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ABSTRACT Assessing grizzly bears’ (Ursus arctos) abundance in the Arctic has been challenging because of

the large scale of their movements and the remoteness of field locations. We modified a post sampling

method used for wolverines (Gulo gulo) to allow collection of hair samples from grizzly bears in the Canadian

tundra. We deployed 1 post/cell in a sampling grid of 393 10� 10-km cells sampled in 2008 and 2009 for two

14-day sessions in July–August of both years. We then compared density estimates from mark–recapture

estimators that used telemetry data from previous years with spatially explicit mark–recapture models that

used only genetic detections. Over the 2 years of sampling, we detected 98 female and 81 male grizzly bears.

We found that the DNA degradation rate was related to collection interval and the number of days between

rainfall events and sample collection. Estimates of density were in the order of 5 bears/1,000 km2. The

estimates from the 2 methods were statistically similar, but spatially explicit estimates were more precise than

those using radiocollar data. Our results provide the first demonstration of the viability of posts as hair-

snagging stations to obtain DNA from grizzly bears, and of spatially explicit mark–recapture methods to

estimate population size and density for grizzly bears above the tree line. Ó 2015 The Wildlife Society.

KEY WORDS Arctic, DENSITY, DNA degradation, hair-snagging, mark–recapture, noninvasive, Program MARK,

radiotelemetry, spatially explicit mark–recapture, Ursus.

The grizzly bear (Ursus arctos) in Canada has been assessed as

a species of Special Concern by the Committee on the Status

of Endangered Wildlife in Canada (COSEWIC) on account

of historical and present localized decreases in abundance,

caused mainly by range contraction. Over the past 20 years,

the Canadian grizzly bear population is believed to have

remained stable, with a coarse estimate of approximately

27,000 animals (COSEWIC 2002, 2012). Whereas recent

(< 15 years) density and abundance estimates have been

produced within most of the western Canadian species’ range

(BC; Poole et al. 2001, Boulanger et al. 2004a, Proctor et al.

2007, AB [ASRD and ACA 2010]), no formal estimates

have been published for the northern and northeastern part

of the species’ distribution.

In the Canadian Arctic, grizzly bears are believed to occur

at lower density than further south, but local knowledge has

suggested a steady increase in densities over the past 3

decades and an expansion eastward and northward (M.

Dumond, unpublished data; Government of Nunavut 2005,

Clark 2007). This trend has also been documented by

anecdotal scientific reports (Clark 2000, McLoughlin 2001,

Doupé et al. 2007, Rockwell et al. 2008). Nevertheless, there

has been no recent, large-scale study of the distribution and

abundance of the barren-ground grizzly bear. Current and

accurate population estimates are needed to set sound

hunting quotas, and to assess the impacts of industrial and

recreational land use. Moreover, the treaties protecting First

Nations and Inuit harvesting rights require a thorough

documentation of rationale in order to limit hunting quotas.

Despite the open nature of the Arctic environment, low

population densities of bears (Ursus sp.) and the remoteness

of the environment have created logistical, statistical, and

financial challenges to the development of accurate popula-

tion indices or estimates. Barren-ground grizzly bears in the

central Canadian Arctic have the largest mean home-range

size documented for Ursus arctos in North America

(McLoughlin et al. 2003a), which makes population-wide

studies a logistical challenge. However, low densities, harvest

mortality, and potential impacts of industrial development

make assessment of grizzly bear status a conservation

necessity (INAC 1993, Woodroffe 2001, COSEWIC

2002, Linnell et al. 2007). In addition, more precise

knowledge on grizzly bear abundance and its potential

impact on barren-ground caribou populations are required

for caribou management. The previous method to assess

grizzly bear abundance in the Arctic was based on telemetry

and physical mark–recapture (Clarkson and Liepins 1994,

McLoughlin et al. 2003a), which required large numbers of

captured and collared bears. Recent findings of potential
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effects of physical capture on the animal’s health and

behavior (Murray and Fuller 2000; Cattet et al. 2003,2006,

2008; Arnemo et al. 2006; Morellet et al. 2009), along with

the general lack of support for captures and handling of

wildlife by aboriginal communities (Clark and Slocombe

2005, 2009; Government of Nunavut 2009), have renewed

focus on the development and improvement of remote

sampling methods and associated statistical analyses.

Genetic mark–recapture through remote sampling, such as

hair snagging, has been used to study the distribution and

abundance of rare species (McDaniel et al. 2000, Waits 2004,

Balestrieri et al. 2010, Gervasi et al. 2010, Mullins et al.

2010), including grizzly bears (Kendall et al. 2008, see

Proctor et al. 2010 for a review). The development of this

method has also led to new statistical concepts and methods

aimed at estimating abundance, densities, and trends

(Boulanger and McLellan 2001; Boulanger et al. 2002,

2004b, 2006, 2008; Miller et al. 2005; Petit and Valiere

2006). Another noninvasive technique, double-observer

aerial line transect, was tested successfully on grizzly bears

in open habitats of Southwest Alaska, USA (Walsh et al.

2010). However, the bear density in our study area is only

10–20% of that in Southwest Alaska, (Clarkson and Liepins

1994, McLoughlin and Messier 2001) making aerial transect

methods unlikely to provide the precision needed for

management purposes.

The primary devices used to collect bear hair include barb-

wire corals set up between trees in forested areas (Woods

et al. 1999, Proctor et al. 2010), natural bear-rub trees

(Boulanger et al. 2008, Kendall et al. 2009, Stetz et al. 2010),

or power poles (Karamanlidis et al. 2010). The absence of

trees or power poles in the Arctic tundra required new

methods to collect grizzly bear hair. In a similar environ-

ment, Mulders et al. (2007) successfully developed and used a

single-post design to capture wolverine (Gulo gulo) hair, but

they also obtained grizzly bear hair.

Here, we test a pole-based DNA sampling method with a

design that is adapted to the tundra environment and tailored

to the large-scale of barren-ground grizzly bear movements

(McLoughlin et al. 1999, 2003a) and large-scale population

boundaries (McLoughlin et al. 2002a). We investigate

factors influencing potential increased degradation of

samples due the exposure to the Arctic environment. We

test estimation methods to confront closure violation caused

by large-scale movements of bears on and off the sampling

grid (Kendall 1999, Boulanger and McLellan 2001). Of

interest was whether newly developed spatially explicit

mark–recapture methods could yield robust estimates of

density without the use of radiocollars, which are required for

traditional methods. The results of this study should also

apply to other carnivore studies that require density estimates

but do not have collared animals to assess movements relative

to the grid and consequent closure violation.

STUDY AREA

The study area was a mix of low and high Arctic landscape

features spreading over 37,795 km2 from the tree line in the

south to the coast in the north (centered approximately

around the community of Kugluktuk, Nunavut, N67.88,

W115.18; Fig. 1). This area is part of a well-drained

peneplain with lakes in the hollows and scattered depres-

sions. Rock hills, outcrops, and glaciofluvial features, such as

eskers, drumlins, and raised beaches, are often the only major

relief features of this region. A series of cliffs or eskers and

sloping plateaus brings the elevation from 800 m (south and

west of the study area) to sea level. The main river valleys

(Coppermine River and Rae and Richardson rivers) enable

an introgression of the tree line northward and offer richer

vegetation than the surrounding higher ground and plateau

areas.

Ground cover was predominantly lush willow (Salix sp.) and

sedge (Carex sp.) vegetation (Jacobsen 1979, Gould et al. 2002,

M. Dumond, unpublished data). This areawas characterized by

short, cool summers (�x temp¼ 108 C), and long, cold winters,

when temperatures often fall below � 308 C. Precipitation,

typically low (about 80 mm in July–August), was above normal

in 2008 (118 mm for July–August) and below average in 2009

(58 mm; Environment Canada, Kugluktuk Weather Station,

http://www.climate.weatheroffice.gc.ca/climateData/hourly-

data_e.html?timeframe ¼ 1&Prov ¼ XX&StationID ¼

1641&Year ¼ 2012&Month ¼ 11&Day ¼ 20).

In the study area, grizzly bears were typically active from

the second half of April–early May (den emergence) to mid-

late October (den entrance; McLoughlin et al. 2002b). The

Bluenose East caribou herd calved in the central western

section of the study area in early June of each year (Nagy et al.

2011) and spent the postcalving period mainly in the western

and southern part of the study area (Nagy et al. 2005). The

grizzly bears in the study area were harvested annually

primarily by local community residents, with an average of 8

bears harvested yearly in the area between 2000 and 2009 and

with harvest comprising primarily male bears (M. Dumond,

unpublished data).

METHODS

Hair-Snagging Method

The hair-snagging stations were similar to that developed by

Mulders et al. (2007) for tundra wolverine, consisting of a

160-cm-tall wooden post (section¼ 9� 9 cm) wrapped with

double-strand barbed wire and anchored vertically in the

ground, with rocks or in a crack of the bedrock (Fig. 2). In

addition, we bolted 2 cross-pieces of wood at the base of the

post and buried or covered them with rocks. We placed a

commercial lure (O’Gorman Enterprises, Inc. lures,

Broadus, MT) at the top of each post, but we did not use

edible reward because of concerns from local land users and

residents. We tested the effectiveness of the hair-snagging

post to collect grizzly bear hair samples during 2 consecutive

years (2005 and 2006) using 118 hair-snagging stations over

multiple sampling sessions, in a 7,000-km2 portion of our

study area. The pilot study (M. Dumond, unpublished data)

confirmed the efficiency of the single-post design to collect

grizzly bear hair and its possible application to estimate bear

density in the area.
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In July 2008, we deployed 393 hair-snagging stations on a

10� 10-km cell grid, covering our study area, and set up 1

post/cell (Fig. 1). The location of the post within each cell

was selected around a predetermined waypoint usually near

the center of the cell. We used a commercial long-distance

lure in 2008 and a combination of long-distance lure and

beaver (Castor canadensis) castor in 2009. The setup of the

station and following sampling sessions were conducted by

helicopter (Bell 206B Jet Ranger). It took 8–10 days to

deploy the 393 hair-snagging stations and we then followed,

as much as possible, the same schedule to inspect the stations

during each session. We inspected each station twice

(Session 1 and Session 2) at approximately 14-day intervals

during the summers of 2008 and 2009.

At each post, we collected each hair clump in a separate

paper envelope labelled with date, post number, post side,

and barbed-wire loop number to allow subsampling later

on (Tredick et al. 2007) and to limit the risk of mixed

samples. We used a blow torch to burn any remaining hair

from the station after sampling. At the end of each day,

all the envelopes containing the samples were stored at

room temperature away from light and moisture. We

selected samples based on sample quality (presence and

no. of roots), hair color (samples with various hair colors),

position on the post (samples from opposite sides and

from the top and bottom were selected), and bear signs at

the station (additional samples were sent when signs

indicated the potential visit of > 1 bear) to maximize the

likelihood of obtaining samples from all bears that left

hair on a given post.

Genetic Analyses

We followed a refined version of the genetic analysis protocol

of Woods et al. (1999); with error-checking as described by

Paetkau (2003). These methods were validated by extensive

blind testing (see methods in Kendall et al. 2009). We

extracted DNA from up to 10 clipped guard-hair roots, or up

to 30 balled underfur, using QIAGEN DNeasy Blood and

Tissue kits (QIAGEN, Venlo, the Netherlands). We

established individual identity through analysis of 7 micro-

satellites markers: G10J, G1A, G10B, G1D, G10H, G10M,

and G10P (Paetkau et al. 1995, 1999). These markers had a

mean of 7 alleles observed per marker in the data set, and

mean heterozygosity of 0.65 (observed) or 0.64 (expected).

We reanalyzed data points if they failed to meet a

combination of strength and appearance thresholds estab-

lished by the lab, after which any sample with low-confidence

scores for any marker was set aside as failed. After this cull of

samples with incomplete genotypes, we searched the data for

pairs of genotypes that were so similar as to suggest a

Figure 1. Hair-snagging study area with the location of the hair-snagging stations in western Nunavut, Canada (2008 and 2009).
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possibility of genotyping error (Paetkau 2003), and

reanalyzed the mismatching markers in those pairs. After

defining an individual for each unique 7-locus genotype, we

selected 1 sample from each individual for analysis of 8 more

microsatellite markers (those of Paetkau et al. 1998; except

CXX173 and G10O), as well as an amelogenin sex marker

(Ennis and Gallagher 1994).

We performed a sequence-based analysis of a portion of the

mitochondrial 16 S rRNA gene on a selection of failed

samples to test whether the failed samples were degraded

grizzly bear samples or samples from nontarget species that

do not amplify at the ursine microsatellite markers used in

our analysis of individual identity.

Factors Affecting Sample Quality

In 2009, we used remote cameras with passive infra-red

sensors (Shealth Cam STC-1430IR) with infra-red capabil-

ity but no flash, to detect the date and time of bear visits at a

subsample of the hair-snagging stations (Fig. 1). These data

enabled us to assess how long the plucked hair had been

exposed to the environmental elements. Cameras were set up

facing the post from approximately 7 m away with a range of

detection of 30 m and 458 (22.58 on each side). We scheduled

cameras to record 1 min when triggered followed by 1 min off

before they could be triggered by movement again. We

considered only independent camera events that were not

from a consecutive series of pictures. For events where a

Figure 2. Remote-camerastill picturesofgrizzlybearsvisitinghair-snaggingstations inwesternNunavut,Canada(2008and2009). (a)Hair-snaggingpostanchored

in the bedrock and still standing after a bear visit; (b) Bear investigating the hair-snagging station; (c) Female with a cub rubbing on the hair-snagging station.
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camera was knocked down from its blind side and no animal

was recorded but signs on site indicated a bear visit, we used

the last recording on the camera (when it was knocked down)

as the event date and time. When multiple events were

recorded at 1 site during a sampling session, we used the

average event date and time for the analyses because we could

not link specific hair samples to camera events. We used

logistic regression (Hosmer and Lemeshow 2000) to assess

whether the number of days that hair was exposed to the

environmental elements affected genotyping success as

estimated by the proportion of samples from a collection

event that were successfully genotyped.

We also incorporated weather conditions during each

sampling period (relative humidity, no. of days of precipita-

tion, and no. of days between the first rain event and sample

collection) to assess the effect of moisture on sample quality.

We grouped the genotyping success data into subsets of posts

(posts with or without camera) exposed to the environment

during the same dates (i.e., a group was made of posts reset

on a given day and sampled after the same no. of days and

therefore overall exposed to the same general weather for the

same no. of days). We also used logistic regression for the

analysis with the proportion of samples successfully

genotyped per subset of post as the response variable. We

estimated the overdispersion of binomial variances by the

Pearson chi-square of model fit divided by its associated

degrees of freedom with subsequent scaling of standard

errors of model estimates (McCullough and Nelder 1989).

Estimation of Density

We estimated bear population density using the Huggins

density estimation module in Program MARK (Huggins

1991, White and Burnham 1999, Ivan et al. 2013a) and using

spatially explicit capture–recapture (SECR) methods (Efford

2004). The MARK method required radiocollared bear data,

whereas the SECR approach did not use radiocollar data. We

produced density estimates for each of the 2 years for SECR

and MARK methods using a meta-analysis approach that

combined data from the 2 different years of the survey to

model detection probabilities (Boulanger et al. 2002).

The density estimation model of Ivan et al. (2013a) in

Program MARK (White and Burnham 1999) produces

density estimates using a modified Huggins (1991) estimator

of population size where counts of detected individuals are

replaced by estimates of residency derived from radiocollared

bears (symbolized as
�

p) as estimated by the proportion of

telemetry points that a radiocollared bear spent on the

sampling grid during the time period that sampling occurred.

The average number of bears on the sampling grid is

estimated as:

N ave ¼
XMtþ1

i¼1

�

p
i

p�i

� �

where p�
i

is the probability of detection of each individual (i)

across sessions. Density is estimated by dividing Nave by the

area of the sampling grid.

We used satellite collar data collected from 1995 to 1998 from

18 (10 F, 8 M) radiocollared bears (Satellite collars

West-Kitikmeot Slave Study/Government of the Northwest

Territories data; McLoughlin and Messier 2001) that had

occurred on the area of our sampling grid during� 1 year during

the time they were collared. This resulted in 34 yearly estimates

of residency for the collared bears across all years they were

monitored. The mean number of telemetry points collected per

bear for July and August was 60 (SD¼ 23, min¼ 5 max¼ 95).

It was likely that residency varied as a function of distance of the

mean location of bears from the sampling grid edge, and

therefore we entered this distance as an individual covariate in

the analysis (Boulanger and McLellan 2001). The hair-

snagging grid was bordered by ocean on 1 side (Fig. 1), so

we also measured distance of mean location to the non-ocean

edgeof the samplinggridasanadditional covariate for residency.

Using both distance from edge and distance from non-ocean

edge allowed a test for the effect of the ocean edge on movement

of bears on the sampling grid. The MARK method allows the

use of point data on and off the sampling grid to estimate

residency; however, toensure consistency between distance from

edge measurements of radiocollared bears and hair-snagged

bears, we only used telemetry locations that occurred on the

sampling grid to estimate each mean radiocollared bear location

on the grid and subsequent distance of mean location from the

grid edge. The support of models was evaluated using

information theoretic model selection methods (Burnham

and Anderson 1998). We used model-averaging to allow

multiple model-based estimates of density.

We also used spatially explicit mark–recapture methods

(SECR; Efford 2004, 2011a; Efford et al. 2004, 2007;

Borchers and Efford 2008) to estimate density. Spatially

explicit methods estimate detection probabilities of bears at

their home-range center (g0), and spatial scale of movements

(s), using the spatial capture detection histories observed on

the grid. An assumption of this method is that bears’ home

ranges can be approximated by a circular symmetrical

distribution of use (Efford 2004). With the spatially explicit

methods, we first estimated the habitat-mask buffer size to

minimize bias in density estimates using a model with sex-

specific g0 and s (secr command suggest.buffer). We then

tested models with exponential and half-normal detection

functions and evaluated their relative fit as an initial step

before introducing further covariate terms. Subsequent

model selection focused on year- and sex-specific differences

in each of the exponential model parameters. Combinations

of candidate models that assumed constant sex-specific

variation (sex models), yearly variation (sex� year models),

and additive sex and year variation (sexþ year models) were

compared in terms of relative fit. As with the MARK

analysis, we evaluated competing models using information

theoretic methods (Burnham and Anderson 1998), and

produced model-averaged estimates. We used a grid size

mesh of 40� 40 points for analyses and conducted sensitivity

analyses to ensure this grid size did not influence density

estimates. We conducted the analyses primarily in the R

statistical program (R Development Core Team 2009) using

the secr package (Efford 2011b) with data screening

conducted in the windows-based program DENSITY

(Efford et al. 2004).
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RESULTS

We collected 2,574 hair samples from the 393 hair-snagging

stations sampled at 13.8� 0.9 (SD) -day intervals twice per

year during the summers of 2008 and 2009. We subsampled

when multiple samples were found at 1 station, and selected

1,021 of the samples for genetic analysis. Genotyping of bear

hair samples was successful for 615 samples.

In 2008 and 2009, we identified 100 and 119 bears,

respectively, at the hair-snagging stations. We identified 179

different bears (98 F and 81 M) from hair-snagged samples

over the 2 years of the project. The most similar pair of

genotypes mismatched at 4 of the 15 microsatellite markers

in each individual’s final genotype, making it extremely

unlikely that any false individuals were created through

genotyping error (Paetkau 2003). On the other hand, there

were 8 pairs that matched at 6 of the 7 markers used to

identify individuals, which suggests a small possibility of

having sampled a pair of individuals with identical genotypes

at all 7 markers; this was a potential source of bias that we

considered too small to be of practical relevance to

population estimation. A nonrandom selection of 31 failed

samples was successfully identified to species using mito-

chondrial analysis, identifying 24 samples from nontarget

species (muskox [Ovibos moschatus], wolf [Canis lupus],

Arctic fox [Vulpes lagopus], and wolverine). This makes it

unclear what the genotyping success rate was for grizzly bear

samples because the number of grizzly bear samples among

the failed samples was unknown.

Factors Affecting Sample Quality

We used the camera data from 12 posts sampled for 2

sessions to assess the effect of duration between hair

deposition and collection on sample quality. The average

number of samples that yielded a genotype on these posts was

5.9 (SD¼ 5.0, min.¼ 1, max.¼ 16) and the mean total

number of samples with root hair to allow genotyping per

post was 8.7 (min.¼ 2, max.¼ 20). Bear visits occurred, on

average, 7.4 days (SD¼ 3.3, min.¼ 1.8, max.¼ 13.3, n¼ 12)

before the sampling of the post. Time before collection of

hair following a bear visit negatively affected genotyping

success rate (�x¼ 0.66� 0.26 (SD), x2¼ 4.32, df¼ 1,

P¼ 0.037). Predicted genotyping success ranged from

0.83 (CI¼ 0.65–0.92) if samples were collected 1 day after

deposition to 0.49 (CI¼ 0.30–0.69) if samples were collected

13 days after deposition (Fig. 3).

Data from 282 collection events were used to assess the

influence of weather on genotyping success. These posts were

placed into 41 groupings (of 2 to 19 posts) based on the dates

they were exposed to the environment between each check,

with an average of 7 posts/grouping. The number of days

between the first rain event and the time of post check was

the most significant predictor of genotyping success

(x2¼ 8.25, df¼ 42, P¼ 0.004; Fig. 4).

Density Estimates

We detected 20–34 males and 29 to 46 females/session over

the entire time period (2008–2009 Table 1). Whereas the

majority of bears were detected only once, females had a

higher detection rate across sampling sessions than males.

For the MARK joint telemetry and DNA analysis, model

selection results suggested that distance from the non-ocean

edge (dte; Table 2, Model 1) was a better predictor of

residency than distance from the entire grid edge (dtf; Model

16) or a model with no covariate for residency (Model 17).

The residency and relationship between the distance from

the non-ocean edge varied by the sex of bear (as indicated by

the additive sex terms and an interaction of sex and dte,

Model 1). The detection probabilities for bears varied by

year, session, sex, and the mean distance of bear detection

from the non-ocean grid edge (Models 1–8). Bears were

predicted to remain fully on the grid if their mean detection
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Figure 3. Effect of duration between hair deposition and collection

(obtained from 12 grizzly bear visits recorded with remote cameras during

2008 and 2009) on probability of obtaining a genotype for grizzly bear hair

samples collected through hair snagging in western Nunavut, Canada.
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Figure 4. Effect of the number of days between a rain event and collection

of hair samples on the probability of obtaining a successful genotype for

grizzly bear hair samples in western Nunavut, Canada (2008 and 2009). The

probability of obtaining a genotype was estimated as the proportion of viable

samples per station that produced a genotype.

6 Wildlife Society Bulletin � 9999



location was � 40 km (F) or � 80 km (M) from the non-

ocean edge (Fig. 5).

Model-averaged estimates of density were similar among

years and between sexes (Table 3). Male and female densities

were nearly equal for both years. The CVs were> 20% except

for the 2009 estimate with sexes pooled. The estimated

density for our study area, using the MARK method, was

approximately 5 bears/1,000 km2 in both years (Table 3).

Spatially explicit models used detections of individuals that

occurred between and within sessions to estimate movements

of bears during sampling. Female bears were detected on

average 1.34 (SD¼ 0.65, min.¼ 1, max.¼ 4, n¼ 122) times

and males 1.24 times (SD¼ 0.57, min.¼ 1, max.¼ 4,

n¼ 97) at unique posts for the 2 sessions sampled each

year. The mean distance between individual detection

locations was greater for males than for females (Table 1).

Three males, in 2008 and 2009, moved > 100 km between

detections, but most detection distances were otherwise

� 50 km. We estimated that buffer widths of 60 km and

52 km were needed to minimize bias for the half-normal and

exponential detection function models, respectively. There-

fore, 60 km was set as the habitat-mask buffer width.

Across all the detection models considered, the exponential

model was most supported (Table 4, Models 1 and 11). The

most supported model (Model 1, Table 4) assumed sex-specific

(but constant yearly) variation in capture probability at home-

range center (g0) and spatial variation (s). Models that assumed

sex-specific, additive sex, and year variation in g0 (Model 2),

interactions between year and sex (Model 3), and additive year

and sex variation in s were also supported (Table 4).

Females had a higher detection probability at home-

range center, which declined exponentially until approach-

ing 0 at 30 km from home-range center (Fig. 6). In

contrast, the males had lower detection probabilities at

Table 1. Summary statistics for aspatial and spatial mark–recapture analyses by session and sex for grizzly bears in western Nunavut, Canada (2008 and

2009).

Year
Sex

Aspatial analyses Spatial analyses

Session Ni
a Mi þ 1

b p̂c SE CI �d(km)d SE

2008

1 M 30 40 0.21 0.06 0.11 0.36 32.3 11.6

2 20 5 0.18 0.06 0.09 0.33

1 F 33 48 0.26 0.06 0.15 0.40 24.1 5.7

2 29 7 0.23 0.06 0.13 0.37

2009

1 M 34 46 0.20 0.06 0.11 0.34 36.7 9.0

2 32 5 0.24 0.07 0.13 0.42

1 F 34 54 0.26 0.06 0.16 0.38 18.7 4.9

2 46 13 0.30 0.07 0.18 0.46

a Ni is the no. of unique bears detected each session.
b Mi þ 1 is the no. of bears detected once (i¼ 1) and twice (i¼ 2).
c p̂ is the model-averaged estimate of detection probability for each session.
d �d is the mean distance between successive detections (including within session detections).

Table 2. Program MARK Huggins–Ivan model selection for the 2008 and 2009 grizzly bear hair-snagging data sets in western Nunavut, Canada. Akaike

Information Criteria (AICc), the difference in AICc values between the ith model and the model with the lowest AICc value (DAICc), Akaike weights (wi),

number of parameters (K), and deviance are presented.

No. Detection (p̂) Residency (
�

p) AICc DAICc wi K Deviance

1 sexþ yearþ sessionþ dtea sexþ dteþ dte� sex 1,708.65 0.00 0.142 10 1,688.2

2 yearþ session sexþ dteþ dte� sex 1,708.68 0.03 0.140 8 1,692.4

3 yearþ sessionþ dte sexþ dteþ dte� sex 1,708.77 0.11 0.134 9 1,690.4

4 sexþ yearþ sessionþ dte sexþ dteþ dte� sex 1,709.04 0.39 0.117 9 1,690.7

5 sexþ dte sexþ dteþ dte� sex 1,709.53 0.88 0.091 7 1,695.3

6 constant sexþ dteþ dte� sex 1,709.60 0.94 0.089 5 1,699.5

7 dte sexþ dteþ dte� sex 1,709.67 1.02 0.085 6 1,697.5

8 sex sexþ dteþ dte� sex 1,709.91 1.26 0.076 6 1,697.7

9 sexþ yearþ sessionþ dtfb sexþ dteþ dte� sex 1,711.10 2.45 0.042 10 1,690.7

10 year sexþ dteþ dte� sex 1,711.19 2.54 0.040 6 1,699.0

11 sex� dte sexþ dteþ dte� sex 1,711.52 2.86 0.034 8 1,695.2

12 sex� year� session sexþ dteþ dte� sex 1,714.04 5.39 0.010 12 1,689.4

13 sexþ yearþ sessionþ dte sexþ dte 1,813.62 104.96 0.000 9 1,795.3

14 sexþ yearþ sessionþ dte dte 1,850.52 141.86 0.000 8 1,834.2

15 sexþ yearþ sessionþ dtf dte 1,852.96 144.31 0.000 8 1,836.7

16 sexþ yearþ sessionþ dte sexþ dtfþ dtf� sex 2,110.89 402.24 0.000 10 2,090.4

17 sexþ yearþ sessionþ dte constant 2,316.97 608.32 0.000 7 2,302.7

a dte is distance from the non-ocean edge of grid.
b dtf is distance from all edges of the sampling grid.
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their home-range center and showed a gradual decline in

low detection probabilities up to 50 km from their home-

range center.

Estimates of female density were more precise than

estimates of male density in both years (Table 5). The

combined sex estimates displayed higher precision than sex-

specific estimates and were relatively similar between years.

The estimated density for our study area, using the spatially

explicit method, was approximately 5 bears/1,000 km2 in

both years (Table 5).

We ran an equivalent set of models to that listed in Table 4

with a half-normal detection function to compare with

estimates obtained with an exponential function given that

half-normal is the more common detection function in

spatially explicit methods. We found that the density

estimates were roughly similar (< 2% difference except for

the males in 2009 where the exponential estimate was 13%

higher); however, precision of estimates from the exponential

distribution models was higher.

Density estimates derived from SECR and MARK were

similar, although secr estimates tended to be slightly higher

and more precise (Fig. 7; Tables 3 and 5). Because true

density is unknown, we can only conclude that the results are

statistically equitable rather than infer bias.

DISCUSSION

This is the first estimate of grizzly bear density in Canada’s

Arctic obtained through hair-snagging and genetic mark–

recapture in a tundra environment. We obtained precise

estimates with both analytical methods, especially with

SECR when sexes were pooled. The detection rates using a

10� 10-km cell size were comparable to a DNA mark–

recapture project cell sizes of 7� 7 km conducted in forested

areas (Boulanger et al. 2002, Proctor et al. 2010). Simulations

suggest that a 10� 10-km cell size is adequate for density

estimates of grizzly bear populations in the Arctic (J.

Boulanger, unpublished data). The consistency of the results

between the 2 years supports the reliability of the 2 methods.

Our estimate of about 5 bears/1,000 km2 is higher than the

previously estimated density in 1999 (3.5 bears/1,000 km2) in

an area just southeast of our study area by McLoughlin and

Messier (2001). This difference could be explained by

variation between study areas and the conservative (nega-

tively biased) nature of the earlier estimation method (based

on the tally of observed and collared bears in their study area).

However, local residents reported an increasing grizzly bear

population in our study area, and previous researchers

estimated an annual rate of increase of about 3% (l¼ 1.026,

Case and Buckland 1998; l¼ 1.033, McLoughlin et al.

2003b). If l remained similar from 1997 to 2009, the

difference in bear density estimate between McLoughlin and

Messier (2001) and this study could be explained by the

population rate of increase (3.5� 1.03312¼ 5.2 bears/

1,000 km2). We caution readers that the earlier estimate

of McLoughlin and Messier (2001) is not a statistically

defensible estimate, which is one of the reasons for the

development of the methods in this manuscript to provide

robust population estimates.

Estimation of Population Density

The main challenge that we faced in the estimation of

population size and density was modelling heterogeneity

variation with only 2 sessions of sampling. The 2-session

design reduced the range of models and estimators that could

be used and excluded the use of estimators that model
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Figure 5. Predicted residency of grizzly bears on the sampling grid in

relation to the distance of mean radiocollared bear locations from the non-

ocean edge of the sampling grid (from Model 1 in Table 2) in Western

Nunavut, Canada. The observed residency of radiocollared bears as

estimated by the proportion of location (during 2008 and 2009) that

occurred on the grid is also shown.

Table 3. Model-averaged estimates of density(D̂ bears/1,000 km2) and average number of grizzly bears on the sampling grid (Ave(N̂ )) from the estimator

of Ivan et al. (2013a, b) in western Nunavut, Canada (2008 and 2009). Average N was estimated by multiplying the density estimate by grid area (38,795

km2).

Year Sex D̂ SE(D̂) CI CVa Ave(N̂ ) SE CI

2008 M 2.40 0.82 1.40 4.88 34.2% 93.0 31.8 54.5 189.5

F 2.50 0.64 1.69 4.37 25.5% 97.2 24.7 65.7 169.4

Pooled 4.90 1.14 3.10 9.25 23.3% 190.1 44.2 120.2 358.8

2009 M 2.59 0.77 1.66 4.93 29.7% 100.6 29.8 64.4 191.3

F 2.53 0.55 1.82 4.12 21.8% 98.3 21.5 70.5 159.9

Pooled 5.13 1.00 3.48 9.05 19.5% 198.9 38.7 134.9 351.2

a CV is the coeff. of variation� 100.
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undefined heterogeneity. These types of estimators require

� 4 capture occasions (Burnham and Overton 1979, Pledger

2000). The net result of heterogeneity variation was a

potential negative bias in both point estimates and estimates

of standard error. We confronted this challenge through the

use of covariates for each animal and found that the

individual detection rate variation was influenced by sex and

distance of bears from the non-ocean edge of the sampling

grid. Therefore, our estimates were partially robust given that

they modelled identifiable forms of heterogeneity in the

population. Spatially explicit methods confronted the issue

by using the same covariates and also modelled heterogeneity

caused by the layout of posts relative to home ranges and

sampling grid edges. Simulations are recommended to

further determine relative gain in terms of estimate precision

and robustness from the addition of more sampling sessions.

Another challenge with DNA mark–recapture is the

nonindependence of family group detection. This issue can

negatively bias variance estimates; however, simulations

conducted by Boulanger et al. (2004b) suggested that bias to

point estimates was minimal. Boulanger et al. (2004b) also

concluded that DNA-based estimates of bears will include

cubs of the year given that cubs will have nonzero detection

probabilities. Based on the remote camera data and sex of the

genetically identified bears, family groups including cubs or

yearlings did visit the posts but it was not possible to

determine whether the offspring left hair samples on the

post.

The results of the program MARK density analysis

demonstrate how the estimator of Ivan et al. (2013a)

estimates density using radiotelemetry data collected prior to

DNA sampling. One strength of this method is that it does

not assume that the distributions of radiocollared bears and

bears detected using DNA methods are similar on the

sampling grid as long as the distance from edge covariate is

used to model residency. The fact that the distance from

non-ocean edge was supported as a covariate for both the

residency of radiocollared bears and the detection probability

for bears identified through DNA analysis further supports

the use of this covariate as a description of both the residence

time on the grid and the detection rate variation.

The main shortcoming of this method is that it requires a

sample of collared bears in the area of the sampling grid

during years previous, during, or after sampling. Because the

Arctic is remote, the only viable method to collar bears is via

satellite or Global Positioning System collars, which are

expensive; and therefore sample sizes of collared bears is

often low, leading to less precise estimates of residency. In

addition, it assumes that the mean detection location is an

adequate descriptor of the central tendency on the sampling

grid. Given that many bears were only detected once or a few

times, it could be argued that this will be a less precise

indicator. In comparison, spatially explicit methods directly

model both the layout of posts and spatial detection histories

to estimate home-range centers, and as a result are more

robust than assuming that the mean detection location is a

good estimate of home-range center. Simulations conducted

by Ivan et al. (2013b) suggested that spatially explicit

methods performed better in cases of sparse data; whereas,

the MARK density performed the best with rich data sets

where many of the animals on the sampling grid were fitted

with radiocollars to estimate residency.

Table 4. Model selection results from Program secr for estimation of density of grizzly bears on the DNA sampling grid in western Nunavut, Canada (2008

and 2009). An exponential detection function was used for all models except where noted. Model parameters were as follows: capture probability at home-

range center (g0), spatial scale (s). Akaike Information Criteria (AICc), the difference in AICc values between the ith model and the model with the lowest

AICc value (DAICc), Akaike weights (wi), number of parameters (K) are presented and log-likelihood are presented.

No. g0 s AICc DAICc wi K Log L

1 sex sex 3,071.0 0.00 0.418 8 � 1,527.2

2 sexþ year sex 3,072.6 1.60 0.188 9 � 1,526.9

3 sex sex� year 3,073.0 1.99 0.154 10 � 1,526.0

4 sex sexþ year 3,073.0 1.99 0.154 9 � 1,527.1

5 sexþ year sexþ year 3,074.7 3.69 0.066 10 � 1,526.8

6 sex� year sex� year 3,077.0 5.99 0.021 12 � 1,525.7

7 constant sex 3,086.4 15.40 0.000 7 � 1,535.9

8 constant constant 3,086.6 15.63 0.000 6 � 1,537.1

9 sex constant 3,087.3 16.35 0.000 7 � 1,536.4

10 sex� year year 3,092.1 21.14 0.000 10 � 1,535.5

11 sexa sex 3,112.3 41.26 0.000 8 � 1,547.8

a A half-normal detection function was modeled.
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Figure 6. The estimated relationship between grizzly bear detection

probability (g0) at hair-snagging stations and the distance from home-range

center for individual bears as modelled by an exponential detection function

(Table 6, Model 1) in Western Nunavut, Canada (2008 and 2009). The

upper green curve is for females and the lower segmented red curve is for

males. Confidence limits are given as dashed lines.
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Spatially explicit capture–recapture methods are ideal for

use in grizzly bear studies in tundra environments given the

paucity of collar data for most areas. Recent developments in

SECR methods have allowed further assessment of the

assumptions, resulting in more robust estimates. For

example, a recent critical development is the assessment of

buffer size around the sampling grid to ensure that density

estimates are not influenced by the area considered in the

spatial analysis. Few published studies mention the estima-

tion of this buffer width even though it influences the density

estimates, particularly if it is set too low. One interesting

finding of the analysis was the fit of the data to the

exponential detection function. Many published analyses

using density have assumed that the half-normal curve is the

best approximation of detection rates relative to the home-

range center. The half-normal assumes the familiar bell-

shaped curve, whereas the exponential curve assumes an

exponential decline in detection probabilities with distance

from the home-range center. One potential issue with the

exponential detection function is buffer-width dependence

due to the larger tail of the exponential function compared

with the half-normal. We tested our estimates across a range

of buffers and found negligible differences in density

estimates (<1%). The main challenge with fitting SECR

models in our study was the occasional large movements of

male bears (>100 km) that created 2 separate distributions of

distance between detections, therefore challenging the

estimation of s. This resulted in a lower precision of

estimates for the males compared with the females, which

showed more consistent movement patterns. The detection

function for males illustrates the challenge in sampling male

bears that traverse large distances but show reduced

attraction to posts at their home-range center compared

with the females. We note that an inherent assumption of

spatially explicit methods is that home ranges during

sampling are stationary. We feel that this assumption was

met by sampling within a single season; however, our results

suggest that the male segment of the population showed a

much larger home-range size and scale of movement than

females. Our analysis tested for year-specific s values and

therefore was robust to yearly differences in home-range

sizes.

The estimates from SECR were similar to the MARK

estimates but the precision was higher potentially because of

the fact that spatially explicit models used more information

from the data set, such as within-session detections of bears

at different posts. One assumption of SECR is that the

home-range area of bears is approximately circular during the

time that sampling occurs (Efford 2004). Simulation

modelling has suggested that highly elliptical or linear

home ranges could potentially bias estimates (Efford and

Fewster 2012, Ivan et al. 2013b). In our case, the tundra

environment was relatively homogenous and home ranges

during July–August were mainly somewhat circular or oval

(P. McLoughlin, University of Saskatchewan, West Kitik-

meot Slave Study, unpublished data). The habitat-mask

feature in program secr allowed movements to be constrained

by ocean areas to the north of the grid. If there are directional

or defined gradients in density, then it is also possible to use

covariates to model variation in density in addition to

detection and movement parameters and include telemetry

data to better inform SECR models (Royle et al. 2013).

Recent research has suggested that spatially explicit methods

are more robust to uneven density patterns in sampling grids

when compared with nonspatial methods (Efford and

Fewster 2012, Efford 2014).

Four sessions per year are recommended in order to

increase the robustness of the method both to undefined

heterogeneity as well as heterogeneity of movement patterns

of the male bears (Boulanger et al. 2002, Proctor et al. 2010).

We encourage the implementation of pilot studies to define

Table 5. Estimates of density(D̂) and average number (Ave(N)) of grizzly bears on the DNA sampling grid using spatially explicit mark–recapture methods

in western Nunavut, Canada (2008 and 2009). Average N was estimated by multiplying the density estimate by grid area (38,795 km2).

Year Sex D̂ SE(D̂) CI CVa Ave(N) SE CI

2008 M 2.41 0.67 1.41 4.13 27.9% 93.7 26.1 54.8 160.2

F 2.58 0.47 1.82 3.67 18.1% 100.1 18.1 70.4 142.4

Pooled 5.00 0.82 3.23 7.80 16.4% 193.8 31.8 125.2 302.6

2009 M 2.39 0.55 1.52 3.74 23.2% 92.5 21.5 59.1 144.9

F 3.05 0.50 2.21 4.20 16.4% 118.2 19.4 85.9 162.9

Pooled 5.43 0.75 3.74 7.93 13.7% 210.8 29.0 144.9 307.8

a CV is the coeff. of variation� 100.
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Figure 7. A comparison of grizzly bear density estimates (bears/1,000 km2)

using the Ivan telemetry–closed-model estimator (Table 3; Fig. 5) and using

spatially explicit mark–recapture methods (Table 5; Fig. 6) in western

Nunavut, Canada (2008 and 2009). Error bars indicate 95% confidence
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parameters based on local bear ecology (population

boundaries, movements, habitat used) and study objectives

(e.g., cell size, no. and frequency of sessions, lure efficiency).

The windows-based program DENSITY and R package

secrdesign have a simulation module that allows the

assessment of study area configuration on resulting density

estimates.

Limitations of Field Methods

Posts anchored in the ground or with small or medium rocks

were usually knocked over by bears, which limited the

probability of capturing samples from a subsequent,

independent bear during a given session. Posts anchored

in a crack of the bedrock or with large rocks enabled posts to

withstand the push and pull of bears, allowing the detection

of multiple individuals at 1 post during a single session.

The factors affecting DNA degradation in remotely

collected samples has mainly been documented in feces

(Nsubuga et al. 2004, Piggott 2004, Murphy et al. 2007,

Santini et al. 2007, Brinkman et al. 2010) but rarely in hair

exposed to field conditions (Jeffery et al. 2007, Broquet et al.

2007; J. Stetz, University of Montana, unpublished data).

The influence of the environment on samples has

methodological and economic implications for researchers.

In an unsheltered environment such as the tundra, the direct

exposure of the hair samples to summer sunlight and rain can

negatively affect DNA preservation. The sample quality,

estimated from the genotyping success rate, was negatively

related to the duration between sample deposition and

checking of the post. Although our analysis was coarse, we

found that rain events reduced genotyping success with a

general decrease in success rates as time samples had been

exposed to rain increased, especially if >14 days elapsed

between rainfall and checks of posts for hair samples. With

less than half the samples predicted to be successfully

genotyped after 2 weeks of exposure to the elements, we

suggest that sampling intervals exceeding this would yield

poor success in the tundra environment. This is consistent

with the few other studies on this issue (Jeffery et al. 2007,

Broquet et al. 2007; J. Stetz, unpublished data). However, it

is likely that other environmental factors (e.g., position of the

sun, exposure to the wind, quantity and type of rain, etc.)

influenced DNA degradation rate in hair samples. We

encourage researchers to include this aspect in future hair-

snagging studies.

Our method provides a statistically robust grizzly bear

density estimate in the context of a lightly exploited

population that lives in remote habitat. The use of spatially

explicit methods allows robust estimates without radio-

collared bears, a factor that made it difficult to obtain

previous estimates. We suggest that this approach can be

used to further refine management of grizzly bears in the

Arctic by allowing better estimates of population size to set

harvest quotas, to help determine potential impacts of grizzly

bear populations on caribou, and to allow a baseline

assessment of population size for future monitoring efforts,

without the need to physically capture bears. We note that

DNA mark–recapture methods and monitoring of the grid

areas over multiple years could allow assessment of

population trend and demography (Boulanger et al.

2004b, Chandler and Clark 2014).
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