

 Annual surveys with 4 initial then 2 session thereafter 
 

2. Robustness to survival 

rate heterogeneity  
 N=50 bears monitored annually for 10 years 
 λ=0.97 and p =0.22  

 Annual surveys with 4 initial then 2 session thereafter 
 

3. Robustness to behavioral 

response 
 N=50 bears monitored annually for 10 years 
 λ=0.97 and p =0.22  

 Equal effort for all years 
 Recapture and survival rate heterogeneity. 

 
4. Effect of initial population 

size on power 
 λ values of 0.97 and 0.93 simulated 
 Recapture rate and survival heterogeneity  
 Annual surveys with 4 initial then 2 session thereafter 
 N=25,50,100 bears monitored annually for 10 years 

 
5. Effect of recapture rate on 

power 

 Same as simulation #3 but with N=50 and p =0.15, 0.22, and 0.3 (the 
range of observed p̂ values). 

 
6. Effect of temporal 

variation in recapture rates 

on power. 

 Recapture rate and survival heterogeneity  
 Annual surveys with 4 initial then 2 sessions thereafter 
 N=50 bears, p =0.22 , λ=0.97 

 

7. Reduced effort designs   Alternative reduced designs were simulated ( Table 9). 
 N=50, p =0.22, λ=0.97 

 Recapture rate and survival heterogeneity 
 

 

Table 9 summarizes alternative designs that were simulated.  The basic objective of these 

simulations was to determine loss of power caused by reduction in effort as indexed by sampling 
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sessions with per session capture probability levels of 0.22.   Bi-annual designs were also 

simulated which consisted of 3 initial annual sessions (to obtain preliminary parameter estimates) 

and then bi-annual surveys thereafter.  

Table 9:  Alternative designs simulated. The bi-annual design consisted of 3 annual surveys 

followed by bi-annual surveys in following years. 

Design Survey interval Sessions  

Year 1 

 

Year 2+ 

4-2 Annual  4 2 

2-2 Annual  2 2 

2-1 Annual  2 1 

1-1 Annual  1 1 

4-2 Bi-annual after 3 years 4 2 

2-2 Bi-annual after 3 years 2 2 

2-2 Bi-annual   2 2 

The bi-annual surveys (after 3 initial annual surveys) were run for 17 years which represents the 

gain in number of years of monitoring for the same amount of effort using bi-annual designs 

(over similar annual designs).  The bi-annual surveys with no annual initial surveys were run for 

19 years which represents the gain in number of years of monitoring if no initial annual surveys 

are conducted. 

4.1.6. Potential gains by RSF sample stratification 

One of the main reasons for stratifying is to sample bears in areas where they most likely occur.  

Ideally, this should allow more bears to be sampled for the same amount of effort as unstratified 

efforts.  The Jumbo Pass DNA mark-recapture study was used as a case study for RSF 

stratification.  The RSF model discussed in Section 3 was used to define strata based on high, 

medium, and low density classes (as was done for the Upper Columbia River fidelity analysis) 

(Apps et al, In prep).  Potential population size from the DNA grid and from an RSF stratified 

grid were then compared in light of the results of the simulation study. 
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4.1.7. Estimation of relative abundance 

The estimation and comparison of relative abundance of different areas is useful in testing RSF 

model predictions to extrapolated areas.  Ideally, this methodology should allow estimation of 

abundance without the large amount of effort needed to get actual population size using RSF 

models.  However, a tradeoff is that the estimates will only be comparable to each other and not 

to other estimates derived using other methodologies.   

One potential method of estimating relative abundance is to compare counts of the number of 

marked bears identified in different study areas.  This approach is intuitive but is potentially 

misleading if the bears in different areas have corresponding different probabilities of capture 

(Pollock et al 1990).  In addition, counts of identified bears usually lack an associated variance 

estimate, or the variance estimate is negatively biased, and therefore rigorous statistical 

comparison of estimates is not possible and therefore this general approach is not optimal. 

We introduce a method which uses the Huggins closed capture models (Huggins 1991) and 

Pradel models to allow relative abundance estimates with reduced effort while still allowing 

estimation and testing of differences in recapture rate and population closure between areas.  The 

comparison of proportional or relative abundance draws upon methodologies introduced by 

Skalski and Robson (1992). 

4.1.7.1. General framework 

The most important assumption of this methodology is that the degree of bias in capture 

probabilities caused by time, heterogeneity, behavior capture probability variation and the degree 

of closure is similar for areas being compared using relative abundance methods.  These 

assumptions can be tested using program MARK, and in many cases assumption violation can be 

modeled however more complex modeling reduces estimate precision and the ability to discern 

differences in estimates.   The basic methodology is now listed. 

1. Multiple study areas are defined for sampling.  A-priori hypothesis are generated about 

expected population sizes, and expected differences between areas in terms of population size 

using these models.  These estimates are used with simulation modeling to optimize the 
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design of each area to meet analysis assumptions and maximize the power of test to determine 

the difference between study areas. 

2. Sampling is conducted using similar methodologies (i.e. same grid cell size, and study area 

size) with each session for each area occurring during the same exact time period (to 

minimize differences in time variation in capture probabilities).   

3. Once data is collected, the Pradel (Pradel 1996)  model in program MARK is used to test for 

differences in the degree of closure violations in the study area populations.  The techniques 

to use the Pradel model to test for closure violation is demonstrated in Boulanger and 

McLellan (2001), and Stanley and Burnham (1999).  The general models for this test are 

described in Table 10.  If group specific models are chosen by AICc model selection methods 

than group specific differences in closure violation is suggested.  In this case, the use of 

covariates such as distance of capture from grid edge (Boulanger and McLellan 2001) may be 

needed to adjust differences in population estimates for each of the areas considered. 

Table 10:  Pradel models to test for differences in closure violation between areas surveyed 

for relative abundance. 

Model  Assumptions  

Apparent survival (φφφφ) 

 

Recapture rate (p) 

 

Additions(f) 

φ(.) p(.) f(.) constant constant constant 

φ(1) p(.) f(0) 1 for all areas 

(closed populations) 

constant 0 for all areas 

(closed populations) 

φ(1) p(.) f(.) 1 for all areas 

(closed populations) 

constant constant 

φ(.) p(.) f(0) constant constant 0 for all areas 

(closed populations) 

φ(area) p(.) f(area) Different for areas constant Different for areas 

φ(.) p(.) f(area) constant constant Different for areas 

φ(area) p(.) f(.) Different for areas constant constant 
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4. The Huggins closed model in program MARK is used to estimate population size for each 

area.  Each area is defined as a group and models are introduced which test for differences in 

capture probabilities between groups.  The following models considered are listed in Table 

11. 

Table 11:  Huggins models for relative abundance estimates which can potentially pool 

capture probabilities therefore increasing estimate precision 

Model  Assumptions 

P(.) Capture probabilities equal for all areas 

P(g) Capture probabilities unique for all areas 

P(t) Time variation in capture probabilities which is similar for all areas 

P(g*t) Time variation and capture probabilities unique for each group 

P(t+covariates) If possible covariates such as distance bear sampled from grid edge are used to further 

explain differences between groups. 

 

5. Point estimates of population size are compared using proportional abundance methods 

introduced by Skalski and Robson (1992).  These tests compare the ratio (K1) of paired 

population estimates using the following formulas. 

2
1

1

ˆˆ
ˆ

NK
N

=  with 2 1 2
1 1 2 2

1 2

ˆ ˆ( ) ( )ˆ ˆvar( ) ˆ ˆ
Var N Var NK K

N N
 

= +  
 

 

From this formula and it associated estimate of variance, it is possible to test the proportional 

difference between two population estimates, and derive confidence intervals for the ratio.  In 

addition, it is possible to test whether the estimated ratio is significantly different than that 

derived from an RSF model.   

The degree of precision and power of the tests will depend on how complex models are needed to 

obtain estimates of population size.  Ideally, a model (i.e. p(.)) which will allow pooling of 

sample sizes and subsequent gains in estimate precision.  It is stressed that a-priori simulation 

modeling of population sizes, and expected differences between population sizes is essential to 

allow adequate power to be achieved.  It is also stressed that estimates from this technique will be 
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negatively biased due to heterogeneity variation.  If unbiased estimates are needed than the more 

complex mixture models (sensu Pledger 2000) will need to be considered for population 

estimates. Skalski and Robson (1992) provide approximations of power for hypothesis tests that 

can be implemented to particular study designs.  These methods will be used to optimize design 

of relative abundance studies in the second year of this project. 

4.2. Results  

4.2.1. Monitoring simulation model results 

4.2.1.1. Pradel model robustness to capture and survival rate heterogeneity 

The Pradel model was reasonably robust to both capture and survival rate heterogeneity with the 

exception of the simplest formulation in which apparent survival, recapture rate and λ were 

constant (φ(.) p(.) λ(.)).  This bias was probably more due to time variation caused by intensive 

initial sampling rather than heterogeneity of capture or survival rates.  Simulations were 

conducted which capture heterogeneity and survival heterogeneity were simulated solely and in 

unison.  In all cases bias of λ was 5% or less and confidence interval coverage was close to 

nominal levels. Figure 5 shows performance of models when both capture and survival 

heterogeneity were simulated.  The AICc chosen model had the least degree of bias showing a 

slight negative bias when there were three sessions but minimal bias when session were greater 

than 3.  In general precision was low after three years of monitoring but improved to acceptable 

levels (CV<10%) after 5 years.  

Further simulations were conducted to determine if robustness of Pradel models was influenced 

by  changes in mean capture and survival rate parameters.  In all cases, there was minimal change 

in bias suggesting that the Pradel models are robust to these sources of bias. 
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Figure 5:  Performance of Pradel models when survival and recapture rate heterogeneity are 

simulated.   

 

4.2.1.2. Pradel model robustness to behavioral response 

In general, the Pradel model was reasonably robust to moderate behavioral response (i.e .c=0.3 

30% reduction in recapture rates with each capture), but less robust to strong behavioral response 

(c>0.3) in which estimates of λ were slightly negatively biased for both behavioral response 

models when data from 5 annual sessions was considered (Figure 6) .  For the multiplicative 
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change in recapture rate model (recapture rate is reduced by a constant percentage (c) with each 

capture), the covariate model (φ(.) p(.)+s λ(.)) showed a slight positive bias when c<0.3 and a 

lessened negative bias when c>0.3 suggesting that inclusion of covariates potentially mitigated 

bias due to behavioral response. The other covariate model  (φ(.) p(.)+s λ(.)), displayed 

unacceptable levels of positive bias and was not pursued further.   The φ(.) p(.)+s λ(.) covariate 

model was chosen for the majority of simulations by the AICc model selection routine suggesting 

that ample power existed to detect behavioral response.  The φ(.) p(t) λ(.) or φ(.) p(T) λ(.) models 

that allows recapture rate to vary with time was most robust of all models.  A negative behavioral 

response in which recapture rate was reduced after each capture would create declining recapture 

rates for the entire population which may partially explain the robustness of these models.  

Confidence interval coverage was good for all models with the exception of the null φ(.) p(.) λ (.) 

at levels of c>0.3. 
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Figure 6:  Robustness of estimates of λ from Pradel models to varying levels of behavioural 

response after 5 annual surveys.  Multiplicative decay in p model. 

 

Estimator performance was similar for the single change behavioral response model (p only 

changes once by a constant proportion(c) after initial capture) when estimates after 5 sessions 
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were considered.  The covariate model (φ(.) p(.)+s λ(.)) displayed the best performance with 

levels of bias between 4 and –6% and nominal confidence interval coverage (Figure 7).  The φ(.) 

p(t) λ(.) or φ(.) p(T) λ(.) models that allows recapture rate to vary with time were less robust with 

the single change behavioral response model presumably due to the fact that changes in recapture 

rate only occurred once therefore minimizing declines in population recapture rates over time.   
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Figure 7:  Robustness of Pradel models to varying levels of behavioral response after 5 annual 

surveys.  Single change in p model. 

 

The degree of bias in λ estimates decreased with years of monitoring for both types of simulated 

behavioral response (Figure 8).  Estimates were generally not reliable if only 3 sessions had been 

conducted with bias decreasing after 5 sessions.  In all cases the degree of bias was less than –

10%.  The AICc selected model (usually φ(.) p(.)+s λ(.)) exhibited biases between –6 and –2% 

after the third session but higher biases when only 3 sessions had been conducted. Bias was 

reduced to low levels (<-6%) when data from 10 sessions was considered.   These results suggest 

that behavioral response causes moderate bias in short term data sets but this bias is reduced to 

low levels with longer-term data sets.  The use of covariate models potentially minimizes the 

amount of bias in shorter-term data sets.  
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Figure 8:  Changes in performance of estimators as a function of the number of sessions 

monitored for models with a behavioral response coefficient of 0.5. Results from both behavioral 

response models are shown. Confidence interval coverage was near nominal levels for all 

simulation treatments. 

 

4.2.1.3. AIC model selection power to select appropriate models 

The power of the AIC model selection routine to choose unbiased models was influenced by the 

number of sessions sampled and the initial population size of bears monitored.  In general, at least 

5 years of annual surveys was needed to ensure unbiased model selection if the initial population 

size was 25.  At population sizes of 50, the AIC model selection routine chosen models displayed 

moderate bias (i.e. –5%) at 3 years of monitoring that improved with increasing years monitored 

(Figure 9). 
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Figure 9:  Bias of AICc selected models as a function of recapture rate and initial population 

size.  Mean recapture rate=0.22 for the population size simulations and initial population size=50 

for the recapture rate trials. 

 

4.2.1.4. Influence of population size on power to detect trend 

Figure 10 displays result for model φ(.) p(t1) λ(.) (the best fitting model) as a function of 

population size and the number of annual surveys conducted.  Recapture rate was set at 0.22 for 

these simulations.  It can be seen that adequate power to detect large changes in population size 

was possible (λ=0.93)  when 5 years of surveys are conducted if initial population size was at 

least 50.  Adequate power to detect smaller changes (λ=0.97) was not achieved until 7 to 10 years 

dependent on initial population size.  The AICc chosen model results were similar to those shown 

in Figure 10 except that power was erratic for the 3 year surveys at population sizes less than 50 

due low AICc model  selection power. 
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Figure 10:  Influence of initial population size on power to detect changes in lambda.  Each line 

represent power for a given number of years of annual monitoring.  A vertical reference line of 

0.8 which indicates adequate power is also shown. 

 

4.2.1.5. Influence of recapture rate on power 

Figure 11 shows results for model φ(.) p(t1) λ(.) (the best fitting model) as a function of 

population size and the number of annual surveys conducted.  Initial population size was set at 50 

for these simulations.  In general, it can be seen that increasing recapture rate does increase 

power, however, the relative effect is not large.  For example, increasing recapture rate to 0.3 

might make it possible to detect smaller changes in population size (λ=0.93) in 7 years compared 

to 10 years if recapture rate is equal to 0.22.   
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Figure 11:  Influence of recapture rate on test power for varying levels of population decline as 

indexed by lambda.  The power from a given number of annual sessions is represented by each 

line.  A population of 50 bears was used for these simulations. 

 

4.2.1.6. Influence of temporal variation in recapture rates on power. 

The results from the AICc chosen models are displayed in Figure 12 as a function of the degree of 

temporal variation as indexed by the standardized range/2.  It can be seen that there is a slight loss 

in terms of precision when temporal variation exists due to the use of more complex models in 

which recapture rates vary with time (i.e. φ(.) p(t) λ(.)), however, the loss of precision and loss of 

power is not great. In addition, the degree of bias was within ±5% for all simulation treatments 

suggesting that bias caused by temporal variation was minimal, and that the AICc model selection 

routine was able to pick unbiased and parsimonious models in the face of observed ranges of 

temporal variation (Table 6)  
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Figure 12:  Influence of temporal variation in recapture rate on precision and power of Pradel 

Model.  Estimates from the AICc chosen model are shown.  Power and precision are displayed as 

a function of standardized range/2 which can be interpreted as the mean recapture rate 

±standardize range/2. 

 

4.2.1.7. Power of reduced-effort designs 

Figure 13 displays power of alternative designs if AICc selected models were used for statistical 

tests. In terms of annual surveys, the most powerful design was one with 4 initial sessions and 2 

sessions thereafter.  However, power of the 2 initial-2 sessions thereafter designs was similar after 

10 years of monitoring.  The 2 session  initial- 1 session thereafter design seemed to display 

higher initial power however this was due to the AICc model selection routine erroneously 

choosing negatively biased models (i.e. φ(.) p(.) λ(.))  when sessions were less than 7 therefore 

causing a decline to be detected in a proportion of the tests.  

The bi-annual surveys (after 3 initial annual surveys) were run for 17 years which represents the 

gain in number of years of monitoring using bi-annual designs over 10 years of  annual designs.  

The power of bi-annual surveys (after 3 initial annual surveys) was surprisingly similar to annual 

surveys with adequate power occurring after 11 years as opposed to 10 years for similar annual 
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surveys. Initial power of the 4 session initial-2 session thereafter design was higher than the 2 

session initial-4 session thereafter design presumably due to a larger number of bears initially 

marked.   
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Figure 13:  Power of alternative designs with annual and bi-annual surveys (after 3 initial annual 

surveys. A population size of 50 bears, recapture rate of 0.22, and a λ value of 0.97 was used for 

these simulations.  Note that the number of years on the x-axis is different for annual and bi-

annual surveys.  A reference line indicates the 10 year mark for the bi-annual surveys to allow 

comparison with the annual survey graph. 

 

Further simulations considered biannual designs without sampling annually for the first three 

years (Figure 14).  This design is somewhat risky given that other simulations suggest that 

estimates of trend are only reliable after at least 3 sessions have been conducted.  Long-term 

power of all of the designs was similar with the exception of a biannual design with 2 sessions 

worth of effort that displayed reduced power. However, the initial power of designs that had 3 

initial annual sessions was higher than designs with annual sessions only. 
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Figure 14:  Simulations of alternative monitoring designs with biannual or annual sampling 

compared with designs that have 3 annual surveys initially followed by biannual sampling.  A λ 

level of 0.97 was used for simulations. Power and precision are from AICc selected models.   

Power and coefficient of variation are shown as indices of precision.   The lower CV line (2.4%) 

corresponds to level of precision for λ reported by Hovey and McLellan (1996). 

Another way of comparing the relative power and precision of monitoring designs is comparison 

of λ estimates with other studies that used estimates of vital rates obtained by radio telemetry to 

obtain estimates of λ.  Hovey and McLellan (1986) used a bootstrapping technique to obtain a 

CV estimate of 2.4% from an estimate of λ based upon matrix projection of demographic 

parameters.  This estimate of λ was based upon 15 years of data and 137 tracking years.  It can be 

seen that it takes approximately 11 years of monitoring to obtain a similar level of precision with 

most designs.  The comparison of simulations and real data makes the unsure assumption that 

most sources of variation are simulated and therefore the level of precision in simulations is 

similar to that which might be experienced in a field project.  Most notable elements missing 

from this simulation are time variation in capture probabilities.  However, simulations in Section 

1.2.1.6 suggest that temporal variation does not create a large degree of reduction in precision.    
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At this time there has only been one field study that has estimated λ from DNA monitoring.  This 

project, conducted in the Owikeno inlet area, was relative small scale and utilized salmon streams 

to sample bears in the fall (Himmer and Boulanger, 2002).  Despite a small declining population 

of bears and unequal effort for each year of the survey, this project achieved an average CV of 

18.6% (std=2.4%, n=3) based upon model-averaged estimates from 3 stream complexes that were 

sampled.  This project utilized a “meta-analysis” approach in which variation in effort was 

modeled as a function of effort to allow combination of data for estimation of recapture rates.  In 

addition, λ was constrained to be a function of salmon availability as a method to explain 

differences in λ between streams and provide a parsimonious method to account for both 

temporal and spatial variation in observed bear numbers among streams.  The results of this study 

are a demonstration of how incorporation of covariates can be used to combat sparse sample 

sizes.   This estimate is similar to that predicted from simulations for an annual survey after 4 

years of data collection (Figure 14).   

4.2.2. Gains in sample size by RSF stratification: A Jumbo Pass case study 

As discussed earlier, the main reason for stratification of sampling is to increase the population 

vulnerable to capture while not expending extra sampling effort.  To explore this further, an area 

the size of the Jumbo DNA mark-recapture grid that was stratified to include high and medium 

strata was chosen in the Jumbo Pass Study area.  The expected population size for this area was 

compared with that in the DNA mark-recapture grid.  From this example it can be seen that the 

expected population vulnerable to capture is 61.9 bears compared to 37.1 on the DNA grid (Table 

12).  In this case, stratification increases sample size while sampling the same area as the DNA 

grid. 
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Table 12:  Area surveyed and expected population size for original DNA grid and 

hypothetical RSF stratified sampling grid. 

Strata Area (km2) Mean density RSF grid  DNA grid  

   Area (km2) E(N)1 Area (km2) E(N) 

low 2340 0.702 0.0 0.0 755.1 5.3 

medium 1335 2.937 591.4 15.9 505.3 14.8 

high 1059 4.341 1059.0 46.0 390.0 16.9 

Total 4734  1650.4 61.9  1650.4 37.1 (45) 
1Expected population size as estimated by RSF model. 

In addition, stratification using RSF methods should increase the yearly fidelity of bears to 

sampling areas.  For example, the fidelity of bears to the RSF stratified sampling areas from the 

Upper Columbia River data (Figure 2) was higher than the original DNA areas sampled.  

4.3. Costs associated with monitoring 

Results from simulations suggest that adequate power to detect hypothesized declines can be 

detected in approximately 10 years using most study designs.  Using this information the 

approximate long-term cost of monitoring was estimated.  The long term cost is simply the 

cumulative cost of monitoring program divided by the number of years that a program has 

occurred.  Yearly cost figures were based upon estimates provided by Mike Proctor who has used 

streamlined sampling methodologies to sample bears in the Purcell Mountains of British 

Columbia (Proctor et al. 2002).  The area that has been sampled for this research is primarily 

roaded so that helicopters were not needed to sample sites.  Costs for sampling a population of 

approximately 50 bears for 4 and 2 sessions were approximately 50 and 30 thousand dollars per 

field season including genetic lab work.  Using these figures, the cumulative costs for various 

designs explored in simulations were plotted.  For each design, sampling was initially annual or 

biannual (as simulated) then every third year after 10 years of monitoring.  Tri-annual sampling 

would be a reasonable strategy given that adequate power to detect declines should be achieved in 

10 years with most sampling designs (Figure 14).   
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Figure 15: Cumulative yearly cost for 3 sampling designs.  The ‘4-2 biannual after 3 years” 

design had 4 sessions of effort for the first years then 2 sessions annually for 2 years followed by 

biannual sessions.  The ‘2-2 biannual after 3 years” design was similar to the “4-2 biannual after 3 

years design” except only 2 session of effort were conducted for the first year.  The ‘2-2 biannual 

design’ had 2 sessions of effort bi-annually.  All designs sampled every third year after 10 years.  

See Figure 14 for the comparative power of designs. 

Inspection of Figure 15 illustrates that most designs have a higher initial cost followed by a 

reduction of annual cost after 10 years.  Basically, once a population of “marked” bears is 

obtained, sampling intensity can be reduced further lowering the annual cost.  Designs with tri-

annual sampling have not been simulated and it might be possible that sampling could even be 

further reduced to every 4 or 5 years after 10 years of monitoring.  This decision should be based 

upon evaluation of population trends obtained after 10 years of monitoring, and future trends 

hypothesized for bear populations. 

4.4.  Discussion  

The results of this simulation study suggest that the Pradel model is relatively robust to 

heterogeneity of recapture rates and violation of population closure, two sampling issues which 

challenge the estimation of population size and density using mark-recapture methods (Boulanger 

et al. 2002).  In all simulations population closure was violated (as simulated by apparent survival 
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rates that were less than 1) and recapture rate heterogeneity was simulated, but most models 

achieved reasonable levels of bias and nominal confidence interval coverage.  In addition, if 

appropriate covariate models were used, the Pradel model was reasonably robust to habituation of 

bears to bait sites and corresponding reduction in recapture rates.  The general results in terms of 

Pradel model robustness to heterogeneity are corroborated by simulation studies conducted by 

Nichols and Hines (1999) as well as general findings of Williams et al. (2002) and Schwarz 

(2001). 

The main challenge of implementation of the Pradel model is the potentially longer time period it 

may take to achieve adequate power to detect population trends.  However, we argue that given 

the demography of grizzly bears, it is unreasonable to expect that trends could be detected in 

much shorter of a time period using any method.  The Pradel model has the added advantage that 

assumptions regarding λ, such as the population maintaining stable age distribution, can be tested 

for.    

4.4.1.  Demographic model and simulation results 

The simulation study results presented in this report represent a first attempt at determining the 

performance and power of Pradel models for monitoring grizzly bears using DNA methods.  One 

immediate limitation of these simulations is that they do not simulate density dependent 

population dynamics, process variation (Thompson 2001), overdispersion of binomial variances 

(Burnham and Anderson 1998) and other factors which might change the power of models to 

detect changes in trend.  For this reason it is emphasized that any monitoring program needs to 

continuously evaluate how well the monitoring program is achieving sample size goals, and be 

willing to change effort if goals are not being met.  For example it is possible to change effort 

without biasing results as long as the study area, and sites being sampled do not change (Franklin 

2001).  The main way to change effort in this case would be to change the number of sessions 

sampled using the same sites as sampled earlier.   Evaluation should occur after 3 to 4 years of 

data is collected and preliminary estimates of parameters are available.  These parameters and 

their associated variances can be used with simulations to allow revised estimates of the power of 

a monitoring design to detect changes. 
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It is important to remember that sample size in terms of monitoring models is cumulative.  

Therefore, the relative power to detect changes will increase with each year of the survey.  So 

monitoring basically requires an initial investment of effort, but then effort can be reduced 

leading to a cost-effective long-term method to adaptively manage bear populations. The 

comparatively high power of bi-annual surveys illustrates this point.   Figure 15 illustrates that the 

long term yearly cost of most designs is approximately 9 thousand dollars annually for sampling 

areas with road access.  This approximate cost is a fraction of the cost for inventory projects. 

 The simulation study does outline some basic optimal study design arrangements and some 

general conclusions about monitoring methods.  These are now listed. 

1. At least three (potentially 4) annual sessions are needed to ensure adequate power of the 

AICc model selection routine to chose unbiased models especially if the initial population 

size being surveyed is less than 50 bears.  The capture probability level of 0.22 associated 

with 5x5 km grid cell size sampling designs appears to be adequate for appropriate model 

selection using the AICc model selection routine. 

2. At least 50 bears are needed to ensure the detection of large declines (i.e. λ=0.93) within 5 

years of the start of a study.  It may be possible to boost recapture rate for smaller 

populations, however, power may still be limited until the population is surveyed for more 

years.   

3. Power may be increased if the sampled population size is much greater than 100 bears.  

Simulations specific to exact design parameters (i.e. expected population size and recapture 

rate) are needed to further generalize results.   

4. Moderate declines in bear population size (λ=0.97) (Figure 4) will potentially take at least 7 

years to detect unless population size is large (>100 bears) and recapture rates are high (0.3).   

5. In both moderate (λ=0.97) and large (λ=0.93) decline simulations the population would be 

reduced from an initial population size of 50 to approximately 35 bears (about a 30% decline)  

before adequate power to detect a decline was achieved.  
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6. Bi-annual surveys after 3 or 4 years of annual surveys show minimal reduction in power in 

terms of detecting longer term population trends.  Therefore, a strategy in which sampling is 

initially intense to allow the marking of many bears and initial parameter estimates followed 

by reduced effort seems to be optimal. The similar power of bi-annual and annual designs 

may seem surprising.  This result suggests that the degree of cumulative change in the 

population is one of the principal determinants of power rather than effort alone.  The Pradel 

model seems to only produce reliable estimates with at least 3 sessions of data.  Therefore, it 

is advantageous to conduct 3 sessions initially and then reduce sampling to a bi-annual 

period. 

7. The power to detect an increase was not evaluated in these initial simulation trial.  However, 

in general the power to detect an increase will be greater than detection of a decrease given 

that the sample size of bears is increasing over time rather than decreasing.  Power to detect 

an increase will be tested in later simulations. 

8. The actual power to detect declines will ultimately depend on how complex models have to 

be used to estimate population trends.  For example, if recapture rates vary greatly over time 

than a more complex model that estimates time-specific recapture rates may have to be used 

to estimate trend. These models estimate more parameters and therefore will be less precise 

reducing the power to detect a trend, however, simulation results suggest decrease in power 

will not be large unless extreme time variation occurs. Ideally, covariates such as weather that 

correlate with changes in recapture rates can be used to allow parsimonious models that 

account for variation without large increase in model complexity.  One method to confront 

time variation would be to allow for extra sessions for any given year if it is determined that 

one session failed to produce an adequate number of samples.  For example, if snow or a late 

spring limited success in the first session of a two session monitoring sample, than a third 

session could be conducted.  The first session data would be eliminated or pooled.  If this 

problem occurred frequently than a model which used effort as indexed by the number of 

sessions (i.e. φ(.) p(effort) λ(.)) would potentially be used for population estimates.  This 

model would only have one more parameter than a constant time model therefore precision 

would be affected minimally, and time variation caused by changing effort would be 
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accounted for.  The use of this type of model is demonstrated in Himmer and Boulanger 

(2002). 

9. One potential factor that might bias estimates is if bears display a behavioral response to 

DNA sets.  For example, bears could potentially lose interest in DNA snag sites after repeated 

years of sampling.   There has been no multi-year data to allow testing of this issue, however, 

it is suspected that the degree of behavioral response will be minimal if sites are set in optimal 

areas in the early spring when there is little food available.  Simulation results suggest that the 

Pradel model in which recapture rate is constrained to be a function of previous capture is 

reasonably robust to moderate behavioral response especially with longer term data sets.  This 

model does require at least three sessions for reliable estimates though.  Simulations suggest 

that bias decreases in all models as the number of session increases. 

10. Recently, McDonald (2001) demonstrated how population estimates can be derived from 

open models like the Pradel model which estimate recapture rate for each year of a 

monitoring program. Armstrup et al (2001) used this method to estimate population size of 

Polar Bears in the Beaufort sea. They were able to obtain estimates of population parameters 

which were much more precise than previous studies (Derocher and Sterling 1995) 

demonstrating the apparent gains when newer methods are used to analyze data.  It may be 

possible to use similar methods to obtain population estimates that compliment monitoring 

data using these new methods.  Himmer and Boulanger (2003) recently demonstrated this 

method with monitoring data from the Pradel model.  They were able to obtain population 

estimates with levels of precision similar to those from single year population inventories.  

Estimates of population size provide further inference for population managers as well as 

helping in the interpretation of population trends. 

It is emphasized that the optimal use of monitoring models is in unison with active management 

strategies that place predictions on population trend.  For example, RSF models can be used to 

generate predictions about changes in population size due to change in habitat type.  It is possible 

to constrain the Pradel model to test these exact predictions.  This type of modeling and 

management strategy is much more powerful and inductive than evaluation of λ estimates alone. 
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4.4.2. Integration of RSF habitat modeling and population trend and monitoring 

methods. 

4.4.2.1. Testing of habitat model extrapolations using relative abundance methods 

There are two principal estimates from population distribution models that should be tested when 

they are extrapolated outside of the original DNA sampling area.  First, the relative distribution of 

bears on the landscape should be compared to that in the area initially surveyed.  This can be 

done by sampling an area outside of the original study area and testing the fit of the original 

model in terms of how well it predicts actual bear occurrence.  The second estimate is the actual 

population size of bears present in the study area, which can be tested using the relative 

abundance methods detailed in Section 4.1.7 of this report.   

4.4.2.2. RSF sample stratification for population monitoring 

One general finding of the simulation study is that optimized sample size in terms of recapture 

rates and initial population size is critical for study success.  The power of the Pradel model is 

sensitive to recapture rates, which suggest that broad-scale sampling with sparse site coverage 

(and reduced recapture rates) could have a negative influence on the power to detect population 

changes.  RSF sample stratification is therefore critical to allow optimized placement of sampling 

sites.  For example the estimated population size for the Jumbo grid was almost doubled by 

sampling the more likely DNA sites.  

There are potential issues with RSF sample stratification.  First, the efficiency of stratification 

will be strongly related to the quality of RSF model predictions.  One potential danger is that the 

RSF model will fail to detect areas where grizzly bears occur in higher number, which would 

reduced sampling efficiency.  Second, habitats in which grizzly bears occur may be left out of 

sampling if stratification strongly favors the higher density strata.  For this reason, it is 

recommended that the medium and high strata receive similar effort in terms of DNA site density.   

In this case, the RSF model would ideally be used to delineate sample areas rather than to actually 

stratify them.  Finally, results from the Upper Columbia River fidelity analysis suggest that bears 

will exhibit reduced fidelity to areas of patchy habitat.  Therefore, a contiguous or semi-

contiguous grid that has some form of topographic closure is favorable over non-contiguous 

sampling. 
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4.4.2.3. Population monitoring to test RSF model predictions. 

As discussed earlier, models that allow λ to vary temporally are useful in testing various 

demographic scenarios.  However, these models require more parameters and therefore will be 

less powerful.  It is possible to constrain the Pradel model to test for factors which might 

influence λ, φ, or rates of addition based upon RSF model predictions.  For example a time-

specific reduction in the expected population size for grizzly bears may result from the removal 

of habitat and associated changes in road density.  In this case an empirical estimate of λ can be 

derived from the RSF models by estimating population size as a function of the degree of 

disturbance.  A model that uses this covariate can be built to test this hypothesis (i.e., φ(.) p(.) 

λ(RSF)).  Note that any model that considers time-specific λ values is an improvement over most 

PVA and radio-telemetry studies (Eberhardt et al. 1994; Hovey and McLellan 1996), which 

always assume a stable age distribution and stable λ, an assumption that may not be realistic in 

most cases (Boyce et al. 2001).   

It is important to note that population response of bears to habitat changes may be slow given 

their relatively long life span and inherent time lags associated with population dynamics of long-

lived species.  Therefore, predicted changes in λ should be scrutinized both in terms of bear 

survival rates and demography.  For example, a disturbance may not change the actual true 

survival rate (i.e., mortality) but may cause abandonment of areas.  In this case, bear fidelity and 

apparent survival (φ) in an area would be reduced and it still may be possible for a population-

response to disturbance to be detected.  A model that was constrained to consider apparent 

survival rate change (i.e., φ(disturbance) p(.) λ (disturbance) would test this hypothesis.  

Regardless, power analyses should be conducted to determine the relative power of monitoring to 

detect change.  The simulation model introduced in this report provides a methodology to 

determine the realism in detecting hypothesized changes in population trend using a variety of 

monitoring study designs. 
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5. GENERAL DISCUSSION OF ENTIRE PROJECT 

5.1. Progress relative to stated work plan 

Our main focus during year 2 of our project was the further development of (1) baseline habitat 

modeling (RSF) methods to predict bear occurrence and population distribution, (2) monitoring 

models to estimate population trend, and (3) relative abundance methods to test RSF model 

extrapolations.  The project achieved all the amended year 1 and year 2 milestones, as 

documented in this report and listed in Tables 15 and 16.   Table 15 describes timelines for 

completion of project milestones from the original FRBC proposal. 
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Table 13: Milestones of FRBC project from original project proposal. 

Milestone Expected date of 

completion 

Status 

RSF habitat models    

Completion of draft habitat models November 2001 Completed 

Workshops to refine models and incorporate 

stakeholders interests 

November 2001 Completed  

Completion of final RSF products June 2002 Completed 

Optimized monitoring strategies from RSF 

models 

   

Initial simulations (Topics 1 and 2 in Section B1) September 2001 Completed 

RSF based monitoring simulations October 2001 Completed 

Proposal for field monitoring pilot study  November 2001 Completed 

Final monitoring guidelines March 2002 Completed/Year 2 

Field implementation and testing of RSF models 

and monitoring strategies1 

May 2002 Proposed 

Extension of results (Workshops) March 2002 Completed 

Final report integrating all components of the 

project 

June 2002 Completed/Year 2 

Professional publication of results June 2002 In progress 
1Implementation dependent on funding. Not budgeted for this project 
2Initial product completed with potential adjustments based upon extension activities in year 2 

 

Table 16 lists the stated objectives for the FII research for 2002-3 along with the status of each 

objective.  All objectives for this project were met.   
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Table 14:Status of objectives outlined in FII 2002 proposal 

Objective Status 

Quarter 1 
 Present preliminary results to British Columbia Grizzly 

Bear Science Panel (an international panel of scientists 
with the mandate of evaluating bear management in 
British Columbia) 
 Further simulation modeling to determine optimal 

monitoring strategies. 

 
 Presentation to panel in April 

of 2002 
 Simulation modeling of 

streamlined designs and 
monitoring models   

Quarter 2 
 Assemble GIS databases for the southern Purcell 

Mountains.   Process these data, such that they can be 
analyzed as per the design outlined in the project 
proposal. 
 Further simulation modeling of meta-analysis strategies 

to allow relative abundance estimation with reduced 
sampling effort. 

 
 Simulation modeling of 

monitoring models that are 
robust to behavioral response 

Quarter 3 
 Conduct comparative analysis of spatial factors 

influencing grizzly bear distribution in the southern vs. 
central Purcell Mountains .Re-analyze to refine last 
year's model output in the southern Rocky Mountains. 
 Workshop on optimal monitoring and estimation 

strategies to be given in Nelson, British Columbia and 
Sand Point Idaho (International Association of Bear 
Management meeting) 

‘ 
 Presentation for workshop at 

Sand Pont Idaho. 
 Preparation of short 

manuscript on monitoring 
strategies for meeting 

Quarter 4 
 Final report preparation and management extension. 
 Report on optimal monitoring strategies and 

methodologies 

 
 Workshop on results from 

projects given in Revelstoke, 
British Columbia.  Parks 
Canada, Ministry of Forests, 
Ministry of Sustainable 
resources personnel in 
attendance 

 

 

5.2. Participation of identified partners in the project 

The following table lists the participation of the main partners in the project. 
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Table 15:  Major participants in project. 

Participant Role 

John Boulanger Was a principal investigator in partnership with Clayton Apps 

Was the main administrator of the FRBC/SCBC contract 

Developed demographic simulation model, monitoring model, and relative 

abundance methodologies 

Clayton Apps Was a principal investigator in partnership with John Boulanger 

Developed RSF methods for bear occurrence and population distribution modeling 

Bruce McLellan Was a principal collaborator on the project 

Communicated frequently and met with other partners in the project 

Tony Hamilton Was a principal collaborator on the project 

Communicated frequently and met with other partners in the project 

 

In addition, Mike Proctor, who is currently using genetic methodologies to index fragmentation in 

B.C., and was the main investigator for the Jumbo DNA mark-recapture project, corresponded 

and met with the major participants in the project.  John Woods (Parks Canada, Revelstoke, BC) 

provided the Upper Columbia River telemetry data for analysis of fidelity and provided input on 

optimal population monitoring designs.  Gord Stenhouse (Foothills Model Forest, Hinton 

Alberta) provided input into monitoring designs, and use of the GPS collar data from the Foothills 

model Forest study as well as financial contribution to this project.  

The main method of contact between partners was phone and internet communication.  One 

meeting was conducted in Calgary Alberta in unison with the Foothills Model Forest Annual 

meeting.  The Foothills Model forest was a listed contributor to this project. 

5.3.  Advancement of knowledge 

To date, methods to spatially evaluate grizzly bear population density and distribution have been 

qualitative and relatively coarse in scale (Fuhr and Demarchi 1990).  Our quantitative and 

objective approach combines very recent methods and technologies in the fields of genetic 

analysis, statistical (probabilistic) modeling, and GIS in a combined method that has only recently 

been described (Apps et al. 2002).  For the study areas we considered this year, RSF model output 
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will contribute to more informed population management.  However, output can also be highly 

valuable for strategic-level conservation planning, given that landscapes likely to provide core 

habitats and key linkage areas can be directly inferred.  Moreover, our analysis results provide 

important insight into the relationships of grizzly bears with landscape factors of habitat and 

human influence, and how these associations vary with local conditions.  Our results will help to 

illuminate factors that limit or fragment grizzly bear populations, and how we may maintain or 

restore healthy and connected grizzly bear populations at sub-regional levels.   

The testing of the Pradel model using a demographic simulation model has not been previously 

conducted.  One study tested the Pradel model for use in monitoring spotted owls (Nichols and 

Hines 1999), however, its main emphasis was in determining the robustness of the Pradel model 

to expected sample biases, not power analysis for applied trend monitoring.  Using pooled capture 

rates of closed estimation models has been suggested by Thompson et al. (1998) but the actual 

power and performance of this method has not been previously tested.   

The results of this study demonstrate that the Pradel model is relatively robust to both population 

closure and heterogeneity of capture probabilities, issues that complicate the use of DNA methods 

to estimate population size and density (Boulanger et al, 2002).  Our simulation results suggest 

that moderate monitoring power to detect trends can be achieved if study design is optimized. 

One of the main findings is that effort can be reduced after initial sampling therefore leading to a 

long-term cost effective strategy to obtain demographic information for the adaptive management 

of bear populations. This monitoring methodology requires a longer-term approach to 

management.  However, we argue that the power of methodologies will remain relatively high 

once initial effort is undertaken to mark an adequate sample size of bears. 

5.4.  Future research 

The following topics have been identified for future research needed to further apply the results 

of this study. 

1. Power analysis for absolute abundance methodologies.   Boulanger et al (2002) proposed the 

use of the mixture models of Pledger (2000) in program MARK to allow pooling of mark-

recapture data sets therefore increasing estimate precision.  This “meta-analysis” approach did 
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increase precision of population estimates compared to single mark-recapture estimates using 

program CAPTURE.  However, there has been no simulation evaluation of this method to 

determine its reliability with grizzly bear data.  If funding permits, we will test these 

estimators to determine their robustness to heterogeneity of capture probabilities and other 

sample biases present in grizzly bear populations. 

2. Further integration of RSF modeling, management-proponent objectives, and monitoring 

protocols.  Detailed study designs will be put in place for applicable areas using RSF stratified 

DNA sampling grids. These designs will be presented as case studies in a future report.  The 

actual design and implementation of monitoring programs will be done in unison with 

managers and proponents to ensure that programs meet management objectives.  Currently, a 

monitoring program for the Trans-Canada Highway area is being developed using techniques 

developed in this project. 

3. Further consideration of the McDonald (2001) approach that allows population size 

estimates to be derived from monitoring studies.  This method has the potential to allow both 

estimates of λ and population size using the general monitoring design discussed in this paper.  

Population size estimates are useful for management and assist in the interpretation of lamba 

especially if λ is time varying.  However, simulation evaluation of this method in the context 

of grizzly bear DNA studies has not occurred and therefore the absolute reliability of estimates 

is unknown.  If funding permits, simulations will be conducted to test this estimator.  In 

addition, the Jolly-Seber population size estimator recently (March 2003) incorporated into 

program MARK will be tested.  

4. Conduct a spatial meta-analysis of grizzly bear DNA hair-trap sampling conducted to date in 

southeastern BC (9 sampling efforts, including 2 datasets that will be available by November 

2003).  The approach employed should account for the varying degrees of landscape 

representation that characterize each dataset.  Measured relationships should be compared 

among sampling areas, while accounting for the effect of locally “available” conditions.  We 

expect that this will highlight strengths, limitations, and predictive utility of existing sampling, 

important considerations in future sampling designs.  
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6. EXTENSION AND APPLICATION OF RESULTS 

6.1. Extension 

Our project design was initially developed with feedback from Tembec Forest Industries, the 

Ministries of Forests, WLAP, and SRM to maximize management applicability.  Updates on our 

work, the funding situation, and changes to our workplan were periodically provided to our 

industry and agency contacts.  For Tembec Forest Industries, this included their wildlife biologist, 

Kari Stuart-Smith, and TFL Manager George Richardson.  

A variety of activities oriented towards extension occurred in fiscal year 2002-2003.  In  April of 

2002 Clayton Apps and John Boulanger presented preliminary results to the Grizzly Bear Science 

Panel in Victoria, BC.  The Grizzly Bear Science Panel was comprised of international bear 

researchers and managers which were given the task to evaluate grizzly bear management in 

British Columbia.  The results of these projects were directly implemented into the final report 

from this group that was released in March 2003 (Peek et al. 2003). The panel recommended the 

further development and application of both RSF and monitoring methods introduced by this 

project (Peek et al. 2003, p. 73).  In November of 2003 John Boulanger presented a talk on 

monitoring bear populations to a “Small Populations Workshop” in British Columbia.  Bear 

managers and researchers from both the United States and British Columbia were present at this 

workshop. A principal topic of this talk was the application of results from this project.  In 

addition, John produced a short manuscript that outlined material covered in the talk (Boulanger 

2002).  This manuscript will be published in a special edition of Ursus, the journal of the 

International Association for Bear Management.  In February of 2003, Clayton Apps and John 

Boulanger held a workshop in Revelstoke, British Columbia in collaboration with Parks Canada.  

At this workshop, the results of research for this project were outlined an a conceptual design for 

a population monitoring and habitat modeling project to occur along the Trans-Canada highway 

was discussed.  Regional grizzly bear managers and research biologists attended this workshop.   
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6.2. Application of results  

In March of 2003, John Boulanger applied the results of research in this project to the analysis of 

a 5 year monitoring data set from the Owikeno Lake area of British Columbia (Himmer and 

Boulanger 2003).  Results of this analysis are currently being applied to determine optimal 

management strategies for grizzly bear populations in the area.  This research is being partially 

funded by Western Forest Products, a licensee in the Owikeno Lake area.  Western Forest 

Products will use the results of this project to determine optimal land management strategies in 

the area.  In addition, the provincial government is using this information to determine optimal 

harvest management strategies for the area. 

The results of this project will also be used to plan a population monitoring project on the Trans 

Canada Highway from Revelstoke to Golden. As mentioned in the Extension section, a workshop 

was held to discuss primary objectives for this work.  If funding permits the simulation model 

developed by this project will be used to optimize sampling design for this project.  In addition, 

the RSF models developed by this project will be used to determine optimal site placements for 

field sampling.   

Spatial modeling of population abundance and distribution (Section 3) has resulted in predictive 

tools for defined analysis and extrapolation areas, but more importantly, we have developed and 

refined modeling methods for application to other areas in the province where DNA hair-trap 

sampling has been carried out or is planned.  What we have learned through these analyses have 

direct implications on future sampling designs to derive predictive management tools.  Hence, 

end-users of our results include those charged with managing land resources that are expected to 

have broad-scale influence on grizzly bear occurrence and persistence, but also include 

researchers developing similar decision-support tools specific to local areas.  Management 

applications and sampling design considerations are detailed in Section 3.6.2. 
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7. SUMMARY AND CONCLUSIONS 

7.1. General comments 

The current approach to estimating the density and spatial distribution of grizzly bear populations 

(Fuhr and Demarchi 1990) is subjective and conducted at a very broad scale.  We present a 

quantitative and objective approach to modeling population density and distribution that 

combines genetic analysis, mark-recapture, statistical (probabilistic) modeling, and GIS 

techniques.  Model output represents an objective, defensible tool that will contribute to more 

informed population and habitat management.  However, output can also be highly valuable for 

strategic-level conservation planning.  Two spatial modeling concepts that have been applied in 

strategic planning for grizzly bear conservation are core/security areas, where bears can meet 

their daily energetic requirements while at the same time choosing to avoid people (Mattson 

1993), and linkage zones, where individuals can not only move between core areas but remain 

resident for some period of time (Servheen and Sandstrom 1993, Apps 1997).  We present an 

empirical analogue to these valuable but largely subjective approaches that we expect will 

provide a more accurate depiction of probable population core, periphery, and linkage.  This will 

feed directly into the development of strategies for recovery and/or maintenance of healthy and 

viable grizzly bear populations. 

Results from population monitoring simulation studies suggest that Pradel models are robust to 

closure violation and heterogeneity of recapture rates which complicate estimates of abundance.  

This indicates that monitoring trends may be a reasonable alternative to estimating abundance.  

The main challenge with monitoring as a management tool is that it will take longer than yearly 

time intervals to detect trends, especially in early years of monitoring.  The simulation model 

results indicate minimal thresholds in terms of population size and recapture rate to detect short 

and long-term population change.  We determined that a design that applies intensive effort 

initially (i.e., 3 years of annual monitoring), followed by reduced (bi-annual surveys) is optimal in 

terms of power to detect change while reducing overall survey effort and expense.  Use of RSF 

population distribution models to design studies provides an objective method to sample bears 

intensively where they occur (therefore maximizing recapture rates), maximizing initial 

population size, and therefore increasing the overall power of monitoring methods to detect 
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population change.  This approach is cost effective in terms of long term management.  The initial 

marking of bears requires intensive sampling but effort can be reduced substantially in latter years 

therefore making trend monitoring a viable long term management tool.  Recent developments in 

estimation methodology suggest that estimates of both trend and population size are possible 

from this method therefore increasing the applicability of results to applied management.  We 

emphasize that monitoring designs should be evaluated as data is collected, and simulations 

should be used to re-evaluate power to detect change using estimates of model parameters. 

The outputs from this project will allow prediction of bear population response to anthropogenic 

impacts, and will facilitate model testing and refinement through optimized monitoring strategies.  

Products will integrate directly with government and industry resource planning systems.  This 

project will enhance environmental values through the advancement of scientific information on 

bear population status and trends. In addition, this project will enhance sustainable harvest and 

strengthen sustainable forest management through integrating timber supply modeling with 

grizzly bear population demography 

8. LITERATURE CITED 

Alberta Environmental Protection.  1991.  Alberta vegetation inventory standards manual, version 

2.1.  Alberta Environmental Protection, Edmonton, Alberta, Canada. 

AltaLIS.  2001  AltaLIS: digitial mapping for Alberta.  www.altalis.com 

Amstrup S.C., T.L. McDonald, I. Sterling. 2001. Polar bears in the Beaufort Sea:  A 30-year 

mark-recapture case history. J. Agricultural, Biological, and Environmental Statistics 

6:221-234. 

Anderson D.R., G.C. White, K.P. Burnham. 1995. Some specialized risk assessment 

methodologies for vertebrate populations. Environmental and Ecological Statistics 2:91-

115. 



Quantitative tools to predict grizzly bear response to landscape change 102 

Integrated Ecological Research and Aspen Wildlife Research March 27, 2003 

Apps, C. D., B. N. McLellan, J. G. Woods, and M. F. Proctor.  2003a.  Estimating grizzly bear 

distribution and abundance relative to habitat and human influence.  Journal of Wildlife 

Management.  In Press.  

Apps, C. D., J. L. Weaver, B. Bateman, and P. C. Paquet.  2003b.  Summary of DNA hair-snag 

sampling data, Crowsnest Pass, Alberta & British Columbia, June-October, 2002.  Aspen 

Wildlife Research Inc., Calgary, AB. 

Apps, C. D.  1997.  Identification of grizzly bear linkage zones along the Highway 3 corridor of 

southeast British Columbia and southwest Alberta.  Aspen Wildlife Research, Calgary, 

Alberta, Canada. 

Arnason A.N., C.J. Schwarz, G. Boyer. 1998. POPAN 5: A data maintenance and analysis system 

for mark-recapture data. Winnipeg, Manitoba: University of Manitoba, Department of 

Computer Science. 

Banci V., D.A. Demarchi, W.R. Archibald. 1994. Evaluation of the population status of grizzly 

bears in Canada. Int. Conf. Bear. Res Manage. 9: 129-142. 

Beasom, S. L., E. P. Wiggers, and J. R. Giardino.  1983.  A technique for assessing land surface 

ruggedness.  Journal of Wildlife Management 47:1163-1166. 

Bian, L.  1997.  Multiscale nature of spatial data in scaling up environmental models.  Pages 13-

26 in D. A. Quattrochi and M. F. Goodchild, editors.  Scale in remote sensing and GIS.  

Lewis Publishers, New York, New York, USA. 

Boulanger, J.  1997.  DNA mark-recapture methods for inventory of grizzly bears in British 

Columbia: Elk Valley (1996) case study.  Ministry of Environment, Lands and Parks, 

Victoria, British Columbia, Canada. 

Boulanger, J.  2001.  Analysis of the 1997 Elk Valley and Flathead Valley DNA mark-recapture 

grizzly bear inventory projects: 2001 revision.  Integrated Ecological Research, Nelson, 

British Columbia, Canada. 



Quantitative tools to predict grizzly bear response to landscape change 103 

Integrated Ecological Research and Aspen Wildlife Research March 27, 2003 

Boulanger J. 2002. A note about monitoring grizzly bear populations using DNA methods. Ursus 

(special edition for Small Populations Conference, Sand Point Idaho, December 2002) 

submitted. 

Boulanger J., B. McLellan. 2001. Closure violation in DNA-based mark-recapture estimation of 

grizzly bear populations. Canadian Journal of Zoology 79:642-651. 

Boulanger J. 2001. Estimates of the grizzly bear (Ursus arctos) population size using DNA based 

mark-recapture,Upper Columbia River, British Columbia, Canada 1996-1998. 

Revelstoke, B.C.: Parks Canada. 

Boulanger J., G.C. White, B.N. McLellan, J. Woods, M.F. Proctor, S. Himmer. 2002. A meta-

analysis of grizzly bear DNA mark-recapture projects in British Columbia. Ursus. 

13:137-152 

Boulanger J., J. Woods, B.N. McLellan, M.F. Proctor. submitted. Sampling design and capture 

probability bias in DNA based mark-recapture estimates of grizzly bear populations. 

Journal of Wildlife Management. 

Boyce M.S., B.M. Blanchard, R.R. Knight, C. Serveen. 2001. Population viability for grizzly 

bears: A critical review. International Association for Bear Research and Management 

Monograph Series Number 4. 

Boyce, M. S., and L. L. McDonald.  1999.  Relating populations to habitats using resource 

selection functions.  Trends in Evolution and Ecology 14:268-272. 

Boyce, M. S., J. S. Meyer, and L. L. Irwin.  1994.  Habitat-based PVA for the northern spotted 

owl.  Pages 63-85 in D. J. Fletcher and B. F. J. Manly, editors.  Statistics in ecology and 

environmental monitoring.  Otago Conference Series No. 2, University of Otago Press, 

Dunedid, New Zealand. 

Braumandl, T. F., and M. P. Curran, editors.  1992.  A field guide for site identification and 

interpretation for the Nelson Forest Region.  Ministry of Forests, Nelson, British 

Columbia, Canada. 



Quantitative tools to predict grizzly bear response to landscape change 104 

Integrated Ecological Research and Aspen Wildlife Research March 27, 2003 

Burnham K.P., D.R. Anderson. 1998. Model selection and inference:  A practical information 

theoretic approach. Springer. New York., 353 p. 

Carr H.D. 1989. Distribution, numbers, and mortality of grizzly bears in and around Kananaskis 

Country, Alberta, Wildlife Research Series Number 3. Edmonton, Alberta, Canada.: 

Alberta Forestry, Lands, and Wildlife. 

Caswell H. 1989. Matrix population models. Sinauer. Sunderland, MA., 328 p. 

Crist, E.P., and R. C. Cicone.  1984.  Application of the tasseled cap concept to simulated 

thematic mapper data.  Photogrammetric Engineering and Remote Sensing 50:343-352. 

Demarchi, D. A.  1996.  Ecoregions of British Columbia.  Ministry of Environment, Land, and 

Parks, Victoria, British Columbia, Canada. 

Derocher A.E., I. Sterling. 1995. Estimating of polar bear population size and survival in Western 

Hudson Bay. J. Wildl. Manage 59:215-221. 

Doak D.F. 1995.  Source-sink models and the problem of habitat degradation: general models and 

applications to the Yellowstone grizzly. Conservation Biology 9:1370-1379. 

Eberhardt L.L., B.M. Blanchard, R.R. Knight. 1994. Population trend of the Yellowstone grizzly 

bear as estimated from reproductive and survival rates. Can. J. Zool. 72:360-363. 

 Elith, J., M. A. Burgman, and H. M. Regan.  2002.  Mapping epistemic uncertainties and vague 

concepts in predictions of species distribution.  Ecological Modeling 157:313-329. 

Flack, V. F., and P. C. Chang.  1987.  Frequency of detecting noise variables in subset regression 

analysis: a simulation study.  American Statistician 41:81-86. 

Franklin A.B. 2001 Exploring ecological relationships in survival and estimating rates of 

population change using program MARK. In: Fields R., editor; Intergrating People and 

Wildlife for a Sustainable Future:  Proceedings of the Second International Wildlife 

Management Congress; Gödölló, Hungary. Wildlife Society, Bethesda, Md. p In press. 



Quantitative tools to predict grizzly bear response to landscape change 105 

Integrated Ecological Research and Aspen Wildlife Research March 27, 2003 

Fuhr, B., and D.A. Demarchi.  1990.  A methodology for grizzly bear habitat assessment in 

British Columbia.  B.C. Ministry of Environment, Lands and Parks, Victoria, Wildlife 

Bulletin B-67.  28 pp. 

Gibbs, J. P.  2000.  Monitoring populations.  Pages 213-252 in L. Boitani and T. K. Fuller, 

editors.  Research techniques in animal ecology: controversies and consequences.  

Columbia University Press, New York, New York, USA. 

Halko, R.  1998.  1997 south East Kootenay bear inventory project report.  Interior Reforestation, 

Cranbrook, British Columbia, Canada. 

Hamer, D., and S. Herrero.  1987.  Wildfire’s influence on grizzly bear feeding ecology in Banff 

National Park, Alberta.  International Conference on Bear Research and Management 

7:179-186. 

Herrero S., P.S. Miller, U.S. Seal. 1999. Population and habitat viability assessment workshop for 

the grizzly bear of the Central Rockies Ecosystem-Draft Report. Calgary, Alberta and 

Apple Valley, Minnesota: University of Calgary and Conservation Breeding Specialist 

Group. 

Himmer S., J. Boulanger. 2003. Trends in grizzly bears utilizing salmon streams in the Owikeno 

Lake area: 1998-2002. Hagensborg, B.C. and Nelson B.C.: Arctos Wildlife Research and 

Integrated Ecological Research. 

Hirzel, A., and A. Guisan.  2002.  Which is the optimal sampling strategy for habitat suitability 

modeling.  Ecological Modeling 157:331-341. 

Hosmer, D. W., and S. Lemeshow.  1989.  Applied logistic regression.  John Wiley and Sons, 

New York, New York, USA. 

Hovey F.W., B.N. McLellan. 1996. Estimating population growth rate of grizzly bears from the 

Flathead River drainage using computer simulations of reproduction and survival rates. 

Canadian Journal of Zoology 74:1409-1416. 



Quantitative tools to predict grizzly bear response to landscape change 106 

Integrated Ecological Research and Aspen Wildlife Research March 27, 2003 

Huggins R.M. 1991. Some practical aspects of a conditional likelihood approach to capture 

experiments. Biometrics 47:725-732. 

Johnson, D. H.  1980.  The comparison of usage and availability measurements for evaluating 

resource preference.  Ecology 61:65-71. 

Kareiva, P., and U. Wennergren.  1995.  Connecting landscape patterns to ecosystem and 

population processes.  Nature 373:299-302. 

Kumar, L., A. K. Skidmore, and E. Knowles.  1997.  Modeling topographic variation in solar 

radiation in a GIS environment.  International Journal of Geographic Information Science 

11:475-497. 

Mace R.D., S.C. Minta, T.L. Manley, K.E. Aune. 1994. Estimating grizzly bear population size 

using camera sightings. Wildl. Soc. Bull. 22:74-83. 

Mace, R. D., J. S. Waller, T. L. Manley, L. J. Lyon, and H. Zuuring.  1996.  Relationships among 

grizzly bears, roads, and habitat in the Swan Mountains, Montana.  Journal of Applied 

Ecology 33:1395-1404. 

Mace R.D., J.S. Waller. 1997. Spatial and temporal interaction of male and female grizzly bears 

in northwestern Montana. J. Wildl. Manage 61:39-52. 

Mace, R. D., and J. S. Waller.  1997.  Grizzly bear ecology in the Swan Mountains, Montana.  

Federal Aid in Wildlife Restoration Project W-101-R, Final Report. 

MacHutchon A.G., S. Himmer, C.A. Byrden. 1993. Khutzeymateen Valley grizzly bear study:  

Final Report. Victoria BC: Ministry of Environment, Lands, and Parks. Report nr R-25. 

Manly, B. F. J., L. L. McDonald, and D. L. Thomas.  1993.  Resource selection by animals: 

statistical design and analysis for field studies.  Chapman and Hall, New York, New 

York, USA. 

McCullough P., J.A. Nelder. 1989. Generalized Linear Models. Chapman and Hall. New York., 

511 p. 



Quantitative tools to predict grizzly bear response to landscape change 107 

Integrated Ecological Research and Aspen Wildlife Research March 27, 2003 

McDonald T.L. 2001. Estimation of population size using open mark-recapture models. J. 

Agricultural, Biological, and Environmental Statistics 6:206-220. 

McGarigal, K., S. Cushman, and S. Stafford.  2000.  Multivariate statistics for wildlife and 

ecology research.  Springer-Verlag, New York, New York, USA. 

McLellan, B. N.  1998.  Maintaining viability of brown bears along the southern fringe of their 

distribution.  Ursus 10:607-611. 

McLellan B.N. 1989. Dynamics of a grizzly bear population during a period of industrial resource 

extraction I. Density and age-sex composition. Can. J. Zool. 67:1857-1868. 

McLellan B.N., F. Hovey, R.D. Mace, J. Woods, D. Carney, M. Gibeau, W. Wakkinen, 

Kasworm.W. 1999. Rates and causes of grizzly bear mortality in the interior mountains 

of British Columbia, Alberta, Washington, and Idaho. J. Wildl. Manage 63:911-920. 

Manly, B. F. J., L. L. McDonald, and D. L. Thomas.  1993.  Resource selection by animals: 

statistical design and analysis for field studies.  Chapman and Hall, New York, New 

York, USA. 

Meidinger, D. V., and J. Pojar.  1991.  Ecosystems of British Columbia.  British Columbia 

Ministry of Forests Special Report Series 4. 

Menard, S.  1995.  Applied logistic regression analysis.  Sage University Paper Series 07-106.  

Sage Publications, Thousand Oaks, California, USA. 

Merrill, T., D. J. Mattson, R. G. Wright, and H. B. Quigley.  1999.  Defining landscapes suitable 

for restoration of grizzly bears Ursus arctos in Idaho.  Biological Conservation 87:231-

248. 

Ministry of Environment, Lands and Parks.  1995.  British Columbia grizzly bear conservation 

strategy.  British Columbia Ministry of Environment, Lands and Parks, Victoria, British 

Columbia, Canada. 



Quantitative tools to predict grizzly bear response to landscape change 108 

Integrated Ecological Research and Aspen Wildlife Research March 27, 2003 

Mowat, G., J. Russell, and C. Strobeck.  1998.  Estimating population size of grizzly bears using 

hair capture and DNA fingerprinting in southwest Alberta.  For Alberta Environmental 

Protection, Claresholm, AB, and Waterton Lakes National Park, Waterton Lakes, AB. 

Mowat, G., and C. Strobeck.  2000.  Estimating population size of grizzly bears using hair 

capture, DNA profiling, and mark-recapture analysis.  Journal of Wildlife Management 

64:183-193. 

Mysterud, A., and R. A. Ims.  1998.  Functional responses in habitat use: availability influences 

relative use in trade-off situations.  Ecology 79:1435-1441. 

Nichols J.D., J.E. Hines. 1999. Appendix D: Investigation of potential bias in the estimation of 

lambda using the reparameterized Jolly Seber model. In: Franklin A.B., Burnham K.P., 

White G.C., Anthony R.G., Forsman E.D., Schwarz C., Nichols J.D., Hines J., editors. 

Range-wide status and trends in northern spotted owl populations: United States 

Geological Survey, Colorado Coop. Fish and Wildl. Res Unit, Ft Collins, Colorado; 

Oregon Coop. Fish and Wildl. Res. Unit. Corvalis Oregon. p 62-71. 

North Cascades Grizzly Bear Recovery Team.  2001.  Recovery plan for grizzly bears in the 

North Cascades of British Columbia.  Consensus recommendation draft for consultation.  

Ministry of Environment, Lands and Parks, Victoria, British Columbia, Canada. 

Norusis, M. J.  1999.  SPSS regression models 10.0.  SPSS Inc., Chicago, Illinois, USA. 

Osborne, P. E., and S. Suarez-Seoane.  2002.  Should data be partitioned spatially before building 

large scale distribution models?  Ecological Modeling 157:249-259. 

Peek J., J. Beecham, D.L. Garshelis, F. Messier, S. Miller, D. Strickland. 2003. Management of 

grizzly bears in British Columbia:  A review by an independent scientific panel. Victoria, 

B.C.: Ministry of Water, Land, and Air Protection. 

Pellegrini, G. J.  1995.  Terrain shape classification of Digital Elevation Models using 

eigenvectors and Fourier transforms.  Dissertation.  New York State University, New 

York, New York, USA. 



Quantitative tools to predict grizzly bear response to landscape change 109 

Integrated Ecological Research and Aspen Wildlife Research March 27, 2003 

Pledger S. 2000. Unified maximum likelihood estimates for closed models using mixtures. 

Biometrics 56:434-442. 

Pollock K.H., J.D. Nichols, C. Brownie, J.E. Hines. 1990. Statistical inference for capture-

recapture experiments. Wildl. Monographs 107:1-97. 

Poole, K. G., G. Mowat, and D. A. Fear.  2001.  DNA-based population estimate for grizzly bears 

Ursus arctos in northeastern British Columbia, Canada.  Wildlife Biology 7:105-115. 

Pradel R. 1996. Utilization of mark-recapture for the study of recruitment and population growth 

rate. Biometrics 52:703-709. 

Proctor, M., B. N. McLellan, and C. Strobeck.  2003. Population fragmentation of grizzly bears in 

southeastern British Columbia, Canada.  Ursus 13.  In Press. 

Ramcharita, R. K.  2000.  Grizzly bear use of avalanche chutes in the Columbia Mountains.  

Thesis, University of British Columbia, Vancouver, British Columbia, Canada. 

Resources Inventory Branch.  1995.  Relational data dictionary (RDD) 2.0.  British Columbia 

Ministry of Forests, Victoria, British Columbia, Canada. 

Rextad, E. A., D. D. Miller, C. H. Flather, E. M. Anderson, J. W. Hupp, and D. R. Anderson.  

1988.  Questionable multivariate statistical inference in wildlife habitat and community 

studies.  Journal of Wildlife Management 52:794-798. 

Ritchie, M. E.  1997.  Populations in a landscape context: sources, sinks, and metapopulations.  

Pages 160-184 in J. A. Bissonette, editor.  Wildlife and landscape ecology: effects of 

pattern and scale.  Springer, New York, New York, USA. 

 Roloff, G. J., and J. B. Haufler.  1997.  Establishing population viability planning objectives 

based on habitat potentials.  Wildlife Society Bulletin 25:895-904. 

SAS Institute. 2000. The SAS System for Windows. Version 8.1. Cary NC: The SAS Institute. 

Schwarz C.J. 2001. The Jolly-Seber model:  More than just abundance. J. Agricultural, 

Biological, and Environmental Statistics 6:195-205. 



Quantitative tools to predict grizzly bear response to landscape change 110 

Integrated Ecological Research and Aspen Wildlife Research March 27, 2003 

Skalski J.R., D.S. Robson. 1992. Techniques for wildlife investigations:  Design and analysis of 

capture data. Academic Press. New York. 

Sokal, R. R., and F. J. Rohlf.  1981.  Biometry, second edition.  W. H. Freeman and Company, 

New York, New York, USA. 

Stanley T.R., K.P. Burnham. 1999. A closure test for time specific capture-recapture data. 

Environmental and Ecological Statistics  6:197-209. 

Stenhouse G., R. Munro. 2000. Foothills Model Forest  Grizzly Bear Research Program 2000 

Annual Report. Hinton, Alberta: Foothills Model Forest, Department of Natural 

Resources, Government of Alberta. 110 p. 

Strom, K., M. Proctor, and J. Boulanger.  1999.  Grizzly bear population survey in the central 

Purcell Mountains, British Columbia.  Prep. for BC Environmental Assessment Office 

and Glacier Resorts Ltd.  AXYS Environmental Consulting Ltd., Calgary, Alberta. 

Surveys and Resource Mapping Branch.  1992.  Digital baseline mapping at 1:20,000.  British 

Columbia specifications and guidelines for geomatics, content series volume 3, release 2.0.  

British Columbia Ministry of Environment, Lands and Parks, Victoria, British Columbia, 

Canada. 

Surveys and Resource Mapping Branch.  1995.  Baseline thematic mapping present land use 

mapping at 1:250,000.  British Columbia specifications and guidelines for geomatics, 

content series volume 6, part 1, release 1.0.  British Columbia Ministry of Environment, 

Lands and Parks, Victoria, British Columbia, Canada. 

Thomas, D. L., and E. J. Taylor.  1990.  Study designs and tests for comparing resource use and 

availability.  Journal of Wildlife Management 54:322-330. 

Thompson W.L., G.C. White, C. Gowan. 1998. Monitoring Vertebrate Populaitons. Academic 

Press. San Diego, CA. 



Quantitative tools to predict grizzly bear response to landscape change 111 

Integrated Ecological Research and Aspen Wildlife Research March 27, 2003 

Thrower, J. S., A. F. Nussbaum, and C. Mario Di Lucca.  1991.  Site index curves and tables for 

British Columbia: interior species.  British Columbia Ministry of Forests Land 

Management Handbook Field Guide Insert 6.   

Van Horne, B.  2002.  Approaches to habitat modeling: the tensions between pattern and process 

and between specificity and generality.  Pages 63-72 in J. M. Scott, P. J. Heglund, M. L. 

Morrison, J. B. Haufler, M. G. Raphael, W. A. Wall, and F. B. Samson, editors.  

Predicting species occurrences: issues of scale and accuracy.  Island Press, Covelo, 

Oregon, USA. 

Waller, J. S.  1992.  Grizzly bear use of habitats modified by timber harvest.  Thesis, Montana 

State University, Bozeman, Montana, USA. 

Waller, J. S., and R. D. Mace.  1997.  Grizzly bear habitat selection in the Swan Mountains, 

Montana.  Journal of Wildlife Management 61:1032-1039. 

Watson, D. F., and G. M. Philip.  1985.  A refinement of inverse distance weighted interpolation.  

Geo-Processing 2:315-327. 

White G.C., K.P. Burnham. 1999. Program MARK: Survival estimation from populations of 

marked animals. Bird Study  Supplement 46:120-138. 

Williams B.K., J.D. Nichols, M.J. Conroy. 2002. Analysis and management of animal 

populations. Academic Press. San Diego., 818 p 

Wiegand, K., K. Henle, and S. D. Sarre.  2002.  Extinction and spatial structure in simulation 

models.  Conservation Biology 16:117-128. 

Woods, J. G., D. Paetkau, D. Lewis, B. N. McLellan, M. Proctor, and C. Strobeck.  1999.  

Genetic tagging of free-ranging black and brown bears.  Wildlife Society Bulletin 27:616-

627. 

Zager, P. E.  1980.  The influence of logging and wildfire on grizzly bear habitat in Northwestern 

Montana.  International Conference on Bear Research and Management 5:124-132. 


	ABSTRACT
	INTRODUCTION
	Structure of report

	GRIZZLY BEAR OCCURRENCE AND DISTRIBUTION RELATIVE TO HABITAT AND HUMAN INFLUENCE IN THE PURCELL MOUNTAINS AND SOUTHERN ROCKY MOUNTAINS OF SOUTHEASTERN BRITISH COLUMBIA
	ACKNOWLEDGEMENTS
	INTRODUCTION
	STUDY AREA
	METHODS
	Grizzly Bear Occurrence Sampling
	Habitat and Human Use Data
	Scale-dependent Design
	Spatial Partitioning of Data
	Model Development
	Sampling Representativeness
	Spatial Modeling of Grizzly Bear Density

	RESULTS
	Spatial Partitioning of Data

	DISCUSSION
	Grizzly Bear Distribution Patterns
	Extension to Management and Future Research


	POPULATION MONITORING AND RELATIVE ABUNDANCE ESTIMATION USING DNA METHODS
	Methods
	Overall structure of model
	Demographic model
	MARK Pradel models

	Estimation of simulation model parameters
	Apparent survival, true survival, and fidelity

	Estimating fidelity
	Recapture rate and related parameters
	Demographic model details
	Population trend

	Statistics used to test estimators
	Simulation treatments
	
	
	
	
	Simulation objective





	Potential gains by RSF sample stratification
	Estimation of relative abundance
	General framework


	Results
	Monitoring simulation model results
	Pradel model robustness to capture and survival rate heterogeneity
	Pradel model robustness to behavioral response
	AIC model selection power to select appropriate models
	Influence of population size on power to detect trend
	Influence of recapture rate on power
	Influence of temporal variation in recapture rates on power.
	Power of reduced-effort designs

	Gains in sample size by RSF stratification: A Jumbo Pass case study

	Costs associated with monitoring
	Discussion
	Demographic model and simulation results
	Integration of RSF habitat modeling and population trend and monitoring methods.
	Testing of habitat model extrapolations using relative abundance methods
	RSF sample stratification for population monitoring
	Population monitoring to test RSF model predictions.



	GENERAL DISCUSSION OF ENTIRE PROJECT
	Progress relative to stated work plan
	Participation of identified partners in the project
	Advancement of knowledge
	Future research

	EXTENSION AND APPLICATION OF RESULTS
	Extension
	Application of results

	SUMMARY AND CONCLUSIONS
	General comments

	LITERATURE CITED

